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It was shown that flowline hydrate plugs dissociate radially not horizontally; this
has significant implications for the remediation of a hydrate blockage, a major flow
assurance problem. Over a decade of measurements has enabled models to estimate
the dissociation time for hydrate plugs in flowlines, using radial heat transfer with two
moving boundaries. Three different plug dissociation scenarios were modeled: single-
sided depressurization, two-sided depressurization, and dissociation by radial electrical
heating. The models were able to replicate the experimental observations with no fitted
parameters. Structure I hydrate was found to dissociate faster than structure II;
this was attributed to the different latent heats between the structures. These results
indicate that hydrate dissociation in these systems is limited by heat transfer. � 2006
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Introduction

Clathrate hydrates are crystalline inclusion compounds that
consist of a hydrogen bonded lattice comprised of water cages,
which encapsulate small gas molecules at high-pressures and
low-temperatures. Hydrates were first discovered in Birmingham,
U.K. by Priestly in 1778 using a mixture of SO2 and water.2

However, it was not until 1934, after Hammerschmidt3 dis-
covered that hydrates were a cause of plugging of natural gas
transmission lines, that significant research efforts started to
focus on the conditions that lead to hydrate formation. The two
most common types of hydrate structures that form from natu-
ral gas/water systems are structure I and structure II. Structure
I tends to enclathrate smaller natural gas molecules, such as
methane, whereas structure II tends to enclathrate larger natural

gas molecules, such as propane.1 Typically structure II hydrates
form in oil and gas flowlines.

As the oil and gas industry moves into deeper water, the
consequences of forming a hydrate plug are more severe. Cur-
rent research is shifting from hydrate avoidance using thermo-
dynamic inhibitors toward risk management, with kinetic inhib-
itors which delay the formation of hydrate, or antiagglomerants
which prevent hydrate particles adhering to one another.1

Gas hydrates also occur naturally in oceanic sediments and
permafrost regions and represent a significant energy re-
source.1 The most common naturally occurring hydrate struc-
ture is structure I. Estimates of the amount of hydrate bound
gas contained in these natural deposits range from 1 � 1014 to
1� 1015 m3 (STP).4 Furthermore, understanding of the hy-
drate dissociation process, and the ability to predict the disso-
ciation rate are important for efficient hydrate plug remedia-
tion in flowlines, and for unlocking hydrates as an energy
resource. Several models have been proposed for hydrate plug
remediation5–7 including those described in this work.8–10 This
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publication presents a decade of the creation, development,
and experimental validation of these models in our laboratory.

The safest method of hydrate plug remediation is by two-
sided depressurization below the equilibrium pressure at the sea-
floor temperature, for example 277 K at water depths greater
than 600 m. This method avoids the formation of a pressure
gradient across the plug, which could cause it to become a pro-
jectile with enough momentum to cause severe equipment dam-
age and loss of life.11 However, infrequently projectiles, can be
created with two-sided depressurization, if multiple plugs are
present with pockets of pressurized gas trapped between them.11

In many industrial scenarios, access to one end of the plug
is restricted, and it becomes impractical to depressurize a
flowline from both sides. Therefore, one-sided depressuriza-
tion must be used. In this case, the hydrate plug dissociates
on the downstream side, due to the lower-pressure, leading
to a parabolic dissociation front. Once enough of the down-
stream end of the plug has melted, it is possible that the plug
pressure gradient is sufficient to cause hydrate plug detach-
ment from the pipe wall, forming a projectile, denser than
the surrounding fluid. The consequences of this projectile
depend on the pressure gradient, the liquid content of the
flowline, and the distance to any processing equipment or
radical flowline direction change.

In some deepwater field developments depressurization alone
will be insufficient to bring a plug out of the hydrate stability
region due to the large residual head of liquid present.12 In
these cases removal of the liquids is economically prohibitive,
and heating the flowline wall to dissociate the hydrate plug
may become a more economically viable alternative.

Direct electrical heating (DEH) has been used by Statoil on
a number of subsea flowlines,13,14 to keep the flowline contents
above the hydrate formation temperature. However, the risk of
overpressurization was considered too great to use DEH for
plug remediation due to the comparatively low-flowline design
pressure of 15.4 Mpa, and the high-heat flux applied.

An annular flow model has been produced15 that shows it
can be safe to apply low even levels of heat to a hydrate plug.
The model demonstrates that for low-heat fluxes, gas released
during dissociation is able to escape through the annulus fast
enough to prevent flowline overpressurization. These findings
have not yet been experimentally verified. In addition, these
low-levels of heat mean that the maximum wall temperature is
relatively low, and the corresponding pressure for hydrate sta-
bility is below the burst pressure of the flowline.

Two of the models described in this work, one- and two-
sided depressurization,8,9 used a boundary condition of con-
stant pipe wall temperature. The radial electrical heating
model used a constant heat-flux boundary condition. The
one-sided model accounts for axial dissociation by dividing
the plug into equally sized length increments, and separately
tracking the pressure profile across the plug. The boundary
movements are then calculated for each increment separately.

Experimental Method

Hydrate formation

Hydrate plugs were synthesized in the laboratory in a long
stainless steel cylindrical cell, with five type T thermocouples
(60.5 K accuracy) to measure the temperature at the center
of the cell along the axial length (See Figure 1). The pressure

at each end of the cell was monitored with pressure trans-
ducers (65% accuracy).

