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Abstract

Accurate prediction of the hydraulic effect of hydrate deposition and plug location is critical to the safety and
operability of natural gas transport pipelines, especially for gas-dominant subsea pipelines where maintenance and
intervention activities are more difficult. To achieve this, the present work improved an existing two-phase pressure
drop relation due to friction, by incorporating the hydrates deposition rate into the equation. In addition, a model has
been developed to predict the pipeline plugging time. The transient pressure drop predictions in the present study for
all six cases at high and low velocities are within 4% mean relative error. Similar predictions by Di Lorenzo et al. are
within 40% maximum relative error, while the mean relative error of the transient pressure drop predictions by Zhang
et al. was 7.43%. In addition, the plugging flowtime model underpredicts the plugging time by a mean relative error of

9%.
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Introduction

To enhance pipeline design for effective operability
and prevent excessive transient pressure-drop that
can lead to pipeline failure, it is important to identify
possible sources of time-varying disturbances along
the pipeline. Restriction to flow due to blockages in
gas pipelines are responsible for time-varying pressure
fluctuations during operation.' As a result, accurate
prediction of the pressure drop along the pipeline is
an important aspect of design and operation in gas
pipelines flow assurance. Similarly, understanding the
hydraulic effect of hydrate deposition on hydrates
plug location is critical to the safety and operability
of natural gas transport pipelines, especially for sub-
sea gas transport pipelines where maintenance and
intervention activities are more difficult. Hydrates
morphology, properties and growth kinetics have
been discussed extensively in the literature,'> and
forms the basis for studying hydrates formation in
pipelines using analytical and numerical models.
Hydrates are formed at low temperatures and higher
gas pressures, a condition that exist in pipelines on
the seabed due to low temperatures.® For subsea gas

flowlines and pipelines, the presence of hydrates has
been reported to cause line plugging and other related
hazards."”” Hence, to proactively prevent pipeline fail-
ures from hydrate plugs there is the need to predict
the time for hydrates to plug the pipeline and the
resulting transient pressure spikes. However, evidence
from the literature indicates that more studies are
needed to accurately and proactively predict both
plugging flowtime and transient pressure drop of
hydrates deposition in a gas-dominate pipeline. Thus,
the purpose of this study is to develop an improved
analytical modelling approach to predict the effect of
hydrates deposition on the plugging flowtime and
transient pressure drop in a subsea gas pipeline. To
achieve this, our pressure drop analytical model
directly incorporates the hydrates deposition rate in
predicting the transient pressure-drop through a
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modification of the general two-phase gas-liquid
steady-state pressure gradient in horizontal pipeline.®
The corresponding plugging flowtime was estimated
from the volumetric hydrates depositional growth
geometry proposed in the literature.” The rest of the
paper is organised as follows. The next section pre-
sents the literature review which discusses blockage
detection in pipelines, hydrates deposition and the
resulting transient pressure drop prediction and pre-
dicting the location of hydrates plugging event loca-
tion along a gas pipeline. The methodology describes
the model development stages. This is followed by the
validation of the hydrate-induced transient pressure
drop model with experimental results. In the succeed-
ing section, the transient pressure predictive model
was applied in predicting hydrates plugging event
location along the pipeline. Finally, the paper ends
with the conclusions of the major findings.

Literature review

The main source of blockage in gas pipelines is the
formation of hydrate beddings and plugs.!'”
Removing hydrate plugs in a pipeline can lead to
accidents where the plugs behave like projectiles at
high speed due to the higher pressure upstream of the
plugs. For ageing gas pipelines, pipe burst from over-
pressurisation due to blockages are possible because
of the reduction in pipe wall thickness from internal
corrosion.!! For surface pipelines, infrared tempera-
ture gun is used to identify cold section(s) where
hydrates plugs are located, but for buried and off-
shore pipelines this approach is not feasible.! Flow
modelling, where the operating temperature crosses
the hydrates curve have been applied in locating the
section(s) where hydrates are formed in buried or sub-
sea pipelines, although this approach cannot locate
plugging sections because hydrates are formed and
moved downstream to form beds and plugs.'
Suspected hydrate plug locations are valves, low
points along the pipeline/dents or riser base.
However, at low flow scenario hydrate plugs can
form along the horizontal section of the pipe.'?
Although it is impossible to locate the precise posi-
tion of hydrate plugs along the horizontal section of
the pipeline, other approaches that have been
applied in locating hydrates plugs are reported in
the literature.'® These include the use of mechanical
device such as coil tubing for wells, injection of ther-
modynamic inhibitor into gas pipelines to observe
the pressure response, gamma ray densometer pro-
vided the plug location can be accessed, hoop strain
gauge installed around the pipe by a remotely oper-
ated vehicle (ROV) to report change in hoop dimen-
sion and the simulation of temperature, pressure
and other process data. Simulation approach is cost
effective and can predict accurate hydrates plugging
location.'®

The detection of blockages along pipelines is a
challenging problem and has received considerable
attention in literature.'>2° However, blockage loca-
tion detection techniques from flow transients using
time domain or frequency domain analysis proposed
in the above literature are not suitable for real-time
detection of hydrates plugs in gas pipelines for the
following reasons. The first approach is the pressure
wave (time domain analysis), which depends on the
determination of acoustic velocity from the time of
flight of the pressure disturbance in the fluid
medium.'>'®?! In this approach, gas is propagated
from the receiving facility (downstream of the block-
age) to the surface of the blockage. The time of flight
is the total time from when the pressure signal was
sent to when the reflected signal from the surface of
the blockage was received. However, the acoustic
velocity is affected by the pipeline internal diameter
and wall thickness. During hydrates deposition the
pipeline hydraulic diameter varies linearly along the
hydrates section, hence the uniform ratio of pipeline
internal diameter to the wall thickness in the acoustic
velocity equation proposed by Stewart and Jack'® is
not suitable for hydrate plug location detection. In a
similar pressure-time approach,'® the detection of
plug location is based on finite difference discretisa-
tion of the velocity field, where the time to experience
the first significant pressure fluctuation is related to
the fluid velocity to obtain the distance of the block-
age from the inlet. The length of the blockage is esti-
mated from the time when the first transient rise in
pressure was detected to when the signal decayed to
‘zero’. The model was developed for liquid flows and
did not consider the temperature and pressure depen-
dent fluid parameters such as density and viscosity of
gas. Viscosity effects influences the prediction of
blockage severity in gas pipelines.'®

A second approach is the pressure wave (frequency
domain) analysis method.*? By assuming a sinusoidal
behaviour of the pressure and flow velocity, the time
domain in the pressure wave analysis method above
is converted into frequency domain to estimate the
blockage location from the observed amplitude of the
disturbance injected into the fluid domain. The block-
age location is estimated from a relationship of the
fluid velocity, frequency, number of peaks and length
of the pipe.”?* Again, the frequency domain
approach requires an external fluid disturbance to
create a reflected signal off the surface of the partial
blockage. An approach that can lead to accidents in
locating hydrates plugs if the fluid pressure is not ade-
quately depressurised before injecting the flow distur-
bance. A third approach is based on the detection of
blockage location from the prediction of wall shear
stress.'* In this approach, a small sinusoidal distur-
bance is introduced to the original flow from an
external source at the inlet to create time changes in
the velocity field and wall shear stress. This nature of
sinusoidal disturbance will have little effect in
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detecting hydrates plug location because of the higher
pressure and non-steady flow in gas pipelines. To
close the above gap, we propose a cause-effect analy-
tical modelling approach for the transient pressure
drop (dependent variable) to locate the position of a
single hydrate plug from the inlet of the gas pipeline.
The independent variables are the hydrates deposition
rate, the gas velocity and pipeline pressure and
temperature.

The experimental and computational fluid
dynamics (CFD) model by Yang et al.?® suggests that
pressure drop increases as the blockage location
increases along the pipeline. Transient pressure-drop
fluctuations during hydrates deposition and pipe
plugging can lead to pipeline rupture.'>?>*¢ The for-
mation and prediction of hydrates in gas pipelines
has gained scholarly and industrial attention from
several published related papers and textbooks. These
include experimental flow-loop models,®!'*?* ¥ ana-
lytical models®*~*° and computational fluid dynamics
(CFD) models.>'3° Experimental models for gas
hydrates studies in pipelines are usually limited by
scalability for real-life application because gas pipe-
lines can span several kilometres which is difficult to
setup in a laboratory experiment. However, experi-
mental results have provided data for the validation
of both analytical and CFD models. To overcome the
limitation of experimental studies of gas hydrates in
pipelines, analytical models have been developed. The
results of the following analytical models for hydrates
studies in gas-dominated pipelines provided compel-
ling evidence that analytical modelling can predict the
plugging flowtime and transient pressure drop during
hydrates deposition, as discussed further.

Jassim et al.’® described the near-wall behaviour
and deposition spots of hydrate particles using
Lagrangian particle deposition velocity theory. It was
observed that increasing the Reynolds number
increases the distance of deposition from the point of
hydrates formation in the pipeline, except when the
hydrate particles agglomerates to a critical size that
becomes independent of the flow field velocity and
are deposited in situ. Their work is important as it
creates a picture of hydrates profile in a gas pipeline
and the reason for pressure build-up during hydrates
deposition. In our model, we used this understanding
in the determination of the volume of pipe occupied
by deposited hydrates and the resulting reduction in
pipe hydraulic diameter.

Wang et al.?’ adopted the hydrates drift velocity
proposed by Jassim et al.*® and developed an analyti-
cal model that can predict the risk of hydrates plug-
ging in gas-dominated pipelines. Three stages of flow
pattern were investigated: gas-water-hydrates; gas-
hydrate and water-saturated gas flow. From the
model prediction, the first stage is more likely to plug
the pipeline and was identified as the most vulnerable.
While neglecting the effect of sloughing based on lack
of established relative studies on the effect of

sloughing on hydrates layer growth, the estimated
hydrate thickness also increased almost linearly dur-
ing this stage. Though, it was anticipated that the esti-
mated hydrates thickness can be overpredicted when
compared to actual pipeline in the field, yet the model
prediction was adequate for early hydrate manage-
ment intervention to prevent associated risks of pipe-
line failures from hydrates plugging. In the
development of our model, we also adopted this line
of reasoning in the prediction of pipe plugging time
and pressure drop. Earlier, Wang et al.*’ developed
an analytical model to capture hydrates formation
from water droplets in the gas phase and to predict
the most vulnerable sites for hydrates deposition. The
model also predicted the plugging flowtime and tran-
sient pressure drop. However, the hydrates deposition
rates predicted by the model was only for a higher
velocity of 8.7m/s, hence the accuracy of the model in
predicting the plugging flowtime and transient
pressure-drop at lower gas flow velocities could not
be ascertained.

