
Rheology of THF hydrate slurries at high pressure
Paulo H. de Lima Silva1, Mônica F. Naccache1,*, Paulo R. de Souza Mendes1, Adriana Teixeira2, and Leandro S. Valim2

1Department of Mechanical Engineering, Pontifícia Universidade Católica do Rio de Janeiro, Rio de Janeiro, RJ 22451-900, Brazil
2 Petrobras Research Center (CENPES), Petrobras, Rio de Janeiro, RJ 21941-598, Brazil

Received: 1 November 2019 / Accepted: 28 January 2020

Abstract. One of the main issues in the area of drilling and production in deep and ultra-deep water in the oil
industry is the formation of natural gas hydrates. Hydrates are crystalline structures resembling ice, which are
usually formed in conditions of high pressure and low temperature. Once these structures are formed, they can
grow and agglomerate, forming plugs that can eventually completely or partially block the production lines,
causing huge financial losses. To predict flow behavior of these fluids inside the production lines, it is necessary
to understand their mechanical behavior. This work analyzes the rheological behavior of hydrates slurries
formed by a mixture of water and Tetrahydrofuran (THF) under high pressure and low temperature conditions,
close to the ones found in deep water oil exploration. The THF hydrates form similar structures as the hydrates
originally formed in the water-in-oil emulsions in the presence of natural gas, at extreme conditions of high pres-
sure and low temperature. The experiments revealed some important issues that need to be taken into account
in the rheological measurements. The results obtained show that the hydrate slurry viscosity increases with
pressure. Oscillatory tests showed that elasticity and yield stress also increase with pressure.

1 Introduction

Natural gas hydrates are solid, crystalline structures that
looks like ice [1, 2], which are formed under extreme thermo-
dynamic conditions of high pressure and low temperature
[1–4]. Natural gas hydrates are a major concern of the oil
industry, since their formation can deeply affect the flow
during drilling and production [5, 6]. However, it is worth
mentioning that hydrates can be used for some good pur-
poses. For instance, they are very effective when used for
gas storage, and seem to be a future potential energy source
[7–15].

Hydrates formation is affected not only by pressure and
temperature, but also by several other variables such as
fluid composition, flow rate/turbulence, contact surface
between liquid and gas, and water salinity [16]. Therefore,
when the production lines or the wells are inside the
hydrates formation envelope of high pressure and low tem-
perature, it is imperative to know how all these variables
will affect hydrates formation and agglomeration, in order
to control and optimize the production and/or drilling oper-
ations [3, 17, 18]. Yao et al. [19] performed a numerical
study of the flow of hydrate slurries through inclined
pipelines. The results show that larger pipe inclination
and larger flow rates lead to more homogeneous distribu-
tions of hydrate particles size and concentration, which

favor the slurry transportation and reduce the risk of block-
ing the pipeline. The initial size of hydrate particles is also
an important parameter since larger particles seem to
agglomerate more increasing the slurry heterogeneities,
and harming the slurry transportation. The hydrate disso-
ciation process was analyzed numerically by [20], which
showed that the wellbore pressure can be controlled to
improve the dissociation rate, but this effect depends on
the reservoir and hydrate properties.

It is also important to understand how these processes
begin and develop, and what can be done to avoid, delay,
or minimize it. The induction time, or the time taken to
appear the first hydrate crystals, was determined experi-
mentally in a flow loop by Lv et al. [21], and the effects of
several parameters were investigated. The results showed
that the induction time decreases as supercooling increases,
similar to what happens in autoclave systems. For low flow
rates the induction times decrease as the flow rate increases,
but the reverse trend is observed after a critical value of
flow rate. The authors observed the same behavior increas-
ing the water cut.