The hydrates were prepared from a known mass of pow-
dered ice with a particle size range from 250–850 mm using
the method described by Stern et al.16 These ice particles
provided a large surface area for contact with the gas, which
increased the ability of the ice particles to absorb the exo-
thermic heat of hydrate formation.17 Liquid nitrogen was
used to cool the cell before loading the ice, to prevent the
particles from melting during the loading process. After load-
ing, the cell was sealed, placed in a temperature controlled
glycol-water bath at 271 K, and pressurized with the selected
gas. The glycol water bath-temperature was then increased to
273 K to allow the ice to melt, increasing the hydrate forma-
tion rate. Occasional temperature cycling between 273 and
271 K expedited the hydrate formation. This effect was
attributed to an impermeable hydrate shell forming around
the water droplets, the expansion from the phase change pro-
duced fissures in the hydrate shell which permitted gas to
diffuse to the free water surface.18

After 4–5 days the rate of pressure drop due to hydrate
formation reached 1 kPa h�1, and the hydrate formation was
deemed to be complete. The hydrate conversion at this point
was estimated via the moles of gas consumed, calculated
using the Peng-Robinson equation of state19 from the free-
gas volume, the pressure drop, and the mass of ice. Conver-
sions of ice to hydrate of between 98 to 100% by mass were
typically achieved.

The structure I hydrate plugs were formed from pure
methane (Matheson Trigas 99.99% purity). Structure II hy-
drates were formed from a methane-ethane mixture (65 mol%
methane, 35 mol% ethane) made from pure methane (Math-
eson Trigas 99.99% purity) and pure ethane (Matheson Tri-
gas 99.99% purity). The gas mixture was prepared gravimet-
rically (to within 61%). The stable hydrate structure formed
with this mixture varied with pressure (See Figure 2). For
example, Figure 2 shows that for a 65:35 mol% methane:
ethane mixture at 273.25 K, sI will form below 9.8 Mpa,
but sII will form above 9.8 MPa. The stable hydrate struc-
ture was successfully predicted using a hydrate prediction
program implementing a Gibbs free-energy minimization

Figure 1. Hydrate plug formation and dissociation ap-
paratus.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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scheme.20 A synthetic Qatar gas mixture prepared by Scott
specialty gasses (composition shown in Table 1) was used
for some of the experiments.

The pressure was maintained above 9.8 MPa during
hydrate formation to ensure that sII hydrate was thermody-
namically stable at 273.258C. The cell was initially pressur-
ized to 14 Mpa, and the hydrate was allowed to form until
the pressure decreased to 10 6 0.14 MPa. The cell was then
briefly depressurized to 1.4 MPa for a short period before
repressurizing with the sII-forming gas mixture. This was
necessary to fully replenish the original gas phase concentra-
tion. The structure of the hydrate formed was verified using
Raman spectroscopy (see Figure 3). The peaks around 2,880
and 2,940 cm�1 are assigned to the coupled C-H stretching
vibration of ethane occupying the large cavities of sII. The
peaks around 2,900 and 2,910 cm�1 are assigned to the C-H
stretching vibration of methane in the large and small cages of
sII, respectively. The Raman peak positions compared well
with published values for methane and ethane sII hydrate.21

Hydrate dissociation

Once the hydrate plug was formed, the water-bath temper-
ature was increased to 277 K (40 8F) to mimic typical seabed
conditions. The system was allowed to equilibrate at this
temperature for two hours before dissociation. The dissocia-
tion procedure was different for the two-sided depressuriza-
tion, one-sided depressurization, and electrical heating ex-
periments. In each case the rate of gas evolution from the

hydrate during dissociation was measured with an inverted
graduated cylinder filled with water.

Two-sided Depressurization. The hydrate plugs used to
validate the two-sided depressurization model were mainly
formed in a stainless steel cell 20 cm long with a 4.8 cm in-
ternal dia., which was pressure tested to 21 MPa. The
hydrate plugs shown in Figure 7 were formed in a similar
cell (91.4 cm in length, with a 2.54 cm internal dia.). In ei-
ther case, the dissociation pressure was set using a pressure
regulator or by venting the cell to the atmosphere, depending
on the desired dissociation pressure.

One-sided Depressurization. The hydrates used to test
the one-sided depressurization model were formed in a stain-
less steel cell (91.4 cm in length, with a 2.54 cm internal
dia.). The longer cell was designed to increase the pressure
difference across the hydrate during dissociation. It was also
necessary to artificially reduce the permeability of the hy-
drates formed to ensure that the hydrate would support an
axial pressure gradient during dissociation, thereby, simu-
lating an industrially realistic dissociation by one-sided de-
pressurization.

The permeability was reduced using a method adapted
from de Boer22 where gas is passed through the plug, causing
pore filling over time, combined with the injection of a small
volume of tetradecane (;100 mL freezing at 278.5 K) to
reduce the pore space. The plug was then left to equilibrate
at 277 K for a further two days before dissociation.

Electrical Heating. For the experiments to validate the
electrical heating model, the cell containing the hydrates was
removed from the glycol-water bath and dried. Electrical
heating pads mounted on the inside of a cylindrical copper
sheath to reduce the effect of hotspots, were tightly clamped
to the radial surface of the cell. The cell assembly was then

Figure 2. Methane and ethane gas mixture at 273.25 K.

