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Abstract
Chang  63 reservoir in Huaqing oilfield, Ordos Basin, China is featured by strong pore structure heterogeneity, which leads 
to prominent Jamin effect in the water flooding, difficult development process, low productivity, and massive residual oil. 
Accordingly, this study aims to explore the microscopic pore structure of Chang  63 reservoir and investigate its influence on 
the water flooding efficiency, based on a series of comprehensive analyses, including physical property analysis, casting thin 
section observation, scanning electron microscopy measurement, high-pressure mercury injection, constant rate mercury 
injection, and microscopic real sandstone water flooding model. It is demonstrated that gray and gray-brown feldspathic 
sandstone are the main reservoir lithology in the study area, with dominant pore types of residual intergranular pores and 
feldspar dissolution pores. Pore throat radius is unevenly distributed, and small and micro pores take the majority. Based 
on the comparison of capillary pressure curve characteristics and comprehensive analysis of corresponding parameters, the 
pore structure of the Chang  63 reservoir is divided into four types, namely types I–IV. They have different reservoir spaces, 
and their reservoir and seepage capacities decrease in the order of types I–IV pore structures. Moreover, displacement pat-
terns in them are also different, with the finger-like-reticular displacement as the primary. In addition, pore throat radius and 
distribution play a critical role in the water flooding. It is also demonstrated that the water flooding efficiency increases with 
permeability and porosity, pore structure quality, and pore throat distribution evenness.

Keywords Microscopic pore structure · Water flooding experiment · Huaqing oilfield · Physical properties · Pore structure 
type

Introduction

Abundant in oil, Yanchang Formation in the east of Ordos 
Basin has been one of the most important targets in the ultra-
low permeability and tight sandstone reservoir development. 
Specifically, the third sub-member of the sixth member of 
Yanchang Formation (Chang  63) is the most representative 
(Gao et al. 2013; Huang et al. 2016; Ren et al. 2015a; Shi 

et al. 2016) (Fig. 1). Previous studies demonstrate the strong 
microscopic heterogeneity of Chang  63 reservoir sand body 
in Huaqing oilfield, which leads to prominent Jamin effect 
in the late water flooding, difficult development process, low 
productivity, and massive residual oil, thereby significantly 
restricting the effective development of Huaqing oilfield 
(Qu et al. 2016; Ren et al. 2015; Zhang et al. 2015a, b). 
The water flooding efficiency is found to be closely related 
to the microscopic pore structure of the reservoir, which 
has not been sufficiently addressed in the previous studies 
(Zhao et al. 2012). Moreover, fluid flow and migration in the 
reservoir pore space can be intuitively observed in the water 
flooding experiment in the microscopic real sandstone model 
under the microscope, which can help analyze the rule of 
water flooding and the controlling factors of water flood-
ing efficiency in conditions with different types of micro-
scopic pore structures (Bai et al. 2016; Halim et al. 2015). 
With regard to the microscopic real sandstone model, it is 
a patented technology of the National Key Laboratory of 
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Continental Dynamics of Northwest University, China. Its 
delicate microscopic model production technology enables 
the reservoir rock to retain not only the initial pore structures 
but also the rock surface physical properties and interstitials, 
thereby greatly increasing the model credibility and applica-
tion range (Zhao et al. 2017). The coupling of microscopic 
real sandstone model and full information scan video can 
realistically and intuitively reshow the fluid motion and 
residual oil distribution in the oil–water two-phase displace-
ment process, so that the displacement characteristics of the 
fluids in the rock pore space can be directly observed (Cao 
et al. 2016; Wang et al. 2008; Yadali and Kharrat 2009; Yan 
et al. 2017).

In recent years, lots of works have been done on the 
microscopic displacement characteristics of oil and water 
in reservoirs, which achieve much progress both technically 
and theoretically. Specifically, displacement experiments in 
the conventional cores are upgraded to those in the current 
microscopic real sandstone model that enables observation 
of oil and water movements under the microscope, which 
makes it possible to implement real-time observation and 
quantitative description analysis (Clarkson et al. 2012; Guo 
et al. 2007; Jia 2017; Xia et al. 2013). However, there are 
relatively few studies on the microscopic displacement 

characteristics of oil and water in ultra-low permeability 
reservoirs, which needs to be further improved and sup-
plemented. It is demonstrated that the oil–water two-phase 
microscopic displacement characteristics of ultra-low per-
meability sandstone reservoirs are obviously different from 
those conventional reservoirs. For example, the wettability 
of ultra-low permeability reservoirs has a certain impact 
on the residual oil distribution and water flooding effi-
ciency; especially, the ultimate oil displacement efficiency 
is strongly influenced by the microscopic heterogeneity of 
the pore structure; Jamin effect has a prominent effect on 
the water flooding efficiency after contact with water, in the 
form of increased water injection resistance and increased 
injection pressure (Ge et al. 2015; Kamath et al. 1993; Liu 
et al. 2002; Qin et al. 2010; Rabiei et al. 2013; Zhang et al. 
2012a). With the increase of the injection pressure, the 
injected water forms a new percolation channel, and the 
previously formed channel is “locked up”. The oil droplets 
remaining at the pore throat are only deformed but are dif-
ficult to migrate due to the additional capillary resistance. 
(Dastgheib et al. 2008; Song et al. 2015) In this case, fluid 
seepage only occurs in the partially interconnected macro 
pores under the influence of the pore structure heterogeneity. 
Consequently, oilfield development methods that are suitable 

