Geomech. Geophys. Geo-energ. Geo-resour.
https://doi.org/10.1007/s40948-023-00700-6

(2024) 10:8

ORIGINAL ARTICLE

®

Check for
updates

A novel evaluation method of natural gas hydrate saturation
in reservoirs based on the equivalent medium theory

Qiangui Zhang - Quanshan Li - Xiangyu Fan -
Yufei Chen - Zhaoxiang Wang - Bowei Yao -
Na Wei - Jun Zhao

Received: 19 February 2022 / Accepted: 26 November 2023
© The Author(s) 2023

Abstract Natural gas hydrate saturation (NGHS) in
reservoirs is one of the critical parameters for eval-
vating natural gas hydrate resource reserves. Cur-
rent widely-accepted evaluation methods developed
for evaluating conventional natural gas saturation in
reservoirs, to some extents, are not sufficient enough
to obtain accurate predicted results. In light of the
equivalent medium theory, the natural gas hydrate is
regarded as the fluid (Mode A) when NGHS is rela-
tively low, while it is regarded as the rock matrix
(Mode B) when NGHS is high. Two mathematical
model are then developed for evaluating NGHS at
Mode A and B. Experimental verification shows that
R? of the predicted results based upon the proposed
model is 0.968, and the average absolute relative
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error percentage is 8.90%. The error of the predicted
results gradually decreases with increasing NGHS,
whereas increases with increasing confining pressure.
In addition, the proposed model has been applied to
the 142.9-147.7 m well section of Well DK-1 in the
permafrost region, Qilian Mountains. The results
show that the error of the predicted results is less
than 13.92%, with its average error being 10.51%.
The predicted value gradually increases with its error
decreasing as the depth continues to increase, which
is consistent with the change behavior of measured
data. NGHS evaluation method proposed in this paper
fully considers the occurrence form of natural gas
hydrate in reservoirs. The model parameters are easy
to determine and the predicted results are reliable.

Highlights

1. A new evaluation method of natural gas hydrate
saturation is developed

2. The prediction error shows that R?=0.968 and
AAREP=8.90% compared with test data

3. The predicted results of field application match
the measured values well

Keywords Natural gas hydrate - Reservoir
saturation - Equivalent medium theory - Evaluation
method - Logging data

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40948-023-00700-6&domain=pdf

8 Page 2 of 19

Geomech. Geophys. Geo-energ. Geo-resour.

(2024) 10:8

List of symbols

Sg Natural gas saturation (%)

Sh Natural gas hydrate saturation (NGHS) in
the reservoir (%)

K, Bulk modulus of natural gas hydrate (GPa)

K, Bulk modulus of water (GPa)

K; Bulk modulus of pore fluid in the reservoir
(GPa)

K, Bulk modulus of the equivalent medium of
Mode A (GPa)

Ky Bulk modulus of dry rock (GPa)

¢ Porosity of the rock matrix in the reservoir
without natural gas hydrate (%)

Ko Bulk modulus of the solid phase of rock in
the reservoir (GPa)

P Volume density of the reservoir (g/cm?)

At Shear wave (S-wave) time difference of the
reservoir (ps/m)

At, Longitudinal wave (P-wave) time differ-
ence of the reservoir (pis/m)

a, Correction coefficient, a, = 1.0x 10° GPa/
(g/cm’)

¢, Critical porosity of the reservoir (%)

P Effective stress applied on rock in the
reservoir (MPa)

r Average number of particles in contact
with the unit volume at the critical poros-
ity (dimensionless)

Gma Shear modulus of rock matrix (MPa)

v Poisson’ Ratio of rock matrix
(dimensionless)

Omin Minimum in-situ stress in the vertical and
two horizontal directions (MPa)

P, Formation pore pressure (MPa)

a Boit elastic coefficient (dimensionless)

Aty Longitudinal wave (P-wave) time differ-
ence of the rock matrix (pus/m)

At Shear wave time difference of the rock
matrix (ps/m)

Pm Volume density of rock matrix (g/cm?)

o, Vertical stress in the reservoir (MPa)

H Formation depth (m)

oy, Minimum horizontal stress in the reservoir
(MPa)

oy Maximum horizontal stress in the reser-
voir (MPa)

B P Tectonic stress coefficients
(dimensionless)

Pr Density of formation fluid (g/cm?)
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Shc

AAREP

test
Sh

pred
Sh

El']

Number of minerals in the solid phase of
rock (integer)

Volume fraction of the i-th mineral in the
solid phase of rock (decimal)

Bulk modulus of the i-th mineral (MPa)
Shear modulus of the i-th mineral (MPa)
Reservoir porosity when the natural gas
hydrate is regarded as the rock matrix (%)
Longitudinal wave time difference of the
reservoir fluid (pus/m)

Sonic porosity before correction (%)
Reservoir compaction correction coeffi-
cient (decimal)

Model parameter for C,, (decimal)
Correction coefficient for C, (m™)
Density of each mineral in the reservoir
rock (g/cm3)

Density of pure natural gas hydrate (g/
cm®)

Density of water (g/cm?)

