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Abstract Unlike conventional reservoirs, tight reservoirs have complex pore structures and
severe boundary-layer effect. The pore throat of tight reservoirs is in nanoscale and the bound-
ary layer cannot be ignored because the boundary layer has an important effect to the fluid
flow and its influence increases with the reduction in the pore throat radius. These are the main
reasons for the ultra-low permeability and low oil recovery for these reservoirs. However,
previous studies have paid limited attention to the influences of the boundary-layer effect and
the pore size distribution. In this paper, a new model was built to determine the effective per-
meability for the tight gas and oil reservoirs by taking into account the boundary-layer effect
and the pore distribution. The results from this new model show good agreement with the
experiment data, and the main factors that impact the effective permeability were analyzed
in the study. It is found that the fluid type, means and standard deviation of pore radius, and
displacement pressure gradient are the main factors influencing effective permeability. The
relationship of air permeability and liquid permeability is also analyzed for tight reservoirs.

Keywords Tight formation - Effective permeability - Pore size distribution - Boundary
layer - Gas slippage
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A The cross-sectional area of the rock (pm?)
nw Oil viscosity (mPa s)

T Pore structure coefficient

AP  Pressure difference (MPa)

bm Porosity (%)
Do Barometric pressure (MPa)
w/e  Slip coefficient (1/pum)

1 Introduction

Considerable efforts have been made on the recovery of the tight oil as part of developing
unconventional resources in the last decade or so, and oil from tight reservoirs represent
an increasing share of the world’s hydrocarbon source. Tight oil reservoirs have ultra-low
permeability, which presents greater challenges for field development in general and for oil
recovery in particular. The main reasons for low permeability of tight oil reservoirs include
the complex distribution of the pore structures and boundary-layer effect in the pore throats
of these reservoirs. In tight oil reservoirs, most pore throats are highly rugose. As the rugosity
inevitably increases the length of the path for fluid flow, the resistance would be extremely
high for the fluid flow. Moreover, the boundary-layer effect is a problem. The interaction
between the solid particles and the liquid is very strong so that a layer of liquid will be
attached on the inner surface of the pore and restricts the flow.

For conventional reservoirs, pore throats are relatively uniform, and in fact, uniform pore
radius is often used to describe the distribution of pore throats. A number of permeability
models have been proposed.

Kozeny (1927) and Carman (1937) built the equivalent capillary model for matrix, which is
asimplified representation of the rock and plays a fundamental role in characterizing reservoir
permeability. Purcell (1949) derived an equation showing the relationship of permeability
to capillary pressure curve. Burdine (1953) calculated the relative permeability from pore
size distribution data and used the tortuosity factor in the permeability equation as a term of
correction for the difference between the theoretical model and the actual rock. Brooks and
Corey (1966) modified the representation of capillary pressure function to a more general form
and obtained a new formation of permeability function because of the limitation of Corey’s
model (1954). However, for tight oil reservoirs, the pore throat distribution is distinct from
the conventional reservoirs and displays the feature of heterogeneity. Many experiments have
shown that the pore distribution of the tight oil reservoirs exhibits a wide range (Youssef et al.
2007; Riepe et al. 2011; Li et al. 2012; Wang et al. 2009; Nelson 2009; Desbois et al. 2011;
Camp 2011). Thus, high deviations may occur when calculating the permeability of tight oil
reservoirs while assuming a uniform distribution (Bernabé and Bruderer 1998; Latour et al.
1995; Banavar and Johnson 1987) and the micro-tube model based on uniform radius is not
suitable to the determination of permeability for tight reservoirs.

There are still rare reports about the inclusion of pore size heterogeneity in permeability
model. It is possible to use a function to represent the distribution, and such a function has the
potential advantage of integrating all the variables related to the pore throat and permeability.

