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A numerical approach of sensitivity analysis of dimensionless parameters in gas hydrate reservoir phys-
ical simulation is proposed by analyzing the sensitivity factor defined as the relative variation ration of a
target function with respect to the relative variation of dimensionless parameter. With this approach, the
dominance degree of all the dimensionless parameters can be quantitatively evaluated and the dominant
ones can be singled out conveniently. Taking a 1-D experiment of gas production from hydrate reservoir
by depressurization as an example, we find that the order of sensitivity factors ranges from 10�5 to 100.
The most dominant dimensionless parameter is the dimensionless initial temperature of hydrate reser-
voir and the dimensionless phase equilibrium pressure of gas hydrate, which just reflects that the con-
sumed energy for hydrate dissociation comes from the energy contained in formation and the driving
force for hydrate dissociation is very important in hydrate dissociation by depressurization.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Gas hydrate is regarded as a kind of future energy due to its tre-
mendous reserve [1] and widespread deposition [2]. With the con-
tinuous researching development on gas hydrate, the commercial
production of gas hydrate is probably becoming a reality. Some
theoretical and experimental works were carried out on how to ex-
ploit nature gas from hydrate reservoir by the safe, commercial and
efficient methods. A lot of laboratory experiments have been car-
ried out to study gas hydrate dissociation [3–8]. However few lit-
eratures have reported experiment based on the principle of
similarity. The reasons may be that the hydrate dissociation pro-
cess involves some complex mechanism which now cannot be
clearly explained. Therefore, most experiments intended to reveal
those kinds of unknown mechanisms. On the other hand, few insti-
tutes can obtain the nature samples of gas hydrate. Moreover, the
measurement values for the same parameter may be with the dif-
ference of several orders which implies the lack of common view.
Physical simulation obeying the principle of similarity is an impor-
tant approach to reveal mechanism of gas hydrate dissociation
which is helpful for filed design and optimization of development
programs. Compared with field tests, physical simulation seems to
be cheaper, time-saving and easier to implement.
ll rights reserved.
There are so many dimensionless parameters in physical simu-
lation of hydrate reservoir exploitation because gas hydrate disso-
ciation associates with such complicated factors as multiphase
fluid flow in porous media, kinetic and endothermic process of hy-
drate dissociation, heat convection and conduction. According to
the similarity of principle [9], each field prototype should theoret-
ically exist a fully similar model which satisfies all the dimension-
less parameters. However, it is very difficult or sometimes even
impossible to keep all the dimensionless parameters identical in
the laboratory experiment. To tackle this kind of problems, an effi-
cient and practical way out is to single out the dominant parame-
ters and to relax the secondary ones in laboratory experiments.
Theoretical and experimental arranging all the dimensionless
parameters in the orders of importance is not easy or even impos-
sible to realize. In our work, a set of scaling criteria of gas produc-
tion from hydrate reservoir by depressurization is firstly derived
from the mathematical models. Then a numerical approach of sen-
sitivity analysis of dimensionless parameters is proposed based on
the scaling criteria of gas hydrates exploitation. With this ap-
proach, the dominance degree of the dimensionless parameters
can be quantitatively evaluated and the dominant ones can be sin-
gled out conveniently.

2. Sensitivity analysis of dimensionless parameters

It is not realistic for us to estimate the role of each dimension-
less parameter on experimental results by physical simulation,

http://dx.doi.org/10.1016/j.enconman.2012.11.014
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because too many dimensionless parameters are involved in gas
hydrates exploitation experiment. Therefore, we propose a numer-
ical approach to evaluate the effect of each dimensionless param-
eter on a target function. The sensitivity factor of a given
dimensionless parameter pi is firstly defined as follows