Fig. 1  Geographic location of Huaqing oilfield b in the Ordos Basin (a)
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for medium and high-permeability reservoirs have encoun-
tered difficulties in ultra-low permeability reservoirs (Kaster 
et al. 2012; Li et al. 2007; Yadali and Kharrat 2010). Accord-
ingly, much attention has been paid to analyzing the char-
acteristics of microscopic oil–water displacement as well as 
identifying the movement and distribution rules of oil and 
water. Specifically, these works regard the microscopic pore 
structure of reservoirs to be a critical factor in impacting the 
characteristics of microscopic oil–water displacement. Rel-
evant works are mainly conducted in the microscopic model 
displacement experiments (Wang and Gu 2011; Yang et al. 
2013; Zheng and Liu 2015; Zhou et al. 2016).

To more scientifically apply the microscopic real sand-
stone water flooding model to improve the reservoir evalua-
tion, this study comprehensively employs physical property 
analysis, casting thin section observation, scanning electron 
microscopy analysis, and high-pressure mercury injection 
test on the Chang  63 reservoir in Huaqing oilfield. Corre-
spondingly, microscopic pore structure characteristics, phys-
ical properties, water flooding characteristics, and average 
pore throat radius are compared and analyzed to character-
ize the microscopic pore structure of Chang  63 reservoir 
and explore its influence on the water flooding efficiency. 
Results of this study are expected to provide certain theoreti-
cal guidance on the design of proper development scheme, 
the optimization of injection parameters, and the adjustment 
of operation plan.

Geological setting and experimental 
description

Geological background and samples

Spanning Shaanxi, Gansu, Ningxia, Inner Mongolia and 
Shanxi Provinces, Ordos Basin is the second largest sedi-
mentary basin in China with an area of about 250,000 km2. 
It is surrounded by mountains, and hosts the branches of 
Yellow River and Weihe River. The Ordos Basin is roughly 
bounded by the Great Wall in the north, with the Ordos Pla-
teau in the north and the Loess Plateau in the south. Specifi-
cally, the Ordos Plateau, with an elevation of 1200–1500 m, 
is home to widely distributed eolian sand dunes and deserts, 
and in the locally low areas there are a few saline–alkali 
lakes, all of which are possibly due to the dry climate and 
insufficient water resources; the Loess Plateau in the south 
is of an elevation of 800–1600 m (Dong et al. 2006).

Geographically in the Huachi and Qingyang Counties of 
Gansu Province, Huaqing oilfield is tectonically located in 
the western part of the Shaanbei Slope Belt, where Trias-
sic Yanchang Formation and Jurassic Yan’an Formation 
are the main two oil-bearing successions with dominant 
lacustrine delta front and deep water gravity flow deposits. 

According to the characteristics of lithology, electricity 
and sedimentary cycles, the Triassic Yanchang Formation 
of Huaqing oilfield is divided into ten oil reservoir sets 
from bottom to top. Among them, the Chang  63 reservoir 
is the target of this study. During the deposition of Yan-
chang Formation in the Late Triassic, there are mainly two 
provenances in the basin, respectively, from the northeast 
and southwest. Influenced by the steep topography in the 
southwest and gentle topography in the northeast, riv-
ers–alluvial plains–meandering river deltas are the main 
sedimentary facies in the northeast, while alluvial fan and 
braided river delta are dominant in the southwest. Specifi-
cally impacted by the northeastern provenance during the 
Late Triassic, multiple assemblages of source, reservoir 
and cap rocks are formed, constituting the basic geologi-
cal conditions for hydrocarbon accumulation (Suthar et al. 
2008; Wardlaw 1982).

The sandstones of Chang  63 reservoir in Huaqing Area 
are mainly fine-grained and very fine-grained, with main 
lithology of gray-black, gray, gray-white feldspathic sand-
stone and lithic feldspar sandstone (Kate and Gokhale 
2006; Papadimitriou et al. 2007). Pore combination types 
mainly include intergranular pore–dissolution pore and 
dissolved pore–intergranular pore. The interstitials are 
mainly matrix and cements, whereas cements primarily 
include hydromica, chlorite, ferrocalcite, ankerite, calcite, 
siliceous matter, and a small amount of argillo ferruginous 
substance. The rocks are featured by moderate to good 
sorting, poor roundness with dominant sub-angular shapes 
and a few angular shapes, primary pore cementation (fol-
lowed by overgrowth and thin film cementation), and pres-
ence of illite, chlorite and illite/smectite mixed layers.

