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Thermally induced evolution of phase transformations is a basic physical-chemical process in the dissociation of gas hydrate in 
sediment (GHS). Heat transfer leads to the weakening of the bed soil and the simultaneous establishment of a time varying 
stress field accompanied by seepage of fluids and deformation of the soil. As a consequence, ground failure could occur caus-
ing engineering damage or/and environmental disaster. This paper presents a simplified analysis of the thermal process by as-
suming that thermal conduction can be decoupled from the flow and deformation process. It is further assumed that phase 
transformations take place instantaneously. Analytical and numerical results are given for several examples of simplified ge-
ometry. Experiments using Tetra-hydro-furan hydrate sediments were carried out in our laboratory to check the theory. By 
comparison, the theoretical, numerical and experimental results on the evolution of dissociation fronts and temperature in the 
sediment are found to be in good agreement. 
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Natural gas hydrate (NGH) is a crystalline solid composed 
mainly of methane gas and water molecules, and is stabilized 
at high pressure and low temperature [1,2]. NGH is exten-
sively distributed in sediments of oceans, continental mar-
gins, permafrost zones and deep lakes [3,4]. When the phase 
equilibrium is destabilized, NGH will dissociate into gas and 
water. Generally, 1 m3 of NGH may release 164 m3 methane 
gas and 0.8 m3 of water at 1 atm at normal temperature. Then 
a large excess pore pressure will result in a strength decrease 
of the sediment if the released gas diffuses slowly [5,6]. 

During exploitation of gas hydrate or gas and oil in the 
deep sea, high-temperature pipes will pass through GHS and 
make the temperature of GHS increase. Accordingly, NGH 
in sediment will dissociate and the GHS and cap-rock be-
come unstable. The dissociation zone extends with time and 

the strength of the sediment reduces due to the increase of 
excess pore pressure and the loss of cementation. This may 
lead to cracks in the base of the structures and overturn of 
platforms, pipe rupture, and even blowout [7–10].  

Thermal dissociation of the hydrate in GHS is related with 
three temporal characteristic parameters: thermal conduction 

time * 2
c ,t Cl Kρ=  seepage time * 2 ,p g g et l k pμ=  and 

time of elastic wave propagation *
e .t l E ρ=  Their ratio 

is about 109:105:1. That means the problem involves three 
independent processes, i.e. thermal conduction, seepage, and 
elastic wave propagation. Thus we first analyze the thermal 
conduction involving phase transition, and then the pressure 
distribution in sediment, and finally the failure of sediment 
due to redistribution of stresses.  

Tetra-hydro-furan (THF) is liquid at 0.1 MPa, and can 
dissolve in water with any proportion. It can form a 
type- hydrate with water at 4.4°Ⅱ C [11,12]. The enthalpy of 
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THF hydrate dissociation is 270 kJ/kg at 4.4°C [13]. Many 
researches have been carried out to investigate the thermal 
properties of THF hydrate and the induction time with dif-
ferent proportions in solution [14–17]. By comparison, THF 
hydrate has similar thermal properties with methane hydrate, 

i.e. 
MH TFH

1 10
h h

H H

C C

⎛ ⎞ ⎛ ⎞Δ Δ
< <⎜ ⎟ ⎜ ⎟
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 and MH TFH/ 1,K K ≈  and its 

synthesis is relatively simple, economical and safe. 
This paper is devoted to presenting a thermal conduction 

model involving phase transformations. Analytical and nu-
merical approaches for several simplified examples of ge-
ometry are made, then experiments using THF hydrate 
sediments are carried out to check the theory.  

1  Assumption of phase transformation front 

Two kinds of models are presented to describe hydrate phase 
transition. One is regarded as the front-melting process [18], 
i.e. hydrates dissociate instantly once the phase equilibrium 
condition is not satisfied. Conservation of energy and mass is 
not fully considered in this case. The other one is taken as a 
kinetic process in which parameters are difficult to obtain 
[19]. In this paper, phase transformations containing hydrate 
transformation are assumed to be front-melting processes but 
energy and mass conservation are considered at the fronts. 
Four zones are formed in the sediment: un-dissociated zone, 
hydrate dissociation zone, gasification zone, and water va-
porization zone. Vaporization here indicates water boiling. 

The formation mechanism can be described as follows: 
firstly, the temperature of the sediment surrounding the 
thermal source increases, leading hydrates to dissociate into 
water and liquid gas when the phase equilibrium temperature 
is reached, then the hydrate dissociation zone and the 
un-dissociated zone are formed and divided by the dissocia-
tion front; secondly, liquid THF is gasified when the gasifi-
cation temperature is reached, then the hydrate dissociation 
zone and the gasification zone are formed and divided by the 
gasification front; Finally, water is transformed into vapor 
when the boiling temperature is reached, then the gasifica-
tion zone and water vaporization zone are formed and di-
vided by the vaporization front. These three fronts develop 
with time. the temperature distribution, phase transition front, 
and formation of four zones in the hydrate sediment are 
shown schematically in Figure 1, in which each zone is 
characteristic of a mixture: ① water vaporization zone: 
sediment skeleton, water vapor, gas;  gasification zone: ②

gas, water and sediment skeleton;  hydrate dissociation ③

zone: liquid gas, water and sediment skeleton; ④ un-disso-                          
ciated zone: hydrate and sediment skeleton. In this figure,  
(1), (2) and (3) represent the water vaporization front, the 
gasification front and the dissociation front, respectively.  