NGHS of the intersection point of the
error curves of the predicted results calcu-
lated by Mode A and B

Longitudinal wave velocity of pure natural
gas hydrate (m/s)

Longitudinal wave velocity of pure water
(m/s)

Longitudinal wave velocity of rock matrix
(m/s)

Longitudinal wave velocity of the natural
gas hydrate reservoir (m/s)

Longitudinal wave velocity calculated by
wood equation (m/s)

Longitudinal wave velocity calculated by
the Time-average equation (m/s)
Weighting factor (dimensionless)
Constant related to natural gas hydrate
saturation (dimensionless)

Regression R-square value (decimal)
Discrepancy percentage or relative differ-
ence (%)

Average absolute relative error percentage
(%)

Number of available observations (integer)
Observed test results of NGHS (%)

NGHS predicted by models (%)
Expectation (or statistical mean) operator
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1 Introduction

Natural gas hydrate saturation (NGHS) in reservoirs,
generally, serves as a critical parameter for resource
reserves calculation (Zhuo et al. 2021). The current
evaluation methods of natural gas saturation in reser-
voirs are usually based on the resistivity or acoustic
logging data, by establishing mathematical models
in consideration of the characteristics of natural gas
reservoirs, such as Archie formula (Azar et al. 2008),
Lee weight equation (Lee 2002), Wood equation (Bao
et al. 2022). However, due to the major discrepancy
between natural gas hydrate reservoirs and conven-
tional natural gas reservoirs, it is difficult to accu-
rately evaluate NGHS in reservoirs using the tradi-
tional calculation methods. Therefore, it is of great
importance to develop an evaluation method suitable
for gas hydrate saturation in reservoirs, further to
accurately evaluating the reservoir reserves.
Resistivity log data is commonly used for calculat-
ing the natural gas saturation (S,) in reservoirs. For
this method, it is generally considered that the rock
pore space consists of only two substances: water
and natural gas. The reservoir water saturation (S,,) is
calculated by the relationship between the resistivity
and water saturation of the reservoir, so as to calcu-
late NGHS of the reservoir (S, =1-3,,). This method
was first proposed by Archie (2003) and developed
by Poupon et al. (1954), Alger and Raymer (1963),
etc., for conventional natural gas reservoirs. The most
widely-used calculation models involve Simandoux
formula (Simandou 1964), standard Archie formula
(Kim et al. 2013), modified Archie formula (Rie-
del et al. 2013) and Indonesian formula (Amiri et al.
2012). However, Guo and Zhu (2011) pointed out
that NGHS in reservoirs calculated by Archie’s for-
mula may pose some discrepancies compared with
the actual saturation due to that the geological con-
ditions considered in Archie’s formula are different
from those of the actual natural gas hydrate reser-
voirs. Thus, some novel models were developed with
more considerations on the geological conditions for
NGHS evaluation, such as the NGHS model con-
sidering gas hydrate as pore filling, particle support
and separate stratification (Li et al. 2022a), the two-
parameter calculation model of resistivity and acous-
tic interval transit time based on logging data (Li
et al. 2022b), and the NGHS prediction method using
joint inversion of resistivity and sonic logs (Pandey

and Sain 2022). However, these models do not fully
consider the natural gas hydrate states of solid as rock
matrix, semisolid as filler and fluid during the decom-
position process.

Sonic logging data is an effective information for
evaluating NGHS in reservoirs (Ding et al. 2020).
The most frequently-applied models using sonic log-
ging data are developed via the correlation between
rock composition, porosity, density and other param-
eters of the natural gas hydrate reservoir and the
reservoir P-wave velocity. Leclaire et al. (1994) first
used the Biot-Type equation to establish the relation-
ship between the elastic wave velocity and reservoir
gas saturation. For natural gas hydrates reservoirs,
some mathematical models of NGHS in reservoirs
based on the sonic velocity were developed in the
past few years, such as the time-average equation
(Wyllie et al. 1958; Pearson et al. 1983; Arun et al.
2018), the Wood equation (Bao et al. 2022), the
BGTL model (Lee 2002), the KT equation (Kuster
and Toksoz 1974; Zimmerman and King 1986),
and the Frenkle-Gassmann equation (Zillmer 2006).
Especially, the equivalent medium theory (Helgerud
et al. 1999; Dvorkin et al. 1999), of which natural
gas hydrate is considered to be part of the pore fluid
when NGHS is low and is considered to be part of
the rock matrix when NGHS is high, is mainly suit-
able for loose, high-porosity sediments. This model
is widely accepted by scholars in the area of petro-
leum engineering (Ecker 2001; Liu et al. 2022). In
addition, some empirical formulas were put forward
to calculate the porosity of saturated water sediments,
NGHS, free gas content, and seismic wave imped-
ance, respectively, using the elastic wave impedance
inversion technique based on the logging data (Lu
and McMechan 2004). As well as, Zhu et al. (2023)
developed a hydrate saturation evaluation accord-
ing to the cementation factor and saturation index.
Although some evaluation methods of NGHS in res-
ervoirs have been developed using the sonic logging
data, and some of them have been applied in the field
measurement, these methods do not fully consider the
characteristics of natural gas hydrate reservoirs, caus-
ing practical application to be challenging. Another
drawback of these methods is that the parameters
used to perform the evaluation are hard to obtain.

Furthermore, a few scholars drew upon mathe-
matical deduction and seismic inversion to calculate
NGHS in reservoirs. Shelander et al. (2012) proposed
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a calculation method for computing NGHS based on
seismic inversion, petrophysical models, and strati-
graphic sequence in the absence of wells. Although
these methods can be used to evaluate NGHS in a
larger range of reservoirs, their accuracy are rela-
tively low with little application potential in the accu-
rate evaluation of reservoir reserves or the design of
development parameters.

The above methods are mainly developed based on
the calculation models used for conventional reser-
voirs, thus the typical reservoir characteristics of the
natural gas hydrate and the easy-to-use calculation
parameters have not been well considered in these
methods, and the accuracy of the results predicted by
these methods is still relatively low. Therefore, this
paper, based on the equivalent medium theory, aims
to fully consider the occurrence form of natural gas
hydrate in the reservoir by two natural gas hydrate
occurrence modes: 1) The lower-saturation natural
gas hydrate in the reservoir is regarded as fluid (Mode
A) whereas 2) the higher-saturation is regarded as
matrix (Mode B). Based on the two modes, a calcula-
tion model for NGHS in reservoirs using logging data
and core-testing data has been established to support
and optimize the evaluation of natural gas hydrate
Iesource reserves.