Another factor influencing the permeability of the tight reservoirs is the boundary-layer
effect, and the boundary layer will reduce the effective flowing space of the micro-tubes
and constrain fluid flow. The conception of boundary-layer effect for flow in porous media
was first proposed by Mapxacuu U JI (1977). He supposed there was a thin layer of liquid
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on inner surface of the pore because of the interaction of the solid and the liquid. Li et al.
(2011) and Mala and Li (1999) conducted micro-tube experiment with deionized water, which
proved the existence of boundary layer. Some previous experiment results (Li and He 2005;
Zhang et al. 2008; Xu and Yue 2007) showed that the proportion of the boundary layer was
controlled by several factors, such as radius of the micro-tube and liquid viscosity.

For tight reservoirs, the scale of the pore throat is mainly in microscale and nanoscale so
that the effect of boundary layer on fluid flow in tight reservoirs is obvious. The comparison
between gas permeability and liquid permeability is a good case for the impact of boundary
layer on permeability measurement of the same reservoir. There exists gas slippage effect
(Sampath and Keighin 1982; Daixun 2002; Carman 1956) when gas transports in the pore
throats so that the boundary-layer effect is negligible. Gas permeability is normally larger
than liquid permeability (Klinkenberg 1941; Dabbous et al. 1974; Li and Horne 2001, 2004).
In general, people use gas permeability to represent the permeability of tight reservoirs for
its convenience to obtain. However, this is usually not recommended for its inaccuracy.
Boundary-layer effect has been ignoring in the permeability expression, which may develop
deviation in application especially for tight reservoirs.

The objective of this paper is to propose a new method for calculating the effective perme-
ability of tight formation considering the pore distribution, which plays crucial roles for the
tight formation. And also, the boundary-layer effect, which is obvious in nano- or microp-
ores, is included in the calculation of the effective permeability. This paper aims to introduce
a conception that pore distribution and boundary-layer effect, which are rarely considered
in the previous work, are really essential to permeability of tight formation and cannot be
neglected. We use the experimental results to verify the accuracy of this model and discuss
the influential variables based on factor analysis with the new model. The results show this
model has enough accuracy and can be used in practice for its convenience and simplicity.

2 Modeling

For the convenience of model description, the following assumptions are made for the mod-
eling:

1. The model consists of a bunch of micro-tubes in serial radii and there is sealed volume
between micro-tubes;

2. Fluid and rock are incompressible;

3. The flow in reservoirs conforms to Darcy’s law and the flow in the micro-tubes satisfies
Poiseuille Equation;

4. The throat size distribution can be represented by a function, such as Gaussian distribu-
tion;

5. The pore throat distribution is based on the mercury experiment and can be used to
represent the heterogeneity of the rock.

2.1 Boundary Layer Effect on Effective Pore Radius and Permeability

Tight oil reservoirs contain a large ratio of pores to throats, and the nanothroat is one of the
main constraints for fluid flow in the reservoirs. Figure 1 illustrates the nanothroats in tight
oil reservoirs. The effective flow radius for the nanoscale throats may be in the magnitude of
only several liquid molecules (such as in heavy oil).

@ Springer



24 R. Cao et al.

~_ boundary

throat
(nanoscale)

(a) pore & throat (b) boundary layer

Fig. 1 Schematic of nanoscale pore throats in tight oil reservoirs
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Fig. 2 Schematic of fluid flow profile in porous media

Due to the strong interaction between liquid and solid particles, there will be a thin layer
of liquid attached to the pore throat surface. It is really difficult for the boundary layer liquid
to flow. Although the thickness of boundary layer is nanoscale for tight oil reservoirs, it may
be equivalent to the nanothroat radius. Figure 2 compares the fluid flows with boundary layer
and without boundary layer. For the same pore throat space, the effective flow space is quite
different between the two models. The flow space will be much narrower for the condition
with the boundary layer. Thus, its existence will inevitably constrain the fluid flow, and in
some situations even make the flow impossible.