 

Figure 1  Temperature distribution and division of four zones. (a) Tem-
perature distribution; (b) four zones and phase transformation fronts. 

2  Mathematical model 

In order to formulate the thermal evolution, the following 
assumptions are adopted: (1) Thermodynamic parameters in 
every mixture zone are taken as the average of each phase.  
(2) The enthalpies of water, THF and the hydrate are taken as 
constants. Based on the mixture theory, a one-dimensional 
equation of thermal dissociation of the hydrate is obtained: 
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Here, the thermodynamic parameters in each zone are as 
follows: 
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in which , , , ,f h r wg fg  indicate THF, water, THF hydrate, 

sediment skeleton, water vapor and THF gas respectively, ρ, 
C and K indicate mean density, specific heat and coefficient 
of heat conduction respectively, and ε is the volume fraction. 

Based on the phase transformation assumption, two con-
clusions are obtained: (1) phase transformation occurs once 
both the temperature and the provided energy satisfy the 
required conditions, and so the following equations are sat-
isfied: ( ( )),h hH x s tε = − ( ( )),f fH x s tε = −  (w H xε = −  

( ));ws t  (2) temperature is continuous and equal to that at the 

phase equilibrium point at the phase transformation front, i.e. 
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( ) .i DiT s T=  

Substitute assumption (1) into eq. (1) and integrate two 
sides of the phase transformation front, so we get: 
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Eq. (2) shows the joined condition of temperature gradient at 
the phase transformation front and indicates the conservation 
of energy. The index i represents f, w, h, respectively. 

Then the model is as follows: 
Governing equation: 
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Boundary condition:  

 0,  Hx T T= =  and 0,  .x l T T= =  (4) 

Initial condition: 

 00,  .t T T= =  (5) 

Joined condition at phase transformation fronts: 

 ( ( ))i DiT s t T=   

and 
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3  Numerical simulation 

Numerical simulation is utilized here to analyze the devel-
opment of temperature and temperature gradient based on the 
Crank-Nicolson difference method. The parameters are 
shown in the appendix. The density of gas at the maximum 
pressure 0.1 MPa in experiments is adopted. The specific 
heat of gas is determined by C=3R/M. The heat conduction 
coefficient is assumed to be the same as that of water vapor 
though it is changeable with temperature. Analysis shows 

that the approximate selection of gas thermodynamic pa-
rameters is insensitive to calculated results. 

Figure 2(a) shows the evolution of temperature distribu-
tion when the thermal source is 200°C. It is shown that the 
temperature difference near the thermal source decreases 
with time, which means there is a decrease of the rate of input 
energy. The temperature distribution becomes stable until the 
input and output energies are equal. Figure 2(b) shows the 
evolution of temperature gradients. Apparent discontinuities 
appear at the phase transformation fronts. The results verify 
that the temperature is continuous and the temperature gra-
dient is discontinuous at phase transformation fronts.  

4  Self-similarity solution 

The controlling parameters of thermal conduction are as 
follows: temperature of thermal source Th, initial temperature 
of sediment Ti, specific heat C, thermal conduction coeffi-
cient K and density ρ. Temperature evolution can be written 

in the dimensionless form: 
2
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Obviously, the ordinary differential equation eq. (7) is 
easier to solve than the partial differential equation eq. (3), 
and its general self-similar solution is: 
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C

K
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Figure 2  Distribution of temperature and temperature gradient under constant boundary temperature. (a) Evolution of temperature; (b) evolution of tem-
perature gradient. 



 ZHANG XuHui, et al.   Sci China Phys Mech Astron   August (2010)  Vol. 53  No. 8 1533 

Self-similar solutions in each zone can be written as 

erf ,
2
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 in which i indicates the zone 

number 1, 2, 3, and 4. Ai, and Bi can be solved according to 
respective boundary conditions. 

In zone 1: A1 and B1 are obtained according to 
0 hx
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In zone 3: According to ( )3
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and B3 are obtained as: 
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In zone 4: A4 and B4 are obtained according to 0x l
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=
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Substitute eqs. (9)–(12) into the joined conditions of tem-
perature gradient, so we obtain: 
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Thus λ1, λ2 and λ3 can be determined and the whole solution 
of the problem is obtained. 