There are several ways that can be used to prevent
hydrates formation or agglomeration. The first tentative
would be to avoid the hydrate formation thermodynamic
envelope, by heating or thermal insulating the production
lines, or reducing pressure. In addition, the injection of
thermodynamic inhibitors, kinetic inhibitors, and/or anti-
agglomeration agents are commonly used in the industry
to reduce hydrate formation and growth [1, 3, 21–24].* Corresponding author: naccache@puc-rio.br
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This study analyzes the rheology of hydrate slurries
formed from a model fluid composed of deionized water
and Tetrahydrofuran (THF), in similar conditions to the
ones obtained at deep water oil fields, i.e. high pressure
and low temperature. This model fluid forms hydrates
structure of type II, which are similar of that formed when
a gas is present in water-in-oil emulsions. Moreover, THF is
soluble in water and is in the liquid state at atmospheric
pressure so that the model is easier to work with, giving
faster, and reliable results [25]. The THF miscibility in
water also eliminates the problem of diffusion resistance
during hydrate formation [26, 27].

Previous studies in the literature show that the process
of THF-hydrates formation is exothermic, and the resulting
hydrate slurry presents a non-Newtonian shear-thinning
behavior [28–30]. In addition, the process of hydrates
formation presents a strong dependence on fluid tempera-
ture and agitation [28, 31–33]. When hydrates are formed
in pressurized and monitored systems the pressure varies
during the formation, as well as temperature while the
gas is being consumed [33].

Li et al. [34] show in their study that while the hydrate
slurry is formed, a constant pressure plateau is reached
shortly after the hydrates formation, but during the process
the pressure gradually decreases. Qin et al. [35] found that
shear rate is a key factor in the formation of hydrates in
water-in-oil emulsion systems using methane as a hydrate-
forming gas. An abrupt increase of the viscosity of such
systems was observed in an isochoric process as the gas
was being consumed, leading to a decrease in pressure
values.

Ahuja et al. [36] compare the water-in-oil and cyclopen-
tane emulsions in the oil phase as a hydrate former. They
used propane to pressurize the system and form hydrates.
Large differences in the viscosity and yield stress of the final
structure were observed between emulsions formed with
cyclopentane and propane. The hydrate slurries show
shear-thinning behavior, but the shear-thinning behavior
of the hydrate slurry with cyclopentane is stronger, and val-
ues of viscosity and yield stress higher.

The present work is organized as follow. The next
section presents the materials and methods used to obtain
the high pressure rheology of the THF-hydrates slurries.
The first step was to delimit the area of operation of the
pressure cell used in the measurements. Preliminary tests
are performed to check the minimum and maximum tor-
ques to obtain reliable results, and the test temperature.
Preliminary rheological tests are described in the following
section. Finally, in the last two section the rheological
results are presented and discussed, and some final remarks
are presented.

2 Materials and methods

The samples were prepared with a mixture of water and
tetrahydrofuran. We used deionized water obtained from
a reverse osmosis system, model OS10 LX manufactured
by Gehaka, and tetrahydrofuran (THF-C4H8O) produced
by Sigma-Aldrich with concentration above 99%, molecular

weight 72.11 g/mol, density 0.89 g/cm3, and kinematic
viscosity 0.512 mm2/s at 25 �C (77 �F).

Due to its solubility in water, THF was added directly
into the water, and the mixture stirred slightly until homog-
enization. Mixtures were obtained with three concentra-
tions of THF by mass, namely 30%, 40%, and 50% of the
sample total weight. These values were chosen based on
the fact that the theoretical concentration of THF that
would be fully encapsulated by water is 1 mol of THF to
17 moles of water [37], which is equivalent to a THF weight
concentration of 19% by mass. Hence, for the three concen-
trations, after hydrate is formed, all water is consumed and
some excess THF is expected, forming a slurry where the
continuous phase is THF.

A semi-analytical balance, with two precision decimal
digits, model BG4400, manufactured by Gehaka, was used
to weigh the components. The solutions were stored in
100 mL closed bottles for later use in rheological tests.
To transfer the samples to the measurement site, an Arti
Glass syringe with the capacity of 20 mL of fluid was used.

A pressurized system was developed for the rheological
tests performed under pressure, as shown in Figure 1. The
circuit was assembled with a valve system through which
the gas was injected and purged to/from the syringe pump.
The syringe pump was connected to the pressure cell of the
rheometer using a gas hose with quick couplings in the tip,
which was able to support the traction and the large
number of maneuvers that were necessary to be performed
during the tests. The gas hose used supports a maximum
pressure of 11 000 psi (758.4 bar).

