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Abstract The development of tight oil depends on the
characteristics of complicated pore throat parameters. In
this study, the tight oil samples obtained from the Yan-
chang group of Ordos basin (China) are tested using the
constant rate mercury intrusion technique to quantitatively
determine the size of pore and throat parameters, as well as
analyze the key parameters that control the quality of tight
oil reservoir. The pore radius of sample analogously dis-
tributes in 100-200 um and average pore radius varies
from 103.7 to 139.74 pm. When the permeability is less
than 1 x 107 pum?, the throat peak radius and the average
throat radius will be less than 1 um; furthermore, the
variation of throat distribution is in the range of 0.2-0.5
and 0.2-1.0 pm. On the contrary, if the permeability is
greater than 1 x 107> pm?, the average throat radius will
be greater than 1 pm and the distribution range of throat
will spread from 0.2-3.4 to 0.2-8.8 pm. As for the eleven
samples, the main flow throat radius lies in the range of
0.41-3.71 pm, the throat quantity changes wildly from
1324 to 4271 number/cm®, the average pore throat ratio
varies from 503.59 to 86.11, the pore mercury saturation
alters in 17.65-55.95 % and the throat mercury saturation
distributes in 13.44-27.6 %. It can be learned that there is
no obvious difference in pore parameters for tight oil
reservoir. Therefore, the difference of pore throat structure
mainly existed in throat parameters, and the throat pa-
rameters are the key factors that affect the physical prop-
erties and recovery results.
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Introduction

With the increasing demands on energy and exhausting
conventional resources, unconventional tight oil reser-
voirs are becoming important, and how to effectively
develop them becomes a focus (Akanji et al. 2013; Yang
et al. 2013). Tight oil reservoirs normally have compli-
cated pore throat parameters, which determine the reser-
voirs quality and affect the oilfield development.
Therefore, it is very important to quantitatively determine
the dominant pore and throat parameters. Mercury in-
jection method is a widely used technique for the eval-
uation of capillary pressure, pore size and throat size
since Purcell introduced the technique to the industry
(Brooks and Corey 1981; Katz and Thompson 1981,
1987; Pittman 1992; Purcell 1949). Mercury intrusion is a
very useful method to gain quantitative data on the pore
throat parameters. The measurement of pore throat size
distributions from mercury intrusion has been of great
benefit to reservoir evaluation in the oil and gas industry.
Other petrophysical characteristics such as porosity,
relative permeability and irreducible water saturation can
be determined using mercury porosimetry (Vavra et al.
1992). Matthew et al. (1993) used the mercury intrusion
to calculate network and absolute permeability in sand-
stone and other porous media. Lambropoulos et al. (2007)
applied an innovative mercury intrusion technique and
relative permeability to examine the thin layer pores of
sol-gel and CVD post-treated membranes. Yao and Liu
(2012) characterized pore size distributions of coals with
low-field NMR and mercury intrusion porosimetry.
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Sasanian and Newson (2013) used mercury intrusion
porosimetry for microstructural investigation of reconsti-
tuted clays at high water contents. Okolo et al. (2015)
compared the porosity and surface areas of different coals
as measured with mercury intrusion. Capillary pressure
curves normally give information only on throat sizes
rather than on the exact volume of the pore space (Yuan
and Swanson 1989). In the usual experiment, mercury
pressure is raised in increments and the injected mercury
volume is measured. This is a pressure-controlled mea-
surement of mercury capillary pressure curve. On account
of the inherent ambiguity in capillary pressure curves,
attempts to derive relationships between various petro-
physical properties through capillary pressures are not
always successful. Due to the conventional (pressure-
controlled) method nature of measuring capillary pressure
curves, it is possible to have different distributions of
pore systems that would lead to the same capillary
pressure curve. While the rate-controlled measurement
can overcome the shortage of conventional mercury in-
trusion to get the quantity of pores and throats, draw
capillary pressure curves of pores and throats, respec-
tively, and obtain more accurate micro-pore structure
characteristic parameters (Crawford and Hoover 1966;
Morrow 1970; Yuan and Swanson 1989; Gao et al.
2013). The observation of fluctuations in mercury pres-
sure during mercury injection is not new. In 1959, in an
unpublished Shell report, Gates observed pressure fluc-
tuations with mercury porosimetry measurement for
vuggy carbonates. In 1966, Crawford and Hoover (1966)
recorded capillary pressure fluctuations on a chart recor-
der during injecting the water into synthetic porous me-
dia. The infinitesimally slow displacement of a wetting
fluid by a non-wetting fluid was discussed in detail by
Morrow (1970). He introduced terminology to describe
certain features of the pressure fluctuations that we de-
scribe in the latter section. In 1971, Gaulier (1971)
published similar techniques for depicting vug volume,
although the sensitivity was very low. From then on,
some studies have been done to analyze the pore and
throat parameters of low permeability sandstone (Yu
et al. 2006; Hao et al. 2007; Lin et al. 2008; Gao et al.
2013). Nevertheless, up to now, there are only few re-
searches that have applied the constant rate mercury in-
trusion to tight oil rocks and examined their pore and
throat parameters.

