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Abstract: In this review, the intriguing, anomalous behaviour of hydrate thermal
conductivity will be described, and progress in performing experimental measurements
will be described briefly. However particular attention shall be devoted to recent advances
in the development of detailed theoretical understandings of mechanisms of thermal
conduction in clathrate hydrates, and on how information gleaned from molecular
simulation has contributed to mechanistic theoretical models.
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1. Introduction

The discovery of enormous quantities of natural gas in the form of gas hydrates in sub-oceanic
sediments and permafrost has driven significant interest in their use as a resource, as a potential
geohazard, their role in the global carbon cycle, and potential influence on climate change [1-4].
Progress in research in these areas depends fundamentally on the availability of high-quality property
data and an increased understanding of underlying physics and chemistry governing clathrate hydrates
in nature. Gas hydrates, in general, exhibit an anomalous, glasslike behavior of the thermal
conductivity at temperature and pressure conditions occurring in nature that distinguishes them from
ice and other molecular crystals [5]. The importance of reliable thermal property data for modeling the
behavior of gas hydrates in natural systems has been discussed by Sloan [1], Gupta et al., [6] and
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Waite et al. [3] A detailed understanding of the mechanisms leading to this behavior would enhance
the underlying knowledge of hydrate physics that may lead to improvements in simulation programs
for determining long-term resource recovery potential and the impact of hydrates on climate change. It
is thought that the low thermal conductivity is attributable to the phonon-scattering processes from
energy transfer between the localized guest rattling modes and the host lattice acoustic modes [7-11].
A detailed understanding of the mechanisms leading to this behavior, along with the characterization
of thermophysical properties, would enhance the viability of large-scale methane production from
hydrates [12,13]. The purpose of this review is to synopsize progress in experimental determination of
these properties, and to focus on advances in theoretical understanding of mechanisms underpinning
this behavior.

2. Experimental Characterisation

Measurement of the thermal properties of relatively pure hydrate requires the use of pressurized
equipment to both form the samples in the laboratory and stabilize them during measurement. It is also
desirable to reduce the porosity of the sample after formation by compaction in the same pressure
vessel: this influences the thermal conductivity critically in the intermediate temperature range, below
the Debye temperature (vide infra). Removal of the sample for compaction introduces the possibility
of contamination or decomposition of the hydrate during transfer and handling.

The majority of measurements of thermal conductivity reported for hydrates in the literature have
been made using a needle probe on samples prepared using granular ice [3,14-17]. However, more
recent work has been reported by Huang ef al/ [18] and Rosenbaum et a/ [19] using a commercially
available transient plane source (TPS) technique in double- and single-sided configurations,
respectively. The original double-sided configuration was developed by Gustaffson [20]. Considering
methane hydrate as an example, the measured values of thermal conductivity for compacted samples at
conditions similar to those in natural environments are 0.62 + 0.02 W/ m‘K’ using a needle probe, and
0.57[18] and 0.68 £ 0.01 W/m-K [19] using the double- and single-sided TPS techniques, respectively.
In the Huang et al study [18], hydrate was formed from methane and water that contained a surfactant
to assist hydrate formation, while in the study or Rosenbaum et al/, [19] pressurized methane gas was
put in contact with ice and followed by repeated cooling and heating cycles to induce hydrate
formation, followed by mechanical compaction to reduce the porosity to the lowest possible level. The
Waite et al investigation [3] also used compaction, but not to the extent as that of Rosenbaum et al,
[19] while comparatively little compaction was employed by Huang et a/ study [18]. For this reason, it
is likely that the result of 0.68 + 0.01 W/m'K [19] is the most reliable for pure, circa 90%-occupied
methane hydrate with the lowest possible level of porosity. Measures of the thermal diffusivity of
methane hydrate have also been reported by Kumar et al. [21] and Tuner et al. [22] for porous
(uncompacted) samples, and by deMartin, [15] Waite et al., [3] Rosenbaum et al [19] for compacted
samples. The thermal diffusivity values do not seem to be dependent on the presence of some porosity
and are in the range of 2 — 3.1 x 107" m%/s.