Three types of valves were used: needle, globe, and
regulator. Globe-type valves allow or block the passage of
gases to the internal valves. A single circuit was designed
to supply the syringe pump. A regulating valve was posi-
tioned at the exit of the cylinders, which measures the
gauge pressure of the cylinders and regulates the gas
passage to the other side of the line until a pressure up to
15 bar. The needle-type valve feeds the pump and the pres-
sure cell of the rheometer. Also, a needle valve was posi-
tioned between the syringe pump and the rheometer to
eliminate the gases after the tests, using a pressure line that
was added after the globe valve. A syringe-type pump has

Fig. 1. Schematic of the pressurizing system: (A) cylinder of
gases; (B) regulating valve; (C) globe valve; (D) needle valve;
(E) syringe pump; (F) pressure cell.
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been chosen for the system pressurization. The syringe
pump used is manufactured by Teledyne Isco, model
260D, and reaches the maximum pressure of 7500 psi
(517 bar) with a volumetric capacity of 266 mL.

The rheometer used was the Haake Mars III, from
Thermo Fisher Scientific, with a pressure cell model D400,
which is able to perform tests up to 400 bar (or 5800 psi).
The sample volume is approximately 37 mL. A thermostatic
bath model F-25 ME (Julabo), with a mixture of water and
monoethyleneglycol, was used to keep temperatures below
0 �C, because the pressure cell does not have a temperature
control system. The geometry used in the pressure cell was
the smooth concentric cylinders type PZ37, provided by
Thermo Fischer Scientific, with the parameters given in
Table 1.

3 Calibration tests

Some preliminary tests were performed to calibrate the
pressure cell. The first calibration test is to define the opti-
mal gap between the pressure cell cover and the magnetic
coupling of the geometry. The optimal axial gap may be
different for each pressure cell configuration and may
change during the period of use, due to thermal and
mechanical effects.

An axial ramp test was performed to obtain the optimal
gap, which was chosen as the one that gives the minimum
value of the Normal Force (FN). The results obtained are
shown in Figure 2. It can be observed that between 3 and
4 mm the normal force reaches the lowest value. The
optimal gap chosen was equal to 3.4 mm, where measure-
ments were more stable and less noisy.

The second calibration performed was the Micro Stress
Control (MSC) test. This test was performed to take into
account the friction variation of the mechanical bearing of
the pressure cell during each revolution, due to its mechan-
ical microscopic imperfections. This variation may result in
a periodic data noise for low viscous samples. The angular
friction depends on the static position of the mechanical
bearing of the pressure cell, and can be determined using
the MSC routine in the rheometer program and automati-
cally compensated by it.

The inner magnet must be mounted on the rotor and
the rotor must be mounted on the pressure cell with the
bearings properly lubricated. For MSC calibration, the
pressure cell must be empty, i.e. it must not be filled with
a sample.

The MSC calibration is performed using a very low
angular velocity. The friction of the bearing measured with

the MSC calibration is related to the static friction at rest,
which is the dominant friction at very low angular veloci-
ties. For higher angular velocities, dynamic friction becomes
the dominant part.

Figure 3 shows the results of the tests performed with
water on the sapphire bearings. A curve fit function needs
to be defined, which is provided by the rheometer’s
data analysis program, and its square function parameters
are given by: a = 0.0027; b = �1.521; and c = 347.5. The
test results are represented by the Torque (M) curve as a
function of time. The fit made with the above parameters is
represented in Figure 3 as “Curve Fit”, with R2 = 0.9211.
Then, the parameter values are entered in the rheometer
prior to the tests.

Table 1. Parameters of the concentric cylinders PZ 37.

Inertia (kg m2 � 10�6) 66.7
Mass 421
Material Titanium
Radius 18.5 mm
Height 80 mm

Fig. 2. Normal force as a function of the gap between the
pressure cell cover and the magnetic coupling.