Di Lorenzo et al.? developed an analytical model
with emphasis on hydrates sloughing to demonstrate
that the hydrate deposited at the pipe wall is not sta-
ble. The authors argued against the immobility of the
deposited hydrates at the pipe wall as this can lead to
overestimation of the pressure drop. However, in their
conclusion the authors indicates that their model was
still unable to predict when and where hydrates
sloughing can likely occur along the pipeline. In over-
coming the limitation of the model by Wang et al.’’
identified earlier, the study results presented the
depositional rate of hydrates at lower velocity of
4.7m/s as well as at higher velocity of 8.8 m/s devel-
oped. However, the transient pressure-drop prediction
was up to —40% relative error from experimental
results at lower velocities. Also, the predicted hydrates
deposition rate by the model underpredicted the
experimental outcome at 4.7m/s. The hydrates
deposition rate was estimated by adjusting the pipe-
line volumetric change rate with different multiplier
factors at various subcooling temperatures at constant
gas flow velocity. The use of different depositional
multiplying factors can limit the application of the
model for large size pipelines. Hence, in our model we
have neglected the effect of sloughing, but the model
incorporates a multiplying factor to address the effect
of any uncertainty in the predictions because of this
assumption. Also, as a worst-case scenario, our cur-
rent pressure drop prediction model assumes that the
deposited hydrates are relatively stable, and that the
growth is linear around the annulus of the pipe until
the pipe is plugged. Again, to overcome the above
limitations, our plugging flowtime and transient pres-
sure drop models concentrated on having the hydrates
depositional rate as direct input. The results of the
CFD model by Umuteme et al*> for predicting
hydrates deposition rates in gas pipelines, compared
more favourably with experimental results at lower
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velocity of 4.7m/s than the predictions of Di Lorenzo
et al.” However, the CFD model was limited by pipe
length, resulting in a gap to develop an analytical
model that can predict plugging flowtime, transient
pressure drop, and locate the position of hydrates
plugging event in industry size pipeline.

Liu et al.*® developed an analytical model to pre-
dict the deposition of hydrates with emphasis on the
shedding of hydrates at the wall. This model was
aimed at addressing the limitation of constant gas
shear stress adopted in the model by Di Lorenzo
et al.,” which is believed by the authors to have
resulted in the high percentage relative error (up to
—41%) recorded in their pressure drop predictions at
lower gas flow velocity. The plugging flowtime and
transient pressure drop model predictions by Liu
et al.** indicated a good match with the experimental
results of Di Lorenzo et al.>® However, for real life
application it is difficult to locate the positions along
the pipe where hydrates sloughing and wall shedding
occurs, except special instruments will be installed to
monitor this variation along the pipeline.

In summary, one of the limitations of existing
blockage location models is based on the need to
introduce a pressure signal downstream of the block-
age from an external source.'® An approach that is
not suitable for hydrates forming pipelines because of
possible accidents that can occur when the upstream
and downstream pressures are not balanced. Another
limitation of existing pressure-wave blockage location
models is that the reflected pressure wave from the
surface of the hydrates is affected by the viscosity of
the gas phase because of the drop in temperature,
thus affecting the time of flight used in estimating the
location of the hydrates plug from the acoustic velo-
city of the gas.'®!” Consequently, for hydrates form-
ing pipelines where the temperature at the hydrates
surface is colder, the time of flight will be affected by
the return pressure wave. Also, existing hydrates
plugging pressure drop estimating analytical models
underpredicted experimental results at low flow velo-
city by up to 40%.° Hence, the need to develop an
analytical model for accurate prediction of hydrate-
induced pressure drop at low gas flow velocity.

Thus, the following two gaps have been identified.
Firstly, there are two main analytical models that pre-
dicted transient pressure drop during hydrates deposi-
tion, but none was able to accurately predict the
pressure drop as a result of hydrates deposition
obtained from experiments at low gas velocity, which
presents a concern for predicting hydrates forming in
pipelines that are operating below design flow capac-
ity. While both Di Lorenzo et al.® and Liu et al.*° pre-
dicted hydrate induced pressure drop at higher gas
velocity of 8m/s, only Di Lorenzo et al. that pre-
dicted pressure drop at low gas velocity of 4.7m/s,
yet in some cases the results of their model at low gas
velocity underpredicted experimental results. This is
not ideal for a proactive predictive model. Secondly,

the approach we have adopted in locating hydrate
plugging event is novel to this study.

This study closes the identified gaps above with the
specific aim to provide an industry fit-for-purpose semi-
empirical analytical models that can be used in conjunc-
tion with the validated hydrates deposition rates predic-
tion models,>> with the objectives to predict the: (1)
time from initial hydrates deposition to near ‘no-flow’
constriction or line plugging; (2) transient pressure drop
due to increasing hydrates deposition on the pipe wall
at both low and high gas flow velocity and (3) location
of hydrates plugging section of the pipe.

Methodology

Model development stages

We assumed a hydrates-prone gas pipeline flow com-
putational domain, with annular and linearly growing
hydrates deposit profile (Figure 2). A two-fluid multi-
phase flow pressure drop equation due to friction was
adopted for this domain with temperature, pressure,
velocity, viscosity, and friction factor as input vari-
ables. Furthermore, the time to plug the pipeline from
the onset of hydrates deposition was developed from
the computational domain. Details of the model
development stages are discussed further in the sec-
tions that follows. A schematic of the stages adopted
is presented in Figure 1.

Equations and derivations

The following basic assumptions have been made in
the development of the transient pressure drop model
in this work: (i) the pressure rise behind the hydrate
plug is driven by the primary gas phase; (i) change in
temperature is negligible during hydrates deposition on
the wall of the pipeline®’; (iii) viscous effect in the
hydrates forming section increases the resistance to
flow and (iv) there is a linear annular growing symme-
trical hydrate deposits around the pipe which reduces
the hydraulic diameter in relation to the hydrates
deposition rate. The linear growth of hydrate deposits
assumed in this work is an approximation of the sche-
matic of hydrate deposits along a gas pipeline provided
in the literature.” We have introduced an empirical
model-fit factor in our model to minimise the effect of
the above assumptions. Based on the fact that the pres-
sure drop rises during hydrates plugging, the focus of
this work is to develop a transient pressure drop model
that directly incorporates the hydrate deposition rate
into one equation to account for the viscous changes
during hydrates formation through a modification of
the two-phase gas-liquid steady-state pressure gradient
equation.® Such a modelling framework is relatively
lacking in existing hydrate-induced pressure drop pre-
dicting analytical models. Another separate model was
developed to predict the plugging flowtime, which is
also lacking in existing literature. The results from both
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Define computational domain

Adopt pressure drop equation from
literature

—»|  Develop the equation for hydrate plugging time
based on adopted geometry

Develop a relation for the reduction in hydraulic
diameter

l

Modify pressure gradient equation with a transient
term

Finalise and validate models

.

from hydrate deposition geometry

Develop a relation for hydrate volumetric deposition rate | |

Sensitivity analysis to monitor models
performance and predict plug location

Figure I. The development stages of plugging flowtime and transient pressure drop models.
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Figure 2. Computational domain.

models have been used to provide insight into the loca-
tion of hydrates plugging event in a gas pipeline.

To validate the models developed in this study,
hydrate deposition rates are obtained from experi-
mental models by Di Lorenzo et al.?® and Aman
et al.'? to predict the plugging flowtime and transient
pressure drop at both high and low velocity scenarios.
The computational domain is represented in Figure 2.

The above geometry will be used to derive the
plugging flowtime for hydrates deposition and the
resulting transient pressure drop. The gas flowtime
(to) and line pressure (pg) at the onset of hydrates for-
mation and deposition are advanced by equal parti-
tioning of the hydrates forming section (L) by change
in time (dt), until the pipeline diameter (D) is plugged
by hydrates at time f,,, as the hydraulic diameter D,
reduces along the hydrates profile. Hence, the transi-
ent pressure drop (Pa) at the hydrates deposition
flowtime (¢, fp,...1,) are represented as
dpi, dps, ...dp,. We acknowledge that the flow of

dispersed hydrate particles in gas is affected by grav-
ity and other lifting forces. However the mixture velo-
city of the dispersed hydrate and the gas phase have
been assumed to be the same as the gas velocity
because the deposition of hydrates is a complicated
process and depends on the velocity of the carrier
gas.’® We have introduced a model-fit factor (Ky) to
minimise the effect of the assumptions made in this
study, as mentioned earlier. This is because this
model assumes that the hydrates are deposited on the
wall with no sloughing and wall shedding, and that
there is no-slip between the continuous gas phase and
dispersed phase. The assumption of no sloughing
allows for a proactive prediction of early pipeline
plugging. However, since it is difficult to account for
how much hydrates and water are dispersed in the
gas stream, and because the flow is principally driven
by gas, the fluid density is approximated to the tem-
perature and pressure dependent density of the gas
phase (equation (19)). The lower temperature of the
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gas phase is enhanced by the fact that water is a poor
conductor of heat and because the solubility of
methane gas increases at lower temperatures and
higher pressure condition, as applicable during
hydrates formation.”®*-° To adjust for the effect of
the density of the dispersed phase, a multiplying fac-
tor will be included in the transient pressure model.
In the following derivations, the effect of hydrates
sloughing and wall shedding by hydrates is neglected
to enhance proactive prediction of the models.

Mass conservation equation. Considering a hydrate
forming pipeline section of length (L) and diameter
(D) originally transporting gas and some entrained
water, some of the accumulated mass of gas in the
pipeline from the commencement of hydrate deposi-
tion to when the pipeline is plugged is related to the
mass of gas consumed by the water phase to form
hydrates. Hence, from our computational geometry
we derive the following equations.

Mip = Moyt + Maccumulation (1)

Once the pipeline is plugged by hydrates, #ni,, = 0,
and equation (1) becomes:

Mip = Maccumulated (2)

This can be expressed in differential form as:

d dmyg
£ =% 3
dt pg g dt ( )

Differentiating the LHS of equation (3) using partial
differentiation technique, yields:

d d dm
PgEVg + Vngg = Tf (4)

Since the model predicts the first spike in transient
pressure drop as a result of plugging by hydrates, it is
assumed that the pressure and temperature of the gas
behind the hydrate plug are relatively constant at this
instant. Implying also that the time-dependent gas
density is relatively constant, hence a%pg = (0and
equation (4) reduces to the form in equation (5).

d dmyg

Pe Ve = 7 (5)

Re-arranging gives:

d Ly dmg

—Ve= — (6)
dt Pg dt

where V is the volume of gas; p, (m/s) is the density

of gas; % Vg, is related to (i X %), representing the

volumetric rate of gas (m>/s) accumulating in the pipe-
line after hydrates plugging which is responsible for
the transient pressure rise. We will now establish the
pressure drop due to hydrates deposits plugging the
pipeline from the momentum equation.