A total of 11 core samples are implemented with micro-
scopic real sandstone water flooding experiments, which 
are combined with analyses of conventional physical prop-
erties (189 samples), casting thin sections (98 samples), 
electron microscopy scanning (62 samples), high-pressure 
mercury injection (31 samples) and constant rate mercury 
intrusion (15 samples), so as to analyze the microscopic 
water flooding characteristics of different pore structure 
types. The clay mineral filling content and physical prop-
erty data can be obtained through analyses of casting thin 
sections and image grain sizes; pore structures are clas-
sified into four types according to the high-pressure mer-
cury injection experiments; pore radius and throat radius, 
pore throat radius ratio, sorting coefficient, and movable 
fluid saturation can be acquired by constant rate mercury 
intrusion tests; microscopic real sandstone water flood-
ing experiment can be used to explore the oil and water 
displacement characteristics in different microscopic pore 
structures, which can reflect the seepage ability of the res-
ervoir (Table 1).
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Experimental methods and procedures

Experimental principle of microscopic real sandstone water 
flooding model

The microscopic real sandstone water flooding experiment is 
an application of a visualized microscopic reservoir model 
with the aid of microscope magnification, video recording, 
image analysis, and experimental metrology technique, 
which aims to achieve quantitative description of micro-
scopic reservoir fluid seepage and thus reveal the micro-
scopic seepage flow characteristics and microscopic residual 
oil distribution patterns. The key lies in the establishment 
of microscopic reservoir models and experimental testing 
techniques (Ma et al. 2016; Zhang et al. 2012b, 2016). In 
this study, the real reservoir core is used as the research 
model. The self-made simulation oil and water are, respec-
tively, used to simulate the crude oil and water in the forma-
tion, with their viscosity proportion equal to the actual one. 
The self-made simulated oil and water are immiscible and 
can exist simultaneously in the reservoir pore and throat. 
The simulated water phase is used to displace the simulated 
oil phase until the content of the simulated oil phase in the 
core is approximately the same as the actual oil saturation. 
When the formation temperature and original distribution is 
reached, the core is consolidated (Lappin-Scott et al. 1988; 
Zanganeh et al. 2012; Zhang et al. 2012a, 2015b).

Simulation oil and water can be distinguished by their 
distinctly stained colors. Thin section preparation and micro-
scopic image processing techniques are used to analyze the 
microscopic distribution of oil and water. Such method fails 
to reflect the dynamic characteristics of fluid seepage, but 

does succeed to make the oil and water distribution in the 
pore throat after displacement closer to the actual condition. 
Therefore, more direct insights can be gained concerning the 
oil and water distribution characteristics and patterns.

Microscopic water flooding experimental process

1. Model preparation

In this study, a total of 11 core models are prepared, with 
the size of 2.5 cm × 2.5 cm × 0.5 cm and the pressure resist-
ance of 0.15 MPa. In the condition that the pore structures 
are maintained, the 11 core models are first removed of oil 
and dried, then sliced and polished, after which the pol-
ished thin sections are bonded two glass sheets. Then, after 
consolidation of adhesive, the microscopic core model is 
prepared. In this study, the simulation water is actually the 
formation water mixed with methyl blue staining reagent, 
while the simulation oil is the mixture of crude oil and kero-
sene formulated with different viscosities and added with 
oil-soluble red staining reagent.

2. Experimental device

The microscopic model experiment system adopts the 
seepage flow experimental equipment developed by the 
Department of Geology of Northwest University, China, 
including vacuum pumping equipment, pressurized equip-
ment, image acquisition equipment, and microscopic obser-
vation equipment. The nitrogen gas cylinder is employed 
for pressurization, and the digital pressure gauge is used 
for pressure measurement. The image acquisition system 

Table 1  Parameters of microscopic real sandstone water flooding experiments on the Chang  63 reservoir with different pore structure types in 
Huaqing oilfield

Sample ID Well ID Depth/m Liquid 
permeability/×10−3µm2

Porosity/% Surface 
poros-
ity/%

Inter-
granular 
pore/%

Feldspar 
dissolution 
pore/%

Pore type

1 W38 2043.35 0.6323 13.43 4.8 3.7 0.9 Dissolution pore–intergranular 
pore

2 L87 2195.45 0.2884 8.7 0.7 0.2 0.3 Intergranular pore–dissolution 
pore

3 B461 1985.71 0.3386 9.37 0.9 0.1 0.8 Intergranular pore–dissolution 
pore

4 S156 2071.45 0.1512 9.03 1 0.1 0.2 Dissolution pore
5 B168 2084.55 0.1622 8.93 0.7 0.2 0.5 Dissolution pore
6 B259 2191 0.1811 10.53 1.5 0.9 1.1 Dissolution pore
7 W61 2017.95 0.0033 6.79 0.6 1.8 0.5 Dissolution pore
8 X245 1976.8 0.0511 6.18 0.5 0.1 0.2 Dissolution pore
9 Y414 1999.45 0.212 10.41 2 14 0.3 Dissolution pore
10 B181 2073.2 0.1028 7.82 0.5 0.1 0.4 Dissolution pore
11 W71 1948.57 0.311 5.22 0.4 0.2 0.5 Dissolution pore
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equipped with a camera can convey the acquired video 
signal to computer for later observation. The microscopic 
observation equipment is mainly an Olympus stereo micro-
scope equipped with camera and video functions.

3. Experimental procedure

(a) The model is prepared and dried at a temperature of 
40 °C; (b) the gas permeability is measured; (c) the model 
is vacuumized and then saturated with water; (d) the liquid 
permeability is measured; (e) the model is saturated with 
oil; (f) oil is displaced by water flooding (Table 1; Fig. 2).

Characterization of pore throat structure by high‑pressure 
mercury injection and constant rate mercury injection

In the high-pressure mercury injection experiment, mercury 
is injected into the rock sample through pressurization of it. 
The pore throat size and its distribution are calculated based 
on the magnitude of the pressure and the amount of mercury 
injection, which can be combined with the capillary pressure 
curve form to quantitatively evaluate the microscopic pore 

structure characteristics. Through the comprehensive analy-
sis and comparison of the high-pressure mercury injection 
experimental data and capillary pressure curve character-
istics of 31 samples in the study area, the pore structure of 
Chang  63 reservoir in Huaqing oilfield can be divided into 
four types, namely type I, type II, type III, and type IV (see 
Table 2; Fig. 5).