Fig. 3. Torque versus time in MSC test: experimental data and
curve fit.
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After the initial calibrations, an introductory test was
performed to verify the minimum torque value for the
rheological tests with THF and water. Three oils were used:
Shell Morlina S2 BL 10, Shell Morlina S2 B 150, and OP
600 (a standard oil used in the laboratory). Figure 4
presents the results of the flow curve tests for these oils.
The tests were performed at a temperature of 20 �C, for a
shear rate range from 1 s�1 to 100 s�1. The oils exhibit a
Newtonian behavior, as expected, converging to a constant
viscosity value over time. The great difficulty in obtaining
the constant viscosity value for Shell Morlina S2 BL10 is
due to its low viscosity of 0.02 Pa s at 20 �C.

A very important information derived from these tests is
the minimum reliable torque measurement. This torque is
the one that will be effectively transferred by the magnetic
coupling to the geometry and fluid inside the pressure cell.
Thus, the results obtained showed that the minimum torque
value for reliable measurements was around 800 lNm.

Prior tests were also made to define the time for
temperature stabilization inside the pressure cell. It is
worth mention that the temperature control on the pres-
sure cell is not available. Thus, a thermostatic bath was
used to maintain the internal temperature of the pres-
sure cell at 1 �C. A water and monoethyleneglycol 9:1 ratio
mixture, respectively, was used in the bath to prevent
the fluid from freezing in the bath and/or circulation
hoses by using temperatures below 0 �C. All tests on the
pressure cell were performed at constant volume.

Figure 5 shows the temperature within the pressure cell
as a function of time. The temperature selected in the
thermostatic bath was equal to �0.6 �C, providing a
temperature inside the pressure cell at the end of the test
equal to 1 �C ± 0.1 �C. Initially, the sample was at 22 �C
and the temperature decays as the bath temperature
decreased, stabilizing after 80 min. Then, all the tests were
performed after the samples underwent a thermal stabiliza-
tion step of 90 min.

4 Results and discussion

THF hydrate slurries tests were performed for concentra-
tions of 30%, 40%, and 50% of THF by mass. The first
rheological tests performed were the constant shear rate
tests. The shear rate was set equal to 300 s�1, chosen to
avoid wall slip effects, and in addition to provide larger
torque values, to guarantee that we would be above the
minimum reliable torque value. It should be noted that
the geometry used has a smooth wall, so wall slip could
be an issue.

Figure 6 shows the results of viscosity versus time for
the concentration of 30% THF by mass. The gas used to
pressurize the system was nitrogen, provided by White

Fig. 4. Viscosity of oils as a function of time. Tests at
atmospheric pressure.

Fig. 5. Temperature versus time in the pressure cell.

Fig. 6. Viscosity versus time for constant shear rate test
( _c = 300 s�1) for 30% wt of THF, and pressure range of 5–60 bar.
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Martins, with grade 4.6, that is, with a minimum purity of
99.996%.

The results show that in the beginning of the tests, the
fluid viscosity is around 0.01 Pa s, because no hydrates were
formed. After some critical time, which is a function of the
pressure, it is noted an abrupt increase of the viscosity that
is related to the beginning of the formation of the hydrates
crystals that, combined with the water + THF, will result
in the hydrate slurry. The viscosity tends to reach a high
level plateau. However, it is noted that this plateau is
reached only in some cases. This is due to the fact that the
slurries formed presented higher viscosity values that end
up reaching a maximum torque limit of the equipment,
above which the torque was no longer transmitted to the
internal coupling. So, the highest viscosity values shown in
the plot are not real values of the fluids viscosity, but only
maximum values that could be obtained from the equip-
ment. After this maximum torque, the outer coupling began
to slide, causing the measurements to drop and vary. The
average maximum torque value that the pressure cell in its
internal coupling is capable of receiving by the external cou-
pling was around 70 000 lNm. It is also important to note
that the steady state regime was not achieved in any of
the situations showed in this plot. The results also indicate
that the higher the pressure the faster the hydrate formation
process occurs, the exception was at 10 bar pressure, where
hydrate formation occurred as fast as 60 bar pressure. Since
the process of hydrate formation is highly unstable, any
perturbation can affect the process, therefore the faster for-
mation for the 10 bar case could be explained by some
unknown perturbation that could have occurred in the test.