Momentum equation. According to previous research,
it has been indicated that prior to the plugging of the
pipeline by hydrate deposition, the flow is primarily
driven by the inertia force of the gas phase.*’ Thus,
the momentum equation for the gas phase is stated as

follows.
d d 2 _ dp dpwall‘f'riction
Pt Py = 2 (7)

Assuming that the pipeline is plugged by hydrates, the
convective term, diL pgvé, reduces to ‘0’. Other forces
resulting from the shear stress, lift force, drag force
and gravitation force have been neglected because the
derivation assumes no sloughing and wall shedding
events, and there is no influence of gravity since the
pipeline is horizontal. is the pressure drop
due to irreducible friction losses.*! The Darcy pres-
sure drop due to friction equation,** is given below:

Apyall friction
'L

1 v?

dpwall friction
Zwall jniction -~ g5 " 8
5P (8)

L

During hydrates formation in a gas-dominated pipe-
line, the multiphase flow is approximated as single-
phase. This is because hydrates are deposited on the
wall and the flow along the hydraulic diameter is dri-
ven by the gas phase. Hence, the diameter (D) term in
the pressure gradient due to friction in equation (8)
can be modified with the hydraulic diameter (D;,) due
to the deposition of hydrates.’

d[)wall friction __ | Vg
L 2/, (9)

Inserting equation (9) into equation (7) will give:
%’
€ Dh

d dp

Epgvg = _Z (10)

1
+ —.1.
2fp

Expanding the LHS using partial differentiation,
yields:
d dp 2

d 1 v
v, Lp = Py pp e 11
Pe Ve ™ Ve g Pe L 2fpgD,, (1)

We have assumed that the gas density is constant at
the instant of plugging, hence v, 4 p, = 0. In a differ-
ent study, it was observed that prior to the plugging
of the pipeline, the gas velocity profile exhibited a
decrease and then reached a relatively stable state
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during the process of agglomeration deposition and
subsequent plugging.*® Therefore, we have made the
assumption that there is minimal acceleration of the
gas within the section where hydrates are forming
once the pipeline becomes plugged; suggesting that
%vg~0. The gas pressure continues to rise due to gas
accumulation and compression behind the hydrate
plug. This is possible because it is assumed in this deri-
vation that there is no sloughing and wall shedding,
which represent a worst-case scenario. Consequently,
equation (11) becomes:

= *f-P,; (12)

In this study, the hydraulic diameter Dj, varies with
time #,, hence equation (12) can be re-arranged and
written by replacing D;, with Dy, as:

1 V2L
dp, = —.fp -2 13
P 7 fpg Di, (13)
where the subscript n = 1,2,3.....n, representing the

location indicators from hydrates equilibrium point to
hydrates plug along the pipeline. Where dp (Pa) is the
transient pressure rise because of hydrates formation
and deposition as the hydraulic diameter Dj (m)
reduces; L (m) is the length of the hydrates forming
and plugging section; v, is the gas velocity from the
discharge compressor station at the instant of plug-
ging; and f is wall friction factor because of hydrates
deposition. The pressure drop along the pipeline is
because of the increase in gas viscosity during hydrates
formation, and can be explained from the standpoints
of both force and energy balance.*? From the perspec-
tive of force balance, the pressure force in the pipeline
will balance the viscous forces generated during the
flow. For energy balance in the flow domain, the work
done by the pressure force must overcome the energy
dissipation due to the viscous effect from hydrate for-
mation.® As hydrates begin to form, the gas velocity
gradually decreases in the pipeline due to the increased
hydraulic loading caused by dispersed hydrate depos-
its.>>* Additionally, the shear stress along the pipe-
line section where hydrates are forming increases and
the pressure also rises over time as the gas density
increases near the wall.'** The process of hydrate for-
mation, agglomeration, deposition, and plugging is
extensively described in the existing literature,'>3>4043
The hydrates deposition induced transient pressure
drop can be obtained using the approach in the litera-
ture,*” by estimating the volume of hydrates deposited
from the geometry in Figure 2.

Volume of hydrates deposited. The above derivations have
been based on the following five assumptions: (i)
hydrates deposition along a pipeline are unevenly

distributed,” and are estimated experimentally from
the pressure gradient in equation (12), by calculating
the reduction in pipeline hydraulic diameter from the
beginning of gas and water injection into the experi-
mental loop until the end of the experiment**; (i) the
pipeline hydraulic diameter is related to the hydrates
film growth layer along the pipe using a constant
growth rate.” However, this constant growth rate is
dependent on the subcooling temperature and the gas
flow velocity and can only be determined accurately
through experimental observations. In our model, the
constant hydrates layer growth rate is represented by
the ratio of the pipe diameter to the hydrates plugging
flowtime in the pipe as presented later in equation (22);
(iii) the plugging flowtime #,y,, is positively related to
the hydrates deposition rate,'” as represented in equa-
tion (16); (iv) by assuming that one-third of the
hydrates generated are deposited on the wall and form
in an annular linear growth profile along the pipeline
based on the geometry in the literature’ and in a nonu-
niform diameter in the pipeline as suggested in Wang
et al.,>” a modified computational domain incorporat-
ing the hydrate profile in a horizontal gas pipeline of
diameter D, hydraulic diameter D,, and hydrate deposi-
tion sectional length L, has been described for the pur-
pose of this work in Figure 2 and (v) although
sloughing and wall shedding occurs during hydrates
deposition,”>° this effect is neglected partly because of
lack of established relative studies on the effect of
sloughing on hydrates layer growth and thickness,”
and also because of the intended practical application
of this model, which is to capture the first peak in tran-
sient pressure drop for the purpose of developing a
proactive and preventive hydrate intervention pro-
gramme for gas pipelines.

For industry application, the hydrates growth sec-
tional length (L) can be determined from the pressure
and temperature gradient profile generated in a
hydraulic simulator; from where the pressure and
temperature correspond with the hydrates equili-
brium condition determined from a phase envelop.
This is because, hydrates are generated at the hori-
zontal section of the pipeline and transported down-
stream to a point of obstruction or change in flow
configuration.'®?® Based on this profile, the maxi-
mum time from onset of hydrate to the point where
the pipeline becomes plugged can be estimated as a
function of the hydrate deposition rate and the pipe
diameter. The change in gas volume during hydrates
formation can be explained by the mass continuity
equation in equation (6).

In this study, the relation for the deposited volume
of hydrates will be developed by taking a 3D geome-
try of the computational domain in Figure 2, as:

DL

Vu C

(14)
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The hydrates deposition rate can be obtained by

dividing both sides of equation (14) with the time to

plug the pipeline section.
Vu _ IID’L

Lplug 6 Iplug

(15)

[V” is the hydrates deposition rate Qp 4. Therefore,

the time taken to fill the volume in equation (14) at
the hydrate deposition rate can be derived as:

IID*L
tpug = - (16)
60y 4
This can be re-arranged as:
_ 6QH,dlplttg
L 1D? (17)

where #,,, is the flowtime (s) from the beginning of
hydrates deposition to the time to record the first sig-
nificant peak in transient pressure drop, indicating the
presence of hydrates plug in the pipe. In this study,
the first significant transient pressure spike is when
the upstream pressure is above the pipeline design
pressure. Substituting L from equation (17) into L in
equation (13), yields:

JPe6*60 1 4

d ¥ = t U
Pn = T p, D2 "

(18)

where the gas den51ty Pg (kg/m?) is estimated from Di
Lorenzo et al.” as follows:

py = —1.27x107"PT + 0.49T + 4.79x107° P — 156
(19)

Since there is no lubrication of the pipe wall by the
gas, it is assumed that the gas is flowing over a smooth
layer of hydrates and the friction factor is estimated
from the equation for smooth round pipe.*’ During
hydrates deposition, the flow behind the point of
deposition is assumed to be frictionless.”

f= 0.0056 + 0.5Re""%; 3000 < Re < 3 X 10°
(20)

The Reynolds number is defined as: Re = p”lgD

Where p, is the gas viscosity (Pa.s) as defined by D1
Lorenzo et al.,” below.

pg = 6.45x107°T + 7.36x10" P + 5.555x10°
(21)

where T is temperature (K); and P is pressure (Pa).

Pipeline  hydraulic diameter. The hydraulic diameter
Dy, (m), in equation (12) will be derived in this section.
This was achieved by replacing the constant hydrate
growth rate in the derivation for the reduction in pipe
hydraulic diameter in Di Lorenzo et al.** by the ratio
of the pipe diameter to the hydrates plugging flow-
time in the pipe, as represented below:

D.t,

Dhn =D -
Lpiug

(22)

Dy, is the hydraulic diameter varying with time f,.
Which is simplified as:

t ,
Dy, = D( plug — ) (23)

) plug

Where ’”’ﬁ—[, is the pipe annulus reduction factor
due to the (ieposmon of hydrates. This representation
allows for a gradual linear reduction in hydraulic dia-
meter as represented in Figure 2.

_(IID*L — 60y 4t
Dlm - D( HDzL )

(24)

Final models

The final transient pressure drop model during
hydrates deposition can be derived by substituting
D, from equation (24) into equation (18) yields:

S, 67" L0y 4 ,
2D (I1.D2L — 60 1) Tplug

dp, = (25)

The time to plug #,,,, has been modified with a factor
Kj; which is set to 0.8, This will ensure that the final
reported time for plugging is proactive, because the
model will predict the pressure drop at 80% of the
time to plug pipeline. Also, for the purpose of compu-
tation, this factor will prevent the reported plugging
pressure drop from converging.
2
Iplg = Kftﬂ (26)
604

where:

dp, = pressure drop (Pa) at time 7, (s)

toug = time to plug the pipeline (s)

dt = time step obtained by dividing #,, into n equal
sections.

Ky = 0.0188v, + 4.392; is a dimensionless empirical
model fit constant

K;; = 0.8; is a dimensionless empirical approximation
constant

f = dimensionless friction factor for gas flowing inside

a pipe with hydrate deposition; calculated from equa-
tion (20).
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Determine Reynolds Number
and Friction factor
Re = p—ngD
Hg
f = 0.0056 + 0.5Re ~032;
3000 < Re < 3x10°

l

Input hydrate deposition rate(Qg),
Diameter (D), Gas velocity(vg) &
Hydrates section Length(L)

Compute Kj:
Ky = 0.0235 + 5.49

Compute the time to plug

l

exit of pipeline section:

IL.D2L
totug = Kft@’ Kpe = 0.8

t, =0+dt;
n=123...

l

_ Ky Kpe

Compute the Pressure Drop:

61/92LQAH7¢

Divide tppginto dp =
n equal sections (dt)

Sepa- - .t
PR (1.D2L = 60y gt,) "9

No

l

Report result for dp
at instantaneous time t,

Compute gas density & viscosity
pg = —1.27 * 1077PT + 0.49T

l

+4.79 « P — 156

ng = 6.45%107°T +
7.36 *x 10713P + 5.555 « 107°

ty = ty,_q +dt;
n=123..