2 Calculation model of NGHS in reservoirs based
on the equivalent medium theory

In the practical circumstances, the natural gas hydrate
in reservoirs would have two occurrence forms (Hel-
gerud et al. 1999; Ecker 2001; Fang et al. 2022), as
shown in Fig. 1: (1) Mode A: moveable natural gas
hydrate and, (2) Mode B: immovable natural gas

Fig. 1 Occurrence form
schematic diagram of natu-
ral gas hydrate in reservoirs
with moveable natural gas
hydrate particles (a), with
immovable natural gas
hydrate particles (b), and
with bonding natural gas
hydrate blocks (c) (modified
from Fang et al. 2022)

a ModeA

() Sediment
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hydrate. The natural gas hydrate of Mode A has not
been fixed with the rock matrix and is regarded as a
part of the pore fluid in reservoirs. Mode A is suit-
able for the case where NGHS of the reservoir is
low. The natural gas hydrate of Mode B is fixed with
the rock matrix, and in this case, natural gas hydrate
and rocks form a reservoir rock matrix structure and
the porosity of the reservoir will decrease. Mode B
is suitable for the situation where NGHS of the res-
ervoir is high. Therefore, according to the situations
of two occurrence forms of natural gas hydrate, a
new calculation model of NGHS in reservoir can be
developed based on the equivalent medium theory
and this model is introduced as follows.

2.1 Calculation model of NGHS in reservoirs for
Mode A

The reservoir, including rock, water, gas and
NGHS, is regarded as the equivalent medium of
Mode A. Thus, based on the equivalent medium
theory (Ecker 2001), NGHS in the reservoir can be
expressed as:

KKy - KK,

§ ——wh “hf
" KWK~ KK, (1)

where S}, is the natural gas hydrate saturation (NGHS)
in the reservoir, %; K, is the bulk modulus of natu-
ral gas hydrate, GPa, which is 7.7 GPa (Dvorkin et al.
2003); K, is the bulk modulus of water, GPa, which
is 2.29 GPa (Lee 2004); and K is the bulk modulus of
pore fluid in the reservoir, GPa.

In the Mode A, K; can be computed by (Ecker
2001):

b Mode B

C Mode B




Geomech. Geophys. Geo-energ. Geo-resour. (2024) 10:8

Page 5 of 19 8

Kmad)(Kdry - Ksat)

— KyKiry / Kina = Ko + (1 + $)K gy

@)
where K, is the bulk modulus of the equivalent
medium of Mode A, GPa; Kdry is the bulk modulus of
dry rock, GPa; ¢ is the porosity of the rock matrix in
the reservoir without natural gas hydrate, %; and K,
is the bulk modulus of the solid phase of rock in the
reservoir, GPa.

Using the acoustic interval transit time data from
well logging, the bulk modulus of the equivalent
medium of Mode A (K,) can be easily obtained by
Eq. (3) (Liu and Luo 2004).

k=x.0-9

3A12 — 4Ar2

Ko = pbW Xa 3)
where p, is the volume density of the reservoir, g/
cm?®, which can be obtained by density logging; At
and At are the shear wave (S-wave) and longitudinal
wave (P-wave) time difference of the reservoir, ps/m;
a, is the correction coefficient, ac=1.0X 109GPa/(g/
cm3).

Generally, only the longitudinal wave time differ-
ence of the reservoir can be obtained by well log-
ging, and the shear wave time difference can be cal-
culated by Eq. (4) (Liu and Luo 2004).

At = At,

§ 1.5
1-115 [_(1/%)(;(1/%)3] O]
(1/pv)

In Eq. (2), Kdry can be obtained by Eq. (5) (Dvor-
kin et al. 1999).

(r -1
Y, L -, 4

5—4v 3’"2(1 _d’c)szm :
Gym= ip 7
M52 -v) l 212(1 = v)? @

where ¢, is the critical porosity of the reservoir, %,
generally to be 36-40% (Nur et al. 1998); P is the
effective stress applied on the rock in the reservoir,
MPa; r is the average number of particles in contact
with the unit volume at the critical porosity, gener-
ally to be 8-9.5 (Kuster and Toksoz 1974); G,,, is the
shear modulus of the rock matrix, MPa; and v is the
Poisson’ Ratio of the rock matrix, which can be cal-
culated by Eq. (8) (Dvorkin et al. 1999).

0.5<Kma - %Gma>
v= - 3)
Ko + %

The effective stress P applied on the rock in the
reservoir is calculated by Eq. (9).

P=c_;, — aPp )

where o,,;, is the minimum in-situ stress in the verti-
cal and two horizontal directions, MPa; Pp is the for-
mation pore pressure, MPa; a is the Boit elastic coef-
ficient, expressed as (Priestley 1999):

3 4
(- 10)
a=1-— - (10)

’ <L - L)
m\ a2, =~ A2

where At . and Ar  are the longitudinal wave and
shear wave time difference of the rock matrix, respec-
tively, ps/m; p,, is volume density of rock matrix, g/
cm’, expressed as:

4 7 - gGHM’ ¢ <o,
Kym +36um Ko + 3G6um
Kdry =" | » )
(1= d>)/(1 — ) (¢ - <l>c)/(1 — ) 4
7 + 7 - gGHM’ ¢ > .
Kym + 36um HEY
where, m
| Pm=(1=¢) D firi (11
Pl-0)'@, ] ;
HM™ ﬁp (6) The in-situ stresses in the three directions are
18m2(1 —v)

calculated using Huang’s model (Yin et al. 2017):
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o, = ppgH X 1073 S, = ¢ :bd)r 17
v
ow= [T+ B ] x (0, —aP,) +ap, a2 _ . .
where ¢, is the reservoir porosity when the natural
oy = [ITVV + ﬁz] X (o, — aPp) +aP, gas hydrate is regarded as the rock matrix, %.