Figure 7 shows a picture of the 30% wt of THF mixtures
and nitrogen hydrates, formed in the pressure cell at 30 bar.
The structure formed is a cohesive and whitish block, and
nitrogen bubbles are observed emerging as the structure
dissolves. One possible reason for this type of structure is
because there is space available when water molecules form
the cages to trap the THF. So, the small N2 gas molecules
tend to fill the smaller cavities and help forming the hydrate
structure type II [36].

Since we could not obtain the pressurized rheological
data using the hydrates slurries obtained with the mixture
with 30% wt of THF, due to the upper torque limit of the
magnetic coupling between the rheometer and the pressure
cell, we decided to increase the THF concentration to form
less viscous hydrates slurries (see [28]). Then, tests with
40% wt of THF were performed in order to obtain a less
viscous slurry, with larger crystals dispersion. The test
conditions were the same as the ones used with the mixtures
with 30% wt of THF, i.e. shear rate equal to 300 s�1, and
the bath with the temperature set at �0.6 �C. The
pressures used ranged from 10 bar to 100 bar. The viscosity
results are presented in Figure 8. Again, it is noted that the
higher torque transfer limit was obtained for almost all
pressures, except for the test with the pressure equal to
10 bar, where we could observe that the steady state regime
was achieved and a high viscosity plateau around 0.08 Pa s
was obtained.

These tests also showed that the higher the pressure, the
faster the torque transfer limit is reached, as the hydrates

form faster and the agglomeration of the crystals becomes
more intense. Figure 9 shows the structure formed by
hydrates of THF at a concentration of 40% wt, and pressur-
ized with nitrogen at 30 bar.

The structure resembles the structure found with the
mixture with a concentration of 30% wt of THF, but with
an slightly excess amount of liquid THF. This large solid
agglomerate was formed around and above the geometry,
preventing the tests from being performed within the setted
parameters.

The analysis were then performed with a mixture with
larger concentration of THF. Figure 10 shows the viscosity
as a function of time for constant shear rate tests for a mass
concentration of THF equal to 50%. The pressures used in
these tests were equal to 1.2 bar (laboratory atmospheric

Fig. 7. Hydrate slurry of 30% wt of THF and nitrogen at 30
bar.

Fig. 8. Viscosity versus time for constant shear rate test
(300 s�1) for 40% wt of THF, and pressure range of 10–100 bar.
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pressure), 10 bar, 30 bar, 50 bar, 70 bar, and 100 bar. The
results indicate that regardless of pressure, all tests were
completed within the maximum torque limit, and the
steady state regime was achieved. It can also be observed
that the viscosity increases with the increase of pressure,
as it is in general observed in liquids of constant composi-
tion. However, it is worth noting that in this case higher
pressures are also leading to an increase of hydrates formed
and agglomerated, so the final fluid composition is probably
changing when the pressure changes. Moreover, the viscos-
ity growth curve showed a larger slope for higher pressures,
meaning that the hydrate formation is faster as the pressure

increases. Even at laboratory atmospheric pressure
(1.2 bar), there was some hydrate formation, but the slurry
viscosity was much lower than the hydrates slurries formed
at higher pressures.

Figure 11 shows the hydrate structure formed with the
mixture with the THF concentration of 50% wt, pressurized
with nitrogen at 30 bar. As it can be seen, there is a large
amount of liquid giving an appearance of gel-type material.
In this case there is an excess of THF, with a large disper-
sion of hydrate crystals, and few agglomeration.

Several studies in the literature about the hydrates for-
mation show that during the formation process the pressure
value decreases [33, 37]. Thus, in the tests performed the
pressure inside the cell was monitored to follow its evolution
in time (Fig. 12). During the tests the temperature was also
measured to verify hydrate dissociation and pressure stabi-
lization. The results presented in Figure 12 were obtained
for the test shown in Figure 10, for the mixture with
50% wt of THF, shear rate of 300 s�1, and pressure equal
to 30 bar. The internal temperature of the pressure cell
was equal to 1 �C. As the time evolves, the pressure inside
the cell drops, once the test is conducted at constant
volume, and it stabilizes near 23 bar. During this first stage
the temperature was kept constant and equal to 1 �C.
After 7200 s, the temperature began to rise in a ratio of
2.4 �C/min, up to the final value of 25 �C. The shear rate
was kept at 300 s�1 during the heating step. The pressure
was reestablished, showing complete dissociation of the
hydrates formed.