In this research, the constant rate mercury intrusion
experiments are carried out in tight oil reservoir of Or-
dos basin to determine the pore and throat sizes. It is
meaningful to reveal the key factors affecting physical
property and the efficient oil recovery in tight oil
IEeServoirs.
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Experiment setup and terminology

The experiment equipment is one of the most advanced
equipments used domestically or internationally, which is
named ASPE-730 manufactured by American Core-test
Systems (see Fig. 1). Different from conventional mercury
intrusion, mercury is injected at a very low speed
(0.000001-1 cc/min) in constant rate mercury intrusion to
guarantee pseudo-static state. The injection pressure varies
from O to 1000 psi with the accuracy of 0.05 %. The
sample is manufactured into the cylinder with the diameter
and length of 1 cm or less than 1 cm.

An alternative method of measuring capillary pressure
curves is by rate-controlled injection of mercury into the
sample, where the injection rate is kept constant and the
mercury capillary pressure is monitored. Fluctuations in the
mercury meniscus may occur due to various degrees of
constriction along the pore throat. Because capillary pres-
sure is inversely related to the curvature radius of the
mercury meniscus, fluctuations in the curvature of the
mercury meniscus respond as fluctuations in capillary
pressure. The pore and throat radius can be calculated by
the Eq. (1).

Pc:2 X o X cosf

(D)
where ¢ is the interfacial tension (mN/m), r (um) is the
radius of the corresponding cylinder and 0 is the contact
angle (°). In the experiment, the interfacial tension of Hg is
485 mN/m, the contact angle is 140° and the maximum
injection pressure is 900 psi, such that the corresponding
minimum of pore throat radius is 0.12 um.

The experiment setup and schematic plot is illustrated in
the traditional way of wetting-phase volume increasing
from the left to the right (see Fig. 1). While the volume of
mercury injected increases from the right to the left. The
important event that occurs, respectively, in an ASPE-730

r

Subison pore systems

Rison

Rheon

Typical data (Actual trace)

W

Schematic plot

ASPE-730 Setup

Fig. 1 Experiment setup and schematic plot of ASPE-730
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experiment is the sudden drop in mercury pressure when a
mercury meniscus passes from a throat into a wider pore
body. By definition, Rheon reflects the sudden drop in
capillary pressure, Rison shows the increasing capillary
pressure to previously unattained levels, Subison means the
increasing capillary pressure to previously attained levels,
and Subison pore system is revealed by sequence of only
Rheons and Subisons. Therefore, the pore throat informa-
tion is gained according to the Rison and Subison, then the
pore and throat size can be achieved (Yuan and Swanson
1989). The throat can be identified according to increasing
capillary pressure (Rison), while the pore can be distin-
guished by the sudden drop in capillary pressure (Subison).
Therefore, the throat quantity and pore quantity can be
obtained, respectively. Based on the Eq. (1), the throat
radius and pore radius can be calculated. The average
throat radius (R.), contribution of throat to permeability
(K;), pore mercury saturation (S,) and throat mercury
saturation (S;) can be calculated through the Egs. (2)-(5) in
order. The pore and throat size parameters gained from the
experiment can reflect the dynamic characteristics of pores
and throats in the process of fluid flow. So constant rate
mercury intrusion is better fit for tight oil reservoir having
bigger differences in pore and throat size.

311
Rc = <Z r?cx,-) (2)
i=1
rlu
Ki = =i—5— 3
Dot rio; ®)
v
S, =-2x 100 % (4)
%
v,
S, = 7‘ x 100 % (5)

where r; is the throat radius (um), a; is the normalized
frequency distribution of throat (%), V is the volume of
core sample (ml), V}, is the pore volume obtained from
injection mercury (ml), V, is the throat volume obtained
from injection mercury (ml).