The needle probe or double-sided TPS methods need the probe to be surrounded by the hydrate.
Although viable in a laboratory environment, such technology may not be easily adapted for in-situ
determination of the thermal properties of hydrate or consolidated hydrate/sediment samples. In
comparison, the single-sided TPS technique is more conducive towards adaptation for field use in
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hydrate-containing sediments and situations where sample penetration, disturbance and/or immersion
of the sensor would be difficult.

Earlier measurements by Ross and Anderson in the early 1980's established that clathrate hydrates
exhibit a glass-like temperature dependence of thermal conductivity at temperature and pressure
conditions prevalent in nature, in which there is a very weak temperature dependence [14]; the thermal
conductivity is also markedly lower than ice, and is in the 0.45-0.7 W/m'K range for 265-280 K
depending on the hydrate guest and sample porosity, vis-a-vis approximately 2.2 W/m'K at 273 K for
ice [23-25]. Other experimental studies since then, such as those mentioned above, have confirmed
this trend. Such intriguing behaviour is anomalous for a crystalline solid (vide infra), especially given
that other physical properties of hydrates are relatively similar to ice Th [1,2]. Krivchikov ef al have
also considered proton ordering effects on the thermal conductivity of THF hydrates [26]. Recently,
however, experimental measurements of thermal conductivity in both methane and xenon hydrates by
Krivchikov et al led to the highly interesting finding of crystal-like temperature dependence below
90 K, with glass-like behaviour above this temperature [16,17]. The remainder of this review will be
focussed on outlining progress in exploring possible mechanisms to rationalise these experimental
observations.

A particular difficulty surrounding the direct, quantitative comparison of thermal conductivity from
molecular simulation with experimental results is that the experimental determination is highly
dependent on samples’ nature and quality, e.g., level of porosity, which has been outlined in some
detail for methane hydrates [3,16,19]. Further problems may well arise with the quality of the potential
models used in molecular simulation, in addition to the system size and electrostatics [19].

3. Mechanisms and Pressure Dependence

In addition to clathrate hydrates, anomalous “glasslike” thermal conductivity behaviour is shared by
some clathrate-like compounds, e.g., metal-Si clathrates [27] and skutterudites [28]. Several
hypotheses have been suggested to explain this observation, the most studied being the “resonant
scattering” model [7-11,29,30], which originates in the case of hydrates from “avoided-crossings” of
lattice acoustic phonons with localized guest vibrations of identical symmetry dissipating heat
transport [10,11,29]. Similar behaviour to gas hydrates in thermal conductivity, with crystal- and
glass-like temperature dependence at low and higher temperatures, respectively, has also been
observed in some semi-conductor clathrates [31]. Krivchikov et al have also considered how resonant
phonon scattering explains contributions from internal molecular modes towards thermal conductivity
in molecular glasses [32].

Prior to discussing advances in theoretical and molecular modelling activities to gain insight into
mechanisms governing the behaviour of hydrate thermal conductivity, it is worthwhile making some
general remarks about crystalline thermal conductivity behaviour. A crystal’s thermal conductivity’s
temperature profile is well-known. Above half of the Debye temperature, ®p/2, the thermal
conductivity exhibits a 7' dependence, explained by Umklapp processes scattering phonons [33,34].
(For methane hydrate, ®@p is 226 K) Thermal conductivity increases as temperature decreases below
®p/2, reaching a maximum near Op/10. In this “intermediate” régime, the thermal conductivity’s
absolute value is heavily dependent on defects. Below around ®p/10, conductivity has 7° dependence,
governed mainly by boundary scatterings. Therefore, experimental determination of thermal
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conductivity is highly dependent on samples’ nature and quality, which has been discussed in some
detail for methane hydrates [3,16,19]. This underlines the difficulty in a quantitative comparison of
theoretical and experimental values, as previous joint experimental-simulation research for methane
hydrate has shown [19]. It should also be noted that classical theory is expected to be valid at
temperatures above one-tenth of the Debye temperature (®p/10), i.e., approximately 20 K for (sI)
methane hydrate. It is to be expected that amorphous molecular systems, such as amorphous ices,
would exhibit very limited temperature dependence in their thermal conductivity, and this been found
for higher-density amorphous ices, from both experiment and molecular simulation [36].

