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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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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]. 

When hydrate formers come into contact under high pressure 

and low-temperature conditions a solid structure at different 

types of crystals with higher densities than typical fluid 

hydrocarbons is formed [2]. Hydrates are solid metastable 

compounds whose properties and stability depend on 

temperature and pressure conditions. The three known gas 

hydrate structures which exist in nature are S-I, S-II, and the 

rare H structure with each having its own non-stoichiometric 

relation between the host and the guest molecules (Figure 1). 

Natural gas hydrates can be quite dangerous during the 

operation of process facilities such as the flowline, pipelines, 

and producing gas wells before the gas has been dehydrated. 

The prevention of hydrates requires substantial investments of 

up to 10 to 15% of the production cost. Hydrate formation 

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]. 

 

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 

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. 

 

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: 

...332211 +++= anananR         (1) 

Where ni is any integer and ai are vectors that lie in different 

directions and span the lattice. 

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. 

 

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 

σππ 23
hom 4

3

4
rGrG v −=∆            (2) 

where 

∆Ghom is the change of Gibbs free energy of the system upon 

dissolution of the particles if no impurities are present, 

Gv is the energy release due to the formation of solid per 

unit volume, 

r is the radius of hydrate nuclei and 

σ 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 

( ) hom,, GcbafGhet ∆=∆             (3) 

Where f (a, b, c) is a correction factor, which depends on the 

contact angles a, b, c 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. 

v
critical

G
r

σ2=                   (4) 

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 

vG
G

∆
=∆

3

16
*

3πσ
                  (5) 

The driving force for phase transformation is actually 

temperature change, ∆T = Tm – T, where Tm 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. 

TH

T
r

m

m
critical ∆∆

= 12σ
               (6) 

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

( ) 22

23
1

3

16
*

TH

T
G

m

m

∆∆
=∆

πσ
             (7) 

If ∆G* > ∆Ghom, 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/ 

Pre-Melting Layer 

It is known that the internal energy, U, that arises from the 

bonding between atoms/molecules favors crystalline 

structures while the entropy favors disorder [21]. From Gibbs 

free energy (G) the entropy (S) contribution to this is TS and 

the influence of the entropy term on G increases with 

temperature, T. Thus there is a temperature above which 

melting becomes favorable. The free energy at the surface and 

the thickness of the pre-melting layer are dependent on the 

temperature, the free energy at the surface of the hydrate, and 

the energy of dissociation that occurs when the temperature 

falls to Tm. This relationship as expressed by Nobuo [14], is 

given in equation (8). 

( ) surfaceondissosiati
m

GHh
T

T
ThG ∆+∆∆=∆∆ ρ,   (8) 

Where: 

ondissociationdissosiati
m

ondissociati STH
T

T
G ∆∆=∆=∆  (9) 

2.2.1. Quasi-Liquid Layer Formation Temperature 

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 

question, at what temperature change would the pre-melting 

layer occur? To answer this question, the first thing done was 

to model the thermodynamics of the system. 

2.2.2. Mass Balance Equation 

watercondensategastotal mmmm +=     (10) 

Where: 

g
condensate

condensate
gas

m
GCRm ρ

ρ
=          (11) 

( ) wwcondensatewater qqWCm ρ+=      (12) 

( )

( ) condensate

w

condensate

g
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condensate
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m
m

mmmm

ρ
ρ
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ρ

−
++

=

+−=

1
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 (13) 

2.2.3. Energy Balance Equation 

The differential form of the energy equation in terms of 

time and space is: 

( ) ( ) kkw
p

kk
p

kkpkkpkk Qu
Dt

Dc
T
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Tuc
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t k

k
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




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∂
∂
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∂
∂ τραραραρα
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                   (14) 

Expanding the left hand side of equation 11 using product rule gives: 

( ) ( ) ( )
kkk pkkpkkpkk c

t
T

t

T
cTc

t
ραραρα

∂
∂+

∂
∂=

∂
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                          (15) 
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x
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                      (16) 

Given that: 
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                        (17) 

Substituting Equations 15, 16 and 17 into equation 14, simplifies the energy equation to: 

( ) ( ) kkw
p

kkpkkpkk Qu
Dt

Dp

Td

d

x

T
uc

t

T
c

kkk
+−
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∂
∂

+
∂
∂ τραραρα

ln

ln
                  (18) 

where �P is the specific heat capacity, � is the temperature, � is the heat transfer term, �W 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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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) 

