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Abstract. Natural gas hydrates occasionally plug the 58
km subsea pipeline that transports natural gas from Plat-
form QK18-1 in southwest of Bohai Bay to the processing
facility onshore in Northeast China. This is because it is a
wet gas subsea pipeline that operates at high pressures
and low temperatures, which are the conditions that are
appropriate for hydrate formation to occur. In this study,
we proposed that the best way to prevent the occasional
plugging of the pipeline is to rightly evaluate the upper
limit of water that can be permitted in the bulk gas and
dehydrate the gas accordingly before transport. Current
industrial techniques are mainly based on water dewpoint
evaluations. In our recent work we have proposed an-
other approach that considers the impact of the rust
(Hematite) on the internal walls of pipelines. These two
methods have been used for this study. The results of the
method of adsorption of water onto rusty (Hematite) sur-
faces suggest that the current approach (dewpoint
method) overestimates the safe-limit of water about 18 to
19 times higher. Thus, the risk of hydrate formation may
still exist if the dewpoint method is used as basis for dry-
ing the gas. Sensitivity analysis shows the influence of
pressure on the upper limit of water- the higher the pres-
sure the lower the maximum concentration of water that
is safe to accompany the gas. Our calculations were done
using a FORTRAN code that utilize thermodynamic data
from molecular dynamics simulation.

Introduction

Hydrate discovery is dated back to 1810 and credited to
Sir Humphrey Davy [1-3]. But natura gas hydrate
(NGH) formation in pipeline transporting natural gas be-
came a major research focus in the 1930's through the
work of Hammerschmidt [4]. NGH are non-stoichio-
metric crystalline inclusion compounds formed when hy-
drogen-bonded water molecules form three-dimensional
solid cage-like structures with cavities which entrap suit-
ably small sized molecules of certain gases and volatile
liquids known as guest molecules. Methane, ethane, pro-
pane, isobutane, carbon dioxide (CO,) and hydrogen sul-
phide (H»S) [5, 6] are guest molecules that can form hy-
drate in their pure form. Hydrates are ice-like solid sub-
stances that form at high pressures and low temperatures
conditions when free water (liquid) is available in a gas
containing guest molecules. Hydrate formation is a cru-
cia flow assurance challenge to the oil and gas industry
since water is always produced together with hydrocar-
bons. This water can drop out of the bulk gas. With the
appropriate thermodynamic conditions of high pressure
and low temperature [6-8], and favourable mass and heat
transport, this could lead to hydrate formation. Subse-
quently, accumulation and agglomeration of the formed
hydrate can occur and eventually lead to plugging [4] of
pipelines. This results in stopping of operations which
means economic losses[9]. Sometimesthere could be de-
struction [9, 10] of pipelines and equipment, and even
loss of live [5].

There are many pipeline networks all over the world
transporting hydrocarbons [11]. In this work we have fo-
cused on the 58 km subsea pipeline [12] from Platform
QK18-1 in southwest of Bohai Bay (part of the Bohai
Gulf), transporting natural gas to the processing facility
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onshore in Northeast China. It is a wet gas subsea pipe-
line and it is exposed to elevated pressure and low tem-
perature [12]. Plugging of the pipeline by hydrate occurs
once in awhile[12]. Li et al. [12] performed an experi-
mental study on the pipeline and suggested the following
solutions. pressure reduction or raising the temperature
(heating the pipeline), dehydration of gas before subsea
pipelinetransport, and thirdly, addition of chemical addi-
tives such as kinetic hydrate inhibitors (KHI), to ensure
safe operations.

In thiswork, our focusis on the second recommenda:
tion. Thisis also in accordance with what Li et al. [12]
proposed as the best choice out of their three recommen-
dations. However, their work did not go into details of
how to estimate the upper limit of water content in the
gas for prevention of hydrate formation in the subsea
pipeline. In arecent work [13], we hproposed an alterna-
tive approach for evaluating the upper limit of water in
natural gas during pipeline transport to avoid the risk of
hydrate formation. The study focused on hydrocarbon
components of methane, ethane, propane and isobutane
which are the primary hydrocarbon hydrate guest mole-
cules. Therefore, there is a need to carry out this study
with areal and specific gasfield data. Thisalso involves
some content of inorganic gases like CO, which isavery
strong hydrate former. Nitrogen cannot form hydrate in
its pure form [14] but can dtill enter hydrate which is
mainly stabilized by other components. In the other end
of the guest molecule size scaleis normal butane[15-17],
which does not make hydrate as pure component, but
gauche conformation can fit into large cavity of structure
I when methane fills small cavities. Both trans and
gauche conformationsfit large cavities of structure Il alt-
hough the trans configuration gives low stabilization and
will only form hydrate with methane or other good hy-
drate former in small cavities.