Table 1. Composition of the Synthetic Qatar Gas Mixture

Component Mole %

C1 methane 83.8
C2 ethane 7.01
C3 propane 1.6
iC4 i-butane 0.05
nC4 n-butane 0.02
C5 pentanes 0.02
C6 hexanes 0.003
C7 heptanes 0.003
N2 nitrogen 4.85
CO2 carbon dioxide 1.84

Figure 3. Raman spectrum confirming sii hydrate was
recovered from the experiment.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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wrapped in a 5 cm thick layer of ceramic insulation to re-
duce heat communication with the surroundings.

Prior to removal from the bath, the cell had been pressur-
ized to either 7 or 14 MPa, depending on the dissociation
pressure chosen for the experiment. This also served to
increase the hydrate stability during the drying process. The
equilibrium temperatures for the sI and sII hydrates are 283 K
and 290 K at 7 Mpa, and 288 K and 294 K at 14 MPa,
respectively.20 The drying of the cell and mounting of the
heating pads were completed within 2 min, and no measura-
ble increase in cell temperature or pressure was noted, indi-
cating no significant hydrate dissociation.

A variable resistor was used to set the heat input rate to
the heaters. The RMS current and the potential difference of
the electricity supply were monitored on multimeters and,
hence, the power input could be calculated. The dissociation
pressures for these experiments were controlled using needle
valves to release a small volume of gas to maintain the
desired pressure. The gas evolution rate was calculated from
the volume of gas released, and the time for the cell pressure
to recover to its original value.

Modeling

The two-sided depressurization, one-sided depressurization
and electrical heating models all assumed heat-transfer lim-
ited-radial dissociation. This assumption was later verified
visually. It was assumed that the hydrate plug remained in
the center of the pipe as it dissociated and was surrounded
by a stationary water phase that conducted heat to the disso-
ciating front of the hydrate plug. In this case of a plug with
a dissociation temperature above the ice point (273.15 K),
the problem had a single moving boundary.

In cases where the dissociation temperature of the hydrate
plug was lower than the ice point, the free water produced
from the dissociation process froze, forming a layer of ice
around the hydrate plug. The outer radius of the ice melted
to form water as heat was conducted from the pipe wall, the
movement of the ice water interface was determined from
the radial position at which the temperature was 273.15 K.
In this case the dissociation problem had two moving boun-
daries. No ice phase was present in the electrical heating
model as the dissociation temperature of a hydrate plug
under pressure was always above the ice point.

A conceptual picture of the hydrate dissociation for each
scenario is presented in Figure 4.

Radial dissociation model

The limiting step in the dissociation was assumed to be
the rate of heat transfer to the hydrate. This was modeled
using Fourier’s Law of heat transfer in cylindrical coordi-
nates for the water and ice layers (Eq. 1)23

qTW
qt

¼ aW
1

r

qTW
qr

þ q2TW
q2r

� �
(1)

The boundary conditions used in the solution are summarized
in Eqs. 2 to 9. In the depressurization models, the wall tem-
perature was assumed to be constant (Eq. 8); in the electrical
heating module the heating rate was assumed to be constant

(Eq. 9). In all of these models the temperature of the hydrate
phase was assumed to be constant, with respect to the radius
(that is, close to the equilibrium temperature). This as-
sumption is valid for systems where the pressure does not
accumulate significantly which would change the temperature
of phase equilibrium (for example, a highly porous hydrate
plug).

TW ¼ TI; r ¼ rI; t > 0 (2)

TI ¼ TH; r ¼ rH; t > 0 (3)

QI ¼ 2prIð1� eÞrIlI
qrI
qt

þ 2prIð1� eÞkI qTIqr
;

r ¼ rI; t > 0 ð4Þ

QH ¼ �2prHð1� eÞrHlH
qrH
qt

þ pr2Hð1� eÞrHCpH
qTH
qr

; r ¼ rH; t > 0 ð5Þ

2prHð1� eÞkI qTIqr
¼ QH; r ¼ rH; t > 0 (6)

2prIkW
qTW
qr

¼ QI; r ¼ rI; t > 0 (7)

Depressurization models

TW ¼ T0; r ¼ r0; t > 0 (8)

Electrical heating model

2pr0kW
qTW
qr

¼ QIN; r ¼ r0; t > 0 (9)

Figure 4. Hydrate dissociation: (a) One and two-sided
depressurization, (b) one-sided depressuriza-
tion, and (c) electrical heating.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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No analytical solution to the equation set was available.
Therefore, the equations were solved numerically by setting
up a finite difference grid and used the standard explicit
scheme to calculate the water temperatures at the next time
step. The time step was chosen to be small enough to prevent
the solution from diverging.24

One-sided depressurization model

The one-sided depressurization model had an additional
level of complexity, since it modeled the axial pressure pro-
file along the length of the plug which led to different radial
dissociation rates along the length of the hydrate plug. The
dissociation rate of a hydrate is faster the further it is outside
of the phase equilibrium envelope.1

An initial condition of constant temperature and pressure
across the plug was used. The depressurization was repre-
sented by imposing a step change in downstream pressure at
t ¼ 0. The plug was modeled as two separate elements: the
upstream section still in contact with the pipe, and the disso-
ciating downstream section.