Experimental data (Yang et al. 2012) have indicated that there is no linear relationship
between gas permeability and liquid permeability. This is because the boundary-layer effect
can be neglected and gas slippage effect dominates during gas flow, so that all pore throats can
be regarded as contributing to the permeability; while for the liquid flow, only the PTR much
larger than the thickness of the boundary layer can significantly contribute to permeability.
The effective pore throat for flow can be obtained by considering the thickness of the boundary
layer from the actual pore throat. Figure 3 shows the ratio of gas permeability and liquid
permeability, and as seen, it is very large when the gas permeability is low. This ratio will
decrease rapidly with the increase in the gas permeability and becomes a constant for high
permeability. This phenomenon suggests that the boundary layer will have a significant
effect in the low-permeability reservoirs, especially the tight oil reservoirs. Its influence can
be neglected in high-permeability reservoirs.

2.2 Expression of Boundary Layer from Micro-tube Experiments
2.2.1 Experimental Setup

Li et al. (2011) conducted the micro-tube experiments with the setup as shown in Fig. 4. It
consists of pressure supply unit, measurement unit, pressure system and temperature system.
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Fig. 4 Micro-tube experimental setup (Redraw from Li et al. 2011)

The deionized water used in the experiment needs to be defecated with the defecator before
it goes through the micro-tube. The whole process is conducted at the room temperature. The
micro visual system is used to measure the flow rate accurately.

2.2.2 Representation of the Thickness of Boundary Layer

We analyzed a large amount of micro-tube experiment data within micrometer scale and
results of Dissipative Particle Dynamics simulation within nanometer scale (Li et al. 2011;
Tian et al. 2014). Table 1 lists the parameters and results of the micro-tube experiments (Li
etal. 2011). The micro-tube experiment shows that the thickness of the boundary layer is in an
exponential relationship with the micro-tube radius and the displacement pressure gradient,
and itis in linear relationship with the liquid viscosity. However, when the displacement pres-
sure gradient is greater than 1 MPa/m, the ratio between the thickness of the boundary layer
and the micro-tube radius is almost constant. The empirical equation of the thickness of the
boundary layer can be expressed as a function of the micro-tube radius and the displacement
pressure gradient:

L _ | 7i-025763¢70261 (v py=0419. 1 VP < 1 MPa/m )
P r-0.25763e 0200 Ly VP > 1MPa/m
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Fig. 5 Pore distribution model in tight reservoirs

It should be noted that the thickness of boundary layer is related to fluid property and rock
interfacial property, and thus, 4; in Eq. 1 should be determined based on the experimental
results or DPD simulation. The expression of boundary layer thickness belongs to the curve
fitting type, which is obtained through fitting numerous data of micro-tube experiments.
The exponent of pressure gradient is non-integer and the dimensions at the two ends of the
equation are not equal. This is because the boundary-layer theory is still in the process of
exploration and is not mature. When the fluid type is changed, the parameters may need to
be modified to fit the curve. We show a method to calculate the thickness of the boundary
layer rather than a universally accepted expression.

2.3 PTR Distributions for Tight Reservoirs

To determine the relationship between the pores and the permeability, the PTR distribution
should be characterized first. For tight reservoirs, pore throats size has a relatively wide
distribution, which may range from nanoscale to microscale. Therefore, we could not use
one uniform PTR to describe constitution of the pore throats. Figure 5 shows the distribution
of PTR in tight oil reservoirs.

Based on statistical analysis of pore size, it is reasonable to use Gaussian function to
represent the pore distribution, and the proportion of micro-tubes of radius r; can be expressed

as:
f(r) = ! ex _M )
D= e TP\ T 202

We could possibly use other functions to represent the pore distribution; the principle to
select a function includes two aspects: accuracy in characterization of pore distribution and
the convenience for calculation (discussed later) (Table 2).