Constant rate mercury injection technique is an impor-
tant means to characterize the microscopic pore throat struc-
ture of reservoirs, and it can accurately separate pores and 
throats. The constant rate mercury injection experiment is 
implemented using the ASPE-730 constant rate mercury 
injection device produced by Coretest Systems Company. 
A total of 15 standard cores with the diameter of 2.5 cm are 
drilled in the full-diameter core, and then dried at 50 °C after 
polishing. When the core sample is soaked in the mercury 
solution after vacuumization, mercury is pumped into the 
core at a constant, extremely low rate (0.00005 ml/min). The 
pressure repeatedly drops and rises as the mercury enters the 
process, and the experiment is stopped when the pressure 
reaches 900 psi, i.e., 6.2055 MPa. At this time, the radius 
of the corresponding throat is about 0.12 µm. Real-time 

Fig. 2  The microscopic real sandstone model of Chang  63 reservoir in Huaqing oilfield. a Microscopic sandstone model. b Water-saturated 
model. c Oil-saturated model. d Water flooding model
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monitoring and automatic data acquisition and output results 
by the computer system are shown in Figs. 10, 11 and 12.

Casting thin section and scanning electron microscope 
observations

By injecting stained liquid glue into the pore space under 
vacuum pressure, casting thin sections are made after 
the consolidation of the liquid glue. In this study, Leica 
DMRXHC and Linkam THMSG600 optical microscopy 
instruments at the State Key Laboratory of Continen-
tal Dynamics of Northwest University, China are used to 
observe thin sections with the thickness of 0.03 mm and the 
area of no less than 15 mm × 15 mm. A total of 98 pieces 
of casting thin sections are observed under the polarizing 
microscope. American-manufactured FEI Quanta 650FEG 
device at the State Key Laboratory of Continental Dynam-
ics of Northwestern University, China is used for scanning 
electron microscope analysis, which utilizes electron beam 
to scan the surface of 62 core samples. Scanning electron 
microscopy observation can help analyze the morphology 
of pores, throats, and clay minerals so as to reflect changes 
in the microscopic characteristics of rocks (Fig. 4).

Results and discussions

Microscopic pore structure characteristics

Petrological characteristics and reservoir space types

According to the petrological analysis, the main type of 
sandstone in Chang  63 reservoir of Huaqing oilfield is lithic 
feldspar sandstone, followed by feldspar sandstone and 
feldspar lithic sandstone (Fig. 3). The average contents of 

quartz, feldspar, and lithic fragment in the study area are, 
respectively, 28.01, 36.62, and 19.58%. The lithic fragment 
is dominated by metamorphic one, with few igneous and 
sedimentary ones. The porosity ranges between 5.22 and 
3.43%, with an average of 8.78%, while the permeability 
varies from 0.003 to 0.63 × 10−3 µm2, with an average of 
0.22 × 10−3 µm2. Therefore, it can be safely concluded that 
these are low porosity and ultra-low permeability reservoirs.

According to scanning electron microscope and casting 
thin section analyses, the main pore types in the Chang 
 63 reservoir are residual intergranular pores (Fig. 4a) and 
the feldspar solution pores (Fig. 4b). In addition, there are 
a few micro fractures (Fig. 4f), which can better connect 
the separated pores and thus greatly improve the reservoir 
permeability and connectivity. The primary pore combi-
nations in the study area are intergranular pore–dissolu-
tion pore and dissolution pore–intergranular pore, among 

Table 2  Conventional mercury injection parameters concerning pore structure of Chang  63 reservoir in the study area

Parameters I II III IV

Mean Range Mean Range Mean Range Mean Range

Permeability/×10−3µm2 0.43 0.31–0.63 0.23 0.18–0.29 0.14 0.09–0.21 0.03 0.003–0.05
Porosity/% 11.66 6.7–20.7 9.03 8.7–9.8 7.85 6.79–8.93 5.7 5.2–6.2
Mean 11.19 10.27–12.08 11.95 10.31–12.72 12.43 11.44–12.99 12.69 11.85–13.27
Sorting coefficient 1.9 1.32–2.53 1.63 0.8–2.46 1.34 0.79–2.61 1.07 0.52–1.99
Variable coefficient 0.18 0.15–0.25 0.14 0.1–0.24 0.15 0.09–1.09 0.11 0.07–0.94
Displacement pressure/Mpa 0.8 0.46–1.07 1.44 0.72–2.31 2.3 1.49–3.22 2.84 1.91–3.79
Maximum pore throat radius/µm 0.98 0.69–1.61 0.32 0.55–1.01 0.33 0.23–0.49 0.29 0.14–0.37
Median pressure/Mpa 3.27 1.75–6.33 4.93 3.14–8.75 8.26 4.11–15.99 10.37 5.98–19.27
Median radius/µm 0.27 0.12–0.42 0.16 0.08–0.23 0.1 0.05–0.18 0.06 0.03–0.14
Maximum mercury injection/% 82.84 73.9–90.33 77.56 57.6–90.26 77.94 63.53–95.57 70.04 56.16–83.29
Mercury ejection efficiency/% 28.54 23.4–39.5 24.31 15.2–34.71 26 15.36–37.43 20.19 14.44–32.17
Sample amount/piece 4 9 12 6

