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Abstract-

 

The paper is devoted to simulation of the initial stage 
of natural gas hydrate underground storage: gas injection into 
aquifer just below permafrost rocks. It is based on the 
mathematical model of multiphase non-isothermal real gas 
and water flow in porous media. The model takes into account 
the transformation of gas and water into hydrate at certain 
temperature which depends on gas flow pressure. The 
dynamics of hydrate and water saturation as well as the 
pressure and temperature fields in a reservoir with given 
porosity, permeability

 

and initial values of pressure, 
temperature and water saturation have been studied. An 
implicit finite-difference scheme is used to approximate the 
original boundary-value problem. The finite-difference 
equations have been solved using simple iteration and 
sweeping algorithms. Several examples of calculations 
corresponding to real cases are given. Calculations have 
revealed that the final result strongly depends on the 
combination of porosity and permeability of a reservoir. 
Keywords: 

 

permafrost, underground storage, natural 
gas, hydrate formation, mathematical modeling.

 

  

owadays underground gas storages are built in 
the depleted gas reservoirs or aquifers situated 
near gas pipelines or large centers of gas 

consumption. Along with the

 

peak-shaving storages, 
they are used to meet load variations, that is, gas is 
injected into storage during periods of low demand and 
is withdrawn during periods of peak one, which is 
especially important for the Northern regions where they 
can be used as distinctive accumulators of natural gas. 

One of the alternatives to common gas 
storages would be those of hydrates compounds 
formed when natural gas is injected into porous 
reservoirs under certain thermodynamic conditions (at 
specific temperature – pressure relations controlled by 
the gas composition). Subpermafrost aquifers in the 
areas of continuous permafrost act readily as such 
reservoirs. For example, in Central Yakutia, they can 
occur directly beneath the permafrost base at depths of 
500-600

 

m [Balobaev et al., 2003], with permeability 
ranging between10-12

 

and 10-14

 

m2.

 

In [Duchkov et al., 2009] it is shown that carbon 
dioxide sequestration in the subpermafrost horizons is 
possible through CO2

 

injections into

 

reservoirs located 

advantages of this method consist in greater 
compactness and stability of the repository, given that 
gas in a solid state occupies a considerably smaller 
volume versus its being in free state at equal 
temperature and pressure, and that during gas transition 
into the hydrate state all free reservoir water becomes 
bound. The already known method of natural gas 
hydrate storage consists of hydrate formation in special 
aboveground tanks, analogous to liquefied gas 
storages.  

In the paper [Bondarev et al, 2015] 
conceptual possibility of natural gas underground 
storage in hydrate state was proved via 
mathematical modeling of gas injection into water 
saturated reservoir at shallow depths 
corresponding to the permafrost base in the central 
part of Eastern Siberia. Gas injection time was 
limited to 10 days. The model takes into account 
key physical features of the process: real gas 
properties, Joule-Thomson effect, simultaneous 
flow of water–gas mixture, and mass transfer 
between gas, water and hydrate. Here the authors 
extend time of gas injection up to 100 days, which 
corresponds to real period of lower gas 
consumption during the summer.  

II. Problem Formulation 

To assess the concept of storing natural gas 
occurring in hydrate state consider a standard 
axisymmetric problem of gas injection into a horizontal 
aquifer, with impermeable and thermally insulated top 
and bottom, through a single well. Let us assume that 
gas flows in the reservoir initially saturated with water. 
Porous matrix is considered rigid, gas is only in the 
gaseous/hydrate state, whereas water – only in the 
liquid/hydrate states, that is neither ice nor vapor are 
formed. 

 

In [Bondarev et al., 2009] it was shown that, the 
role of thermal conductivity is negligible versus forced 
convection in overall heat transfer balance and, 
therefore, the heat conductivity term in the energy 
equation is set to zero. Then, in the frame of multiphase 
flow mechanics [Bondarev et al., 1976; Basniyev et al., 
1986] and subject to the generalized Darcy's law, the 
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beneath the carbon dioxide hydrate stability zone. Major 

I. Introduction



energy equation in cylindrical coordinates takes the 
following form: 
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– is effective value of specific volume heat 

capacity of porous medium saturated with gas, hydrate 
and water. 