1 Thermodynamics of Hydrate:
Description and Validation of
Model

We used residual thermodynamics with Soave-Redlich—
Kwong (SRK) equation of state [18] for al components
in each phase (hydrate, ice and liquid water). We did that
by making use of molecular dynamics (MD) simulations
results for water in empty hydrates, liquid water, and ice
phases [19]. We used equation (1) to estimate the chem-
ical potential of component j in the gas phase.
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To ensure the same reference value for free energy of
all the estimates of chemical potentials, regardless of the
phase, ideal gasis used as the reference state:

(T, P,3) = p " 9% (T, P, 3) + RTIn®(T, P, ) (1)

lim (@;) — 1.0 ...for idea gas

Where @, is the fugacity coefficient for component j in
the given phase, Ris universal gas constant, y isthemole
fraction vector of the gas, P and T are pressure and tem-
perature respectively. The chemical potential of compo-
nent j in water is estimated as:

wi(T,P,%) = M;’.deal Hawd(r, p, %) + RTiny;(T, P, %)

2
lim(y;) — L.Owhenx — 1.0

Wherey; standsfor the activity coefficient of component
j inthe liquid phase and ¥ is the mole fraction vector of
theliquid. It is also proper to use areference state of in-
finite dilution since the solubility of methane and higher
hydrocarbons in water is low:

upO(T,P,2) = (T, P.%) +

RTIn[x;.y[2%(T, P, )] (3
lim(y;2>*)  whenx — 0
Where 152 represents the chemical potential of com-

]
ponent j in water, co denotes infinite dilution, yszo,oo

stands for activity coefficient of component j in agueous
phase based on the same reference state. The solubility of
methane and higher hydrocarbons are each very low.
Thus, equation (4) could be applied together with equa-
tion (3):

(4)

Superscript i standsfor different phaseswith low solubil-
ity, while subscript j represents different components.
We evaluated the chemical potential of water in hydrate
using the statistical mechanical model for water in hy-
drate (equation 5). Thisisatypical Langmuir type of ad-
sorption model. The version we used is different from
that of van der Waal and Platteuw [20] which assumes
rigid lattice.
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It is the one proposed by Kvamme and Tanaka [19].
This one takes into account the movements of the lattice
and the corresponding impacts of different guest mole-
cules. That is, the collisions between guest moleculesand
water which are adequately strong enough to affect the
water motion.

H) _ (O0H) _

Ngues
Hy,0 = HMy,o0 l-2=1R.T. v;.ln (1+ .9 thi}.) (5)

j=1

Where H stands for hydrate phase, ,u,(f:)o refers to the

chemical potential of water in hydrate, MS’Z'Z) signifies
the chemica potential of water in empty hydrate struc-
ture, and v; isthe fraction of cavity typei per water mol-
ecule. The h;; inequation (11) isthe canonical cavity par-
tition function of component j in cavity typei, and ngyes;
isthe number of guest moleculesin the system. Weeval-
uated the canonical partition function using the relation:

inc

hij = e_B(#lH_ Agij ) (12

Where 8 isinverse of gas constant times temperature

(Rl—T), and Agii]’-w is the effects of inclusion of the guest
molecules| in the cavity i on hydrate water. The free en-
ergy change related to hydrate phase transition (Ag") is

evaluated using equation (14):
H
89" = ST~ ) (4

Where H refers to hydrate phase of molecule j, P hereis
parent phase of molecule j. And eguation (15) gives the
relation between the filling fraction, the mole fractions
and cavity partition function as shown below:

H

Y= i (15)

Q.. = =
Y Uj(l— xT) 1 +Z] hij

X

Where x; signifiestotal mole fractions of all hydrate for-
mers in the hydrate, 6;; refers to the filling fraction of
component j in cavity typei, and x{} standsfor molefrac-
tion of component j in cavity typei.