The axial pressure profile in the upstream section was then
modeled by assuming the downstream section was fixed, and
combining Darcy’s law with the ideal gas equation for molar
volume. Since the timescale of gas convection through the
plug was much faster than the timescale for the dissociation of
the hydrate plug, the hydrate plug was at a quasi-steady state
relative to the gas convection. The effects of the dissociation
rate on the determination of the pressure and temperature pro-
files, and on the gas composition were therefore negligible

d

dz
�r

k
m
dP

dz

� �
¼ 0 (10)

As the pressure in a length increment fell below the equi-
librium pressure, the radial dissociation model was initiated,
and the dissociation rate was calculated. Once the annulus
spacing required for pressure communication was reached
(defined as 8% of the radius for these simulations), the pres-
sure at this axial position was assumed to be equal to the
downstream pressure.

Axial-heat transfer by convection and conduction in the
gas phase, and by conduction in the hydrate phase were
included in the energy balance. The gas and hydrate phases
were assumed to be in thermal equilibrium at each axial
distance. The model was also adapted to include Joule-
Thompson cooling in the energy balance. The temperature
profile was solved by the upwinding difference method to
overcome stability problems when the convection term
became dominant

ðrCpÞf vz
dT

dz
� bTvz

dP

dz
¼ ðekf þ ð1� eÞkhÞ d

2T

dz2
(11)

The following dimensionless terms were used to solve the
pressure, velocity and temperature profiles

f ¼ ðP� PdÞ
ðPu � PdÞ ; N ¼ Pu

Pd
; Z ¼ z

Lc
;

y ¼ Th � Td
Tu � Td

; W ¼ T � T0
TD � T0

The dimensionless form of the pressure equation and associ-
ated boundary conditions are:

d2

dz2
f2 þ 2f

N � 1

8>: 9>; ¼ 0 (12)

f ¼ 1 Z ¼ 0 (13)

f ¼ 0 Z ¼ 1 (14)

The analytical solution to this problem was given by
Morrison25

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 � ðN2 � 1ÞZpn o

� 1

N � 1
(15)

The fluid velocity was calculated from Darcy’s law (Eq. 16)
using the differentiated form of Eq. 15 shown in Eq. 17. The
equation for the resulting velocity profile is shown in Eq. 18

vz ¼ � k
m
dP

dz
(16)

df
dZ

¼ �ðN þ 1Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 � ðN2 � 1ÞZp (17)

vz ¼ kPd

2mLc

ðN2 � 1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 � ðN2 � 1ÞZp (18)

The axial temperature distribution shown in Eq. 19 was
found by rewriting Eq. 11 in terms of the dimensionless vari-
ables

d2y
dZ2

� Ft f ðZÞ dy
dZ

� Ft b Pd gðZÞy ¼ Ft b PdRT gðZÞ (19)

Where:

Ft ¼ k Pd

m am
(20)

f ðZÞ ¼ N2 � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 � ðN2 � 1ÞZp (21)

gðZÞ ¼ ðN2 � 1Þ2
N2 � ðN2 � 1ÞZ ¼ ½f ðZÞ�2 (22)

Rt ¼ Td
Tu � Td

(23)

The appropriate boundary conditions are shown below.

y ¼ 1 Z ¼ 0 (24)

y ¼ 0 Z ¼ 1 (25)

The temperature profile was solved numerically; two differ-
ent solution schemes were needed for a stable solution, owing
to the dominance of convection over diffusion:26 classical center-
difference scheme, and upwind-differencing scheme.27

The upwinding-difference scheme used a backward differ-
ence for the first spatial derivative, and a centered difference
for the second spatial derivative

4020 DOI 10.1002/aic Published on behalf of the AIChE December 2006 Vol. 52, No. 12 AIChE Journal



dy
dZ

¼ Wi �Wi�1

Dx
(26)

d2y
dZ2

¼ Wiþ1 � 2Wi þWi�1

Dx2
(27)

Substitution of the derivative approximations into Eq. 19
resulted in Eq. 28.

A1

Dx
� 1

Dx2

8>: 9>;Wi�1 � 2

Dx2
þ A1

Dx
þ A2

8>: 9>;Wi

þ 1

Dx2

8>: 9>;Wiþ1 ¼ A3 ð28Þ

where

A1 ¼ Ft f ðxiÞ; A2 ¼ Ft b Pd gðxiÞ; A3 ¼ A2Rt (29)

The solution to the upwinding difference scheme was ob-
tained by setting up a tridiagonal matrix and solving for the
dimensionless temperatures: the Thomas algorithm.28

The numerical solution was verified by comparison with
an analytical solution to a simplified form of the temperature
equation in which the work done by pressure was neglected.
The resulting equation is shown below in terms of the
dimensionless variables

d2y
dZ2

¼ Ft f ðZÞ dy
dZ

(30)

The analytical solution to this problem is shown in Eq. 31

y ¼ Aða; Z ¼ 1;F0
tÞ � Aða; Z;F0

tÞ
Aða; Z ¼ 1;F0

tÞ � Aða; Z ¼ 0;F0
tÞ

(31)

where

Aða; Z;F0
tÞ ¼ e�

2F0
t

a

ffiffiffiffiffiffiffiffi
1�aZ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� aZ

p
þ a

2F0
t

8>>:
9>>; (32)

a ¼ ðN2 � 1Þ
N2

; F0
t ¼ Ft

N2 � 1

N

8>>:
9>>; (33)

The numerical solution was compared to the analytical so-
lution in Figure 5 for the case where the dimensionless pres-
sure drop N ¼ 2.2, and permeability k ¼ 0.01 mD. It can be
seen that for 25 steps the numerical solution is a good
approximation to the analytical solution.