Si ¼
@ðf=fpÞ
@ðpi=pipÞ

ð1Þ

It denotes the relative variation ratio of a target function with re-
spect to that of the dimensionless parameter pi. Here pip is the the-
oretical value of the given dimensionless parameter; f is the target
function of the physical model of gas hydrate reservoir which is de-
fined as the function of all the dimensionless parameters and the
dimensionless time TD. The detail expression can be written as
follows

f ¼
Z T

0
Rðp1;p2; . . . ;pi; . . . ;pn; TDÞdTD ð2Þ

in which R(p1,p2, . . . ,pi, . . . ,pn,TD) is the dissociation ratio of gas hy-
drate defined as the ratio of dissociated gas hydrate to all hydrate
bearing in formation. So the f means the surrounding area of the
axis of the dimensionless time and the dissociation ratio of gas hy-
drate as the dashed line shown in Fig. 1.

fp is the target function of the hydrate reservoir prototype and
can be defined as

fp ¼
Z T

0
Rðp1;p2; . . . ;pip; . . . ;pn; TDÞdTD ð3Þ

in which subscript p denotes the gas hydrate reservoir prototype. So
the fp denotes the surrounding area of the axis of the dimensionless
time and the dissociation ratio of gas hydrate as the solid line
shown in Fig. 1. In numerical scheme, the sensitivity factor can be
written as in the following form

Si ¼
Dfi=fp

jwij
ð4Þ

in which

wi ¼
pi � pip

pip
ð5Þ

representing for the relative distortion of the ith dimensionless
parameter.

Dfi ¼
R T

0 jRiðp1; p2; . . . ; pi; . . . ; pn; TDÞ � Rpðp1; p2; . . . ; pn; TDÞjdt
means the difference of dissociation ratio of gas hydrate between
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Fig. 1. The comparison of dissociation ratio of gas hydrate dissociation of a
prototype with a partially similar model, in which the ith dimensionless parameter
is given a small deviation from the prototype.
partially similar physical model that the ith dimensionless param-
eter is relaxed and prototype.

3. Mathematical model

Let us consider one-dimensional hydrate-bearing porous med-
ium of length L. The production well is located at x = 0, where
the bottom pressure is fixed below the phase equilibrium pressure
of gas hydrate. To reasonable simplify the physical problem some
assumptions are introduced as follows: (1) gas hydrate in our as-
sumed reservoir is methane hydrate; (2) water phase contains only
water, gas phase contains only methane; (3) Darcy’s law is valid for
water and gas phases; and (4) the diffusion and the dispersion are
neglected in mass transportation. With these concerned, the trans-
port equations governing hydrate dissociation and the flow of gas
and water in the porous media are

@

@x
qgkg

lg

@pg

@x

 !
þ _mg ¼

@ð/qgsgÞ
@t

ð6Þ

@

@x
qwkw

lw

@pw

@x

� �
þ _mw ¼

@ð/qwswÞ
@t

ð7Þ

� _mh ¼
@ð/qhshÞ

@t
ð8Þ

The energy conservative equation is written as

@

@t
ðCtTÞ ¼

@

@x
qwCw

kw

lw

@pw

@x
þ qgCpg

kg

lg

@pg

@x

 !
T

" #

þ @

@x
Kt
@T
@x

� �
� _mhDH ð9Þ

in which

Ct ¼ /ðqwswCw þ qgsgCVg þ qhshChÞ þ qrCrð1� /Þ
Kt ¼ /swKw þ /sgKg þ /shKh þ ð1� /ÞKr

The relationship of saturations satisfy

sw þ sg þ sh ¼ 1 ð10Þ

The water and gas pressures are related by the following
expression

pc ¼ pw � pg ð11Þ

The water and formation state equations are as follows when
considering the slight compressibility.

qw ¼ qw0ð1þ cwðpw � pw0ÞÞ ð12Þ

/ ¼ /0 1þ c/

pw þ pg

2
�

pw0 þ pg0

2

� �� �
ð13Þ

With the boundary conditions

x ¼ 0; p ¼ pgp; T ¼ Tgp

x ¼ L;
@pg

@x
¼ 0;