Then o, is determined as follows:

Omin = min (Gv’ o-h) (13)
where o, is the vertical stress in reservoir, MPa; H is
the formation depth, m; o, is the minimum horizontal
stress in the reservoir, MPa; oy is the maximum hori-
zontal stress in the reservoir, MPa; 3, and f3, are the
tectonic stress coefficients, determined by the hydrau-
lic fracturing experimental inversion method.
The formation pore pressure P, is expressed as:

P, = p;gH x 107 (14)

where p; is the density of the formation fluid, g/cm?.

In Egs. (2), (5), (6) and (7), K,,,, and G, can be
calculated by the following formulas (Ecker et al.
2001):

[ m m -1
Ky = % ;,f,-K,- + (Z %) (15)

i=1 "1

i=1

[ m m -1
Goa = 5 56+ (Z g) (16)

where m is the number of minerals in the solid phase
of rock, integer; f; is the volume fraction of the i-th
mineral in the solid phase of rock, decimal, which can
be obtained through the rock mineral composition
test; and K; and G, are the bulk modulus and shear
modulus of the i-th mineral, MPa, which are deter-
mined from the literature of Burland et al. (2012).

2.2 Calculation model of NGHS in reservoirs for
Mode B

Natural gas hydrate is considered as a part of the rock

matrix in Mode B, thus NGHS in reservoirs can be
expressed as:

@ Springer

According to the acoustic velocity data obtained by
well logging, Eq. (18) is used to calculate the reservoir
porosity (Liu et al. 2013):

¢, At — At 1

b= = (18)
tC, Ang-At,, C,

where At is the longitudinal wave time difference of
the reservoir fluid, ps/m, generally to be 620 ps/m; ¢,
is the sonic porosity before correction, %; Cp is the res-
ervoir compaction correction coefficient, decimal, and
C,, which is widely accepted in petroleum engineering,
can be written as the following empirical formula.

Cp=¢&—H (19)

where ¢ is the model parameter for Cp, decimal; A is
the correction coefficient for Cp, m~!,
The volume density of the reservoir (p,) can be

expressed as:
po=(1 = ®)pi + (& = &) o + don,, (20)

where p; is the density of each mineral in the reser-
voir rock, g/cm?, which can be obtained by checking
the literature of Burland et al. (2012); p,, is the density
of pure natural gas hydrate, g/cm?, which is taken as
0.9 g/lem?; p, is the density of water, g/cm®, which is
taken as 1.0 g /cm®.

Thus, according to Eqgs. (11) and (20), we have:

2 Sipi = ooy + Doy — Py
¢= i=1 _ (21)
;f;‘pi — Pn

2.3 Method for selecting Mode A or B

The calculation formulas of NGHS in reservoirs of both
Mode A and Mode B are given above. For the actual
application, the selection of Mode A or B is carried out
through the following steps, as shown in Fig. 2.
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Fig. 2 Flow chart of the
selection of Mode A or B

Parameters determination of Mode A and B

for NGHS evaluation

I

NGHS calculation of the specimens using Mode A and B

!

Error analysis of the results calculated
by Mode A and B with the tested values

|

Two error curves drawing for the results calculated
by Mode A and B compared with the tested values
and the curves intersection point determination

Mode B calculation
formula is selected for
NGHS evaluation

Mode A calculation formula is
selected for NGHS evaluation

(1) The parameters of both Mode A and Mode B are
obtained for the same rock specimen prepared
under different NGHSs.

(2) Using the parameters for the same rock specimen
prepared under different NGHSs, NGHSs in the
rock specimen are calculated by the calculation
formulas of both Mode A and Mode B.

(3) The predicted results by the calculation formulas
of both Mode A and Mode B are compared with
the measured values, and the errors of the pre-
dicted results by the calculation formulas of both
Mode A and Mode B can be obtained.

(4) The error curves of the predicted results calcu-
lated by Mode A and B are drawn as a figure, and
an intersection point for the two curves can be
obtained. Thus, we can determine that Mode A
calculation formula is selected for NGHS evalu-
ation while the errors of the predicted results
calculated by Mode A is below the value of the
intersection point, whereas the Mode B calcula-
tion formula is selected for NGHS evaluation
while the errors of the predicted results calcu-

lated by the Mode A is higher than the value of
the intersection point.

The NGHS of the intersection point (Shc) is,
therefore, the critical value for selecting whether
Model A or Model B to evaluate NGHS in the rock
specimen. This critical NGHS is a constant value
for rocks no matter how the size or number of rock
pores and stress environment vary. This is due to
that the ratio of the removable natural gas hydrate
in the rock pores, which is the critical NGHS, is the
same no matter how the size of rock pores varies.

3 Evaluation of the proposed model
3.1 Other common models for comparison
Two widely-accepted prediction models for natural

gas saturation in reservoirs are briefly presented to
compare with the proposed model.

@ Springer
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3.1.1 Wood equation

The Wood equation has better applicability for
evaluating the saturation of the suspended pore
fluid filled in the rock pores with higher saturation,
and the NGHS model derived by Wood equation is
expressed as (Bao et al. 2022):

pwphV2 V2

S = ®, 1-¢, 1
h = V2 + V2 - V2 —p V2
Ve PV PV, ) du(py PwV2)
(22)

where V,, Vi, V., and V, are the longitudinal wave
velocities of pure natural gas hydrate, pure water,
rock matrix, and natural gas hydrate reservoir, respec-
tively, m/s; the longitudinal wave velocity of pure nat-
ural gas hydrate (V,) is 3650 m/s, and the longitudinal
wave velocity of pure water (V) is 1500 m/s.