The equations of gas and water filtration are to 
be written down in these same coordinates:
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(3)

 

Here and elsewhere the following notations are 
used: c –specific heat capacity; f –relative permeability; 
k –absolute permeability; m –porosity; p –pressure; 

     

q –latent heat of “hydrate–gas+water” phase change; 

R –gas constant; r –space coordinate; br –well radius; 

kr –external boundary radius; T –

 

temperature; t –time;

 

z –gas compressibility function; ε –gas content per 
hydrate unit volume; µ –dynamic viscosity; ρ –density; 
σ –water saturation; ν –hydrate saturation. The lower 
indices 0,,,, wshg

 

stand for gas, hydrate, solid matrix, 
water and reference state, respectively.

 

To find a single-valued of the (1) - (3) set, initial 
and boundary conditions should be formulated. 
Constant values of pressure, temperature, hydrate 
saturation and water content have been chosen as initial 
conditions: 

0000 )0,(,)0,(,)0,(,)0,( σσνν ==== rrTrTprp  (4) 

At gas injection point (bottom hole), the 
following conditions are set: 

constant temperature 

                        bb ),( TtrT =                               (5) 

and bottom hole gas pressure  

                     )(),( bb tptrp = ,                           (6)
 

or its volume flow rate (modified to normal physical 
conditions) 
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where H
 
– reservoir thickness; nρ

 
– gas density at 

101325n =p
 
Pa and 15.273n =T

 
K.

 

Instead of impermeability condition at reservoir 
boundary used in [Bondarev et al, 2015] here the 
possibility of water flow outside storage boundary is 
stated
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where outr

 

– radial distance of hydrodynamic influence.

 

Equations of the problem are closed by:

 

1)

 

The relations for gas and water relative 
permeabilities [Charnyi, 1963] 
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2)

 

The gas–hydrate–water thermodynamic equilibrium 
condition

 

                       21 ln αα += pT ,                         (11)

 

where 21, αα

 

– empirical constants determined through 
experimental data or calculated for gas of a given 
composition, on the basis of methods described in 
[Istomin and Kvon, 2004; Sloan and Koh, 2008];

 

3)

 

Equation of state for real gas

 

                         
zRTpg /=ρ ,

 

(12)

 

where dependent on pressure and temperature gas 
compressibility function is

 

approximated by the 
Latonov–Gurevich empirical equation [Latonov and 
Gurevich, 1969]: 
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(1)

Critical parameters of natural gas are 
determined according to its composition by the Kay’s 
Rule (for non-ideal gas mixtures) [Kay, 1936]:



where ipc , iTc , iy  – are critical pressure and 
temperature and molar fraction of the i -th component 
of natural gas. 

The method of finite differences is applied to 
solve the problem (1) - (12). Here with the original 
equations, boundary and initial conditions are replaced 
by their mesh analogues [Bondarev et al, 2009], 
whereas the proposed by [Vasiliev et al., 2000; Bondarev 
and Popov, 2002] algorithm for implementation of 
simple iterations method was applied for solving the 
corresponding system of algebraic equations at each 
time step. 

III. NUMERICAL IMPLEMENTATION OF THE MODEL 

AND ITS ALGORITHM 
To solve the initial value problem (1)-(12), 

replace ( ) j
iji ptrp =, , ( ) j

iji TtrT =, , ( ) j
iji tr νν =,  and 

( ) j
iji tr σσ =,  with numerical analogues in the space-time 

mesh points we approximate equations (1)-(8) by purely 
implicit absolutely stable difference scheme: 
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where τ
 

is a constant step of time mesh 

{ }Jjjt j ,0, =⋅== τωτ ; ih
 
is a constant step of radial 

mesh ( ){ ;1,0,, bk111 −=−=+== +++ ninrrhhrr iiiihω
 }0, 0b0 == hrr ; and ( ) 21++= iii hh

 
is a step of flow 

mesh.
 In the finite-difference form, the right-hand side 

boundary condition is written with a first order 
approximation:
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To solve the set of non-linear algebraic 
equations (13) - (19) one can use the following 
implementation algorithm of simple iteration method at 
each time step. First, using (13), we exclude the 
expression ( ) τνν 1−− j