@T
@x
¼ 0 ð14Þ

and the initial conditions

pðx;0Þ ¼ pi; shðx;0Þ ¼ shi; swiðx;0Þ ¼ swi; Tðx;0Þ ¼ Ti ð15Þ

the governing equations are closed.
Here qg, qw and qh are gas, water and hydrate densities, respec-

tively; / the porosity; sg, sw and sh the saturations of gas, water and
hydrate phases, respectively; pw and pg the water and gas pres-
sures, respectively; kg and kw the gas and water phase permeabil-
ities, respectively; _mh, _mg and _mw the mass rates of gas hydrate
dissociation, gas and water production per unit formation volume,
respectively; Cw, Ch, Cr, CVg and Cpg the specific heats of water, hy-
drate, rock, the constant volume and pressure specific heats,
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respectively; Kw, Kg, Kr and Kh the coefficients of thermal conductiv-
ity of water, gas, rock and hydrate, respectively; cw and c/ coeffi-
cients of compressibility of water and porous media,
respectively; pw0 andpg0 the reference water and gas phase pres-
sures, respectively; /0 the porosity corresponding to pw0 and pg0;
pgp and Tp the pressure and temperature at the bottom of the pro-
duction well, respectively; pi, shi, swi and Ti the initial pressure, hy-
drate saturation, water saturation and temperature of the hydrate
reservoir, respectively; DH is the enthalpy variation of hydrate
dissociation.

3.1. Gas hydrate dissociation kinetic model

The Kim–Bishnoi model is adopted to evaluate the local mass
rate of gas generated by hydrate dissociation as follows [10]

_mg ¼ kdAsðfeq � fgÞ ð16Þ

Here, kd is the dissociation kinetics constant; fg the local gas fugac-
ity; feq the gas equilibrium fugacity; As is the specific surface area of
porous media bearing gas hydrate and its variation relationship
expression with time satisfies with Koznery–Carman model [11]

As ¼ /3
e=2k

� �0:5 ð17Þ

in which /e is effective porosity and is defined as

/e ¼ /ð1� shÞ ð18Þ
3.2. The phase equilibrium model of gas hydrate

The phase equilibrium pressure peq is evaluated by [12]

log10peq ¼ aðT � T0Þ þ bðT � T0Þ2 þ c ð19Þ

where peq is in Pa and T in Kelvin. T0 is 273.15 K. a, b, c are empirical
constants depending on the hydrate composition. Using a least
square fit [13], yields

a ¼ 0:0342K�1; b ¼ 0:0005K�2; c ¼ 6:4804
3.3. Endothermic model of gas hydrate dissociation

The process of hydrate dissociation is an endothermic phase
change process. The latent heat for gas hydrate dissociation per
kilogram of hydrate in J/kg is given by [14]

DH ¼ AT þ B ð20Þ

where A, B are constants given by

A ¼ �1050 J=ðkg KÞ; B ¼ 3;527; 000 J=kg
3.4. The state equation of gas

The state equation of gas is

pgV ¼ m
M

ZRT ð21Þ

where Z is the gas deviation factor, M the mass of the gas, V the gas
volume, R the universal gas constant. Basing on Eq. (21), we obtain
the gas compressibility cg as follows

cg ¼
1
qg

dqg

dpg
¼ 1

pg
� 1

Z
dZ
dpg

 !
ð22Þ

For methane gas, in our concerning range of temperature and pres-
sure, the compressibility is nearly proportional to the pressure [15],
thus
dZ
dpg
¼ �7:5� 10�9 ð23Þ
3.5. Particular definition of some parameters of gas hydrate reservoir

The pore space varies with hydrate saturation which leads to
the variation of permeability of formation. Presently, no well
known absolute permeability model is presented [16], the empiri-
cal relationship expression used by Yousif [17] is adopted based on
the experimental results of Berea sandstone.

k ¼ 5:51721ð/eÞ
0:86 /e < 0:11

4:84653� 108ð/eÞ
9:13 /e P 0:11

(
ð24Þ

In which the effective porosity is defined as /e(t) = /[1 � sh (t)],
which implies the variation of the porosity space with time.