Figure 3. Solution algorithm.

p, = gas density (kg/m?, calculated from equation (19))
V4, = gas velocity (m/s)
t, = instantaneous flowtime (s): computed from equa-
tion (16), based on the algorithm in Figure 3, below.
Qa4 = hydrate deposition rate predicted from experi-
mental or CFD model (m?/s)
L = hydrates formation and deposition pipeline sec-
tion (as defined in Figure 2)
D = pipe internal diameter (m)
II = the ratio of the circumference of the pipe annu-
lus to the diameter of that pipe, taken as 3.142.
Equation (25) above is the pressure drop model
incorporating the hydrate deposition rate. The inclu-
sion of hydrates deposition rate in the model already
contained the influence of the subcooling temperature.
At the current hydrates deposition rate, the model pre-
dicts the first spike in pressure at the pipeline condi-
tion. The pressure drop is estimated as the difference
between the first pressure spike and the hydrates for-
mation equilibrium condition. When the model is
implemented to locate hydrate plug in the line, differ-
ent lengths can be iterated until the flowtime matches
the recorded operational flowtime between the onset
of hydrates and the first pressure spike. Ballard et al.*®
recommended the installation of pressure transmitters
along the pipeline to monitor hydrates formation, as a
spike in pressure is an indication of hydrates forming
downstream of the pressure transmitter. Our model
can be implemented with this kind of installation to
predict real-time hydrates deposition rate.

To solve the above model, we developed the com-
putational algorithm presented in Figure 3.

The above algorithm is explained in the following
steps:

Step 1: Input data for hydrate deposition rate (Q),
length of hydrate deposition pipe section, which is
also the location of the hydrates plug (L), diameter
of pipe (D) and gas velocity (v,), are entered into
the model.

Step 2: The expected time to plug the exit of the
pipe based on the deposition rate is calculated.

Step 3: The timestep is also calculated by dividing
the time calculated in step 2 into n equal sections
Step 4: Computes the pressure and temperature
dependent gas stream density and viscosity.

Step 5: Computes the Reynolds number (Re) and
friction factor (f)

Step 6: Computes the empirical factor Ky

Step 7: Computes the first computational instanta-
neous time

Step 8 and 9: Evaluates the pressure drop with the
inputs and calculated variables from steps 1 to 8
and reports the pressure drop.

Step 10: Advances the timestep by adding the timestep
to the previous computational instantaneous time.
Step 12: Executes a conditional statement that
determines if the computation should proceed or
terminate.
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Figure 4. Comparing model predictions of first significant spike in transient pressure drop with experimental results: (a) Experiment
| — hydrate deposition rate of 0.078 L/min at 4.6 m/s'? and (b) Experiment | — hydrate deposition rate of 0.129 L/min at 8.7 m/s.**

Model validation and discussion of results

This model incorporates the hydrates deposition rate
for gas-dominated pipeline in one mathematical rela-
tion. Two main equations were developed earlier; to
predict the plugging flowtime (equation (26)) and the
associated transient pressure drop formulation (equa-
tion (25)). The point of hydrates formation can be
obtained from a phase envelop, and pressure and
temperature gradient plot from a hydraulic simulator,
or directly from subsea pressure and temperature
transmitters installed on the flowline or pipeline.
Also, the actual sectional length (L) experiencing
hydrates growth can be obtained in like manner. In
all the six cases considered from experimental data in
Di Lorenzo et al.** and Aman et al..,'? the plugging
flowtime and transient pressure drop were dependent
on the hydrate deposition rates.

As a proactive hydrate plugging preventive analyti-
cal tool, it is essential that the model can “underpre-
dict’ the experimental plugging flowtime at the
experimental transient pressure drop in the literature.
The basic assumption behind the transient pressure
drop model is to stop gas flow once the first spike in
pressure drop is recorded as a precautionary measure.
Figure 4, compares the model performance with
experimental data in the literature at both low and
high velocities of 4.6 and 8.7 m/s respectively.

From both figures, the analytical model predic-
tions at both high and low velocity compared
favourably with the experimental plots in the litera-
ture. By using only one multiplier factor, which is a
function of the gas velocity, this model is an
improvement over the analytical model of Di
Lorenzo et al.? since it proves to be more adaptable
for industry application without adjusting the multi-
plier factor under various flow velocity. The relative
error from the experimental results is calculated as
in equation (27).

% relative error

_ Model Result — Experimental Result

X 100
Experimental Result

(27)

The transient pressure drop predictions from
experimental results for all six cases at both low and
high velocities is at a maximum of 6% relative error.
Similar predictions by Di Lorenzo et al.” were within
40% relative error. Also, the mean relative error of
the transient pressure drop predictions by Zhang
et al.>> was 7.43%. Hence, our model is an improve-
ment over existing analytical hydrates plugging pres-
sure drop prediction models. Again, the plugging
flowtime for all cases was underpredicted within mean
relative error of 9%, suggesting the plugging flowtime
model can proactively predict hydrates plugging.
More importantly, because our model incorporates
the hydrates deposition rate directly it is invaluable in
real-time tracking of hydrates deposition rates when
the pipeline is fitted with temperature and pressure
transmitters.

Input data

The hydrate deposition pipe length is 33.4 and
0.0204m in diameter as in the flowloop experiment
information reported in Di Lorenzo et al.** and
Aman et al.'? In both experiments, the hydrates were
generated at a 12m inlet section of the pipe and
deposited downstream along the pipe. Flow velocities
are 4.6 and 8.7m/s.'? The input parameters used are
presented in Table 1 below.

In our model, the simulation using the solution
algorithm developed in Figure 3, was terminated
when the instantancous time equals the calculated
time for hydrate plug at the nth timestep. For each
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Table I. Input parameters.

Input Value

Source

Velocity (m/s) 4.6; 8.7
Hydrates section length (m)
Pipeline diameter (m)

Average operating pressure (MPa)
Average operating temperature (K)
Hydrate deposition rate (L/min)
Gas density (kg/m®)

Gas viscosity (Pa.s)

Pipe friction factor

Tables 2 and 3
Tables 2 and 3
Tables 2 and 3
Equation (19)
Equation (21)
Equation (20)

33.4 (except stated otherwise)
0.0204 (except stated otherwise)

Aman et al.'?
Aman et al.'? and Di Lorenzo et al.**

Di Lorenzo et al.’

Drew et al.*

Table 2. Comparing model predictions with experimental results by Aman et al.'? at 4.6 m/s.

Exp.  Gaspress. Gastemp. Sub-cooling,  Hyd. dep. Plugging flowtime, t,, (min) Pressure drop, dp (MPa)
(MPa) (K) (K) rate (L/ min) -
Exp. Analy. Exp.  Analy. Relative
model model  error (%)
| 10.79 286.0 6.0 0.078 76.37 74.66 0.41 0.40 -2
2 10.91 284.4 7.3 0.105 68.43 55.46 0.41 0.41 0

run, the transient pressure-drop is calculated for a
time 7, as explained earlier.

Hydrate plugging flowtime and transient pressure
drop

Equations (25) and (26) are the two sets of equations
needed to predict the plugging flowtime of hydrates
and transient pressure drop. The results of the calcu-
lations from these two equations are validated with
experimental results from Di Lorenzo et al.** and
Aman et al.,'> Hydrates formation and deposition is
not uniform along the pipe as reported in the litera-
ture. Thus, the flowtime has been modelled to be less
than the actual runtime in the experiments. In theory,
the gas phase is both upstream and downstream of
the hydrates plug, hence the need to balance the pres-
sure at both ends of the hydrates plug to prevent acci-
dents. The experimental results used for validation
indicates that the hydrates are more stable at lower
velocity of 4.6 m/s as the gas temperatures are below
292K. The model results at 4.6m/s where the
hydrates are stable have minimal relative error com-
pared with predictions at 8.7 m/s. Hence, our model is
very useful in predicting the severity of hydrates
under low gas productivity scenario. The two sets of
validations carried out with experimental results are
discussed below.

Validation of model predictions at gas velocity of 4.6 mis.
Aman et al.'? conducted a series of flowloop experi-
ments to compare formation and deposition rates of
hydrates at low flow gas velocity. Details of the
experiments are discussed extensively in the literature.

Only two data sets representing experiment 1 and 2
from the literature were considered for validation
based on the following reasons: (i) experiment 3 is
reported with similar hydrates deposition rate with
experiment 1, yet has higher gas consumption rate
and a lower transient pressure drop; it is expected that
at the same deposition rate and flow velocity the pres-
sure drop is relatively equal; (ii) experiment 4 has a
lower hydrates deposition rate compared with experi-
ments 1 and 2, yet was reported with a higher pressure
drop; it is expected from theory that higher deposition
rates should have higher pressure drop at similar
plugging flowtime; (iii) experiment 5 is reported with
the highest gas consumption rate, yet with lower
hydrates deposition rates compared with the out-
comes of experiments 1, 2, 3 and 4, which is inconsis-
tent with theory. From the model results, experiments
1 and 2 compared favourably with expected theoreti-
cal outcome, hence were used for the validation
results presented in Table 2, below.

From Table 2, the transient pressure drop model
underpredicted the experimental results by 2% relative
error. The mean relative error of the pressure drop
predictions from experimental results is 1%. The plug-
ging flowtime model underpredicted the experimental
values as expected. The predictions are in order as
expected for a proactive predictive model, and an
improvement over the predictions of Di Lorenzo
et al.’ From experimental observations at lower flow
velocity, the pressure drop is not expected to vary sig-
nificantly across different subcooling temperatures,
because the gas shear stress on the hydrates at the pipe
wall is low."” This position is replicated from the
model performance in Table 2. Again, the indication
from the model results is that early plugging occurs at
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Table 3. Comparing model predictions with experimental results by Di Lorenzo et al.?® at 8.7 m/s.

Exp.  Gaspress. Gastemp. Sub-cooling, Hyd. dep. Plugging flowtime, t,,g (min) Pressure drop, dp (MPa)

(MPa) (K) (K) rate (L/ min) -
Exp. Analy. Exp.  Analy. Relative
model model  error (%)

| 9.07 2925 5.83 0.129 41.52 45.14 1.03 1.09 6

2 8.99 292.5 5.94 0.147 41.46 39.61 1.04 1.08 4

3 8.43 292.0 10.3 0.369 22.49 15.78 1.01 1.02 I

4 8.83 29255 8.6 0.207 31.21 28.13 1.01 1.06 5

higher hydrates deposition rate, which is also consis-
tent with experimental observations.

Validation of model predictions at gas velocity of 8.7 m/s. Di
Lorenzo et al.** conducted a flowloop experiment to
compare hydrates formation and deposition rates at
constant higher gas flow velocity of 8.7m/s. The
resulting series of experimental results formed the
basis for further work in this research area, and the
results have been used to validate analytical hydrates
deposition models.>**” The hydrates deposition rate
is estimated as 30% of the formation rate based on
the results in Di Lorenzo et al.** Another source also
reported an average deposition rate between 24%
and 26% of hydrates formation rate.’’” The 30%
approximation was used because the results in Di
Lorenzo et al.** did not specifically present the aver-
age deposition rates. The experimental results were
obtained at a gas velocity of approximately 8.7m/s
and the outcomes are compared with the model pre-
dictions in Table 3.