Fig. 3  Chang  63 reservoir sandstone classification scheme
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which the former type is more common. There are also a 
few micro pores (Fig. 4c). Dissolution effect in the dia-
genetic process alters the reservoir properties, resulting 
in larger pores and increased permeability and poros-
ity (Fig. 4). Clay minerals are mainly illite and chlorite 
(Fig. 4d–e). Kaolinite is rarely developed. Ferrocalcite and 
ankerite are the main carbonates. Throats are in the forms 
of disc, curved disc and bundle. The reservoir is of overall 
poor connectivity and low throat coordination number. The 
pore structure distribution characteristics and the materials 
filled between the pores directly affect the reservoir stor-
age and seepage capacities.

Pore structure types and features

According to the results of high-pressure mercury injec-
tion experiments on 31 cores, this study classifies the pore 
structures into four types based on analysis of the capil-
lary pressure curve characteristics, displacement pressure, 
and mercury injection during different pressure intervals, 
namely types I, II, III and IV (Table 2; Fig. 5).

1. Type I pore structure featured by low displacement pres-
sure, coarse skewness, good sorting, and high maximum 
mercury injection

Fig. 4  Photos of casting thin sections and scanning electron micro-
scope of Chang  63 reservoir in Huaqing oilfield. a Residual inter-
granular pores, well L87, 2195.45 m, Chang 6, casting thin section; 
b some feldspar dissolution pores, Well S156, 2071.45 m, Chang 6, 
casting thin section; c micro pores, Well W61, 2014.9 m, Chang 6, 

scanning electron microscope; d chlorite filling pores and throats, 
Well Y414, 1999.15 m, Chang 6, scanning electron microscope; e fil-
iform illite filling pores and throats, Well B181, 2187.3 m, Chang 6, 
scanning electron microscopy; f micro fractures, Well B259, 2191 m, 
Chang 6, plane-polarized light, casting thin section

Fig. 5  Capillary pressure curves corresponding to different types of 
pore structures in Chang  63 reservoir in Huaqing oilfield
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The shape of the capillary pressure curve of type I pore 
structure is skewed towards the lower left of the figure, in 
which low displacement pressure means large permeabil-
ity, coarse pore and throat radius, and good sorting. The 
displacement pressure ranges between 0.46 and 1.07 Mpa, 
with an average of 0.80 Mpa; the sorting coefficient ranges 
between 1.32 and 2.53, with an average of 1.90; the per-
meability ranges between 0.31 and 0.63 × 10−3 µm2, with 
an average of 0.43 × 10−3 µm2; and the average maximum 
mercury saturation is 82.84%. All these indicate excellent 
reservoir and seepage capacity, and the corresponding reser-
voirs are generally distributed in the thickest sandstone body 
in the underwater distributary channels.

2. Type II pore structure featured by low–medium displace-
ment pressure, coarse skewness, medium–good sorting, 
and medium–high maximum mercury injection

The shape of the capillary pressure curve of type II pore 
structure is also skewed towards the lower left of the fig-
ure, but such pore structure has higher displacement pres-
sure than the Type I pore structure, and it is also featured 
by high permeability, coarse pore and throat radius, and 
medium–good sorting. The displacement pressure ranges 
between 0.72 and 2.31 Mpa, with an average of 1.44 Mpa; 
the sorting coefficient ranges between 0.8 and 2.46, with 
an average of 1.63; the permeability ranges between 0.18 
and 0.29 × 10−3 µm2, with an average of 0.23 × 10−3 µm2; 
and the average maximum mercury saturation is 77.56%. 
All these indicate good reservoir and seepage capacity, and 
the corresponding reservoirs are generally distributed in the 
underwater distributary channels or the side part proximal 
to the channel streamline.

3. Type III pore structure featured by high displacement 
pressure, fine skewness, medium sorting, and medium 
maximum mercury injection

The shape of the capillary pressure curve of type III pore 
structure is skewed towards the upper right of the figure, 
which indicates high displacement pressure, small perme-
ability, good sorting, and fine pore and throat radius. Gen-
erally, high displacement pressure corresponds to poor res-
ervoir capacity. The displacement pressure ranges between 
1.49 and 3.22 Mpa, with an average of 2.3 Mpa; the sorting 
coefficient ranges between 0.79 and 2.61, with an average of 
1.34; the permeability ranges between 0.09 and 0.21 × 10−3 
µm2, with an average of 0.14 × 10−3µm2; and the average 
maximum mercury saturation is 77.94%. All these indicate 
moderate reservoir and seepage capacity, and the corre-
sponding reservoirs are generally distributed in the side part 
of underwater distributary channels or the side part proximal 
to the channel streamline.