External heat-transfer resistance model

The additional heat-transfer resistance from external insu-
lation or surrounding sediment for a buried flowline was
modeled using a Biot number. The Biot number expresses
the dimensionless ratio of the external heat-transfer resistance
to the heat-transfer resistance of the pipe wall. The Biot
number was used to scale the pipe wall temperature be-
tween the temperature of the pipe contents, and the ambient
conditions.

The only modification to the equation set needed to incor-
porate the heat-transfer resistance term was the modification
of the boundary condition (Eq. 8) from constant to a transient

temperature. The instantaneous boundary condition was found
from Eq. 34. An iterative method was used to arrive at the
correct initial temperature at the pipe wall.

dY

dR
¼ Bi½Y � 1�; R ¼ RH; t� > 0 (34)

where

Bi ¼ hr0
kwall

(35)

Results and Discussion

The assumption that the rate of radial dissociation would
be significantly greater than the axial dissociation was veri-
fied by opening the cell, and observing the dissociation after
one, two and three hours (See Figure 6). Recently computer
tomography (CT) images29 have confirmed the predominance
of radial dissociation.

The models developed in this work were verified by com-
paring the predicted results to a series of experiments. The
hydrate plug porosities used in the model were calculated for
each experiment using the initial mass of ice added to the
cell, and the volume of gas evolved during the experiment.
The evolved gas was compared to the gas consumed during
formation, which was calculated based on the pore space,
and the total pressure drop using the Peng-Robinson equation
of state. Mass balance closures within 5% were typical.

The model predicted the position of the dissociating front
of the hydrate plug as a function of time for each experi-
ment. This was used to calculate a corresponding gas evolu-
tion rate. The predicted gas evolution was then compared to
the experimentally observed gas evolution rate.

Two-sided depressurization

During the two-sided depressurization experiments, several
different types of experiments were performed in order to
validate the model. The latent heat of dissociation is higher

Figure 5. Comparison of the numerical solution (points)
for 10 and 25 length increments to the analyti-
cal solution (line) for N = 2.2, and j = 0.01 mD.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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for sII hydrates (640.15 kJ/kg) than sI (460.24 kJ/kg),1 hence,
the model predicted that sII would dissociate more slowly;
this was confirmed experimentally for the methane-ethane
gas mixture. The model predicted this difference in dissocia-
tion time to a good accuracy (See Figure 7). However, some
experiments using the synthetic sII forming Qatar gas mix-
ture dissociated significantly faster than the prediction.8

This was attributed to the rapid depletion of the sII formers
during formation meaning that the sample contained pre-
dominantly sI.

The time for the ice plug to melt was defined as the time
for the thermocouple readings to increase above 273.15 K.
This is likely to be less than the actual time to melt the ice
plug as the ice may detach from the thermocouples as the
plug melts.

The total ice-hydrate plug remediation times were found to
be significantly greater at elevated pressures (higher-dissocia-
tion temperatures) for the same hydrate porosities and am-
bient temperatures (See Table 2). This indicated that the
fastest way to remediate a hydrate blockage is to depres-
surize the flowline as quickly and to as great an extent as
possible. The additional time required to melt the resultant
ice plug was offset by the faster hydrate plug dissociation
time. This was attributed to a combination of the higher driv-
ing force, the latent heat released from the water freezing

and the higher-thermal diffusivity of ice (1.2 � 10�6m2/s)
compared to water (1.3 � 10�7 m2/s).30 Dissociation experi-
ments were also performed on partially converted hydrate
plugs. The dissociation time was found to be substantially
faster for lower hydrate conversions.31 This effect can be
attributed to the additional heat provided by the unconverted
water freezing during dissociation.

The assumptions made for the radial dissociation model
limit it to an order of magnitude estimate of total dissocia-
tion time. That is, the plug is assumed to remain at the center
of the pipe throughout the dissociation, and the remaining
volume of the flowline is filled with water. In reality buoy-
ancy effects, and the effect of a hydrocarbon phase on the
fluid thermal diffusivity will influence the heat-transfer rate.
The effect of the higher-thermal diffusivity of the aqueous
phase compared to the gas phase on the radial dissociation
rate is clearly illustrated in Figure 6. The free-water pro-
duced from the hydrate dissociation drains to the bottom of
the cell due to the density difference, leading to faster
hydrate dissociation below the gas water interface.

The surrounding fluid composition and the liquid volume
fraction for an industrial hydrate plug will depend on flow-
line geometry and plug location and can rarely be predicted.
The model is particularly sensitive to plug porosity, which is
rarely known in an industrial situation. Although based on a
limited data set, a porosity of 0.5 seems to represent the
melting of a hydrate plug reasonably well.

One-sided depressurization

During the one-sided depressurization experiments, several
different types of experiments were performed in order to
validate the model. The permeability of the hydrate plug was
artificially reduced in order for the plug to sustain an axial
pressure gradient during dissociation. Despite the attempts to
reduce the permeability by injecting tetradecane, it was still
necessary to depressurize the plug in stages to prevent pre-
mature pressure communication. The upstream pressure was
maintained above the equilibrium pressure while the down-
stream pressure was reduced. Experiments were performed

Figure 6. Photographs of hydrate dissociation by pres-
sure reduction after: (a) 1 h, (b) 2 h, and (c) 3 h.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 7. Comparison of Structure I and structure II
hydrate plug dissociation results with two-
sided depressurization model.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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with pressure drops of around 0.2 MPa. The bath temperature
was maintained at 277.15 K for all experiments.