3.1.2 Weight equation

Weight equation is developed based on Time-aver-
age equation (Lee et al. 1996) and Wood equation
(Bao et al. 2022). A weight factor (W) and a con-
stant (n) are used to correct the predicted result
to adapt to the actual situation. The expression of
Weight equation is as follows:

S =1 l VoV = VoV ] ! 23)
Wo(V,Vya = ViVir)

where V,, is the longltudmal wave velocity calculated

by Wood equation, m/s; V,, is the longitudinal wave

velocity calculated by the Time-average equation,

m/s; W is the weight factor, dimensionless, gener-

ally being equal to 1; and n is the constant related to
NGHS, dimensionless, generally equal to 32.

3.2 Criteria for performance comparison

We used three different error measurements to assess
the validity of predictions computed by different mod-
els: the regression R-square value (R?), the discrep-
ancy percentage or relative difference (D,), and the
average absolute relative error percentage (AAREP).
AARERP is preferably used below because it is a sim-
ple estimator that provides a direct indication of the

@ Springer

prediction error. Their definitions are (Shen et al.
2012a, b, 2014; Zhang et al. 2021a, 2023):

o (e - SPr?">2

2

R =1- (24)
(Stesl [Stesl] )
pred _ test
%] =~ B % 100% (25)
h,i
=1 [P 5
AAREP[%] = T (26)

where N is the number of available observations, inte-
ger; S]‘fs‘ is the observed test results of NGHS, %; Sﬁred
is the NGHS predicted by models; and E[-] denotes
the expectation (or statistical mean) operator.

Based on the above definitions, it is clear that
a smaller AAREP corresponds to a more reliable
model. Meanwhile, R? increases with the quality of
the predictions, so that higher R? values correspond to
models with lower AAREP values. Dp ;» that is needed
to compute AAREDP, is the relative difference between
predicted and observed values for the i-th test.

3.3 Experimental data and model parameters

The experimental data of NGHS and acoustic
wave velocity is tested by the SHW-III natural gas
hydrate acousto-electricity test device for the speci-
mens of loose natural gas hydrate deposits with dif-
ferent NGHSs. These tests were conducted under
triaxial uniform stress (o,,;,) of 10 MPa, 15 MPa
and 20 MPa, respectively. NGHS of the specimen
is calculated based on the material balance equa-
tion (Sun et al. 2018) and the PVT equation of state
(Zhang et al. 2015), and the acoustic wave veloc-
ity in the specimen is tested directly by the device.
NGHSs and acoustic wave velocities for the same
specimen were tested after each gas injection, and
the experimental data is shown in Table 1 (Zhao
et al. 2018).

According to the test results presented in
Table 1 and other rock petrophysics experiments,
the parameters of three comparison models can be
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Table 1 Experimental data of NGHS and acoustic wave velocity (Zhao et al 2018)

Gas Opmin=20 MPa Opmin= 15 MPa Opmin=10 MPa
injection
step Sy (%) V, (m/s) V(m/s) p, (g/cm?) Sy (%) V,(mfs) V,(m/s) p, (g/cm?) Sy (%) 'V, (mfs) Vi (mfs) p, (g/cm®)
Ith 5.35 3705 1985 2.352 1.79 2542 1356 2.352 6.50 2017 851 2.351
2nd 27.96 4062 2068 2.351 13.84 2779 1536 2.351 11.96 2175 885 2.352
3rd 55.36 4479 2212 2.351 28.98 3113 1715 2.352 29.10 2580 975 2.353
4th 72.13 5257 2404 2.353 56.61 3945 2084 2.353 42.44 2792 7084 2.352
5th 77.83 5479 2681 2.354 69.37 4095 2194 2.354 57.78 3365 1584 2.354
6th 68.07 3589 1743 2.354
Table 2; Basic model oo ¢ Cp K,, (MPa) G, (MPa) p, o, R At f, P, B
parameters (MPa) (%) (g/em®) (ps/m) (MPa)
10 36.0 2.04 5789x10* 2.7x10*  2.65 0.368 9.5 168 1 4 0.298
15 284 1.77 036 9
20 13.0 1.72 0.4 9.5

obtained using the method mentioned in Sect. 2,
as shown in Tables 2 and 3. ¢ is measured by the
mercury intrusion method using an automatic
mercury porosimeter of PoreMaster60 (manufac-
tured by Quantachrome Instruments, USA). C, is
determined by the comparison between ¢ and the
porosity determined by the velocity of longitu-
dinal wave, using Eq. (18). The data used for cal-
culating ¢, are the velocities at longitudinal wave
of 500.08 ps/m, 395.20 ps/m, 295.25 ps/m for the
condition of o,;,=10 MPa, 15 MPa and 20 MPa,
respectively. K., G, and p, of quartz sand are
determined from the literature written by Burland
et al. (2012). Changes in p, with the gas injec-
tion time are measured by theoretical calculation
by the mass of rock, water and gas, as shown in
Table 1. ¢, and r are determined from the literature
authored by Nur et al. (1998) and Kuster and Tok-
soz (1974), respectively.

3.4 Results and analysis

Experimental data and model parameters mentioned
in Sect. 3.3 are substituted into the proposed model of
both Mode A and Mode B, and NGHSs of the speci-
men after different gas injection steps are calculated.
The errors of the predicted results for the Mode A and
B under the triaxial uniform stress (o,,) of 10 MPa

and 15 MPa with measured saturations are shown in
Fig. 3. There is an intersection point between the two
error curves of Mode A and B predicted results. The
prediction errors of the intersection points are 8.09%
and 8.11% for the conditions of triaxial uniform stress
(6min) Of 10 MPa and 15 MPa, respectively. When the
measured saturation is lower than the NGHS of the
intersection point, the prediction error of Model A is
significantly lower than that of Model B; when the
measured saturation is higher than the NGHS of the
intersection point, the prediction error of Model B is
significantly lower than that of Model A. The simi-
lar NGHS of the intersection point can also demon-
strate that this value would not change with the size
and number of rock pores, as well as the stress con-
dition of rock, as mentioned in Sect. 2.3. Therefore,
we can determine the NGHS of the intersection point
as 8.10% (average value of 8.09% and 8.11%), that is,
if NGHS is lower than 8.10%, the calculation model
of Mode A would be used for NGHS evaluation,
whereas the calculation model of Mode B would be
used when NGHS is higher than 8.10%.