( ) ( ) RB
x

T
uc

t

T
c kpkkpkk kk

+=
∂
∂+

∂
∂ ραρα                          (20) 

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

( ) B
t

T
c

kpkk =
∂
∂ρα  and ( ) R

x

T
uc kpkk k

=
∂
∂ρα  

Rearranging and integrating both equations: 
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Hence the energy equation 16 becomes 

( )( ) xtkpkk RBTuc
k

∆∆=∆+ +1ρα                          (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. 

watercondensategasflowofstarttheattotal mmmm &&&& ++=                     (24) 

hydratewatercondensategaserestoftimetheattotal mmmmm &&&&& +++=int             (25) 

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

flowofstarttheattotalerestoftimetheattotalhydrate mmm &&& −= int            (26) 

From thermodynamics 

hydrate
p

m

H
c

hydrate &

∆=                                    (27) 
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Writing Equation (23) in terms of the hydrate phase gives: 

( )( ) xthydratephydratehydrate RBTuc
hydrate

∆∆=∆+ +1ρα                (28) 

Substituting equation (27) into equation (28) gives: 

( ) xthydrate
hydrate

hydratehydrate RBTu
m

H ∆∆=∆+












 ∆
+1

&
ρα                 (29) 

Hence, Pre-Melting Layer Temperature ∆TQ is given as: 

( )
( )( ) Hu

RBm
T

hydratehydratehydrate

xthydrate
Q ∆+

∆∆
=∆

+

1ρα

&

                        (30) 

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

approximation of the empirical constants ‘B’ and ‘R’ were 

used in this study. The author approximates that the cation heats 

on the formation of XH4 groups (of which methane is a part) are 

656KJ for each mol. Going from dimensional analysis and 

based on the energy estimations the constants B and R were 

gotten as 0.721KJ/Kg/m
2
/s and 0.73 KJ/Kg/m

3
, respectively. 

3. Results and Discussion 

The input data used in this study after Vinatovskaja [23] is 

as shown in Table 1, while Table 2 is the input parameters for 

equation (30). Observation from this field shows that 

hydrates are formed at about 1000m of flow. 

The result in Table 3 revealed that once the change in 

temperature of the pre-melting layer (△TQ) is higher than the 

temperature drop (△TP) of the whole pipeline, it is expected that 

hydrates should start clumping together – that is growing. At a 

distance of 1000ft, it was observed that the temperature drop of 

the pipeline is less than the temperature change needed to form 

the pre-melting layer, and hence hydrate begins to grow as 

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 1. Fluid and System Properties for XY Field. 

Properties  Value 

Gas – Condensate Ratio (scf/stb) 250 

Water Cut 0.23 

Condensate Density (kg/m3) 879.2 

Gas Density (kg/m3) 161.8 

Water Density (kg/m3) 1013.5 

Mass rate total ((kg/s) 29.23 

Gas Specific Gravity 0.75 

Oil Specific Gravity 0.88 

Specific heat capacity of water (kJ/kg K) 4.186 

Specific heat capacity of gas (kJ/kg K) 2.22 

Specific heat capacity of hydrates  2.75 

Initial Temperature (o C) 26.93 

Table 2. Parameters for Quasi Liquid Layer Temperature. 

Parameter Value 

�� �	
 (kg/s) 28.34 

�� �	�
� (kg/s) 0.20 

�� ����
�
	�
 (kg/s) 0.46 

�����	�
 (%) 0.78 

ρhydrate (kg/m3) 910 

uhydrate (m/s) 0.67 

 

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

Length of Pipeline (ft) Temperature (°K) Time (t) (Seconds) △TP (°K) △TQ (°K) Remarks 

0 26.93 - - -  

200 15.84 300 11.09 5.14 
△TP > △TQ 

No Formation of 

Pre-melting Layer 

400 9.50 600 17.43 10.28 

600 5.86 900 21.07 15.43 

800 3.78 1200 23.15 20.58 

1000 2.59 1500 24.34 25.72 

△TP < △TQ 

Starting Point of 

Pre-melting Layer 

Formation 

1200 1.91 1800 25.02 30.86 

1400 1.52 2100 25.41 36.00 

1600 1.30 2400 25.63 41.15 

1800 1.17 2700 25.76 46.29 

2000 1.10 3000 25.83 51.44 

2200 1.06 3300 25.87 56.58 

2400 1.03 3600 25.90 61.72 

2600 1.02 3900 25.91 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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