i
j

i  from (14), replacing at the 

same time each and every j
iT  with 21 ln αα +j

ip . In the 
resulting equation, the discrete analogue of time 
temperature derivative is replaced with the finite-
difference analogue of time pressure derivative. The 
follow-up algorithm involves the following operations as 
to: 
1. Give initial value of the iterations counter 0=s  and 

initial approximations of the of pressure, 
temperature, water and hydrate saturations 
distributions equal to their corresponding values on 
the lower time step: 

niTTpp j
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2. Increase an iterations counter by one unit and then 
multiply the equation (15) by ( )j

i
j

i
j

i Tzp  and sum it 
up with equation (14). The resulting equation is 
solved by the stream sweeping method for 

calculating the pressure distribution nipi
s

,0, = .  
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3. Beginning from the left-hand side ( 0=i ),for all 

0>i
s
σ  the distribution of hydrate saturation i

s
ν , is 

obtained from equation (13), while the temperature 
distribution resulted from the three-phase hydrate-

gas-water equilibrium nipT i

s
i

s
,0,ln 21 =+= αα . In 

case of 0=i
s
σ

 
the equation (13) instantly gives the 

temperature distribution i
s
T .

 4.

 
Water saturation distribution i

s
σ , is derived from 

equation (15). The calculations also start from the 
left-hand side.

 5.

 
Steps 2 - 4 are repeated until the specified accuracy 
is reached. If iteration convergence conditions are 
satisfied, then proceed to the next time step.

 
IV.
 

RESULTS

 
OF

 
COMPUTATIONAL

 
EXPERIMENT

 
The effects of porosity and permeability of the 

aquifer and gas injection rate on the dynamics of the 
fields of temperature, pressure, water and hydrate 
saturation

 
were studied in computational experiment. 

Other initial parameters were the following: 

1000=wρ  
kg/m3, 2650=sρ  

kg/m3, 920=hρ  
kg/m3,

 
4200=wc

 
J/(kg⋅K),

 
700=sc

 
J/(kg⋅K),

 
3210=hc

 
J/(kg⋅K),

 
2093=gc

 
J/(kg⋅K),

 
510000=q

 
J/kg,

 
147.0=ε , 3108.1 −⋅=wµ

 
Pa⋅s,

 5103.1 −⋅=gµ

 

Pa⋅s, 6
0 100.3 ⋅=p

 

Pa, 15.2740 =T

 

K,

 15.279w =T

 

K, 10=H

 

m, 1.0b =r

 

m, 1.300k =r

 

m,

 

   Gas constant, critical pressure and 
temperature, and empirical coefficients in equation (11) 
were calculated according to the composition of the 
injected natural gas. It corresponds to the Sredne-
Botuobinskoye field in the Republic of Sakha (Yakutia): 

90.85CH4 − , 32.7HC 62 − ,

 

24.2HC 83 − , 26.0HiC 104 − , 

68.0HnC 104 − , 17.0HiC 125 − , 24.0HnC 125 − , 08.0HC 416 − , 

05.0CO2 − , 64.2N2 − , 14.0H2 − , 28.0He −

 

(volume percents); 

6.445=R

 

J/(kg⋅K), 555.4c =p   MPa, 134.204c =T

 

K, 82.71 =α

 

K, 64.1662 =α  K. The field was chosen primarily due to 
the fact that the experimental data on the equilibrium 
conditions of hydrate formation are available for its gas, 
and they were used to calculate empirical coefficients of

 
relation (11). 

The computational experiment was carried out
 to evaluate the role of gas injection

 
flow rate (1 m3/s and

 5 m3/s) and the different combinations of porosity and 
permeability of a reservoir

 
(1 – 15.0=m , 13108 −⋅=k

 
m2;

 2 –
 

15.0=m , 14108 −⋅=k
 
m2; 3

 
–
 

4.0=m , 13108 −⋅=k
 
m2; 

4 –

 

4.0=m , 14108 −⋅=k
 

m2) in dynamics of hydrate and 
water saturation fields as well as temperature and 
pressure ones.