The errors of the predicted results by the proposed
model changed with the measured saturation and
the triaxial uniform stress, as shown in Fig. 4. From
Fig. 4a, it can be seen that the error of the predicted
results changes a lot under omin=10 MPa, and the
error of the predicted results shows a relatively stable
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Fig. 3 Prediction error and measured saturation curves of Model A and B: a ¢,;,=10 MPa; b 5, =15 MPa
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Fig. 4 Errors of the predicted results by the proposed model changed with the measured saturation (a) and the triaxial uniform stress (b)

variation under omin=15 MPa and 20 MPa. This
implies that the prediction accuracy is highly affected
by triaxial uniform stress. The error of the predicted
results for Mode B generally decreases with increas-
ing measured saturation. For example, the average
errors are 9.04%, 14.51%, 7.27%, and 7.49% respec-
tively at the 2nd, 3rd, 4th and 5th injections. The
reason for this would be explained as follows: when
NGHS is relatively low, some part of the natural
gas hydrate with poor bonding strength (as shown
in the Fig. 1b) has a weaken propagation capacity in

response to the acoustic wave. In this case, the meas-
ured acoustic velocity is relatively low. Therefore,
some natural gas hydrate particles embedded in rock
particles are regarded as water in the model calcula-
tion. However, the measured saturation is calculated
based on the material balance equation and the PVT
equation of state as mentioned in Sect. 3.3, in which
situation these natural gas hydrate particles is accu-
rately determined as natural gas hydrate particles.
Therefore, considering that the ratio of the natural gas
hydrate with poor bonding strength would decrease
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Table 4 Natural gas hydrate saturation predicted by the three models and its associated error analysis

P, (MPa) Number of gas injection Test results (%) Predicted results by  Predicted results by Predicted results
the proposed model Wood equation (%) by Lee weight
(%) equation (%)
Value Error Value Error Value Error
10 MPa 1 6.50 6.20 4.62 36.56 462.42 7.00 7.69
2 11.96 12.14 1.50 40.96 242.50 14.00 17.06
3 29.10 33.87 16.40 49.67 70.69 31.00 6.53
4 42.40 42.74 0.70 53.14 25.22 39.50 6.93
5 57.80 61.10 5.75 60.00 3.85 55.00 4.81
6 68.10 66.69 2.03 61.91 9.05 66.00 3.04
Average error (%) 5.16 27.20 7.68
15 MPa 1 4.80 4.20 12.50 58.55 1119.70 6.30 31.25
2 13.80 15.60 13.04 61.98 349.17 22.00 59.42
3 29.00 32.60 12.41 65.82 126.98 40.00 37.93
4 56.60 62.40 10.25 71.75 26.76 50.00 11.66
5 69.40 66.50 4.18 72.36 4.26 61.00 12.10
Average error (%) 10.48 52.67 30.45
20 MPa 1 5.35 5.79 8.17 60.02 1021.93 6.20 15.89
2 27.96 24.44 12.58 65.58 134.56 32.00 14.45
3 55.36 47.20 14.73 76.70 38.55 51.00 7.88
4 72.13 79.96 10.86 54.11 24.99 80.00 10.91
5 77.83 87.59 12.54 43.16 44.55 75.00 3.64
Average error (%) 11.78 60.66 10.55
Total average error (%) 9.14 46.84 15.70

with increasing gas injection time (increasing
NGHS), the accuracy of predicted results for Mode B
will increase with increasing NGHS.

The error of the predicted results increases with
increasing triaxial uniform stress, as shown in Fig. 4b.
For example, Dp.i is 0.7-16.4% with an average value
of 5.16% for o,;,=10 MPa; Dp.,i is 4.18-13.04% with
an average value of 10.48% for o,,;,=15 MPa; and
Dp,i is 8.71-14.73% with an average value of 11.78%
for o,,,;,=20 MPa. The reason can be described as fol-
low. The rock porosity (¢) would change with increas-
ing triaxial uniform stress, but this rock porosity (¢)
is set as a constant value in the proposed model. In
this case, a higher triaxial uniform stress would cause
a larger change of rock porosity (¢), resulting in a
bigger error of the predicted results. However, the
effect of stress on the rock porosity is negligible due
to that the volumetric strain of rock is usually lower
than 1.5% before failure (Qiu et al. 2019), resulting in
a relatively small change of the errors of the predicted
results under different triaxial uniform stress.

@ Springer

The predicted results of the proposed model, Wood
equation and Weight equation and the error of the
predicted results compared with measured saturations
are shown in Table 4. We can clearly find that the
predicted results by the proposed model agree better
with the measured saturation compared with other
two models. This can be verified by the total aver-
age errors of 9.14%, 46.84% and 15.70% for the pro-
posed model, Wood equation, and Weight equation,
respectively.

The comparison of the predicted results of the
models and the measured saturations (Fig. 5) also
shows that the proposed model has higher predic-
tion accuracy compared with other two models. This
can be certified by the following data: AAREP and
R? of the predicted results by the proposed model,
Weight equation, Wood equation are 8.90% and
0.968, 15.69% and 0.958, 55.70% and 0.472, respec-
tively. In addition, the error of the predicted results
for Weight equation is just a little higher than that
for the proposed model and much lower than that for
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Fig. 5 Comparison of the predicted results of the models and
the measured saturations

Wood equation. This would be due to that Weight
equation is developed based on Time-average equa-
tion and Wood equation, and the prediction accuracy
of Weight equation has been enhanced by the weight

factor (W) and the constant (rn) compared with the
prediction accuracy of Wood equation.