Figure 13 shows the evolution of viscosity and pressure
over time, during the hydrate formation process for the 50%
of THF, shear rate of 300 s�1, pressure set equal to 100 bar
and internal cell temperature equal to 1 �C. The large vari-
ation in the slope of the viscosity curve indicates the forma-
tion of hydrate crystals, which is accompanied by a
reduction in pressure. This decrease in pressure is due to
the nitrogen gas consumption during the process of the

Fig. 9. Hydrate slurry of 40% wt of THF and nitrogen at
30 bar.

Fig. 10. Viscosity versus time for constant shear rate test
(300 s�1) for 40% wt of THF, and pressure range of 5–60 bar.

Fig. 11. Hydrates of 50% wt of THF and nitrogen at 30 bar.
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hydrate formation. At the end of the test, both the pressure
and the viscosity tend to a constant value, that of the final
hydrate slurry at the established pressure.

Finally, Figure 14 shows the results of the oscillatory
stress sweep tests. The hydrate slurry was pre-formed, using
a concentration of THF 50% by mass. The temperature of
the test was equal to 1 �C, with the stress sweep starting at
1 Pa and going up to 100 Pa. The frequency used in the
tests was equal to 1 Hz. An initial step was introduced to
form the slurry, i.e. a constant pre-test step at 300 s�1 for
3600 s was performed to form the slurry.

Figure 14 shows the stress sweep results for the pressure
equal to 10 bar, 50 bar, and 100 bar. Some initial values
were discarded due to low torque values, below the mini-
mum limit of 800 lNm. All the results show a viscoelastic
behavior up to a certain stress value, when the fluid is more

structured. At the pressure of 10 bar, basically the cross-
point of the storage modulus (G 0) and viscous modulus
(G00) occurred at the beginning of the test, indicating a
low yield stress value, around 5 Pa. However, at the
50 bar and 100 bar pressures, the crossing occurred at
higher stress levels, as it was already expected due to the
higher stiffness of the hydrate slurries formed. For the
pressure of 50 bar the cross-point occurred around 15 Pa,
while for the pressure of 100 bar this crossing was around
53 Pa. Such measurements can’t be used as an accurate
value of the slurry yield stress, but they can be used as an
estimate of the value of this important rheological
parameter.

5 Final remarks

The formation of hydrates slurries is one great issue in the
oil and gas industry. They are usually formed in conditions
of high pressure and low temperature and can strongly
affect the flow inside pipelines. Therefore, knowledge of
the rheology of these slurries is extremely important. This
work presented some results of the rheology of THF
hydrates slurries at higher pressures. Obtaining reliable
results at these conditions is a difficult task per se. The tests
performed show that the torque limits in the rheometers
dramatically reduce the range of reliable data. Moreover,
wall slip is an issue difficult to be considered inside the pres-
sure cell. The rheological data showed the increase of the
viscosity with the pressure. It has been also found that
higher pressures tend to increase and accelerate hydrates
formation. Oscillatory tests performed showed that the
slurries have a yield stress, below which they present a vis-
coelastic behavior. All these results are in agreement with
results obtained in field and loop tests. However, it is impor-
tant to stress that rheological data obtained inside the
rheometers result from more controlled experiments, so
they can give important information about the formation

Fig. 12. Variation of pressure and temperature with time for
THF 50% wt.

Fig. 13. Variation of viscosity and pressure with time for THF
50% wt, shear rate of 300 s�1, and pressure set equal to 100 bar.

Fig. 14. Variation of viscosity and pressure with time for THF
50% wt and 100 bar.
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and rheology of hydrates slurries. However, it must be
pointed out that very careful experiments must be
performed to obtain reliable data.
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