As seen in Table 3, the model overpredicted the
transient pressure drop by a maximum relative error
of 6%, with a mean relative error of 4%. Also, the
plugging flowtime model underpredicted the experi-
mental values as expected. Both predictions are also
in order since by overpredicting the transient pressure
drop and underpredicting the plugging flowtime, it is
possible to predict early hydrates obstruction in the
pipeline for proactive intervention. Thus, the present
work is an improvement over the predictions of Di
Lorenzo et al.” at higher velocity of 8.7 m/s with pres-
sure drop predictions within 10% relative error from
experimental results.

Hydrates transportability

Since hydrates formation and deposition rate is directly
related to the gas consumption rate, the RHS of equa-
tion (6) can be modified with the density of hydrates to
account for the rate of change in pipe volume (m?/s)
due to the presence of hydrates as shown below:

d . 1 dmg

—Vy= = —. 28
d " py  dt (28)

Where Vyis the volume change in the computational
pipe domain due to the presence of hydrates; Qpyis
the hydrates formation, agglomeration, and deposition
rate and pis the density of hydrate. Since the density
of gas increases towards the pipewall during hydrates
formation and agglomeration, and remained stable
during hydrates deposition, we developed a new rela-
tion for estimating the hydrates density fitted to the
experimental results in Li et al.® at 10% water volume
(a0, fraction and gas volume fraction (ag) equal to
1 — «,,. This is because the existing relation for deter-
mining the density of hydrates in the literature'* is not
handy for gas pipeline since it requires the determina-
tion of the fractional occupancy of the cavities for the
hydrate type, the volume of the unit cell of the hydrate
and the number of hydrate forming components in a
unit cell. The density of hydrates is a necessary para-
meter in the estimation of the time for hydrates disso-
ciation and the mass of hydrate projectile.'® Again, the
knowledge of how the density of hydrates depends on
the temperature and pressure of the gas is important
in understanding the expected viscous resistance to gas
flow and the resulting increase in transient pressure
drop. Hence, the proposed model in this study can be
used for reactive planning of hydrates field interven-
tion work by first determining the gas density using
equation (19), from the pressure and temperature
recorded in the pipeline and using equation (29) to
estimate the density of the deposited hydrates.

20p,.04p,,

= + ayp,) + —F—"
PH CPH (agpg anpn) agpg 4 P, (29)
Cp, = 0.0325T - 1.985 X 10°8P—-3.0 (30)

where C,, is an empirical constant; p,is the tem-
perature and pressure dependent natural gas density
calculated from equation (19); p, is the density of
water (998kg/m?); T and P are the gas temperature
(K) and Pressure (Pa), respectively. The plot of
hydrate density predicted by equation (29) compared
with the experimental results indicates a good match
in Figure 5.

The hydrate density derivation in equation (29) is
based on the observation in our previous CFD model
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Figure 5. Comparing predictions of hydrates density estimation model with experimental results: (a) pressure and density of

hydrates and (b) temperature and density of hydrates.

on the prediction of hydrates deposition rate,>> where
it was observed that the gas density increased towards
the pipewall during the simulations. So, we applied
an averaging technique to relate the density of natural
gas and water under hydrates forming temperature
and pressure conditions to the density of hydrate.
The regression formulation in equation (30) was used
to fit the outcome of equation (29) to experimental
results in Li et al.® The above mathematical relation
should be applied when the pipeline operating tem-
perature and pressure are within the stable hydrate
zone, which is left of the loci in Figure 7. From
Figure 5, the hydrate density estimation using equa-
tion (29) compares favourably with the results in Li
et al® In theory, there is a positive correlation
between gas pressure and the density of hydrates.!
Also, in Figure 5, a positive linear relationship is
observed between hydrates density and the tempera-
ture and pressure in the pipeline. For annular flow
scenario, which is applicable to gas-dominated pipe-
lines, the average density of hydrates measured from
the experiment by Ding et al.*’ at 10% water volume
fraction, temperature of 273 K and pressure of 5 MPa
is 825kg/m°, and the prediction from equation (29) is
857kg/m>, which represent 4% overprediction rela-
tive error from the experimental measurement.
Again, the hydrates growth rate equations in the liter-
assumed 950kg/m® as the density of
hydrates, whereas the value obtained from equation
(29) using the pressure (8.9 MPa), temperature
(289 K) and water volume fraction (0.06) experimen-
tal conditions of Di Lorenzo et al.*® is 935kg/m’.
Implying that the result of the new hydrate density
estimation equation for gas-dominated annular flow
hydrates formation scenario is consistent with experi-
mental results. Hence, instead of assuming the density
of hydrates in future hydrates related experiments
and models, the equation developed in this study for

the density of hydrates (equation (29)) can be used.
This will ensure that the density of hydrates used is
representative of the variation in gas pressure and
temperature changes during the simulations. Again,
since gas transportation in pipeline is related to gas
temperature and pressure, this model is a handy tool
for estimating the density of hydrate formed in the
pipeline in the field. Also, accurate estimation of the
density of hydrates enables the estimation of the right
trust to push the hydrate plug out of the pipeline
using the relation for fluid force (equation (31)).
F= pHva

(31)

where F is thrust behind the hydrate plug (N); py is
the density of the hydrate plug (kg/m?); v is the velo-
city of the hydrate plug (m/s) and A4 is the cross-
sectional area of the pipeline behind the plug (m). For
a line plugged with hydrates, we proposed that equa-
tion (29) can be used as guide during temperature and
pressure intervention operations to enhance hydrates
transportability. The density of hydrates in natural
gas-dominated pipelines is usually less than that of
water,! ranging from 920 to 950kg/m.'*1*12:30
Hence, the pressure and temperature in the pipeline
can be varied until the density of hydrates is greater
than the density of water using equation (29). This
effect, at a gas pressure of 6.0 MPa, is demonstrated
in Figure 6 below, where the graph of the calculated
hydrates density is compared with the density of
water. The transportability of hydrates slurry is possi-
ble when the density of the hydrates slurry is greater
than that of water.*® Hence, the point beyond where
the density estimated in equation (29) is greater than
the density of water in Figure 6, can be used to define
the temperature and pressure condition for transport-
ability of hydrates. This guide can assist in the pig-
ging of hydrates-forming gas pipelines.
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Figure 6. Determining the temperature for hydrates
transportability at gas pressure of 6.0 MPa by increasing the
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Figure 7. Methane hydrates loci.2®

From Figure 6, at a gas pressure of 6.0 MPa the cal-
culated density of hydrates using equation (29) shows
that the transportability of hydrates plug can be achieved
if the temperature is increased beyond 293 K. This also
corresponds to the point where the hydrates are unstable
from the methane hydrate curve (Figure 7).

Location of hydrates plugging event

The purpose of the sensitivity simulations in this sec-
tion is to use the hydraulic effect of hydrates deposi-
tion rates on transient pressure drop and hydrates
plugging flowtime to locate hydrates plugging event
along the pipeline. Hydrate plugs increases the line-
pack upstream of the plug, leading to transient pres-
sure waves moving upstream which can trip the dis-
charge compressor if the transient pressure equals the
discharge shutdown setting of the compressor.*’
When the compressor fails to trip, the pipeline can
rupture because of over pressurisation. If the compres-
sor trips, the pressure surge in the pipeline because of
the locked-in gas will gradually disappear, and the gas

Hydrates
1.5 Deposition Rates
-0 0.1L/min
g = 0.2L/min
§ 1.0 4+ 0.3L/min
g + 0.4L/min
2
H
§ 0.5
-9
0.0
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Plugging Flowtime (min)

Figure 8. Comparing pressure drop curves at different rates
of hydrates deposition at a gas velocity of 8.7 m/s, and pipeline
temperature of 287.5 K and pressure of 10.9 MPa.

velocity will reduce because of friction and drop in
inertia.* However, the locked-in gas pressure behind
the hydrate plug can still lead to failure, especially for
older pipes with reduced pipeline wall thickness
because of internal corrosion. Throughout the calcula-
tions and simulations in this section, it is assumed that
a single plug is formed at any time along the pipeline.
In the simulations that follows, the transient pressure
drop and plugging flowtime prediction models devel-
oped earlier, will be used to predict hydrates plugging
event along a gas pipeline. Before determining the
location of plugging events using the models devel-
oped earlier in this study, it is important to perform
some parameter sensitivity simulation to investigate
the performance of the models against related theore-
tical suggestions in the literature.

Effect of hydrates deposition on transient pressure
drop and plugging flowtime

The pressure in the pipeline determines the shear
stress of the hydrate deposit on the wall. The shear
stress determines how much differential pressure is
needed to release the hydrate plug.'® Hence, it is
important to determine the resulting transient pres-
sure drop in the pipeline because of hydrate plug for-
mation. Theoretically, increase in hydrates deposition
rates at constant gas flow velocity due to increase in
subcooling temperature leads to increase in transient
pressure drop.'*?® This is because of the reduction in
pipe annulus as hydrates are deposited on the pipe
wall. For practical application, it is expected that
pipeline plugging, and early transient pressure rise
should occur more in cold locations when the tem-
perature is relatively stable below the hydrate equili-
brium temperature and higher-pressure conditions
that encourages hydrates formation. The results in
Figure 8 using equations (25) and (26), agrees with
the expected theoretical outcome, that hydrates plug-
ging risk increases with increasing deposition rate
under the same flow condition.'*%%4*
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Figure 9. Comparing pressure drop curves at different
pipeline diameter and corresponding hydrates deposition rates
at gas velocity of 8.7 m/s, and pipeline temperature of 287.5 K
and pressure of 10.9 MPa.

Effect of increase in pipeline diameter

The purpose of this sensitivity using equations (25)
and (26) is to investigate the effect of increasing dia-
meter on pressure drop and plugging flowtime for dia-
meters of 0.0204, 0.0408, 0.0612m and corresponding
deposition rates of 0.14, 0.28 and 0.42L/min. The
hydrate plug is assumed to be located 50 m from the
point of hydrates equilibrium condition, at the gas
velocity of 8.7m/s, pipeline temperature of 287.5K
and pressure of 10.9 MPa.