4. Type IV pore structure featured by high displacement 
pressure, very fine to fine skewness, poor sorting, and 
small maximum mercury injection

The shape of the capillary pressure curve of type IV pore 
structure is more skewed towards the upper right of the fig-
ure, and there is rarely a flat interval in the range below 
SH-50. The displacement pressure ranges between 1.91 and 
3.79 Mpa, with an average of 2.84 Mpa; the sorting coef-
ficient ranges between 0.52 and 1.99, with an average of 
1.07; the permeability ranges between 0.003 and 0.05 × 10−3 
µm2, with an average of 0.03 × 10−3 µm2; and the average 
maximum mercury saturation is 70.04%. The corresponding 
reservoirs of type IV pore structure are the poorest in terms 
of reservoir and seepage capacity, and they are generally 
distributed in the side part of inter-distributary bay or the 
sandstone–mudstone interbedding (Fig. 6).

Microscopic water flooding characteristics 
in reservoirs with different pore structures

1. Type I pore structure

There are three pieces of cores with type I pore struc-
ture, with the average porosity of 10.50%, average per-
meability 0.47 × 10−3 µm2, average throat radius 1.28 µm, 
average pore throat radius ratio 156.78, and average water-
free stage displacement efficiency 22% (Table 3). Observa-
tion under microscope indicates homogeneous and retic-
ular-homogeneous displacement (Fig. 8a–b). The water 
preferentially flows through the low resistance direction, 
with some breakthrough in the fracture direction. After 
the water breakthrough, the sweeping area is gradually 
expanded until covering the whole area with some oil film 
and corner residual oil (Fig. 8f–g). The water-free stage in 
the water flooding process of type I pore structure is rela-
tively short, but the ultimate oil displacement efficiency is 
still relatively high, with the ultimate-stage displacement 
efficiency range of 37.1–42% (averaging 39.03%). Among 
all the four types of pore structures, type I pore structure is 
of the highest ultimate-stage displacement efficiency (Zhao 
et al. 2011).

2. Type II pore structure

There are also three pieces of cores with Type II pore 
structure, with the average porosity of 9.50%, average per-
meability 0.28 × 10−3 µm2, average throat radius 0.563 µm, 
average pore throat radius ratio 395.013, and average water-
free stage displacement efficiency 14.63% (Table 3). Gener-
ally, compared to type I pore structure, type II pore struc-
ture is featured by better physical properties, more effective 
pores and throats, but poorer pore throat radius distribution. 
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Observation under microscope indicates dominant reticular-
homogeneous displacement with a few finger-like-reticular 
displacement (Fig. 8b–d). Oil remaining in the reservoir 
is mainly the oil film residual oil and the flowing-around 
residual oil (Fig. 8f, i). After the breakthrough of reticular 
water flooding front, the sweeping area gradually increases, 
and the dominant displacement is reticular-homogeneous. 
The ultimate-stage displacement efficiency varies from 33.9 
to 35% with an average of 34.47%, which is the secondary 
high among four types of pore structures.

3. Type III pore structure

There are also three pieces of cores with type III pore 
structure, with the average porosity of 7.79%, average per-
meability 0.14 × 10−3 µm2, average throat radius 0.323 µm, 

average pore throat radius ratio 576.59, and average water-
free stage displacement efficiency 14.13% (Table 3). Com-
pared to type II pore structure, type III pore structure is 
featured by poorer physical properties, less effective pores 
and throats, and obviously poorer pore throat radius distri-
bution. Observation under microscope indicates dominant 
finger-like-reticular displacement with a few finger-like 
displacement, and oil remaining in the reservoir is mainly 
the flowing-around residual oil (Fig. 8i). The ultimate-
stage displacement efficiency varies from 29.7 to 36% with 
an average of 32.03%, which is the secondary low among 
four types of pore structures.

4. Type IV pore structure

Fig. 6  Water flooding characteristics in reservoirs with different pore 
structures in Chang  63 reservoir in Huaqing oilfield. a Homogene-
ous displacement, Well L87, 2195.45  m; b reticular-homogeneous 
displacement, Well B461, 1985.71  m; c finger-like-reticular dis-
placement, Well S156, 2071.45  m; d finger-network-like displace-

ment, Well X245, 1976.8  m; e finger-like displacement, Well W71, 
1948.57 m; f oil film residual oil distribution, Well W38, 2043.35 m; 
g corner residual oil distribution, Well B461, 1985.71  m; h inter-
rupted residual oil distribution, Well S156, 2071.45  m; i flowing-
around residual oil distribution, Well X245, 1976.8 m
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There are also three pieces of cores with type IV pore 
structure, with the average porosity of 6.52%, average per-
meability 0.086 × 10−3 µm2, average throat radius 0.495 µm, 
average pore throat radius ratio 416.904, and average water-
free stage displacement efficiency 11.75% (Table 3). Type IV 
pore structure is of the poorest physical properties, strongest 
effective pore throat heterogeneity, and poorest pore throat 
radius distribution. Observation under microscope indicates 
dominant finger-like displacement (Fig. 8e), and oil remain-
ing in the reservoir is mainly interrupted and flowing-around 
residual oil (Fig. 8h–i). The ultimate-stage displacement effi-
ciency is 29.75%, which is the lowest among four types of 
pore structures.

Factors affecting water flooding efficiency

The exploration and development practices and theories of 
Yanchang and Yan’an Formations in the Ordos Basin dem-
onstrate the reservoir heterogeneity to be an important factor 
affecting the microscopic water flooding of sandstones, and 
the microscopic pore structure to be the key factor hindering 
the development of low and ultra-low permeability reservoirs. 
The microscopic pore structure of reservoirs can directly and 
objectively reflect the development benefits of reservoirs. 
Accordingly, possible factors influencing oil displacement 
efficiency are analyzed in the following part, including poros-
ity, permeability, reservoir quality, throat radius, pore throat 
radius ratio, sorting coefficient, and movable fluid saturation.