From the pressure transducer readings it was noted that
pressure communication was established approximately half
an hour into the experiment. From this point the hydrate was
depressurized from both sides and was modeled accordingly.
The predicted and experimentally observed gas evolution for
one of the plugs is shown in Figure 8. The plug porosity was
initially 0.54, but was reduced to 0.22 by adding 150 mLof
hydrocarbon. The total time for the hydrate to dissociate is
underpredicted by 9.1% in this case. Most of this difference
occurs in the first part of the experiment before pressure
communication is established (see Figure 8).

When modeling the one-sided depressurization experi-
ments, the effect of permeability on the predicted dissocia-

tion time was found to be small due to the low pressure dif-
ference across the plug. The thermal diffusivity used in each
simulation was calculated based on the hydrate/hydrocarbon
volume fraction on a volume averaged basis using the arith-
metic model.32

It was attempted to compare the model to published indus-
trial cases of hydrate plug dissociation by one-sided depres-
surization. Two such dissociation cases are reported for the
Tommelieten field in Norway.33 One plug took 25 days to
dissociate, while the other plug dissociated after nine days.
When modeling an industrial hydrate plug there is currently
little knowledge of the plug porosity, permeability and plug
length which makes it difficult to accurately model these
field experiments.

A sensitivity analysis of the effect of permeability shows
the total dissociation time deviates by less than a factor of
two when permeability is varied by two-orders of magnitude.
A permeability of 1 � 10�11 m2 was used for the simulations
which is consistent with published values for CCl3F hydrate
plugs.34

Porosities between 0.3 and 0.8 were investigated. An annu-
lus spacing of 8% of the pipe diameter was chosen as an in-
dication of when pressure communication is established, this
was based on laboratory observations. The predicted dissoci-
ation time increased linearly with plug length. In most indus-
trial applications plug length is rarely known; it is, therefore,
advised that several calculations be performed for a range of
realistic lengths. For our calculations the hydrate plug length
was fit to the time to dissociate the hydrate. A summary of
the data is shown in Table 3.

The calculated plug lengths are significantly greater than
those estimated in the article of 1–20 m,33 which were made
based on the low-water cut ;2% in the flowline. The model
consistently overpredicted the dissociation time for the labo-
ratory scale experiments, but consistently underpredicted the
field-test dissociation tests. The reason for the discrepancies
with the laboratory data may stem from the problems
encountered when trying to reduce the plug permeability by
injection of a liquid hydrocarbon phase. This may have led
to an inhomogeneous plug with an uneven pressure profile.

The discrepancies between the estimated plug lengths in
Tommelieten tests, and the plug lengths predicted by the
model are likely to be due to the lower-thermal diffusivity of
the predominantly gas continuous phase in the flowline, com-
pared to water as assumed in the model. Another explanation
could be the movement of chunks of the hydrate plug during
dissociation causing secondary plugs to form.

Electrical heating

Eighteen experiments were conducted in total. Power
inputs of 10, 20 and 30 W were investigated for both sI and
sII natural gas hydrates at dissociation pressures of 7 MPa
and 14 MPa.

The model predictions were found to be in good agree-
ment with the experimental observations for both sI and sII
hydrates (see Figure 9). The predicted delay times for some
of the experiments, before the dissociation commencing
show discrepancies with the experimental observations. Spe-
cifically, the model predicts the dissociation will start earlier
than is physically observed. This difference is attributed to

Table 2. Experimental Results and Two-Sided
Depressurization Model Predictions for sI Hydrate/Ice

Dissociation at Various Conditions

Porosity

Ambient
Temperature

(8C)

Dissociation
Temperature

(8C) Phase
Pred.
(hrs)

Obs.
(hrs)

0.28 1 �1 Hyd. 6.1 3
Ice 7.3 4.5

0.28 3.3 �1 Hyd. 7.6 5.8
Ice 15 >7

0.28 4.6 �1 Hyd. 4.1 2.2
Ice 6.0 4.6

0.3 4.6 �0.2 Hyd. 6.3 3.3
Ice 6.7 5.2

0.32 4 �0.3 Hyd. 6.6 3.7
Ice 7.3 5.5

0.32 4.1 �0.8 Hyd. 4.8 3.2
Ice 6.5 5.0

0.33 4.1 �0.4 Hyd. 6.0 3.8
Ice 6.9 <6

0.35 4.1 �1 Hyd. 3.9 4.0
Ice 6.0 5.8

0.36 4.1 �0.4 Hyd. 5.8 3.3
Ice 6.6 <5

0.37 4.1 �0.8 Hyd. 4.4 4.0
Ice 6.0 5.3

0.43 4.1 �6.5 Hyd. 0.75 0.88
Ice 4.0 5.0

Figure 8. Comparison of structure I hydrate plug disso-
ciation results for staged pressure reduction
with the one-sided depressurization model.
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the neglecting of heat-transfer resistance in the hydrate phase
and to the contribution of the cell wall; the cell wall must be
heated from the water-bath temperature (277 K), to the
hydrate dissociation temperature which may be up to 289 K.