The results indicates that though the hydrates
deposition rate increases as the pipe diameter increases
(Figure 9), the transient pressure drop is lower with
extended plugging flowtime provided the upstream
compressor discharge pressure is the same in larger
pipes. The implication is if line is expected to have
hydrates, increasing the pipe diameter can reduce the
susceptibility of the line to hydrates plugging.
However, this decision must be arrived at by consider-
ing the possible gas flowrate from the field throughout
the useful life of the pipeline, to avoid issues of inter-
nal corrosion with under-capacity utilisation because
of the low liquid loading capacity of the flow.>

Effect of hydrates deposition rates on pipe inner
diameter

From equation (23), hydrates deposition on the pipe
wall reduces the pipeline inner diameter in a nonuni-
form pattern as suggested from plots in Figure 10,
below. This position is also corroborated in the
literature.>’

From the plot in Figure 10, the pipeline is plugged
earlier at higher deposition rates under the same fluid
velocity of 8.7m/s. Hydrates deposition rate under
the same flow condition is a function of the subcool-
ing temperature. Lower pipe surrounding tempera-
ture enhances gas solubility in water,* leading to
increasing hydrates formation and deposition. Hence,
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Figure 10. Comparing pipeline hydraulic diameter reduction
at different hydrates deposition rates at gas velocity of 8.7 m/s,
and pipeline temperature of 287.5K and pressure of 10.9 MPa.
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Figure 1 1. Pipeline hydraulic diameter reduction rate as
hydrates deposition rates increases at gas velocity of 8.7 m/s,
and pipeline temperature of 287.5 K and pressure of 10.9 MPa.

in deeper offshore sea floor conditions where the tem-
perature is much lower, hydrates plugging will be ear-
lier. The pipeline hydraulic diameter reduction rate
(mm/min) increases from lower deposition rate to
higher deposition rate (Figure 11).

Hydraulic effect of hydrates plug at different
sections of the pipeline

The hydrates forming section in the pipe determines
the pressure drop and plugging flowtime. By varying
the length of the section at a deposition rate of 1.0L/
min plots of pressure drop for every sectional length
are obtained in Figure 12.

The sensitivity simulation in Figure 12 is important
because it indicates that the transient pressure drop
model can be used to determine the location of
hydrates plug in the pipeline. This observation is simi-
lar to the effect observed if valves at different loca-
tions along a horizontal pipeline are closed one at a
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Figure 12. Pressure drop curves at different hydrates plug
location along the pipeline at gas velocity of 8.7 m/s, and
pipeline temperature of 287.5K and pressure of 10.9 MPa.

time. Hence, the hydrates plug near the discharge
compressor will experience a lesser transient pressure
drop because of the lower volume of the line pack.
When the plug location is farther from the discharge
compressor, the line pack increases behind the plug
until it reaches the compressor station. Hence, the vol-
ume of gas behind the plug increases as the plug is
farther from the compressor discharge point. The
transient pressure wave travelling upstream towards
the discharge compressor station is from the hydrate
plug location and at the speed of sound in the gas.***’
In the discussion that follows, some parameters relat-
ing to the study of hydrate plug location and trans-
portability have been studied. This is because in the
beginning of every experiment, the relationship
among the variables is not usually known until the
end of the experiment.*> A matrix of the correlation
between these parameters is presented in Table 4.
From Table 4, the following relationship are signif-
icant at 95% confidence interval (p < 0.05): (i) There
is an increase in transient pressure drop as the loca-

increases as the bulk modulus increases. Implying that
the pressure drop increases because of a reduction in
the transportability of hydrates as a result of increas-
ing resistance to shear; (iii) The velocity of hydrates
determines their transportability in the pipeline. It is
inferred also from the correlation in Table 4, that the
velocity of the hydrate plug increases as the shear rate
increases and reduces as the bulk modulus increases,
which agreed with the observation in (ii) above.
Consequently, the parameters measured above are the
physical fluid properties relating to the transportabil-
ity of hydrates in the pipeline, and these properties are
related to both hydrate plug location and the induced
transient pressure drop; suggesting that hydrate plug
location can be inferred directly from the transient
pressure drop. Details of the parametric sensitivity
simulations using the transient pressure drop model
developed in this study are discussed further. In the
simulations using equation (25), the operating pres-
sure was increased from 4 to 7 MPa at constant tem-
perature of 285K with gas velocity of 8 m/s, hydrates
plug location at 500 and 1000 m, water volume frac-
tion of 0.1, pipeline diameter of 0.102 (4inches) and
hydrates deposition rate of 10L/min. This is to
demonstrate the effect of hydrates location on transi-
ent pressure drop and the hydraulic behaviour of the
physical flow parameters of hydrates.

Effect of pressure drop on the bulk modulus of gas and
hydrate. Bulk modulus (E,) defines the relationship
between change in unit pressure of a fluid or solid to
the corresponding change per unit volume.*> Hence,
further explanation of the effect of increasing pressure
drop as the hydrate plug location increases in
Figure 12 can be done from the Cauchy number (C,)
in equation (32).

2

. . v inertia force
tion of the hydrate plug is farther from the hydrates C,= Pe¥s  _ — (32)
e o S T E, compressibility force

equilibrium condition point along the pipeline,

whereas the shear rate and shear stress of the hydrate

plug reduces. Hence, the transient pressure drop is E, = dp (33)

inversely related to the shear stress and shear rate of dP/p

the hydrate plug; (ii) The transient pressure drop also

Table 4. Correlation between the location of hydrate plug and the parameters that defines the transportability of hydrates.

Correlation Pearson, r Hydrate plug  Transient pipeline Hydrate Hydrate Hydrates Hydrate
location (m) pressure drop (Pa)  plug velocity  plug shear  plug bulk plug shear

(mfs) stress (Pa)  modulus (Pa)  rate (s~ ')

Hydrate plug location (m) 1.00

Transient pipeline 0.80 1.00

pressure drop (Pa)

Hydrate plug velocity (m/s ) —0.86 —0.97 1.00

Hydrate plug shear stress (Pa) —0.86 —0.96 1.00 1.00

Hydrates plug bulk modulus (Pa) 0.67 0.98 -0.93 -091 1.00

Hydrate plug shear rate (s ') —0.92 —0.91 0.98 0.99 —0.84 1.00

Parameters with p > 0.05 have been highlighted, implying non-significant relationship at two-tailed 95% confidence interval.
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Figure 13. The hydraulic effect of transient pressure drop on
the ratio of pressure drop to change in density at constant
temperature of 285 K when the hydrate plug is located 500 m
downstream of the hydrate equilibrium point along the
pipeline.

Where E, is the bulk modulus (Pa); p, is the gas den-
sity (kg/m?); vy is the gas velocity (m/s); dpis change
in pipeline pressure (Pa) and dpchange in density
(kg/m?). From equation (32), as the gas bulk modulus
increases, the gas compressibility force increases
because of increasing line pack. Although the gas
density also increases, the inertia force diminishes as
the velocity of the gas molecules reduces. The com-
pressibility force will also increase the gas density by
reducing the volume occupied by 1kg mass of the
gas. Since the temperature of the pipeline is assumed
to be isothermal during hydrates formation, it is
assumed that equation (34) holds.

-K (34)

T I

Where p is the gas pressure (Pa); p is the density (kg/
m?) and K is a constant. Implying from equation (34)
that as the gas density increases because of increasing
line pack during hydrates plugging the pipeline, the
gas bulk modulus will also increase,*” leading to a rise
in the transient pressure drop. To observe the com-
pressibility of the gas upstream of the hydrate plug,
the relationship between the ratio of change in transi-
ent pressure and density as the transient pressure
drop increases is presented in Figure 13. The gas and
hydrates densities have been computed from equa-
tions (19) and (29) respectively.

From Figure 13, the transient pressure drop behind
the hydrate plug is positively related to compressibility
of the gas and hydrates. However, the gas experiences
higher compressibility than the hydrates, which is
expected from theory because of the low density of
gas. This effect is responsible for the projectile thrust
experienced in gas pipelines plugged by hydrates when
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Figure 14. The hydraulic effect of transient pressure drop on
bulk modulus of hydrates as the gas pressure was increased
from 4 to 7 MPa at constant temperature 285 K and various
hydrate plug location downstream of the hydrate equilibrium
condition along the pipeline.

the pressure upstream of the hydrates plug is higher
than the downstream pressure. Figure 14 indicates that
the bulk modulus of the deposited hydrates on the
pipe wall increases linearly as the transient pressure
increases due to increasing operating pressure. The
implication of this graph is to explain how hydrate
transportability and hydrate plugs can be achieved
through the control of compressor discharge pressure.

The indication in Figure 14 implies that reducing
the bulk modulus can enhance hydrates dissociation,
detachment from the wall and transportability. Also,
inferred from Figure 14 is the fact that if continuous
increase in pressure drop is experienced, the plug loca-
tion is farther away from the equilibrium position
with higher resistance to flow.

Hydraulic effect of hydrate plug location on shear rate and
shear stress. Earlier, it was discussed that the shear
stress determines how much differential pressure is
needed to release the hydrate plug or enable trans-
portability of hydrates in the pipeline.'® The relation-
ship between shear stress and bulk modulus is
important in understanding the transportability of
hydrates. The shear stress of the deposited hydrates
defines the possibility of hydrates sloughing and pipe-
line wall shedding by the hydrates deposits. Shear
stress o (Pa) is defined as follows:

Ldp

TI;E (35)

og=n5=

To relate the shear stress to the bulk modulus, equa-
tion (33) was defined in terms of p. Then, equation
(35) can be written as below.

_Lldp

TTNE d (36)
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Figure 15. The hydraulic effect of bulk modulus on shear
rate at constant temperature 285K at various hydrate plug
locations.

Where nis the viscosity of hydrates (Pa.s) and sis the

shear rate (& = E%%) of the deposited hydrates (1/s).

In Figure 15 below, a negative relationship is observed
between the shear rate and the bulk modulus of the
deposited hydrate plug at the same transient pressure
drop. The relationship was more of a curve at lower
pressure drop and when the hydrate plug location was
250m, which became linear as the distance of the
hydrate plug was farther at 1000m. Implying that
hydrates transportability reduces as the bulk modulus
increases. Thus, the reduction in shear rate is respon-
sible for the growth of hydrate plugs as their location
is further away from the hydrate equilibrium point
along the gas pipeline.

Hence, longer hydrates plug are expected as their
location increases along the gas pipeline. The higher
shear rate for hydrate plugs closer to the equilibrium
point is due to hydrates sloughing and wall shedding
phenomenon because of the presence of higher kinetic
activity of the gas molecules leading to higher liquid
and hydrate loading. However, as the plugging event is
further from the equilibrium point, more dispersed

water is consumed in the formation of hydrates, which
|
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Figure 16. Comparing the hydraulic effect of pressure drop
on shear rate at constant temperature of 285 K and varying
hydrate plug location along the gas pipeline.

lead to very high transient pressure drop because of the
relative motion of the plug, in response to the gas com-
pression behind the plug. The bulk modulus measures
the pressure drop with respect to the strain in the
hydrate layer/plug (Figure 16).

As observed in Figure 16, the increase in pressure
drop is because the shear rate reduces, implying
higher resistance to flow and deformation. Thus, for
the range of operating pressures of 47 MPa consid-
ered, shear rate decreases as the distance of the
hydrate plug increases from the equilibrium position,
implying increased plugging risk. The indication in
Figure 16, suggests that for shorter pipelines hydrates
deposits can be removed by increasing flow to
increase the loading of hydrate particles, and for lon-
ger pipelines, there is the need to estimate the pressure
and temperature of dissociation and the force
upstream of the flow to enable transportability of
hydrate deposits and plugs. To explain the phenom-
enon of hydrates shear stress and the thrust behind
the hydrate plug (equation (31)), the viscosity of
hydrates is first obtained. In this study, the viscosity
of hydrates is regressed using the relation we devel-
oped in equation (37) from the experimental measure-
ments of the viscosity of hydrates in the literature.>!