Property of core samples

As shown in Fig. 2 and Table 1, all eleven samples are
obtained from Yanchang group in Ordos basin. The pore
types are composed by intergranular pore and dissolution
pore. The lithology is dominated by lithic feldspar

Fig. 2 Casting section of pore type of core sample Zh110 (a), X248 (b), Zh58 (c) and X259 (d)
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Table 1 Physical properties of core samples

Group Sample number

Porosity (%)

Permeability (1 03 pmz)

Lithology

Wettability

Sedimentary microfacies

A X250 11.00 0.10
Zh110 9.90 0.16
L22 11.63 0.17
X256 10.40 0.23
X248 11.10 0.32
B Zh58 16.70 1.37
X25 11.00 1.72
Y44 13.58 2.19
X259 13.90 2.20
L132 12.58 3.01
X26 11.97 4.47

Lithic feldspar sandstone
Feldspar lithic sandstone
Feldspar lithic sandstone
Lithic feldspar sandstone
Lithic feldspar sandstone
Lithic feldspar sandstone
Lithic feldspar sandstone
Feldspar lithic sandstone
Lithic feldspar sandstone
Feldspar lithic sandstone

Lithic feldspar sandstone

Weak-oil wet
Weak-oil wet
Weak-water wet
Weak-oil wet
Weak-oil wet
Weak-oil wet
Weak-oil wet
Weak-water wet
Weak-oil wet
Weak-water wet
Weak-oil wet

Braided river delta
Braided river delta
Meandering river delta
Braided river delta
Braided river delta
Braided river delta
Braided river delta
Meandering river delta
Braided river delta
Meandering river delta

Braided river delta

sandstone and feldspar lithic sandstone. The wettability is
primarily weak-oil wet and weak-water wet. The braided
river delta and meandering river delta are developed.
Furthermore, the porosity of samples is distributed in the
range of 9.90-16.70 %, and their permeability changes
from 0.10 x 1073 to 4.47 x 107> pm? (see Table 1). The
samples are divided into two groups according to perme-
ability. The first group (A) includes five samples with the
permeability of 0.10-0.32 x 10~ um?, while six samples
belong to the second group (B) with permeability varying
from 1.37 x 1072 to 4.47 x 107 um?.

Results and discussion
Pore size distribution

Figure 3 shows the pore distribution for the eleven sam-
ples. There exists no large difference in pore size, and the
pore exhibits the normal distribution mainly in the
100-200 pm. It is noted that the relationship between the
average pore radius and permeability is stronger than that
between the average pore radius and porosity from Fig. 4.
However, the average pore radius does not exhibit a sharp
increasing trend with the increasing permeability. The
maximum of average pore radius is 139.74 pm, while the
minimum value is 103.7 pm. Zhao et al. (2015) considered
that the pore radius mostly lies within 50-250 pm and little
variation amongst the eight samples from Chang 7 section
for tight oil reservoir based on the rate-controlled
porosimetry testing. So the result is in accord with this
paper. AlKhidir et al. (2011) thought that the maximum
pore radius of sample from the Permo-Carboniferous
Shajara Formation is 173.9 pm with an average pore size
of 41.6 um using the high-pressure mercury injection.

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

Therefore, the eleven core samples in this paper are pro-
vided the larger pore radius.

Throat size distribution

It can be learned from Table 2 that the throat peak radius is
less than 1 um and the maximum is 0.5 pm when the
permeability is less than 1 x 107> pm? The distribution
range of throat is narrow, changing from 0.2-0.5 to
0.2-1.0 pm, and the throat peak radius slightly increases
along with an increasing permeability (as illustrated in
Fig. 3).

Nevertheless, as can be seen from Table 2 and Fig. 5, if
permeability is greater than 1 x 107 pum? the peak radius
of throat will increase, distributing in 0.5-1.0 pm. At the
same time, the distribution range of throat radius becomes
wider obviously, changing from 0.2-3.4 to 0.2-8.8 pum. In
comparison, it is observed that the content of large throat is
higher in group B than that in group A from Table 2. As for
the eleven samples, the content of throat peak value radius
decreases from maximum 72.3 to 6.62 % with the in-
creasing permeability. It can be found from Table 2 and
Fig. 5 that there is a high content of smaller throats in tight
oil reservoir. What is more, the lower the permeability is,
the higher degree the smaller throat will develop. Com-
pared to the throat radius of Mesaverde sandstone calcu-
lated by theoretical equation (Ziarani and Aguilera 2012)
and the throat radius of Canadian tight oil reservoirs ob-
tained from N, adsorption (Ghanizadeh et al. 2015), the
throat radius is larger in tight oil reservoir of Ordos basin.