Note that, sw and sg solved from the governing equations are
based on the total pore volume occupied by fluid phases and hy-
drate. However, when dealing with the capillary force and the rel-
ative permeability of water and gas phases, we revise water and
gas saturations by defining them as effective water and gas satura-
tions according to the following expressions

s�w ¼ sw=ð1� shÞ ð25Þ
s�g ¼ sg=ð1� shÞ ð26Þ

So, s�w and s�g denote the water and gas saturations based on
effective pore volume, respectively.

4. The scaling criteria of gas hydrate exploitation

4.1. The scaling criteria and their physical meaning

To derive the scaling criteria, the dimensionless independent
variables are first defined as follows

xD ¼
x
L
; tD ¼

t
Tc
¼

_mh maxt
shi/0qh

¼
pgptkd

shi/0qh

ffiffiffiffiffiffiffiffiffiffiffiffi
/3

0

2kmax

s

in which L is the characteristic length of hydrate reservoir.
The dimensionless dependent variables are defined as follows

pgD ¼
pg

Pgp
; pwD ¼

pw

Pgp
; �sg ¼

sg � srg

1� scw � srg
¼ sg � srg

Ds

�sw ¼
sw � scw

Ds
; �sh ¼

sh

Ds
; TD ¼

T
Tp

So the scaling criteria for 1-D hydrate exploitation by depressuriza-
tion can be derived from the governing equations by inspection
analysis.

p1 ¼
krg

kcwg
; p2 ¼

krw

krgw
; p3 ¼

k
kmax

; p4 ¼
qh

qg0
; p5 ¼

qr

qg0
;

p6 ¼
qw0

qh
; p7 ¼

Kg

Kw
; p8 ¼

Kh

Kw
; p9 ¼

Kr

Kw
; p10 ¼

Cvg

Cw
;

p11 ¼
Ch

Cw
; p12 ¼

Cr

Cw
; p13 ¼

DH
CwTp

; p14 ¼
peq

pgp
; p15 ¼

pgi

Pgp
;

p16 ¼
pw0

pgp
; p17 ¼

Ti

Tp
; p18 ¼

sgi � srg

Ds
; p19 ¼ pgpcw;

p20 ¼ pgpc/; p21 ¼ shi; p22 ¼ srg ; p23 ¼ scw; p24 ¼ /0;

p25 ¼
krgw=lw

kcwg=lg
; p26 ¼

qg0kmaxkcwg

L2lgkd

ffiffiffiffiffiffiffiffiffiffiffiffi
2kmax

/3
0

s
;

p27 ¼
Kh

L2pgpkdCh

ffiffiffiffiffiffiffiffiffiffiffiffi
2kmax

/3
0

s
; p28 ¼

r cos h
pgp

ffiffiffiffiffiffiffiffiffiffi
/0

kmax

s
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From the physical point of view, p1 denotes the normalizing rel-
ative permeability of gas phase, namely, the ratio of the relative gas
permeability under certain gas saturation to the relative gas per-
meability kcwg under irreducible water saturation; p2 the normaliz-
ing relative permeability of water phase, namely, the ratio of the
relative water permeability under certain water saturation to the
relative water permeability krgw under residual gas saturation; p3

the dimensionless absolute permeability, in which kmax is the abso-
lute permeability after hydrate fully dissociating; p4 and p5 the
density ratios of gas hydrate and rock to natural gas under stan-
dard condition; p6 the density ratio of water to gas hydrate;
p7,p8 and p9 the ratios of coefficients of thermal conduction of
gas, hydrate and rock to water, respectively; p10, p11 and p12 the
ratios of specific heat of gas, hydrate and rock to water, respec-
tively; p13 the dimensionless latent heat of hydrate dissociation;
p14, p15 and p16 the ratios of phase equilibrium pressure of gas hy-
drate, initial gas pressure and reference pressure of water to the
production pressure, respectively;p17 the dimensionless initial
temperature; p18 the dimensionless initial gas saturation; p19and
p20 the volume variation ration of water and rock under the condi-
tion of bottom pressure of production well, respectively; p21 the
initial gas hydrate saturation; p22 and p23 the residual gas satura-
tion and irreducible water saturation, respectively; p24 the poros-
ity after hydrate fully dissociating, namely the maximum
porosity of formation; p25 the ratio of the water mobility under
residual gas saturation to the gas mobility under irreducible water
saturation; p26 the ratio of gas mass rate flowing through per unit
area to gas mass rate produced by gas hydrate dissociation per unit
area; p27 the ratio of hydrate energy transferring by heat conduc-
tion to the energy contained in dissociated hydrate per unit time;
p28 the ratio of capillary pressure in average pore radius to the bot-
tom pressure of the production well.