2 Composition of the Natural
Gas from Bohai Bay

The composition of the wet natural gas from the south-
western Bohai Bay and the dry gas (City gas) used by
Reference[12] are given in the Table 1. All other hydro-
carbon components after i C, that isnC4 and Cs. and CO
are not considered in this study as they are not relevant.
Therefore, the molar compositions are normalised.

Composition [Mole fractiong]

Components
Wet gas from subsea pipeline Dry gas
C: 0.8868 0.9259
C 0.0612 0.0319
Cs 0.0332 0.0136
iCs 0.0066 0.0034
CO; 0.0072 0.0093
N> 0.0050 0.0159

Table 1. Composition of the Natural gas from Bohai Bay [12]

3 Model Validation

The estimates of hydrate equilibrium pressures from our
theoretical model used for the simulationsin FORTRAN
are compared with experimental data relevant for the
compositions of the gas in this study. Experimental data
of Reference [21] (Figure1l) and Reference [22] (Fig-
ure 2) are the best we could find for this comparison
based on closeness to the composition of the gas.
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Figure 1. Estimated equilibrium pressures for hydrate
formed from a gas mixture containing
96.50 mole % CH,, 0.90 mole % C,Hs,
1.80 mole % C3Hg, 0.20 mole % CO,,
and 0.60 mole % N, [21].

It is important to state that the free energy of inclusions
has been evaluated by MD simulations. And that we did
not tune the model (no empirical data fitting was done)
because our priority is to keep the statistical mechanical
model [19] free of adjustable parametersin all terms.
These comprises the chemical potentials of empty hy-
drate, ice, and liquid water. Therefore, a fair qualitative
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agreement is adequately acceptable for this study. So, the
expectation isnot perfect match with experimental data. The
deviations are satisfactorily acceptable for further illustra-
tion of the maximum concentration of water content that
should be allowed without therisk of hydrate formation.

It is also imperative to point out that more than one
hydrate, that is having different densities, composition,
and free energies do result from multicomponent gas
mixtures [8, 13]. We know that the most stable hydrate
will first form [13] based on the combined first and sec-
ond laws of thermodynamics, then formation of avariety
of hydrate compositions will occur. Therefore, the hy-
drate that would probably form in case of Figure 1 ought
to be a mixture both structure | and I1. But based on the
very low concentration of propane, Reference [21] as-
sumed only structure | hydrate isformed. In Figure 2, we
took the presence of propaneinto consideration (the solid
line) and disregarded it (dash-dot line) in a second run.
That revealed that Wilcox et a. [22] aso assumed only
structure | hydrate is formed. The solid line in Figure 2
shows that there is a phase split by the propane (liquid
and gas) at 278.5 K [7]. Most literature are wrong for
straightening the curve asit is not the real situation. CO-
also undergo a phase split [24] as pressure increases.
Therefore, the final hydrate that would form as in these
figures could likely be a mixture of several hydrates (sl
and sll) with varying compositions of the initial hydrate
formers from gas or liquid will result [13].
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Fig.2. Estimated equilibrium pressures for hydrate formed
from a gas mixture containing 93.20 mole %
CHyg, 4.25 mole % C,Hs, 1.61 mole % CsHsg, 0.51
mole % CO,, and 0.43 mole % N, [22].
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4 Safe-limits of Water in Natural
Gas from Bohai Bay through
Subsea Pipeline to Onshore
Facilities in China and the
City Gas

4.1 Alternative evaluation approaches:
Impact of rust

The typical industrial practice for evaluating the risk of
hydrate formation during pipeline transport of natural gas
assumesthat liquid water will condense out from the bulk
gas stream to form a separate liquid water phase that can
subsequently cause hydrate nucleation. This is done by
estimating the dew-point pressure of water in the gas
stream, then, check whether the computed dew-point
pressure at the local temperature is within the tempera-
ture and pressure projection of the hydrate stability zone.
If it is, it means water will drop out as liquid droplets.
Afterwards, the theoretical amount of water that would
condense out can be estimated and steps are taken to dry
the gas. Or €else, the necessary amount of a hydrate inhib-
itor that can adequately shift the hydrate stability curve's
pressure and temperature projections beyond the risk
zoneis calculated and applied in the system to avoid hy-
drate formation. This we refer to as the dew point
method.