It can be found that the contribution of throat to per-
meability distributes intensively in group A from the
Fig. 6. As shown in Table 3, the contribution of less than
1 um throats can reach 100 % for sample X250, sample
Zh110, sample L.22 and sample X256. The contribution of
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Table 2 Throat peak radius and distribution range of different core samples

Sample Permeability Throat peak radius (um) Distribution range of throat (um) Content of throat peak value radius (%)
number 103 umz)

X250 0.10 04 0.2-0.5 46.32
Zh110 0.16 04 0.2-0.9 20.30
L22 0.17 0.4 0.2-0.8 72.79
X256 0.23 0.5 0.2-0.9 26.76
X248 0.32 0.5 0.2-1.0 18.73
Zh58 1.37 0.5 0.2-34 9.59
X25 1.72 0.8 0.2-8.0 10.97
Y44 2.19 0.8 0.2-8.2 12.79
X259 2.20 0.9 0.2-7.8 6.62
L132 3.01 1.0 0.2-8.6 6.83
X26 4.47 0.9 0.2-8.8 7.39

small throat to the permeability will be decreased with the
increasing permeability.

As for the group B, contributions of throat to perme-
ability are more dispersive because the contribution of
bigger throat increases. Except for sample Zh58, the cu-
mulative contributions of less than 4 pm throat are less
than 100 % from Table 3. It is indicated that the throat

mainly contributing to permeability is not distributed in a
certain range, but comes from a series of throats. It can be
deduced that the recovery potential would be great because
the flowing channel would be wide and flow resistance will
be little for group B cores when there are larger throats.
It is learned that porosity has almost no correlation with
average throat radius, as well as main flow throat radius
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Table 3 Comparison of cumulative contribution of throat to permeability among different core samples
Sample number Permeability (107> pm?) Cumulative permeability contribution (%)
<1 pm <2 pum <3 um <4 um <5 pm
X250 0.10 100 100 100 100 100
Zh110 0.16 100 100 100 100 100
L22 0.17 100 100 100 100 100
X256 0.23 100 100 100 100 100
X248 0.32 95.11 100 100 100 100
Zh58 1.37 9.47 39.31 79.39 100 100
X25 1.72 2.04 15.18 3534 58.25 74.49
Y44 2.19 2.05 15.59 40.27 59.68 74.11
X259 2.20 2.01 13.02 38.42 69.58 82.33
L132 3.01 1.11 11.56 37.62 64.31 76.42
X26 4.47 0.86 6.14 18.85 39.25 61.74

and throat quantity from Figs. 7, 8 and 9. However, these
three parameters all show a better correlation with per-
meability. The average throat radius is less than 1 pm with
a maximum value of 0.64 pm when the permeability is less
than 1 x 1073 umz (see Table 4). However, if the sample
permeability is greater than 1 x 107> um? the average
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throat radius will be greater than 1 pm with a minimum
value of 1.39 pum (see Table 4).

The main flow throat radius of all samples distributes
within 0.41-3.71 um, and will become larger with the in-
creasing permeability. Furthermore, it can be seen from
Fig. 6 that the main flow throat radius varies significantly
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when the sample permeability is greater than
1 x 1073 umz. As shown in Table 4 and Fig. 9, the throat
quantity of the sample changes wildly within the range of
1324-4271 number/cm”.

As mentioned above, the permeability of tight oil
reservoir is mainly contributed by poorly developed larger
throats. However, the tight oil reservoir has a higher con-
tent of smaller throats. So it can be drawn that for tight oil
reservoir, the difference of pore throat structure is pre-
sented in throat; the throat is the key factor that affects the

3
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physical properties (especially permeability) and recovery
results.