4.2. The dimensionless governing equations

The dimensionless governing equations containing aforemen-
tioned 28 dimensionless parameters can be written as follows.

The dimensionless mass balance equation of gas phase is given
as

p26
@

@xD
qgDp3p1

@pgD

@xD

� �
þ _mgD

¼ 1� p22 � p23

p21

@

@tD

/DqgD�sg

p4

� �
þ p22

p21

@

@tD

/DqgD

p4

� �
ð27Þ

The dimensionless mass balance equation of water phase is gi-
ven as

1� p22 � p23

p21

@

@tD
ð/Dp6qwD�swÞ þ

p23

p21

@

@tD
ð/Dp6qwDÞ

¼ p26p25p4p6
@

@xD
ðqwDp3p2

@pwD

@xD
Þ þ 6:75 _mgD ð28Þ

The dimensionless mass balance equation of hydrate phase is
given as

�7:75 _mgD ¼
1� p22 � p23

p21

@

@tD
ð/D�shÞ ð29Þ

The dimensionless energy conservative equation is given as

@

@tD
ðCtDTDÞ ¼ p26

@

@xD
ðqgDp3p1p10

@pgD

@xD
TDÞ þ p25p26p4p6

� @

@xD
qwDp3p2

@pwD

@xD
TD

� �
þ @

@xD
ðKtD

@TD

@xD
Þ

� 7:75 _mgDDHD ð30Þ
in which

_mgD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� ð1� p22 � p23Þ�shÞ3/3

D

kD

s
ðp14 � pgDÞ; qgD ¼

Z0T0pgp

p0ZTp

pgD

TD

CtD ¼
1� p22 � p23

p21
/D

p6p4qwD�sw þ qgDp10�sg þ p4p11�sh

p4

þ p23

p21
/Dp6qwD þ

p22

p21

/DqgDp10

p4
þ 1

p21p24

p5p12

p4
� 1

p21

� p5p12/D

p4

ktD ¼
p27p11p24

p8
ð1� p23 � p23Þ/Dð�sw þ �sgp7 þ p8�shÞ

þ p27p11p24p23

p8
/D þ

p27p11p24p22

p8
/Dp7 þ

p27p11

p8
p9

� p27p11p24

p8
/Dp9

Here, Z0 is the gas deviation factor, p0 is the standard atmospheric
pressure.

The dimensionless saturation relationship satisfies

�sg þ �sw ¼ 1 ð31Þ

The dimensionless state equations of water and formation are

qwD ¼ 1þ p19ðpwD � pw0DÞ ð32Þ
/D ¼ 1þ p20ðpwD � pw0DÞ ð33Þ

The dimensionless capillary pressure can be rewritten as

pcD ¼ pgD � pwD ¼ p28

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/D=p3

p
Jð�swÞ ð34Þ

The dimensionless boundary condition satisfies

xD ¼ 0; pgD ¼ 1; TD ¼ 1 ð35Þ

xD ¼ 1;
@pgD

@xD
¼ 0;

@TD

@xD
¼ 0

The dimensionless initial conditions are as follows

pgDðxD; 0Þ ¼ pgiD; �shðxD;0Þ ¼ shi; �sgðxD;0Þ ¼ �sgi; TDðxD;0Þ ¼ TiD ð36Þ
4.3. The solution of dimensionless governing equations

The governing equations are discretized using finite difference
scheme with the convection term discretized using upwind
scheme. hydrate saturation is firstly solved by explicit method.
After the pressure is solved by implicit method the water satura-
tion can be solved. Finally, the temperature is obtained by implicit
method. The detail procedure is as follows.