In our recent work [13], we proposed an alternative
approach for evaluation of the risk of hydrate formation
in pipelinesfor gas mixtures containing methane, ethane,
propane, and iso-butane which we call the Hematite ap-
proach. By Hematite we mean the most dominant and
most thermodynamically stable form of rust. In this
study, we have applied both methods (dew point method
and hematite approach) to study areal gas mixture [12],
a wet gas transported from offshore China to onshore
processing facility using a 58 km subsea pipeline that is
exposed to high pressures and low temperatures. How-
ever, in this situation, the gas mixture contains some in-
organic gases, CO; that is a strong hydrate former com-
pared to the hydrocarbons, and nitrogen that can also fill
the small cages of sl hydrate in the presence of a helping
molecule (methane). Nitrogen in its pure form cannot
form hydrate[6], rather it hasadilution effect, that iswhy
it has been proposed for use to reduce the reactivity of
CO; during a simultaneous CO, storage in form of CO;
hydrate and production of CH,4 [23].
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The results of our investigation using the two ap-
proaches are presented in Figure 3 for the wet gas and
Figure4 in the case of the dry gas. Pressure range of
5000-25000 kPaand temperature range of 273 -280K are
used because these are the relevant ranges in such opera-
tions, for instance in the North Sea of Norway [6]. The
maximum concentration of water that can be permittedin
both the wet gas and dry gas are plotted in logarithm to
base 10 (log10) to enable us plot results with both meth-
ods on the same figure. The only essence of including the
dry gasinthisanalysisismerely for sensitivity analysis: to
show how adlight changein composition of the same com-
ponentsin the gas mixture can cause dight changein water
tolerance as can be observed in Figure 5 and Figure 6.
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Figure 3. Estimated maximum concentration of water that
should be permitted in the pipeline gas (wet gas) in
logarithm to the base 10 (log;o) vs temperature. Upper
solid lines (-) represent estimates with the conventional
dew point calculation, lines from top to bottom are for
5000 kPa, 9000 kPa, 13000 kPa, 17000 kPa, 21000 kPa,
and 25000 kPa respectively. Lower dash-dot lines (-.)
represent estimates with the approach of adsorption of
water onto hematite, lines from top to bottom are also
for 5000 kPa, 9000 kPa, 13000 kPa, 17000 kPa, 21000
kPa, and 25000 kPa respectively.

After processing the gas, the dry gas (city gas) is dightly
richer in the lightest hydrocarbon component (methane)
and that also caused the permitted water concentration to
also move up dightly, which indicate that presence of the
heavier hydrocarbon components like ethane, propane,
and isobutane means a lower alowable water content
[6,7,13] to avoid the risk of hydrate formation in a subsea
pipeline operating at a high pressure and low temperature.
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Figure 4. Estimated maximum concentration of water that
should be permitted in the pipeline gas (dry gas) in
logarithm to the base 10 (logi0) vs temperature.
Upper solid lines (-) represent estimates with the
conventional dew point calculation, lines from top to
bottom are for 5000 kPa, 9000 kPa, 13000 kPa, 17000
kPa, 21000 kPa, and 25000 kPa respectively.

Lower dash lines (--) represent estimates with the
approach of adsorption of water onto hematite,

lines from top to bottom are also for 5000 kPa, 9000
kPa, 13000 kPa, 17000 kPa, 21000 kPa, and 25000 kPa
respectively.

How much lower depends on the amount of the higher
hydrocarbons present in mixture with methane.

In this analysis, estimation of maximum allowable
water content using the dew point method instead of the
new approach may not ensure safe operation in respect of
hydrate formation, since rust (Hematite) which is usually
present in surfaces of inner walls of pipelines would still
make water available through the mechanism of adsorp-
tion even at much lower mole-fractions than what is esti-
mated by the dew point method. Hematite acts as a cata-
lyst that helps to pull out the water from the bulk gas
stream through adsorption, then hydrate can subse-
quently form dlightly outside of thefirst two or three wa-
ter layers of about 1 nm. Using the dew point approach
overestimates the safe-limit of water about 18 to 19 times
more than what is calculated by the method of water ad-
sorption on Hematite. Additionally, the chemical poten-
tia of adsorbed water is about -3.4 kJ/mol lower [6, 7]
than that of ordinary liquid water.
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This mean absorbed water on rusty surfaces will
more readily lead to hydrate formation than ordinary
liquid water based on the combined first and second
laws of thermodynamics (thermodynamic systems
strive towards the least free energy). Therefore, the ap-
proach of adsorption of water on rusty surfaces domi-
nates, and possibly will have an impact on designing
natural gas dehydration systems.