Pore throat radius ratio

Figure 10 shows that the pore throat ratio presents a de-
clining trend with permeability, but has little correlation
with porosity. The pore throat ratio of each sample ex-
hibits a wide range of distribution over the range of
10-1000. It is found that the content of bigger pore throat
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Table 4 Comparison of throat parameters among different core samples

Sample number  Permeability 1073 umz) Average throat radius (um)  Main flow throat radius (um)  Throat quantity (number cm ™)

X250 0.10 0.36 0.41 1973
Zh110 0.16 0.6 0.69 2602
L22 0.17 0.42 0.48 1324
X256 0.23 0.52 0.57 1835
X248 0.32 0.64 0.71 2360
7Zh58 1.37 1.39 1.51 1851
X25 1.72 2.53 3.58 3414
Y44 2.19 2.23 243 4271
X259 2.20 2.11 2.56 2695
L132 3.01 2.69 3.42 3679
X26 4.47 2.81 3.71 3863
600
o o 600r
s 500F . =
g S § 500 ".
o 400} < Y=410.4e***
= \ S 400 R’=0.940
2 300} ¢ L
3 o 2 300F
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Fig. 10 Correlation between average pore throat ratio and physical property

ratio will decrease, and the average value of pore throat by small throats. As a result, it is hard to recover oil from
ratio varies from 503.59 to 86.11 with the increasing  these pores and large amount of residual oil will exist. It
permeability (see Fig. 10). Pore throat ratio has a sig-  can be seen that the low oil recovery in tight oil reservoir
nificant influence on displacement efficiency. A larger  should be attributed to the larger pore throat ratio. So the
pore throat ratio means that the large pores are controlled  distinguished feature of tight oil reservoirs from other

Table 5 Comparison of pore and throat mercury saturation among different core samples

Sample number  Permeability (1073 umz) Pore mercury saturation (%) Throat mercury saturation (%) Total mercury saturation (%)

X250 0.10 25.09 13.44 38.53
Zh110 0.16 35.66 16.41 52.07
L22 0.17 17.65 18.99 36.65
X256 0.23 25.99 13.71 39.7

X248 0.32 32.19 16.46 48.65
Zh58 1.37 24.54 16.93 41.47
X25 1.72 55.80 24.16 79.95
Y44 2.19 51.69 20.84 72.52
X259 2.20 27.66 20.07 47.73
L132 3.01 49.10 22.39 71.49
X26 4.47 59.55 27.60 87.15
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conventional reservoirs is the large pore spaces and small
throats (Zhao et al. 2015).

Pore and throat volume

Because the pore and throat can be distinguished using the
constant rate mercury intrusion technique, the pore mer-
cury saturation and throat mercury saturation can be de-
termined, respectively. As shown in Table 5, the pore
mercury saturation varies from 17.65 to 55.95 %, and the
throat mercury saturation lies within the range of
13.44-27.60 %. As demonstrated in Figs. 11 and 12, the
permeability exhibits a good correlation with pore mercury
saturation, as well as throat mercury saturation. However,
the porosity has almost no correlation with the pore mer-
cury saturation and throat mercury saturation. By the
definition of permeability, the permeability is macro-per-
formance of throat parameters. Furthermore, the throat
parameters determine pore connectivity and control the
pore mercury saturation. According to the above analysis,
the property of tight oil reservoir is primarily controlled by
throat, instead of pore. As for the tight oil reservoir, it is
very important to recover more oil from the pore spaces
controlled by smaller throats. Therefore, the smaller throats
should be primarily employed through decreasing the water

injection velocity and using the spontaneous imbibitions of
capillary. Then, the pores controlled by larger throats can
be developed. In this way, the favorable oil recovery can be
received.

Conclusion

In this study, pore and throat parameters in tight oil
reservoir are quantitatively determined using constant
mercury intrusion technique. The distribution ranges of
pore in eleven tight core samples are almost the same, and
the average pore radius does not exhibit a sharp change
with the increasing permeability. If permeability is greater
than 1 x 1073 umz, the distribution range of throat will
become more spreading out. It can be found that there is a
high content of smaller throats in tight oil reservoir. Fur-
thermore, larger throats will be present and a higher con-
tribution of larger throat to permeability will be increased
with the increasing permeability.

The average throat radius, main flow throat radius and
throat quantity have almost no correlation with porosity,
but show a good correlation with permeability. As for tight
oil reservoir, the difference of pore throat structure is
mainly presented in throat and the throat is the key factor
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that affects the physical properties (especially perme-
ability) and oil recovery results.

The average pore throat ratio shows a declining trend
with permeability, but has no correlation with porosity. The
content of larger pore throat ratio will increase with the
decreasing permeability. The low oil recovery in tight oil
reservoir should be attributed to the larger pore throat ratio.
The permeability exhibits a good correlation with pore
mercury saturation, as well as throat mercury saturation.
The higher the permeability is, higher amount the effective
pore and throat will be.
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