The explicit discretized scheme of hydrate saturation is written
as

�snþ1
hi ¼ �sn

h �
p217:75

1� p22 � p23

_mgD
DtD

ð/DÞ
n
i

ð37Þ

where

_mgD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� ð1� p22 � p23Þ�shÞ3/3

D

kD

s
ðp14 � pgDÞ

The implicit discretized scheme of gas pressure is derived as

apgDi�1 þ ccpgDi þ bpgDiþ1 ¼ spn þ sm þ spc þ sph ð38Þ



Time (min)

C
um
ul
at
iv
e
ga
s
vo
lu
m
e
(m
l)

0 5 10 15 20
0

2000

4000

6000

8000

numerical result
experimental result

Fig. 2. Comparison of cumulative gas volumes of numerical and experimental
results for 1-D model.
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where

a¼ agD þAawD; b¼ bgD þAbwD; cc ¼ ccgD þAccwD; spn ¼ ccgD2pn
gDi þAccwD2pn

gDi

spc ¼ AðawDpcDi�1 þ ccwDpcDi þ bwDpcDiþ1Þ; sm ¼� _mgD �6:75A _mgD

A¼
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p4p6qwDi
; sph ¼

1�p23 �p24
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The implicit discretized scheme of energy conservative equa-
tion is derived as
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To verify the mathematical model and numerical solution, the
numerical results of 1-D hydrate dissociation systems by depres-
surization were compared with experimental results obtained by
us in Guangzhou Center for Gas Hydrate Research, Chinese Acad-
emy of Sciences. These experiment systems consist of such seven
parts as the stable liquid and gas supplying, the hydrate formation
and dissociation vessel, the environment simulation, the backpres-
sure regulator controlling, computation and data acquisition. The
detail description of experimental system and procedures can be
found in the literature[18]. The main physical variable values used
in 1-D model in numerical simulation are listed as Table 1 in which
the values were determined by experiment. Figs. 2 and 3 show the
comparisons of cumulative gas volumes and pressures of numeri-
cal and experimental results for 1-D gas hydrate dissociation sys-
tem under depressurization condition. We can see that the
Table 1
Main physical variable values determined by experiment.

Physical variable values 1-D system

Absolute permeability (d) 1.11
Porosity 0.328
Initial pressure (MPa) 3.584
Initial temperature (�C) 2.08
Backpressure (MPa) 1.94
Initial water saturation 0.193
Initial hydrate saturation 0.254
numerical results agree well with the experiment which completes
the validation of the mathematical model and numerical code
employed.
5. Results and discussion

The values of main physical variables in hydrate reservoir pro-
totype are listed in Table 2. Then the values of all dimensionless
parameters can be calculated as follows.

p4 ¼ 1260:5; p5 ¼ 3501:4; p6 ¼ 1:11; p7 ¼ 0:125;
p8 ¼ 6:07; p9 ¼ 5:36; p10 ¼ 0:524; p11 ¼ 0:427;
p12 ¼ 0:199; p15 ¼ 5:2; p16 ¼ 5:2; p17 ¼ 1; p18 ¼ 0:126;

p19 ¼ 1:25� 10�3; p20 ¼ 2� 10�3; p21 ¼ 0:62; p22 ¼ 0:035;

p23 ¼ 0:256; p24 ¼ 0:1; p25 ¼ 9:32� 10�3; p26 ¼ 1:0172� 10�4;

p27 ¼ 1:143� 10�5; p28 ¼ 0:0374

The others are dimensionless functions. Set 1% variation for
each dimensionless parameter and keep the others identical
between the partially similar model and the prototype. The



Table 2
The values of the main physical variables.