In terms of pressure effects on hydrate thermal conductivity, Safarov and Zaripova [37] have
studied the conductivity of hydrazine hydrate and found that increasing pressure led to an increased
conductivity in the 0.1 to 49 MPa pressure range, increasing by some 15% from lowest to highest
pressures for any given temperature. Anderrson and Johari [38,39] have studied the variation of
thermal conductivity of THF hydrate, ice and ice clathrates due to pressure-induced collapse: although
increasing pressure led to ice and ice clathrate thermal conductivity decreasing upon collapse, it
generally increased for THF hydrate. For THF hydrate conductivity studies measured at temperatures
in the range 55-250 K and at pressures up to 0.16 GPa, distinct variation in conductivity with pressure
was observed for a proton-ordered low-temperature (LT) and a proton-disordered high-temperature
(HT) phase: the LT phase exhibited a slight increase with pressure, whereas the HT phase was largely
independent of pressure [38]. In more recent high-pressure studies for pure THF hydrate, they found a
slight increase in conductivity at 130 K with increasing pressure up to 0.75 GPa, and a levelling off
thereafter up to 0.95 GPa, followed by an increase during amorphisation up to 1.25 GPa [39]. This
change in thermal conductivity upon a difference in higher-pressure structure has been found also by
English et al [36] using molecular simulation for sI and higher-pressure sII and sH polymorphs of
methane hydrate.

4. Theoretical and Molecular Modelling

Krivchikov ef al have analysed the previously measured thermal conductivities of Xe, CHy4, and
THF hydrates in a wide region of temperatures [40], for which x(7) at temperatures in natural
environments depends weakly on chemical composition, crystal structure and microstructure. The
results have been discussed in the context of phenomenological models of phonon scattering by local
modes [32], the so-called soft-potential model, building on earlier concepts of resonance scattering
[7-11,29,30]. The glass-like behaviour of experimental thermal conductivity data in both sI and slI
hydrates at low temperatures in the context of the soft-potential model yields behaviour in #(7) similar
to molecular glasses, as studied earlier [32]. It was found in the framework of this model that the
anharmonicity of guest motions becomes a dominant factor at lower temperatures in determining heat
transfer processes in clathrate structures.

Given the increase in computing power in the past decade or so, it has now become possible to
examine heat conduction processes in hydrates using molecular dynamics as a valuable tool to gain
insight into the underlying mechanisms, so as to assess important contributing factors to the thermal
conductivity and its behaviour. One method for the estimation of thermal conductivity is to calculate it
from Green-Kubo (GK) linear response theory [41] via the heat flux autocorrelation function
(HCACF) using equilibrium molecular dynamics (MD) [42]. This method has been applied to Xe® and
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methane hydrates [19,43—46] and to metallic germanium clathrate [47]. Non-equilibrium MD has also
been used to predict thermal conductivity of methane hydrate [48,49] and xenon, and carbon dioxide
hydrates [49]. Important technical points to consider in MD simulation include assessing if the
simulation box is sufficiently large and accurate treatment of long-range electrostatic interactions
[19,43,48]. It is only relatively recently that it has been recognised that truncations of long-range
electrostatic interactions in charged systems lead to errors in the stress tensor [50,51].

Jiang et al have employed non-equilibrium MD to estimate the thermal conductivity of methane,
xenon, and carbon dioxide hydrates, using both polarisable and fixed-charge water potentials from 30
to 260 K. [48,49] The calculations were found to match the temperature trend in the experimental data
at temperatures below 50 K, but they showed a slight decrease in thermal conductivity at higher
temperatures, opposite to the trend in experimental data. It was found for methane hydrate that the
calculated thermal conductivity values were relatively insensitive to cavity occupancy except at or
below 50 K. This finding was interpreted as an indication that the differences between the lattice
structures of methane hydrate and ice Th may play a more dominant role than previously considered in
rationalising the low thermal conductivity of methane hydrate vis-a-vis ice Ih [48]. The introduction of
defects into the lattice in methane hydrate was found to induce a reduction in the thermal conductivity
but to have little effect on its temperature dependence [48]. In terms of guest-size effects on hydrate
thermal conductivity, the study of Jiang at al [49] on the conductivity of CH4, CO, and Xe hydrate
found that in these sl structures, the methane hydrate had a larger thermal conductivity than CO, and
Xe from non-equilibrium MD, by some 15-20%, across the 30 to 260 K temperature range, while
comparison of the available experimental data for methane and Xe hydrate led to a similar conclusion
(that methane hydrate conductivity is around 20% higher). Although the details of the guest-host
interactions are critical in determining phonon propagation in the lattice, larger guests for a particular
hydrate type would generally be expected to reduce the amplitude of energy loss through
rattling motion.