 

Initially the aquifer does not contain 
hydrates

 

and its

 

water saturation equals 0.9. The most 
essential results of calculations can be seen

 

at

 

Fig. 1 - 
11. Their analysis leads to the following conclusions. 

At first, consider dynamics of gas temperature 
fields because of its determinative role in hydrate 
formation. 

Fig. 1:

 

 Dynamics of temperature fields: a – mass flow rate equals 1 m3/s; b

 

–

 

mass flow rate equals 5 m3/s 

 

(figures at the surfaces correspond to combinations of porosity and permeability)

 

 

 

 

 

 

 

 

© 2017  Global Journals Inc.  (US)

1

G
lo
ba

l
Jo

ur
na

l
of

Sc
ie
nc

e
Fr

on
tie

r
R
es
ea

rc
h 

  
  
  
 V

ol
um

e
X
V
II  

 I
ss
ue

  
  
 e

rs
io
n 

I
V

II
Y
ea

r
20

17

4

  
 

(
I
)

Underground Storage of Natural Gas in Hydrate State: Primary Injection Stage

1.1000=outr m, 3000=n , 100=τ s.



 
    

     

It is seen from Figures 1 - 3 (Fig. 2 and Fig. 3 
correspond to lower permeability) that over a relatively 
short time interval (several hours) temperature goes up 
significantly: at high flow rate – about 20 degrees, and 
about 15 degrees – at low flow rate (cf. curves 1 in Fig. 
3a and Fig. 3b). After 10 days of gas injection, 
temperature front reaches 110 m and 160 m distances 
and in 70 and 35 days – reservoir boundary, for low and 
high injection rate, correspondingly (curves 2 in Fig. 2a, 
2b and curves 3 in Fig. 3a, 3b). At the end of gas 
injection for high flow rate the temperature is almost 

leveled throughout the reservoir (curve 3 in Fig. 2b). 
Figure 1 illustrates all these features and demonstrates 
an influence of permeability on velocity of temperature 
front and on temperature dynamics and distribution (cf. 
surfaces 1 and 2 which correspond to permeability 

13108 −⋅=k  m2 and 14108 −⋅=k  m2, correspondingly, with 
porosity being equal to 0.15).  

Permeability value is crucial for pressure 
dynamics and distribution in the storage (cf. surfaces 1 
and 2 in Fig. 4). 

 

Fig. 3:

 

Temperature dynamics: a – mass flow rate equals 1 m3/s; b

 

- mass flow rate equals 5 m3/s 

 

(1 –

 

r = 3.1

 

m, 2 – r = 30.1

 

m, 3 – r = 300.1

 

m)
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Fig. 2: Temperature distribution in reservoir: a – mass flow rate equals 1 m3/s; b – mass flow rate equals 5 m3/s 
(1 – t = 1.25 days, 2 – t = 10 days, 3 – t = 100 days)



 
 
 
 
 

Fig. 4:  Dynamics of gas pressure: a – mass flow rate equals 1 m

3

/s; b

 

– mass flow rate equals 5 m

3

/s 

 

(figures at the surfaces correspond to combinations of porosity and permeability)

 

Near gas well it is growing with the same speed

 

as temperature but at low flow rate it almost reaches its 
limit of 6

 

MPa (curve 3 in Fig. 6), while for high flow rate 
it is growing progressively (curves 1 and 2 in Fig. 6). 

Pressure growth at high flow rate is twice as much as at 
low one (cf. Fig. 4a

 

and Fig. 4b

 

as well as Fig. 5a

 

and 
Fig. 5b). For some geological conditions, such high 
pressure may lead rock fractures.