5  Model experiments 

The model box has a size of: length × width × height =50 cm 
×10 cm×30 cm. A temperature controller and an immersion 
heater are touched closely to form a thermal source which 
can provide a stable temperature in the range of −30–300°C. 
A stopwatch is adopted to record the time. The development 
of a dissociation front can be regarded as one dimensional 
once the front arrives at the sidewall. Before that, it can be 
thought of as axially-symmetric. The experimental proce-
dures are as follows: (1) put fine sand with a dry density of 
1.6 g/cm3 into the box as the skeleton of sediments and insert 
a temperature controller and an immersion heater vertically 
in the middle of the box; (2) saturate the sediment with a 19% 
(mass fraction) THF solution; (3) put the box into a refrig-
erator at −8°C for about 3 d. After the formation of hydrate 
sediment, the temperature is increased to dissociate the hy-
drate, and the phase transition front of the THF hydrate with 
time is recorded. The experiment is stopped when the disso-
ciation fronts do not expand anymore [20]. The layout of the 
experiment is shown in Figure 3. 

A hydrate dissociation front is apparently observed in the 
experiments. Comparison of the experimental, theoretical 
and numerical results, with the same parameters, on the 
evolution of the hydrate dissociation front is shown in Figure 
4. It is shown that the results are in good agreement. 
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Figure 3  Layout of the experiment. 

6  Conclusions 

Evolution of the hydrate dissociation zone in GHS is im-              

portant for the evaluation of hazards induced by hydrate 
dissociation. A new model is proposed to describe the ther-
mal conduction considering the phase transformations. Self- 
similar solutions are obtained. Numerical simulation shows 
that the temperature is continuous and the temperature gra-
dient is discontinuous at the phase transformation front. 
Model experiments using THF hydrate sediment are carried 
out. Results from experiments, theoretical analysis and nu-
merical simulation are in good agreement. However, the 
developments of gas pressure and gas seepage in sediment 
were ignored in the present model. Only a hydrate dissocia-
tion front is measured experimentally. The model will be 
improved in future studies. The seepage of released gas and 
water and the redistribution of pore pressure and stress in 
sediment also require serious study in the future. 

 

Figure 4  comparison of experimental, simulated and theoretical results. (a) Thermal temperature 150°C; (b) thermal temperature 200°C; (c) thermal tem-
perature 300°C. 

Appendix 

Table for basic parametersa) 

Label Parameters Value Label Parameters Value 

1 Initial temperature T0=265.15 K 18 Specific heat of water Cw=4211 J kg−1 K−1 
2 Density of sand ρr=2500 kg m−3 19 Specific heat of THF gas Cfg=346 J kg−1 K−1 
3 Volume fraction of sediment skeleton εr=0.6 20 Specific heat of sand skeleton Cr=840 J kg−1 K−1 
4 Volume fraction of hydrate εh=0.4 21 Specific heat of THF Cf=4211 J kg−1 K−1 

5 Length of experimental zone l=0.25 m 22 
Thermal conduction coefficient of water 
vapor Kwg=0.03 W m−1 K−1 

6 Density of THF hydrate Ph=997 kg m−3 23 
Thermal conduction coefficient of THF 
gas Kfg=0.03 W m−1 K−1 

7 Thermal conduction coefficient of THF hydrate Kh=0.46 W m−1 K−1
 24 Thermal conduction coefficient of water Kw=0.56 W m−1 K−1 

8 Enthalpy of THF hydrate dissociation ΔHh−f =2.7×105 J kg−1 25 
Thermal conduction coefficient of sand  
skeleton Kr=3 W m−1 K−1 

9 Phase equilibrium temperature of THF hydrate ThD=277.15 K 26 Thermal conduction coefficient of THF Kf=0.12 W m−1 K−1 
10 Specific heat of THF hydrate Ch=2123 J kg−1 K−1 27 Points of difference grid N=100 

11 Enthalpy of THF gasification ΔHf→fg=4.1×105 J kg−1 28 Thermal diffusion coefficient K/ρC=10−7 m s−1 

12 Density of THF ρf =890 kg m−3 29 Gas cohesion coefficient μg=10−5 Pa s 
13 Gasification temperature of THF Tf =339.15 K 30 Permeability of sediments kg=10−15 Pa s 
14 Vaporization of water TwD=373.15 K 31 Elastic module of sediments E=5×108 Pa 

15 Density of water ρw =1000 kg m−3 32 Equilibrium pressure Pe=1×107 Pa 

16 Enthalpy of water vaporization ΔHw−wg=2.2×106 J kg−1 33 Time step Δt=10−4 (dimensionless) 
17 Specific heat of water vapor Cwg=1385 J kg−1 K−1 34 Space step Δh=10−2(dimensionless) 

  a) Label 1–5 are designed by experiment; 6–10 refer to refs. [13,21]; 11–13 are obtained from http://cameochemicals.noaa.gov/chris/THF.pdf; 17–32 refer to 
refs. [21,22]. 
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