Because of the boundary layer, the effective pore radius for fluid flow is smaller than the
actual pore radius. The effective pore radius can be obtained by deducting the thickness of the
boundary layer from the actual pore radius. Therefore, the distribution of the effective pore
radius will vary from that of the total pore radius. For conventional and some low-permeability
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Table 2 Characteristic values of

. U Pattern Maximum throat Mean pore radius
different pore throat distributions .
radius (pm) (jum)
a 22 10
b 11 5
¢ 1.1 0.5
(a) 16 -Q— Effective throat radius (b) 10 —Q— Effective throat radius
~<)— Primary throat radius =)= Primary throat radius
8
—~ 121 .
X X
Fy almost unchanged > 61
c 8- e
3 S 4
g g
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\&vmm |
0 T T T ? 0 T T T T T
0 5 10 15 20 25 0 2 4 6 8 10 12
throat radius (um) throat radius (um)
(c) 8 —Q— Effective throat radius

~)— Primary throat radius
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frequency (%)
N
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Fig.6 Comparison of effective and primary pore throat radius with different throat distribution a conventional
reservoirs, b low-permeability reservoirs, ¢ tight reservoirs

reservoirs such as shown in Fig. 6a and b, the differences between the two curves are small.
This is because the proportion of the boundary layer can be neglected when the pore radius
is relatively large. For tight reservoirs, such as shown in Fig. 6¢c, the distinctions between
the two curves are obvious, which is because the boundary layer occupies a large proportion
of the pore radius. Therefore, the effective pore radius curve is quite different from the total
pore radius curve for tight reservoirs.

2.4 Permeability Model

For fluid flow in the micro-tubes of radius r;, the flow rate can be described by Poiseuille
Equation:
nri4 AP

Qi = NiSMrL 3
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For tight reservoirs, we should consider the pore distribution, so that Eqs. 2 and 3 are
coupled to achieve the flow rate of a bunch of micro-tubes in serial radii given by the Gaussian
function (Eq. 4):

Zij 71Nf(rl-)ri4 AP

= 4
Q St “
For fluid flowing in porous media, the flow rate can also be described by Darcy Law:
Kn,AAP
0=——— ®)
wL

where, A is the cross-sectional area of the rock. For a section with a bunch of tubes in serial
radii, the area could be calculated by

zzl JTNf(r,-)rl.2

A= (6)
Ym
Substituting Eq. 6 into Eq. 5, we obtain the flow rate:
Kn IV aNf(rir? - AP
0= @)
YmuL
By combining Eqgs. 4 and 7, the permeability of the reservoir is expressed as follows:
i=n (ri—v) 2 4
Pm 2.i=1 |exp (—2[,72) r;
m = (8)

- . 2
se 517 [ (- 42) 7]

It should be noted that the boundary-layer effect is not considered in Eq. 8, but for the tight oil
reservoirs, the boundary-layer effect is very important because of the tiny pore throats. The
thickness of the boundary layer should be deducted from the actual radius, so that we could
use Eq. 1 to achieve effective pore radius, and then correct Eq. 8 to calculate permeability.
By considering boundary-layer effect, the effective permeability is expressed as

izn| 0\ 2
on 12 [exp(= U552 i —ri-0.25763¢~ 0260 (v P)’04419.M)4i|

- : , VP < 1MPa/m
8ty T exp(— (rz';;)

(r;—7;0.25763¢0-2617i (VP)*0-419-M)2}

(€))

S

VP > 1MPa/m

2

<

i—v)

o2

. . 2
om i1 exp(, “’Uz”)) (ri—r;-0.25763¢=0-261ri -u)4]

8Ty i=n exp(— (r;—r;-0.25763¢=0-261r; -;1)2}

)

3 Model Validation

We use the experimental results (Wang et al. 2008) to test the accuracy of the new permeabil-
ity model. In Wang’s research, the pore size was measured with mercury porosimetry and
permeability was measured by displacement experiments with core samples from Yanchang
Formation in Ordos Basin (Tables 3, 4). Because the mercury porosimetry and oil permeabil-
ity cannot be tested in the same core sample, the porosity and air permeability were tested
first, and then we achieve the oil permeability by the correlation between oil permeability
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Table 3 Reservoir parameters of Yanchang formation