S:1-200, C,, =0.447 —2.0X107S

Ny = Cn, (0.6954T — 7.977x107°P — 0.093145 + 191a,,){ S : 200 — 600, C,, = 0.066 — 1.1 X 107S  (37)

|
deposits on the way while reducing the hydraulic gradi-
ent, until the plugging event leads to increasing transi-
ent pressures. Hence, since bulk modulus is positively
related to transient pressure drop, the shear rate is also
negatively related to transient pressure drop as seen in
Figure 16. Lower shear rate can also be experienced by
the hydrate deposit/plug due to lower deformation
because the hydrates glides over a thin layer of water
on the wall of the pipe.' However, this scenario cannot

S': 600 — 1000, C,, = 2.89 X 107*

Where 7y is the viscosity of hydrates and C,, is an
empirical constant, while other parameters retain their
earlier definitions. Figure 17 was obtained by simulat-
ing the transient pressure drop (equation (25)) for the
temperature, pressure, and water volume fraction. The
shear rate is defined from equation (36) which is also
related to the transient pressure drop obtained using
equation (25), and the results are entered as inputs
into equation (37). The curves in Figure 17 indicates
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Figure 17. Comparing the hydraulic effect of transient
pressure drop on the viscosity of hydrate at constant
temperature of 285 K and varying hydrate plug distance
downstream of the hydrates formation point.
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Figure 18. Comparing the hydraulic effect of transient
pressure drop on the hydrates shear stress at constant

temperature of 285 K and varying hydrate plug location

beyond the hydrate’s formation point.

that the viscosity increases at lower pressure drop and
when the hydrate location was closer to the source of
hydrates formation and increases as the hydrate plug
distance and transient pressure drop increases.

From Figure 17, it is observed that at lower pres-
sure drop (0—1.5MPa) the viscosity increases with
increase in transient pressure until the point (beyond
1.5 MPa) when the viscosity decreases with increase in
pressure. This phenomenon is corroborated from the
experimental measurement of the viscosity of water,>
and since the high density of hydrate is as a result of
water molecules, it is expected that the viscosity of
hydrates will behave in similar manner. Hence, the
shear stress of the deposited hydrates is obtained
using equation (35) in Figure 18.

The same effect of viscosity at lower pressure and
when the hydrate plug location is closer to the point
of hydrates formation along the pipeline (Figure 17),
is observed for the hydrate shear stress curves in
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Figure 19. Comparing the hydraulic effect of pressure drop
on the hydrates plug velocity at constant temperature of

285 K and varying hydrate plug location downstream of the
hydrates equilibrium condition point along the pipeline.

Figure 18 because of the positive relationship between
shear stress and viscosity (equation (39)).
Theoretically, higher pressure drop is the result of
lower shear stress in the flow domain as the pipeline
length increases.** This observation is also asserted in
Figure 18. Lower shear stress indicates poor trans-
portability and increased plugging severity, while
higher shear stress indicates reduced plugging sever-
ity. Once the hydrate plug is stuck in the pipeline, the
pressure drop increases and the shear stress reduces.
Thus, hydrates sloughing and wall shedding is possi-
ble when the hydrates deposit and plug location is
closer to the source of hydrate formation. The esti-
mated hydrate shear stress was used to determine the
thrust needed to move the hydrate plug along the
pipeline. This will help to estimate the pressure
needed upstream of the hydrate plug.

Effect of hydrate plug location on hydraulic thrust upstream
of the hydrate plug. By assuming that the hydrates plug
experiences normal stress on the upstream cross-
sectional surface, equation (29) can be applied to
determine the density of the hydrate. Thereafter,
equation (39) will be used to determine the hydrate
velocity (Figure 19). The relationship between the
hydrate plug velocity is related to the hydrate shear
stress in equation (39).

F
2 7° PV (38)

Defining equation (38) in terms of v, yields:
=/ (39)
The observation in Figure 19 is like the effect of

shear stress on pressure drop discussed earlier. The
increase in velocity of the hydrate plug located 250 m
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Figure 20. Comparing the hydraulic effect of pressure drop
o then hydraulic thrust upstream of the hydrate plugs located
at temperature of 285K and varying hydrate plug location
downstream of the hydrates formation point along the
pipeline.

from the hydrate equilibrium position was positive
until the transient pressure drop of 0.8 MPa, after
which the velocity reduced as the viscosity increases
and shear stress reduced. According to Newton’s sec-
ond law of motion, the change in momentum of the
hydrate plug is driven by the gas upstream of the plug,
hence a reduction in the velocity of the gas which hap-
pens when the hydrate plug location is farther from
the compressor discharge point equally leads to a
reduction in the velocity of the hydrate plug. Also, in
accordance with Newton’s third law, there is equal
and opposite reaction between the compressing gas
and the hydrate plug, hence the compressive effect of
the gas phase on the hydrate plug is in response to
how much resistance the hydrate plug offers to the
flow. This is also seen in the velocity of the plugs at
each section investigated in Figure 19.

The thrust from the gas on the hydrate plug
increases as the transient pressure drop increases,
leading to more line-packed gas and a reduction of
kinetic movement within the gas molecules upstream
of the hydrate plug. In Figure 20, the thrust on the
hydrate plug increased in like manner as the velocity
and shear stress discussed earlier, when the hydrate
plug location was at 250m until the pressure drop
value of 0.8 MPa. This is because the thrust is reduced
due to increase in the bulk modulus of the hydrate
plug.

The implication from Figure 20 is the fact that
since thrust decreases as the hydrate plug location is
farther from the hydrate formation point, it is impor-
tant to prevent hydrates settling on the base of the
riser through early monitoring of hydrates formation.
This way, the pipeline can be shut down once there
are indications of increasing intermittent transient
pressure drop which is the evidence of hydrates
sloughing and wall shedding. As stated in the assump-
tions for the development of our transient pressure
drop model (equation (25)), hydrates sloughing and

wall shedding was neglected to enhance proactive pre-
diction of hydrates plugging risk. Since higher pres-
sure drop increases the risk of hydrate plugging event,
the pressure drop must be continuously monitored to
observe transient events. This approach can be modi-
fied to what work best for the specific field applica-
tion. The pressure for the transportability analysis
can be obtained as proposed in Figure 6 earlier.

Hydraulic flow parameters for locating hydrate plug

From Table 4 presented earlier, the following para-
meters are directly related to the location of hydrate
plugs. Temperature is not included because the sys-
tem is isothermal once hydrates are deposited on the
pipeline wall. Hence:

Lu_pug = f(P, vu, E,, om, §) (40)

Therefore, the rate of change of the location of the
plug can be defined in relation to the rate of change
of the parameters on the RHS of equation (40):

Lirwg _ P dvy | dE, | doy &
dt dt dt dt dt dt

(41)

Once the pipeline is blocked by hydrate plug at the loca-
tion Ly _py,, other time-dependent parameters tend to
‘zero” except the transient pressure drop (42). The con-
sequence is that the location of the hydrate can now be
predicted from %only. Hence, the location of hydrate
plugs can be predicted from the transient pressure drop.
Theoretically, depending on the gas flow velocity,
hydrates are generated at the horizontal section of the
pipeline and will normally plug the base of the riser.
Assuming the riser base is located about 70m away
from the point of hydrates formation, once the deposi-
tion rate is determined, it is possible to use the hydrate
deposition rate to simulate various sectional length
upstream of the plug as basis for locating hydrate plug.
Alternatively, readings from pressure and temperature
sensors described can be used in the prediction of
hydrates location by following the approach discussed
in this work. By assuming that single hydrate plug
forms at these sections, monitoring the transient pres-
sure drop upstream of the plug through a plot of transi-
ent pressure drop versus pipe length, as indicated in
Figure 21, can assist in locating the hydrate plug.

As shown in Figure 21, if the pressure drop is
about 1.8 MPa the hydrate plug can be located about
44m downstream of the hydrate formation point.
The hydrates formation point (0.0) is the location
along the pipeline where the temperature is equal to
the hydrates equilibrium temperature, provided the
pressure is equal to or above the hydrates equilibrium
pressure. This location can also be determined using
subsea temperature probes/transmitters installed on
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Figure 21. Locating hydrates plug at gas velocity of 8.7 m/s,
and pipeline temperature of 287.5K and pressure of 10.9 MPa.

the pipeline. Therefore, this study proposes equation
(25) for locating the position of hydrate plugs based
on the resulting transient pressure drop along the gas
pipeline. How our model can be implemented for this
purpose is discussed earlier.

Hydrates plug location prediction table

From the understanding in Figure 21, a table of
hydrates plug locations can be developed as presented
below. For field application, this table can be devel-
oped for any candidate pipeline experiencing hydrates
to predict plug locations from point of hydrates equi-
librium temperature, if the pipeline pressure is greater
than or equal to the equilibrium pressure. Hydrates
equilibrium temperature 7., (K) can be estimated
using the relation developed by Sloan and Koh? for a
range of methane hydrates temperature from 0°C to
25°C (equation (42)).

8534
P, = exp<38.98— T > (42)

eq

Where P, is the equilibrium pressure (KPa). Table 5
is populated for a pipeline with diameters of 4 inches

(0.102m) and 6inches (0.152m), and 1km in length,
with the hydrates plug locations set at 0.2, 0.4, 0.6, 0.8
and 1km. The riser is located 1 km downstream of the
hydrate equilibrium point along the pipeline. The sys-
tem pressure is greater than the equilibrium pressure
condition for methane hydrates. The temperature of
the hydrate plug is within the stable hydrate zone of
the methane hydrate loci in Figure 7. Pipeline is gas-
dominated with temperature of 292K at the equili-
brium location; hence flow velocity and pressure are
that of the gas behind the hydrates plug. Figure 22 is
derived from Tables 5 and 6 below. The transient pres-
sure drop at each plug location is compared at velocity
of 4 and 8 m/s and for diameters of 0.102 and 0.152m.

The results in Tables 5 and 6 illustrates that the
pressure drop at the hydrates plug locations under
the same pipeline diameter and flow conditions is
similar, but the time to plug the pipeline at each loca-
tion reduces as the hydrates deposition rate increases.
Under the same gas velocity, inlet pressure and tem-
perature and pipeline diameter, increase in hydrates
deposition rate by a factor of 2 reduces the plugging
time by the similar factor. The implication of this is
the need to improve hydrates intervention frequency
during lower pipeline surrounding temperatures,
because hydrate deposition increases with increasing
subcooling temperatures. In the industry, this kind of
table can be developed for a candidate pipeline to
relate pressure drop and time of flow to hydrates plug
location along the horizontal section of the pipeline.
The above simulation results demonstrate how the
transient pressure drop model developed in this study
can be used to locate the position of hydrate plugs
based on the transient pressure drop and the time to
the commencement of the plugging event. Figure 22
is the representation of the effect of plugging location
on transient pressure drop when the hydrate deposi-
tion rate is 10 L/min.