A summary of the experimental results and heat-transfer
model predictions is provided in Table 4.

The sensitivity of the heating module to the presence of an
oil phase during dissociation was investigated. The resulting
dissociation rate was qualitatively compared to the model

prediction and to the dissociation rate of a hydrate under the
same conditions without an oil phase present. The oil was
injected into a preformed structure I hydrate plug using gas
displacement.

A low-viscosity crude oil from the ExxonMobil Conroe
field (as shown in Table 5) was chosen to facilitate the maxi-
mum possible filling of the hydrate pore spacing. Twenty
watts of heat was applied evenly to the radial surface of the
hydrate plug, and the free gas was released from the cell to
maintain the pressure at 7 MPa. The rate of gas evolved
from the dissociating hydrate plug was compared to that of a
hydrate plug dissociated under the same conditions without
an oil phase present. It can be seen from Figure 10 that the
presence of the oil phase increases the dissociation time by
approximately 10%. It is likely that this effect is attributable
to the oil phase consuming some of the heat transferred from
the pipe wall as the contents are heated. The pressure trans-
ducer readings at either end of the cell coincided throughout
the experiments both with and without an oil phase, even
though the dissociated gas was only released from one side
of the plug, indicating good pressure communication.

An important consideration when dissociating a hydrate
plug in the field is the maximum pressure accumulation that
can occur during dissociation if the gas is contained by
impermeable plugs at either end of the heated section. Two
experiments were conducted in this work, involving dissoci-
ating structure I methane hydrate plugs in a closed system.
The first experiment was performed without an oil phase

Table 3. Calculated Plug Lengths for the
Tommelieten Experiments33

Plug 1:

Upstream Pressure (MPa) 8.96
Downstream Pressure (MPa) 0.68
Equilibrium Pressure (MPa) 1.38
Ambient Temperature (K) 277.15
Permeability (m2) 1 � 10�11

Diameter (m) 0.152
Dissociation Time (days) 25

Porosity Predicted Length (m)

0.3 91
0.4 104
0.5 120
0.6 146
0.7 183
0.8 252

Plug 2:

Upstream Pressure (MPa) 5.37
Downstream Pressure (MPa) 1.24
Equilibrium Pressure (MPa) 1.38
Ambient Temperature (K) 277.15
Permeability (m2) 1 � 10�11

Diameter (m) 0.152
Dissociation Time (days) 9

Porosity Predicted Length (m)

0.3 74
0.4 81
0.5 98
0.6 117
0.7 144
0.8 206

Figure 9. Comparison of experimental results for struc-
ture I and structure II hydrate plugs with the
electrical heating model (10 W, 14 MPa).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 4. Experimental Results and Heat Transfer Model
Predictions for sI and sII Hydrate Dissociations

at Various Conditions

Pressure 7 MPa 14 MPa

Time (min) Pred. Obs. Pred. Obs.

Structure I

10 W 163.7 156.3 209 237.9
20 W 92.2 96 119.5 120.3
30 W 80.9 84 85.4 91.8

Structure II

10 W 228.7 265.6 436.3 362.7
20 W 191.9 157.8 221.3 183
30 W 145.1 125.3 169.2 179.8

Table 5. Composition of the Conroe Oil by Chromatograph

Component Mole %

C1 methane 0.008
C2 ethane 0.011
C3 propane 0.117
iC4 i-butane 0.126
nC4 n-butane 0.366
iC5 i-pentane 0.620
nC5 n-pentane 0.707
C6 hexanes 2.075
C7 heptanes 6.906
C8 octanes 13.546
C9 nonanes 10.423
C10 decanes 8.179
C11 undecanes 6.306
C12 dodecanes 6.100
C13 tridecanes 6.966
C14 tetradecanes 6.382
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present. This experiment served to give confidence in the
theoretical calculations before the gas volume was reduced
by addition of an oil phase in the second experiment.

In both experiments, the cell was initially depressurized to
3.5 MPa and then sealed. Twenty watts of heat was applied
evenly to the radial surface of the hydrate plugs. The gas re-
leased by the dissociation was contained inside the cell. The
gas pressure at either end of the cell was constantly moni-
tored with pressure transducers. The results of the experi-
ments are shown in Figure 11. The upstream and downstream
pressures were coincident in the experiments.

Figure 11 clearly shows that the addition of the oil phase
significantly increases the rate of pressure build up in the
system. With all the pores in the hydrate plug filled with oil,
the pressure needed to be manually relieved three times to
prevent it exceeding the cell test pressure of 21 MPa. The
manual releases of gas can be seen on the figure as a saw-
tooth profile between 90 and 110 min. A total of 3,000 cm3

of gas was released during this venting. This corresponded to
less than 10% of the total dissociated gas from the hydrate
plug (41,000 cm3), which was measured by summing the
3,000 cm3 vented during the experiment to the gas released
at the end of the experiment, when the cell was depressur-
ized to 3.5 MPa. The fact that so little gas had to be vented
in order to keep the system pressure below 21 MPa suggests
that the cell pressure would not have significantly exceeded
this maximum pressure had the gas not been released. Both
results for pressure buildup are within the experimental error
of predictions made by the Peng-Robinson equation of state.