4 Field application
4.1 Background

The proposed model is used to evaluate NGHS of a
reservoir well section of the DK-1 scientific drill-
ing test well, located in Muli Depression of the
permafrost region of Qilian Mountains, northeast
of the Qinghai-Tibet Plateau, China. This area can
be divided into three tectonic units: the southern
Qilian tectonic belt, the northern Qilian tectonic
belt and the central Qilian block, as shown in Fig. 6
(Lu et al. 2010). The permafrost region of Qilian
Mountains covers an area of 10x 10* km?, and its
annual average ground temperature is 1.5-2.4 °C.
The thickness of the frozen formation of the perma-
frost region is 50-139 m (Zhang et al. 2021b). This
implies that the conditions of temperature and pres-
sure are highly suitable for the reservoir-forming

Yangkang
o -

O Delhi
Stratigraphic

S Basin boundary -
boundary
Depression boundary
s (o8] v

O
Gangca

Fig. 6 Sketch map of tectonic units in Qilianshan area, Qinghai Province (Lu et al 2010)
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natural gas hydrate in permafrost area of Qilian
Mountains, especially in Muli Depression (Zhu
et al. 2009). As yet, research on natural gas hydrate
reservoirs in the permafrost region of Qilian Moun-
tains mainly focus on geological characteristics,
gas source characteristics, logging response char-
acteristics, reservoir-forming conditions and ther-
mophysical properties. However, there are few
studies on the evaluation of NGHS in this area, and
the prediction of NGHS in the reservoir of this area
would be of great significance for the evaluation of
natural gas hydrate resource reserves.

The DK-1 scientific drilling test well was drilled
on October 18, 2008. Its geographical coordi-
nates are 38°05.591'N, 99°10.260'E, and 4057 m
above sea level. The drilling process of this well
terminated on November 26, 2008, with a depth
of 182.25 m. After that, three new wells of DK-2,
DK-3 and DK-4 were drilled in this area, at depths
of 645.22 m, 765.01 m, and 466.65 m, respec-
tively, and finally, the total length of the four natu-
ral gas hydrate reservoir wells reached 2059.13 m.
Among the four wells in Muli Depression of the
Qilian Mountains permafrost region, Well DK-1
has the largest hydrate reserves and the most
abundant data. We, therefore, chose Well DK-1
to analyze NGHS of this reservoir area using the
proposed model. A total of 4 intervals of natural
gas hydrate layers were discovered in the entire
well section, as listed below: (1) 133.5-135.5 m:
natural gas hydrate was found within the pores
of fine sandstone, presented as white crystals; (2)
142.9-147.7 m: natural gas hydrate existed in the
pores and fissures of argillaceous siltstone as white
crystals; (3) 165.3-165.5 m: natural gas hydrate
crystals were observed in the fissures of argilla-
ceous siltstone; and (4) 169.0-170.5 m: natural gas
hydrate was observed in the pores of siltstone (Zhu
et al. 2009).

4.2 Determination of parameters

The 142.9-147.7 m section of Well DK-1, which is
the thickest among the four natural gas hydrate layers,
is chosen for analysis. The acoustic interval transit
time and density of Well DK-1 are collected from the
literature written by Guo and Zhu (2011), as shown
in Fig. 7. The mineral compositions in this natural
gas hydrate reservoir were determined by Wang et al.
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(2019), as shown in Table 5, indicating that sandstone
is the main component in this area.

According to the methods introduced in Sect. 2,
the parameters of our proposed model for the
142.9-147.7 m well section of Well DK-1 in the per-
mafrost region of Qilian Mountains are obtained, as
shown in Table 6. And the porosity of the reservoir
with or without hydrate are shown in Fig. 7.

4.3 Predicted results and analysis

According to the data of gas and water extracted
from the samples at depths of 142.90 m, 143.25 m,
143.95 m, 144.30 m, 145.00 m, and 146.05 m of the
Well DK-1, the measured saturations were deter-
mined based on the material balance equation for
comparison. The measured saturations of these six
samples are 7.5%, 15.8%, 37%, 37.2%, 38.5%, and
40.3%, respectively, as shown in Fig. 7. The measured
saturations of the samples at depths of 142.90 m and
143.25 m are much lower than those of the other four
samples. This would be due to that these two sam-
ples were collected near the upper border of section
of Well DK-1in this reservoir. Therefore, according to
the Shc of 8.10% for selecting the calculation mod-
els of Mode A or B to evaluate natural gas hydrate
in reservoir, the calculation model of Mode A is cho-
sen for the NGHS calculation of the 142.9-143.2 m
well section and the calculation model of Mode B is
used for the 143.2-147.7 m well section. Using the
model parameters given in Sect. 4.2, NGHS for the
142.9-147.7 m well section of Well DK-1 in the per-
mafrost region of Qilian Mountains can be calculated
by the proposed model, as shown in Fig. 7.