As suggested from Figure 22, the transient pres-
sure drop is positively related to the location of
hydrate plugs. If this kind of graph is plotted for a
candidate pipeline as also suggested earlier in Figure
21, the reading of the transient pressure drop can be
used to predict the location of the hydrate plug. We
propose a schematic of a real-time arrangement for
predicting hydrate plug location in conjunction with
the approach described in this section.

Table 5. Hydrates plug location prediction at hydrates deposition rate of 10 L/min.

Hydrates dep. rate —QH_g: 10 L/min

Pressure —P :8.9 MPa

Gas Temperature —T: 292K

Vel. =V (m/s) Pipe dia. -D (m) Pressure drop —dp, MPa (Plugging flowtime - tpjg, h)
0.2 km 0.4 km 0.6 km 0.8km I km
4 0.102 0.24 (1.45) 0.47 (2.91) 0.71 (4.36) 0.94 (5.81) 1.18 (7.26)
0.152 0.15 (3.22) 0.30 (6.45) 0.45 (9.68) 0.60 (12.91) 0.75 (16.13)
8 0.102 0.87 (1.45) 1.74 (2.91) 2.61 (4.36) 3.48 (5.81) 4.36 (7.26)
0.152 0.56 (3.23) I.11 (6.45) 1.67 (9.68) 2.23 (12.91) 2.78 (16.13)
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Figure 22. Comparing transient pressure drop at gas velocities of 4 and 8 m/s with respect to the plugging distance when the

hydrates deposition rate is 10 L/min: (a) 4m/s and (b) 8m/s.

Table 6. Hydrates plug location prediction at hydrates deposition rate of 20 L/min.

Hydrates dep. rate —QH_d: 20 L/min

Pressure —P :8.9 MPa

Gas temperature —T: 292K

Vel. =V, (ms) Pipe dia. -D (m) Pressure drop —dp, MPa (Plugging flowtime —tpug, h)
0.2km 0.4 km 0.6 km 0.8 km | km
4 0.102 0.24 (0.73) 0.47 (1.45) 0.70 (2.18) 0.94 (2.91) 1.18 (3.63)
0.152 0.15 (1.61) 030 (3.23) 0.45 (4.84) 0.60 (6.45) 0.75 (8.07)
8 0.102 0.87 (0.73) 1.74 (1.45) 261 (2.18) 3.48 (2.91) 436 (3.63)
0.152 0.56 (1.61) 111 (3.23) .67 (4.84) 2.23 (6.45) 2.78 (8.07)
Hydrates plug location prediction steps. Figure 23 is a b. Simulate the deposition rate using a validated
proposed hydrate forming and plugging pipeline hydrates deposition rate model in the literature.*’
section, installed with sensors for recording the tem- c. With the predicted deposition rate, determine the
peratures and pressures in the pipeline, as these are time to plug the candidate pipeline at the riser
the main real-time parameters needed by the models base (equation (16)).
to predict the hydrates plug location. A real-time d. Determine the transient pressure drop from equa-
monitor registers the pressure fluctuations and tem- tion (25) by using predetermined hydrate plug
perature along with the time of flow. The time of locations along the pipeline as discussed exten-
flow starts when the pressure sensor indicates that sively in this paper.
the flow has achieved the operating pressure. The e. Plot the profile of the transient pressure drop at pre-
temperature plot is observed for a uniform tempera- determined hydrate plug location as discussed earlier
ture profile, which indicates hydrates formation, and develop a table similar to Tables 5 and 6.
and the pressure plot is observed for a continuous f. Plot a graph of transient pressure drop against the
rise in pressure. The pressure sensor is located at the predetermined hydrates plug location.
hydrate equilibrium point predicted from hydraulic g. Monitor real-time pressure and temperature
flow simulators and superimposing the temperature data from the pipeline using the arrangement in
curve predicted by equation (42). The temperature Figure 23.
sensor is located along the pipeline to obtain the h. Obtain the real-time transient pressure drop (Pa)
average temperature along the hydrate forming at time (s) when the first significant pressure spike
section. is above the maximum operating pressure or pipe-
The proposed steps for using the readings from the line design pressure.
arrangement in Figure 23 to predict the hydrates plug i.  Compare the result with the plot of transient pres-
location are presented as follows: sure versus hydrate plug location in step 5 to
locate the probable hydrates plug location.
a. Determine the pipeline hydrate equilibrium loca- j. If the plug location predicted by the models is ear-

tion by superimposing the equilibrium tempera-
ture determined from equation (42) on the
operating temperature gradient for the pipeline.

lier or later than the actual position in the pipeline,
the transient pressure drop model (equation (25))
should be calibrated appropriately to enhance the
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Figure 23. Proposed hardware installation on gas pipeline for real-time data transfer for hydrates plug location detection.

accuracy and consistency of future predictions by
the model.

Also, to dissociate the deposited hydrates and free the
line of the hydrates plug, we propose the following
steps:

a. Estimate the hydrate density using equation (29).

b. Determine safe pressure and temperature to
enhance transportability as described in Figure 6,
where the density estimated from equation (29) is
above the density of water (998 kg/m?).

c. Follow approved procedure to retrieve plug after
depressurisation to the pressure determined from
the previous step.

d. Determine thrust to free the hydrate plug and
push the plug along the horizontal section of the
pipeline as discussed earlier. For hydrates moving
up the riser, the effect of gravity must be
included, as this was not within the scope of this
study.

Conclusion

Accurate prediction of the hydraulic effect of hydrate
deposition and plug location is critical to the safety
and operability of natural gas transport pipelines,
especially for subsea gas transport pipelines where
maintenance and intervention activities are more diffi-
cult. Hydraulic pressure drop analytical models exist
in the literature for predicting the effect of hydrates
deposition on the pipeline pressure because of reduc-
tion in pipeline hydraulic diameter. However, the
existing models did not directly include the hydrates
deposition rate in the pressure drop equation, making
it difficult to directly investigate the effect of hydrates

deposition rates on transient pressure drop. Also, the
need to estimate the plugging time at various hydrates
deposition rates requires another analytical model,
which was lacking in the literature. To close the iden-
tified gaps, our approach directly incorporates the
hydrates deposition rate for gas-dominated pipeline in
one mathematical relation and developed another
model for the time to plug the pipeline hydrates sec-
tion. The basic assumption behind the transient pres-
sure drop model is to stop gas flow once the first
spike in pressure drop is recorded as a precautionary
measure. By using only one multiplier factor which is
a function of the gas velocity, this model is an
improvement over the analytical model of Di Lorenzo
et al.” because it proves to be more adaptable for
industry application without having to change the
multiplier factor under various flow velocity.

The transient pressure drop predictions for all six
cases at both high and low velocity are within 4%
relative error (mean relative error of 2.3%). Similar
predictions by Di Lorenzo et al.” were within 40%
relative error Also, the mean relative error of the
transient pressure drop predictions by Zhang et al.?
was 7.43%. As a proactive hydrate plugging preven-
tive analytical tool, it is essential that the model can
‘underpredict’ the experimental plugging flowtime
at the experimental transient pressure drop in the lit-
erature, which was also achieved with our model for
all the six cases simulated for model validation.
Hence, our model is an improvement over existing
analytical hydrates plugging pressure drop predic-
tion models. New models for estimating the density
and viscosity of hydrates were also developed in this
work. Approach to determining the location of
hydrate plug was also proposed, as hydrates plug
location can be predicted from a tabular chart



24

Proc IMechE Part C: | Mechanical Engineering Science 00(0)

developed from both models for various hydrates
deposition rates by comparing the upstream pres-
sures from pressure transmitters with the predictions
from the models at specific flowtime from the onset
of hydrates formation. More importantly, because
our model incorporates the hydrates deposition rate
directly, it is invaluable in real-time tracking of
hydrates deposition volume when the pipeline is
fitted with temperature and pressure transmitters.
Hence, for practical application, the arrangement
provided in this paper for monitoring real-time
pipeline pressure and temperature is advised for
implementation to aid the detection of hydrate plug
location.

In addition to the verification and improved per-
formance of the models, their capability was extended
to predict hydrates plug locations along the pipeline
by assuming that a single hydrate plug exists in the
pipeline at any given flowtime. The results suggests
that pipeline plugging flowtime reduces as the
hydrates deposition rate increases, and that the pres-
sure drop and plugging flowtime increases along the
length of the pipeline. The main implications from
the results of this study reveals the following:

a. This work is an improvement over existing pres-
sure drop predicting models for gas hydrates pipe-
lines at 4% maximum relative error compared
with 40% by the model of Di Lorenzo et al.’ and
7.43% by the model of Zhang et al.>

b. A new model to predict hydrates plugging flow-
time for proactive intervention in gas-dominate
pipelines has been developed, which underpre-
dicts the experimental plugging time by a mean
relative error of 9%. Thus, in line with the philo-
sophy of proactive predictive intervention.

c. By incorporating the hydrates deposition rate into
the models, the predictions can capture real-time
plugging events.

d. This paper also developed two other models: (i)
hydrate density estimation model and (ii) hydrate
viscosity estimation model. These models were
used in the parametric analysis that provided fur-
ther insights into the hydraulic effect of transient
pressure drop on the physical parameters of
hydrates.

e. Hydrates plug location has been predicted from a
tabular chart for various hydrates deposition
rates. By comparing the upstream pressure
reports with the predictions from the model at
specific flowtime from the onset of hydrates for-
mation, the location of the hydrates plug can be
predicted in field application.

f. Therefore, for practical application, it is proposed
that the arrangement for real-time monitoring of
pipeline pressure and temperature can be
implemented.
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Appendix
Notation

C, Cauchy number (dimensionless)

D diameter of the pipe section prone to hydrates formation
(m)

Dy, pipeline hydraulic diameter (m)

E,. bulk modulus (Pa)

K¢ dimensionless empirical approximation constant

Ky dimensionless empirical model fit constant

L length of hydrates section; distance from point of hydrates
equilibrium condition (m) — is also the location of the hydrates
plug

Peq hydrate formation equilibrium pressure (KPa)

P pipeline average pressure (Pa)

s strain rate (l/s)

t, instantaneous flowtime (s)

tpig plugging flowtime (s)

v velocity of the primary continuous gas phase (m/s)

v velocity (m/s)

Vg volume of gas (m?)

QH_q hydrates deposition rate (L/min)

Qn hydrates formation, agglomeration and deposition rate (L/
min)

Teq hydrate formation equilibrium temperature (K)

T system temperature (K)

Greek symbol

f friction factor (dimensionless)

pg density of the gas (kg/m®)

py density of hydrates (kg/m®)

Mg gas viscosity (Nm™%s)

7 viscosity (Nm™ 2ss)

o shear stress (Pa)

dp pressure drop (Pa)

dt timestep (s)

II the ratio of the circumference of the pipe annulus to the
diameter of that pipe, given as 3.142
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