Uneven heat input was also investigated to simulate partial
failure of an electrical heating system. The experiments were
conducted on structure I hydrate plugs. The heat flux was
applied to half of the cell on which the pressure safety valve
(PSV) was installed, and gas released from the valve at other
side to maintain the cell pressure. Power inputs of 15 and
30 W were investigated.

Figure 12 compares the dissociation rate of a hydrate plug
subjected to 30 W of heat applied to the radial surface of
one half of the plug to the dissociation rate of a plug where
the heat was applied evenly over the whole length. The dis-
sociation rate is significantly decreased by the additional
heat-transfer resistance between the heated half of the plug
and the remaining hydrate at the opposite end of the plug, as
shown in Figure 12.

Conclusions

The dissociation rate of an industrial hydrate plug is pre-
dicted using a one-dimensional (1-D) heat-transfer model in
cylindrical coordinates. The model can predict the total dis-
sociation time by two-sided depressurization, and by evenly
applied radial heat input to within 10% with no fitted param-
eters, provided sufficient knowledge of the properties of the
plug are available.

The experimental results confirmed that hydrate dissocia-
tion in the systems investigated were heat-transfer limited;
mass transfer, intrinsic and dissolution kinetics appear to be

Figure 10. Comparison of the dissociation rate of a
hydrate plug with and without the presence
of a liquid hydrocarbon phase.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 11. Pressure transducer readings during disso-
ciation of a hydrate plug in a sealed system.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 12. Comparison of dissociation rates for uneven
heating to even heating.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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sufficiently fast that they do not limit the dissociation rate. It
is possible that kinetics becomes important under high-heat
fluxes.35

The experiments confirm that for hydrate plugs with a diam-
eter substantially less than the axial length then the hydrate
will dissociate radially if depressurized from both ends.

The model predicts that sII will dissociate more slowly
than sI owing to its higher latent heat. This was repeatedly
demonstrated experimentally.

The assumption that the temperature of the hydrate phase
is not a function of radius appears to be valid for the labora-
tory experiments where the hydrate temperature remains con-
stant for the duration of the experiment. This assumption is
likely to be less valid for systems where the pressure accu-
mulates rapidly, thus, raising the dissociation temperature.

The model predictions are sensitive to the plug porosity,
and in the case of the one-sided model to plug permeability.
In industrial applications, these properties are rarely known.
This limits the application of the models to an order of mag-
nitude prediction of the dissociation time. The models can be
used to perform a sensitivity analysis on these parameters in
order to determine the best and worst case dissociation times
before dissociating a plug.

The properties of the plug are likely to depend greatly on
the formation conditions. Ongoing attempts to model the
multiphase flow in oil and gas transmission lines may even-
tually yield a better understanding of how plugs form and
allow engineers to better predict these properties more
accurately.

The model can also be used to predict the plug radius as a
function of time, which could be applied to determine when
the annulus spacing is large enough to introduce a thermody-
namic hydrate inhibitor, such as methanol, to expedite the
plug dissociation.

The one-sided dissociation model is the most computation-
ally intensive component and has had limited experimental
validation owing to problems creating a laboratory scale plug
with a low permeability. The model overpredicts the dissoci-
ation time for laboratory scale hydrates, and underpredicts it
for industrial hydrates.

The electrical heating model can be combined with consid-
erations of the flow rate of the gas released through the
annulus formed around the plug, to calculate the maximum
allowable rate of heat input to avoid localized overpressuri-
zation of the flowline.

The models presented in this article have been successfully
applied to simulate the dissociation of industrial hydrate
plugs,36 and have proven to be useful tools when deciding on
an effective remediation strategy.
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Notation

Ap ¼ surface area of hydrate particle, m2

Bi ¼ Biot number
CpH ¼ water specific heat capacity, Jkg�1K�1

CpW ¼ hydrate specific heat capacity, Jkg�1K�1

kw ¼ thermal conductivity of water, Jm�1s�1K�1

kwall ¼ thermal conductivity of wall, Jm�1s�1K�1

Lc ¼ length of hydrate plug, m
mH ¼ mass of hydrate remaining, kg
mw ¼ mass of free water, kg
Pd ¼ downstream pressure, Nm�2

Pu ¼ upstream pressure, Nm�2

QH ¼ rate of heat transfer to hydrate plug, Js�1

QIN ¼ rate of heat transfer to cell contents, Js�1

r ¼ radial position, m
r0 ¼ flowline radius, m
rH ¼ radial position of hydrate front, m
rI ¼ radial position of ice front, m
T0 ¼ ambient temperature, K
Td ¼ downstream temperature, K
TD ¼ hydrate dissociation temperature, K
TH ¼ hydrate plug temperature, K
TI ¼ ice layer temperature, K
Tu ¼ upstream temperature, K
TW ¼ water temperature, K
t ¼ time, s
z ¼ axial distance, m

Greek letters

aw ¼ thermal diffusivity of water, m2s�1

b ¼ volume expansivity, K�1

e ¼ porosity of hydrate plug, m3m�3

k ¼ permeability, kgPa�1s�1m�2

l ¼ stability criterion
lH ¼ enthalpy change of dissociation, Jkg�1

lI ¼ latent heat of ice melting, Jkg�1

m ¼ fluid viscosity, Nm�2s
x ¼ mass of water per mass of methane hydrate
p ¼ pi
rH ¼ density of hydrate, kgm�3

rI ¼ density of ice, kgm�3
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