4.2 Impacts of temperature and pressure

The work of Reference [12] focused on the impacts of
pressure on temperature, density, and flowrate. But in
thiswork our focus is on the recommended best measure
to prevent [12] hydrate formation, that is reducing the
water concentration to allowable limits.

13
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Subsea wet gas (Dew point method)
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Figure 5. Impact of pressure on the maximum amount of

water that should be permitted in the pipeline
gases, conventional dew point estimates

The higher the temperature, the higher the upper limit of
water in the gas stream to prevent hydrate formation dur-
ing transport through the subsea pipeline as can be seen
in Figure 3 and Figure 4. While Figure 5 and Figure 6
show that the higher the pressure, the lower the safe-limit
of water in the gas. The results are the same with evalua-
tions by both approaches. The only difference is the ab-
solute values of mole-fractions of water. The last three
lines for pressures of 17000 kPa, 21000 kPa and 25000
kPa as can be observed in Figure 3 and Figure 4., almost
overlap. Figure 5 and Figure 6 make that clearer. Thisis
aresult of the high density of the non-polar hydrocarbons
at these very high pressures.
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The maximum water content becomes almost insen-
sitive to increase in pressure due to the resistance of the
tightly packed molecules of the non-polar hydrocarbon
gases present in the system. It can also be seen on Fig-
ure 5 and Figure 6 that the slightly heavier wet gas curve
crossesthat of the dlightly lighter city (dry) gas. Thisonly
shows that the heavier wet gas responds slightly faster in
resistance to pressure than the slightly lighter city gas.

6.5

— - City/Dry gas (Hematite approach)
Subsea wet gas (Hematite approach)

Maximum permitted mole-fraction of HZO in pipeline gas

0.5 1 15 2 2.5

Pressure [kPa] % 10*
Figure 6. Impact of pressure on the maximum amount of
water that should be permitted in the pipeline
gases, hematite approach.

5 Conclusion

We conducted a study on how to prevent the occasional
plugging of the wet gas subsea pipeline that transports
natural gasfrom Platform QK 18-1 in southwest of Bohai
Bay to the processing facility onshore in Northeast
China. This pipelineis operated at temperature and pres-
sure conditions that are suitable for hydrate to form: high
pressures and low temperatures. The thermodynamic
scheme we used was simulated using a FORTRAN code
based on the results of Kvamme and Tanaka molecular
dynamics simulations. We used residual thermodynam-
ics by means of Soave-Redlich—Kwong (SRK) equation
of state for each component in every phase: hydrate, ice,
and liquid water phases. The typical schemes currently
employed by the petroleum industry for hydraterisk anal-
ysisare normally based on evaluation of water dewpoint,
with the assumption that water will drop out of the bulk
gas at the temperature and pressure conditions of dew-
point if the amount of water is up to or above the dew-
point concentration.

7,



Aromada & Kvamme Simulation of Hydrate Plug Prevention in Natural Gas Pipeline

This water can subsequently lead to hydrate for-
mation and eventually to plugging of the pipeline. In our
recent work, we have proposed an alternative route for
water to drop out of the bulk gas, that is through the pro-
cess of adsorption of water onto rusty (Hematite) surfaces
of the internal walls of pipelines. Pipelines are usualy
rusty before they are mounted in place for natural gas
transport. The results of the method of adsorption of water
onto rusty (Hematite) surfaces suggest that the current
method based on water dewpoint calculation overesti-
mates the allowable upper limit of water about 18 to 19
times higher. This meanstherisk of hydrate forming in the
subsea pipeline may till exist if the dewpoint method is
used. A pressure senditivity analysis was also performed,
and it showsthat the higher the pressurethe lower the max-
imum content of water that is safe to follow the gas.
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