 

 Pressure distribution in reservoir: a – mass flow rate equals 1 m3/s; b

 

–

 

mass flow rate equals 5 m3/s 

 

(1 –

 

t =

 

1.25

 

days, 2 – t = 10

 

days, 3 – t = 100

 

days) 
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Fig. 5: 



 

 Pressure dynamics: 1 and 2 – mass flow rate equals 5 m3/s; 3 and 4 – mass flow rate equals 1 m3/s 

 

(solid lines – r = 0.1 m, dashed lines – r = 300.1 m) 

Now consider the influence of dynamics of 
pressure and temperature fields on water displacement 
and hydrate formation in the storage. Here we limit the 
analyses to the case of low permeability because it 

corresponds to higher temperature and pressure values 
as can be seen from Fig. 1 and Fig. 4, which may lead 
to a priory

 

unpredictable dynamics of hydrate formation.

 

 

 Water saturation distribution in reservoir: a – mass flow rate equals 1 m3/s; b

 

–

 

mass flow rate equals 5 m3/s
 (1 –

 

t

 

=

 

1.25

 

days, 2 – t = 10

 

days, 3 – t = 100 days) 
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Fig. 6: 

Fig. 7:



 

Fig. 8: Water saturation dynamics: a – mass flow rate equals 1 m3/s; b – mass flow rate equals 5 m3/s  
(1 – r = 12.4 m, 2 – r = 150.1 m, 3 – r = 300.1 m) 

Comparison of curves 1 and 2 in Fig. 2 and in 
Fig. 7 shows that velocity of water saturation front is 
significantly lower than that of the temperature front. At 
Fig. 7 and Fig. 8 it is clearly seen that water saturation 
distribution is in qualitative agreement with the solution 
of Buckley-Leverett problem [Charnyi, 1963]. The effect 
of hydrate formation, i.e. transition of water into the 
immobile phase, is manifested in non-monotonic water 
distribution behind the front and in the fact that water 

saturation before the front is always lower than 1 (curves 
2 in Fig. 8). Naturally, velocity of front propagation is 
strongly dependent on rate of gas injection. However, in 
accordance with the theory of two-phase flow in porous 
media [Charnyi, 1963] gas injection cannot displaces all 
reservoir water (see curve 3 in Fig. 7b). 

Calculations of hydrate formation show the 
complicated influence of such competitive factors as 
reservoir conditions and technology of gas injection. 

 

Fig. 9: Dynamics of hydrate saturation: a – mass flow rate equals 1 m3/s; b

 

–

 

mass flow rate equals 5 m3/s 

 

(figures at the surfaces correspond to combinations of porosity and permeability)
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  Hydrate saturation distribution in reservoir: a – mass flow rate equals 1 m3/s; b – mass flow rate equals 
5 m3/s (1 – t = 1.25 days, 2 – t = 10 days, 3 – t = 100 days) 

 

Fig. 11: Hydrate saturation dynamics:  a – mass flow rate equals 1 m3/s; b
 
-
 
mass flow rate equals 5 m3/s  

(1 –
 
r
 
= 12.4

 
m, 2 – r = 150.1

 
m, 3 – r = 300.1

 
m)

 

First of all, it is seen that higher rate of injection 
is more favorable for hydrate formation in a reservoir 
with lower permeability (cf. surfaces 2 in Fig 9a

 
and in 

Fig. 9b). It is clear from the fact that high pressure is 
favorable for hydrate formation. The statement is also 
supported by comparison of curves 3 in Fig. 10a

 
and 

Fig. 10b. Promising is the growth of hydrate saturation at 
the reservoir boundary with time (curve 3 in Fig. 11b). 

V.
 

CONCLUSION
 

The results of computational experiment show 
that underground gas hydrate storage development in 
the subpermafrost aquifers requires a careful analysis of 
the reservoir geological characteristics and well test 
data. Specifically, reservoirs with porosity less than 0.2 

should be preferred because it ensures a uniform filling 
of the storage by hydrate. Permeability higher than 10-

14 m2
 

is advantageous to prevent development of 
excessive pressure at high rate of gas injection, which 
may result in loss of sealing properties of the reservoir 
top and bottom. 

Additional research is needed to estimate 
thermal interaction of gas storages with the surrounding 
rocks and hydrate formation after an injection period.
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The results of numerical experiment and 
proposed mathematical model can be used in the 
development of scientific bases substantiation of and a 
basis for technologies of underground hydrate storage 
of natural gas, as well as toxic gases.

Fig.11: 

Fig.10: 
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