NGHSs predicted by the proposed model for
the 142.9-147.7 m well section of Well DK-1 are
in the range of 5.3-54.1%. The errors of the pre-
dicted results at well depths of 142.90 m, 143.25 m,
143.95 m, 144.30 m, 145.00 m, and 146.05 m of
the Well DK-1 are 9.33%, 13.92%, 10.00%, 10.75%,
9.87%, and 9.18%, respectively, with an average
error of 10.56%. This indicates that the proposed
model can evaluate NGHS in the reservoir of the
Qilian Mountains permafrost region with reason-
able accuracy. In addition, the error of NGHS pre-
dicted by the model of Mode A is generally lower
than those predicted by the model of Mode B, and
the error of NGHS predicted by the model of Mode
B decreases with increasing measured saturation.
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Fig. 7 Logging data, reservoir porosities and natural hydrate saturation for the 142.9-147.7 m well section of Well DK-1 in the per-
mafrost region of Qilian Mountains

The change behavior of prediction error with
measured saturation are consistent with the results
obtained by the experiments, as shown in Fig. 4a.
The reason for this would be that some part of the

natural gas hydrate is regarded as water for NGHS
calculation using the proposed model of Mode B
when the NGHS is relatively low, as mentioned in
Sect. 3.4. Furthermore, the length of the analyzed

@ Springer



8 Page 16 of 19

Geomech. Geophys. Geo-energ. Geo-resour.

(2024) 10:8

Table 5 Mineral compositions and the corresponding bulk modulus and shear modulus of the rock in the 142.9-147.7 m section of
Well DK-1 in the permafrost region of Qilian Mountains (Wang et al 2019)

Rock compositions Quaternary Coal Shale Mudstone Siltstone Fine sandstone Medium Coarse
sediments sandstone sand-
stone
Volume fraction (%) 2.63 7.87 543 15.18 48.42 14.93 0.82 4.72
Bulk modulus (MPa) 5.65 1000 5100 9970 24,000 5200 3300 4200
Shear modulus (MPa) 8.74 460 3300 7350 27,000 3600 2500 2900

Table 6 Parameters of the proposed model for the 142.9-147.7 m well section of Well DK-1 in the permafrost region of Qilian

Mountains
K, (MPa)  G,,(MPa) p, (g/em®) ¢, r Aty (us/m)  pp(glem®) o B by & 2 (m7h
7350 9165 2.65 036 95 250 1.03 4.825 0461 1.081 1.68  0.0002

well section is only 4.8 m, and the difference of the
minimum in-situ stress in the vertical two horizon-
tal directions calculated by this proposed model is
lower than 0.113 MPa. Therefore, the effect of the
stress difference can be ignored resulting in that
there is no relation between the error of the pre-
dicted results and the depth.

In general, the errors of the predicted results cal-
culated by the proposed model are all lower than
13.92%, with an average value of 10.51%. This indi-
cates that the predicted results are in good agree-
ment with the measured saturations. In addition, the
change behavior of the errors of predicted results
compared with the measured saturation agrees well
with experiment data, as shown in Sect. 3.4, imply-
ing that the proposed model has a good consist-
ency for both experimental analysis and engineer-
ing application. So, the satisfying performance of
the predicted results by the proposed model shows
that this new method developed by the equivalent
medium theory is suitable for evaluating the NGHS
in the permafrost region reservoir. Furthermore,
this method can make full use of field well logging
data and does not use too much experimental data
for parameter determination, which would highly
increase its adaptability.

As what have discussed above, the proposed
method would be used as a superior guidance for
the accurate evaluation of NGHS. By using the pro-
posed method to obtain an accurate NGHS, the nat-
ural gas hydrate reserves can be estimated clearly
for the gas reservoir development design, as well

@ Springer

as, the exploitation degree of a natural gas hydrate
reservoir after production can be monitored effec-
tively. And beyond that, NGHS is also an important
parameter for the stability analysis of the wellbore
in the formation containing natural gas hydrate. The
proposed method of NGHS evaluation is beneficial
to the drilling design and operation in the natural
gas hydrate reservoir. As well as, it is meaning-
ful for the drilling engineering of other oil and gas
development when the well goes through the forma-
tion containing natural gas hydrate in high latitude
or altitude regions. Furthermore, it is impossible to
collect the sediment in natural gas hydrate reservoir
without any disturbance. In this case, the original
NGHS in the reservoir cannot be tested directly
using the sediment sample. Fortunately, NGHS can
be calculated by the proposed method using log-
ging data, and the logging data can reflect the origi-
nal situation of the natural gas hydrate reservoir. In
general, the novel evaluation method of NGHS pre-
sented in this paper is significative for the geologi-
cal resource exploitation related to the natural gas
hydrate stratum.

5 Conclusions

(1) A novel evaluation method of natural gas hydrate
saturation (NGHS) in reservoirs is developed
in this paper. In light of the equivalent medium
theory, the method is derived according to the
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concept that the natural gas hydrate is regarded
as the fluid (Mode A) when NGHS is relatively
low, while as the rock matrix (Mode B) when
NGHS is high. And if NGHS is no more than
8.10%, the calculation model of Mode A is used
for NGHS evaluation, whereas the calculation
model of Mode B is used when NGHS is higher
than 8.10%.

(2) The errors of predicted results by the proposed
model are lower than 16.4%. The comprehensive
error analysis shows that R? is 0.968 and AAEPR
is 8.90%. And the predictive capability of the
proposed model is significantly better than those
of Wood equation and Weight equation.

(3) The prediction accuracy of the proposed model is
highly affected by triaxial uniform stress, show-
ing that the error of the predicted results gener-
ally increases with increasing triaxial uniform
stress. As well as, the error of the predicted
results for Mode B decreases with increasing
measured saturation.

(4) NGHSs predicted by the proposed model for the
142.9-147.7 m well section of Well DK-1 are
in the range of 5.3-54.1%. The errors are 9.18—
13.92%, with an average error of 10.56%, com-
pared with the measured saturations determined
by the material balance equation. And the error
of Mode A is generally lower than those pre-
dicted by Mode B.

(5) The satisfying performance of the predicted
results by the proposed model shows that this
method is suitable for evaluating the NGHS of
the permafrost region reservoir. This method can
make full use of field well logging data and does
not use too much experimental data for parameter
determination. The novel evaluation method of
NGHS presented in this paper is significative for
the geological resource exploitation related to the
natural gas hydrate stratum.
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