Physical properties

Physical property experiments indicate the poor physical 
properties of Chang  63 reservoir in Huaqing oilfield. The 
water-free and ultimate stage oil displacement efficiencies 
are both positively correlated with porosity, with respec-
tive correlation coefficients of 0.4185 and 0.7216 (Fig. 7), 
while they are more positively correlated with permeabil-
ity, with respective correlation coefficients of 0.6365 and 
0.8008 (Fig. 8). The relative strong relationship between the 
permeability and oil displacement efficiency as well as the 
higher correlation coefficient between it and ultimate stage 
oil displacement efficiency indicates the stronger permeabil-
ity of effective throat network, which contributes to the more 
seepage paths with wider range and larger sweeping area and 
finally larger ultimate stage oil displacement efficiency. The 
reservoir quality index, which is a function of permeability 
and porosity, is more strongly correlated with water-free and 
ultimate stage oil displacement efficiencies, with respective 
correlation coefficients of 0.6879 and 0.8829 (Fig. 9), which 
suggests that single physical parameter cannot faithfully 
reflect the seepage properties. The displacement efficiency 

Ta
bl

e 
3 

 W
at

er
 fl

oo
di

ng
 re

su
lts

 o
f m

ic
ro

sc
op

ic
 re

al
 sa

nd
sto

ne
 m

od
el

 o
f C

ha
ng

  6
3 r

es
er

vo
ir 

in
 H

ua
qi

ng
 o

ilfi
el

d

Po
re

 st
ru

c-
tu

re
 ty

pe
W

el
l

Po
ro

si
ty

/%
Pe

rm
ea

bi
lit

y/
10

−
3 µm

2
O

rig
in

al
 o

il 
sa

tu
ra

tio
n/

%
W

at
er

-f
re

e 
st

ag
e

U
lti

m
at

e 
st

ag
e

D
is

pl
ac

em
en

t e
ffi

ci
en

cy
/%

M
ai

n 
di

sp
la

ce
m

en
t w

ay
D

is
pl

ac
em

en
t e

ffi
ci

en
cy

/%
M

ai
n 

di
sp

la
ce

m
en

t w
ay

Si
ng

le
 sa

m
pl

e
M

ea
n

Si
ng

le
 sa

m
pl

e
M

ea
n

I
W

38
13

.4
3

0.
69

64
.6

25
22

H
om

og
en

eo
us

42
39

.0
3

H
om

og
en

eo
us

L8
7

8.
70

0.
31

57
.7

19
.4

Re
tic

ul
ar

-h
om

og
en

eo
us

37
.1

H
om

og
en

eo
us

B
46

1
9.

38
0.

40
59

21
.6

Re
tic

ul
ar

-h
om

og
en

eo
us

38
Re

tic
ul

ar
-h

om
og

en
eo

us
II

S1
56

9.
03

0.
41

52
.6

13
.9

14
.6

3
Re

tic
ul

ar
-h

om
og

en
eo

us
33

.9
34

.4
7

Re
tic

ul
ar

-h
om

og
en

eo
us

B
16

8
8.

93
0.

20
53

.8
14

.4
Fi

ng
er

-li
ke

-r
et

ic
ul

ar
34

.5
Re

tic
ul

ar
-h

om
og

en
eo

us
B

25
9

10
.5

3
0.

22
55

.4
15

.6
Fi

ng
er

-li
ke

-r
et

ic
ul

ar
35

Re
tic

ul
ar

-h
om

og
en

eo
us

II
I

W
61

6.
79

0.
05

49
.1

15
14

.1
3

Fi
ng

er
-li

ke
-r

et
ic

ul
ar

29
.7

32
.0

3
Fi

ng
er

-li
ke

-r
et

ic
ul

ar
X

24
5

6.
18

0.
10

50
10

.4
Fi

ng
er

-li
ke

-r
et

ic
ul

ar
30

.4
Fi

ng
er

-li
ke

-r
et

ic
ul

ar
Y

41
4

10
.4

1
0.

27
56

17
Fi

ng
er

-li
ke

-r
et

ic
ul

ar
36

Fi
ng

er
-li

ke
-r

et
ic

ul
ar

IV
B

18
1

7.
82

0.
09

51
.5

12
.6

11
.7

5
Fi

ng
er

-li
ke

32
.4

29
.7

5
Fi

ng
er

-li
ke

-r
et

ic
ul

ar
W

71
5.

22
0.

08
58

.8
10

.9
Fi

ng
er

-li
ke

27
.1

Fi
ng

er
-li

ke



1109Journal of Petroleum Exploration and Production Technology (2018) 8:1099–1112 

1 3

is not completely controlled by single reservoir parameters, 
and it has certain independence.

Microscopic pore structure

1. Throat radius

The average pore throat radius is positively correlated with 
the water-free and ultimate stage oil displacement efficien-
cies, with respective correlation coefficients of 0.8256 and 
0.9025 (Fig. 10). When the throat radius is less than 1 µm, oil 
displacement efficiency sharply increases with the increasing 
throat radius, which then turns to be gentle when the throat 
radius is greater than 1 µm. This indicates the influence of 
throat radius and throat permeability contribution curve on 

oil displacement efficiency. Under the same experimental 
conditions, more evenly distributed throat radius can con-
tribute to smoother seepage path, larger sweeping area, and 
higher displacement efficiency when it comes to the throats 
with similar or equal radius. As the main factor influencing 
oil displacement efficiency, throat radius can more intuitively 
and truly characterize the reservoir under the action of sedi-
mentary and diagenetic alternation.