English and co-workers have reproduced semi-quantitatively the experimental thermal
conductivities of ice Th, empty sl hydrate and sl, sII and sH methane hydrate using the rigorous GK
approach with accurate long-range electrostatics in a series of papers with a variety of polarisable and
fixed-charge water models, over the 30 to 260 K range. [19,40-43] The observed reversal in sI’s
temperature dependence at 90 K was predicted. Through comprehensive analysis of heat flux
correlation functions, methane's role in heat transport dissipation in sl hydrate above 100 K, and to a
lesser extent in slI and sH above 200 K, was demonstrated clearly. Since the (van der Waals)
water-methane interaction was found to be weak, it was found that scattering of thermal phonons is
much more efficient at higher temperature (>100 K) in sI methane hydrate. However, less intimate
water-methane contact in the larger cavities in slI and sH hydrates means that the temperature required
for significant dissipation in water-methane energy transfer is above 200 K, since larger-amplitude
thermal rattling of the methane molecules at higher temperature is needed to bring about the
intermittent close guest-host contact required for dissipation in energy transfer in larger cavities.
Calculations also showed that a hypothetical empty sl hydrate's thermal conductivity behaviour is
similar to ice Th, except with lower absolute values [44,45]: this was found to be attributable mainly to
shorter long-range relaxation times for phonon transport, indicating shorter phonon mean free paths.
The results of Jiang et al for empty hydrate are somewhat different, from non-equilibrium MD: this
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predicts that the thermal conductivity of the empty hydrate is close to the fully-occupied case and
attributes this behaviour to a reduction of phonon mean free paths [48,49]. It is not clear why the
equilibrium and non-equilibrium approach differ in these observations, but use of different potential
models and previous noting of difficulties in agreement of equilibrium and non-equilbrium methods by
Inoue et al [8] need to be borne in mind; in any event, the equilibrium-method results [19,40—43] are
in semi-quantitative agreement with experiment, which helps to support its validity.

Following observations that a hypothetical empty sl hydrate's thermal conductivity behaviour is
similar to ice Ih, except with lower absolute values [44,45], a similar observation has been made in
zeolites, with distortions of SiO4 suggested as the cause [53]. In hydrates, the water framework is
much more distorted [53] and therefore the hydrogen bond network is more strained than in ice Ih;
English et al conjectured that this would result in the inhibition of long-range modes and spatial
localization of energy [44,45]. If correct, this conjecture suggests that low thermal conductivity
depends not only on guest-host interactions, but is also related to rigidity of the framework, which
echoes the speculation of Jiang et al [48] in terms of the role of differences between the ice Th and
hydrate lattice structures in leading to a lower thermal conductivity in clathrates. This conjecture helps
to rationalise the apparent absence of “resonant scattering” in some semi-conductor clathrates and
skutterudites and low conductivity in empty silicon clathrate; in particular, skutterudites constitute
potential candidates of a new class of engineered efficient thermoelectric materials guided by the
principle of phonon glass electron crystals (PGEC) [27,28].

5. Conclusions

There has been substantial progress in the past half-decade in the establishment of low-temperature
crystal-like behaviour of hydrate thermal conductivity by both experiment and modelling. Progress in
the soft potential model and refinements to the resonance scattering picture, coupled with insights from
MD simulation, have contributed to improved understanding in the mechanisms underpinning hydrate
thermal conductivity. Although compaction of experimental hydrate samples reduces the porosity to
the lowest possible level attainable in experimental apparatus, structural defects present in real samples
are rarely taken into account in molecular simulations, with the exception of by Jiang et al [48].
A greater understanding of the inclusion of defects on thermal conductivity of hydrate-sediment
systems would be highly desirable; this represents a considerable future challenge for molecular
simulation, as the geometry of the systems would have to be prepared very carefully, and very large
systems would be required.
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