Variables Values Variables Values

pi (MPa) 13 Cr (J/K kg) 840
pgp (MPa) 2.5 Kg (W/m K) 0.07
Tgp (K) 288 Kh (W/m K) 3.4
Ti (K) 288 Kw (W/m K) 0.56
swi 0.257 Kr (W/m K) 3
shi 0.5 qw (kg/m3) 1000
kd (kg/m2 Pa s) 4.4 � 10�16 qh (kg/m3) 910
Cvg (J/K kg) 2206 qr (kg/m3) 2500
Cw (J/K kg) 4211 /0 (%) 18.8
Ch (J/K kg) 1800
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sensitivity factor of each dimensionless parameter can be calcu-
lated and shown in Fig. 4.

We can see from Fig. 4 that the order of sensitivity factor ranges
from 10�5 to 100. Apparently, the larger the sensitivity factor, the
more important of the corresponding dimensionless parameter.
The most sensitive dimensionless parameters with the sensitivity
factor order around 100 are

p17 ¼
Ti

Tp
; p14 ¼

peq

pgp

The more sensitive dimensionless parameters which sensitivity
factor order are around 10�1 are as follows

p1 ¼
krg
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;
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Actually, the most dominant dimensionless parameter is the
dimensionless initial temperature of the hydrate reservoir. The
reason can be that the energy consumed by hydrate dissociation
in depressurization mainly comes from the formation and the sur-
roundings because of no other thermal source in the hydrate reser-
voir. Therefore, the initial temperature of the hydrate reservoir is
dominant factor to control the amount of hydrate dissociation.
The dimensionless phase equilibrium pressure is also the dominant
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Fig. 4. The comparison of sensitivity factor
one because the driving force of hydrate dissociation is the differ-
ence between the phase equilibrium pressure and gas pressure.
Thus, the phase equilibrium pressure exerts more effect on hydrate
dissociation. These two dimensionless parameters just reflect the
principle of gas production from hydrate reservoir by depressuriza-
tion. Moreover, normalizing relative permeability of gas phase,
dimensionless absolute permeability of formation, the density ra-
tios of hydrate and rock to gas, the density ratio of water to hy-
drate, the specific heat ratio of rock to water, the dimensionless
latent heat of hydrate dissociation, the dimensionless initial gas
pressure and hydrate saturation, irreducible water saturation and
the ratio of gas mass rate flowing through per unit area to gas mass
rate produced by gas hydrate dissociation per unit area are relative
dominant ones. The dominance degree of these dimensionless
parameters implies that the parameters such as hydrate density,
latent heat, phase equilibrium pressure and initial hydrate satura-
tion are relative dominant for gas hydrate. For gas phase, the gas
relative permeability, initial gas pressure and the ratio of gas mass
rate flowing per unit area to gas mass rate produced by gas hydrate
dissociation per unit area are relative dominant. For water phase,
such parameters as irreducible water saturation and water density
are relative important; For rock, such parameters as absolute per-
meability, density, specific heat and porosity are important. So in
laboratory experiment, these dominant ones should be satisfied
firstly when they are contradictory with other secondary dimen-
sionless parameters.
6. Conclusions

There are too many dimensionless parameters for hydrate
exploitation experiment to keep all dimensionless parameters
identical in one experiment. Therefore, we must know which one
is dominant that should be satisfied with and which one is the sec-
ondary that can be relaxed. In our research work, we derive a set of
scaling criteria for hydrate exploitation physical simulation. A
numerical approach of sensitivity analysis of dimensionless
parameters is proposed based on the analysis of the sensitivity fac-
tor defined as the relative variation ration of a target function with
respect to the relative variation of dimensionless parameters. We
find that the order of sensitivity factors ranges from 10�5 to 100.
With this approach, the dominance degree of the dimensionless
parameters can be quantitatively evaluated and the dominant ones
π28
π27

π26π25π24
π23

π22π21
π20π19π18π17π16π154

s of all the dimensionless parameters.
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can be singled out conveniently. The most dominant dimensionless
parameter is the dimensionless initial temperature of the hydrate
reservoir and the dimensionless phase equilibrium pressure of
gas hydrate, which just reflects that the consumed energy for hy-
drate dissociation comes from the energy contained in formation
and the driving force for hydrate dissociation is very important
in hydrate dissociation by depressurization.
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