2. Pore throat radius ratio

Figure 11 shows the relatively good negative correlation 
between the pore throat radius ratio and the water-free and 
ultimate stage oil displacement efficiencies, with respec-
tive correlation coefficients of 0.7772 and 0.8274. It can 

Fig. 7  Relationship between reservoir porosity and oil displacement 
efficiency

Fig. 8  Relationship between reservoir permeability and oil displace-
ment efficiency

Fig. 9  Relationship between reservoir quality index and oil displace-
ment efficiency

Fig. 10  Relationship between throat radius and oil displacement effi-
ciency
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be indicated that larger pore throat radius ratio corresponds 
to poorer pore throat connectivity and larger displacement 
resistance. Under the same experimental conditions, the 
relatively high-permeability zone is featured by bypass 
flow, small sweeping area, and low oil displacement effi-
ciency. Meanwhile, the smaller pore throat radius generally 
corresponds to closer size of pores and throats as well as 
more uniform distribution of them, which means smaller 
heterogeneity coefficient and thus higher seepage capacity 
and ultimate stage oil displacement efficiency.

3. Sorting coefficient

As can be seen from Fig. 12, the water-free and ulti-
mate stage oil displacement efficiencies are positively 
correlated with the sorting coefficient, with respective 
correlation coefficients of 0.5747 and 0.853. Larger sort-
ing coefficient means larger structural seepage coefficient, 
wider throat radius distribution, better pore structure in the 
low-permeability reservoir, more uniform pore and throat 
distribution, more macro throats, stronger flow capacity, 
and thus higher oil displacement efficiency under different 
displacement pressures.

Movable fluid saturation

Movable fluid saturation parameters are widely used in 
the research of reservoir seepage mechanism to evaluate 
the fluid seepage capacity in the reservoir. As shown in 
Fig. 13, the correlations between the movable fluid satu-
ration and water-free and ultimate stage oil displacement 
efficiency are relatively good, with respective correlation 
coefficients of 0.803 and 0.8839. Such high correlation is 
comparable to the correlation between reservoir quality 
index and microscopic pore structure and oil displacement 
efficiency, and higher than that between porosity and per-
meability and oil displacement efficiency. Generally, larger 
movable fluid saturation corresponds to stronger seepage 
capacity of the reservoir, more seepage channels, larger 
sweeping area, and thus higher oil displacement efficiency 
under different displacement pressures.

Fig. 11  Relationship between pore throat radius ratio and oil dis-
placement efficiency

Fig. 12  Relationship between sorting coefficient and oil displacement 
efficiency

Fig. 13  Relationship between movable fluid saturation and oil dis-
placement efficiency
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Conclusions

The Chang  63 reservoir in Huaqing oilfield, Ordos Basin, 
China is classified as the low porosity and ultra-low per-
meability reservoir, with the average porosity of 8.77% 
and the average permeability of 0.22 × 10−3 µm2. There is a 
very close relationship between microscopic pore structure 
characteristics and water flooding efficiency. Through the 
microscopic real sandstone model water flooding experi-
ments of 11 core samples and other microscopic experi-
ments, this study comprehensively investigates the fluid 
flow law in the rock pore space. Consequently, the follow-
ing conclusions are drawn:

1. The Chang  63 reservoir in Huaqing oilfield is a set of 
tight sandstone reservoir, with the main effective lithol-
ogy of gray and gray-brown lithic feldspathic sandstone 
and feldspar sandstone, followed by a small amount of 
feldspar lithic sandstone. The primary interstitial materi-
als are illite and chlorite, and kaolinite is rarely devel-
oped. Residual intergranular pores are the dominant pore 
types, followed by some feldspar dissolution pores. The 
sorting is moderate, and the intergranular pore–feldspar 
dissolution pore combination takes the majority.

2. According to the capillary pressure curve character-
istics and comprehensive analysis of corresponding 
parameters, the pore structure of Chang  63 reservoir is 
divided into four types, namely types I–IV, with cor-
responding worsening reservoir and seepage capacities. 
Type II and III pore structures mostly develop in the 
study area. Observed displacement patterns are reticular-
homogeneous as well as finger-like-reticular, with the oil 
displacement efficiency decreasing.

3. There are obvious differences in the water displacement 
pattern and oil displacement efficiency among four 
types of pore structures. The size and distribution of 
the throat radius are the key factors affecting the water 
flooding efficiency; better reservoir properties contrib-
ute to higher oil displacement efficiency; better pore 
structure corresponds to larger throat radius, better sort-
ing, more macro pores and throats, more uniform pore 
throat distribution, and consequently higher oil dis-
placement efficiency; the pore throat radius ratio is the 
most important parameter to characterize the reservoir 
heterogeneity, and the smaller pore throat radius ratio 
means closer size between pores and throats, resulting 
in the higher seepage capacity and ultimate stage oil 
displacement efficiency; microscopic pore structure 
parameters are key factors that affect oil displacement 
efficiency.
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