Parameters No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8
Porosity (%) 8.20 6.20 12.70 8.40 6.80 6.00 5.10 12.10
Air Perm (1073 x pm?)  0.40 0.16 0.12 0.18 0.10 0.10 0.05 0.23
0il Perm (1073 x pm?) 0.014 0.006 0.004 0.005 0.003 0.003 0.001 0.01

Table 4 Data of pore distributions of Yanchang Formation

Pore size (wm) No. 1 (%) No.2 (%) No.3 (%) No.4 (%) No.5 (%) No.6 (%) No.7 (%) No.8 (%)

0-0.01 38.41 27.42 5.52 52.03 46.86 38.69 66.50 7.31
0.01-0.02 9.12 20.21 12.61 9.70 8.34 15.58 9.04 16.23
0.02-0.05 15.84 17.42 29.65 17.41 11.35 21.59 8.78 17.56
0.05-0.10 12.62 10.43 19.56 10.94 11.21 13.09 5.98 10.25
0.10-0.20 12.17 9.31 15.5 2.95 11.05 4.07 3.09 12.34
0.20-0.30 6.73 8.12 9.51 1.66 5.54 2.11 1.77 11.21
0.30-0.40 2.78 3.84 4.76 0.91 1.64 0.91 0.86 8.65
0.40-0.50 1.11 2.22 1.52 0.57 0.36 0.48 0.42 8.04
0.50-0.60 0.51 1.01 0.78 0.32 0.21 0.25 0.28 4.76
0.60-1.00 0.31 0.37 0.65 0.26 0.14 0.13 0.22 3.05
Tables 3 and 4 are from the experiment data of Wang et al. (2008)
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Fig.7 Comparison between experimental data and calculated data from the model

and gas permeability shown in Fig. 3 and the correlation was measured with core samples in

the same formation.

Based on the pore distributions and other related reservoir parameters, the effective per-
meability of the core samples can be calculated with the new model (Eq. 9). The comparison
between experimental data and the calculated data from the model are shown in Fig. 7. The
error line gives the differences between experimental data and calculated data. The results
show that the calculated permeability has a good match to the permeability from experiment.
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Fig. 8 Pore distributions with various standard deviations and a constant mean pore radius at 0.5 pm

The accurate match suggests a high reliability of the model for calculating the effective
permeability of tight oil reservoirs.

4 Influential Variables and Sensitivity Analysis
4.1 Influential Variables

When the pore distribution is represented by Gaussian distribution, two parameters determine
the pore throats distribution, the mean and the standard deviation of pore radius. Variations
in these two parameters will change pore constitution and also the permeability. Moreover,
displacement pressure gradients will also affect the thickness of boundary layer and thus
affect the effective permeability.

4.1.1 Effects of Standard Deviation of Pore Radius

In tight reservoirs, pore throats distribute in a quite wide range. Since we use a Gaussian
distribution, the mean and standard deviation are used to describe the range of the pores.
For example, assuming a mean of 0.5 pm (v = 0.5 wm) for the pore radius, the Gaussian
distributions for various standard deviations (¢ = 0.05, 0.15, 0.25, 0.35 and 0.45 jum) of the
pore radius are shown in Fig. 8.

By combining a varying mean and a varying standard deviation in pore radii (Fig. 8), we
calculate the effective permeability using the model presented earlier (Eq. 9). The perme-
ability from the model (Fig. 9) shows that the effective permeability increases as a function
of increasing standard deviation. However, the rate of increase is getting smaller as the mean
pore radius increases. This is because when the standard deviation increases, the range of the
pore distribution will become wider. This implies a greater proportion of larger pore, and the
contribution of these larger pores to permeability will increase. Moreover, it should be noted
that the mean pore radius also has a significant impact on permeability, especially when the
standard deviation is small.
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Fig. 10 PTR distributions with different mean pore radii and a constant standard deviation

4.1.2 Effects of the Mean Pore Radius

The mean pore radius is one of the most important factors to characterize a pore distribution,
and it plays a fundamental role for determining the permeability of tight oil reservoirs. We
constructed several pore distributions with different mean pore radius and constant standard
deviation (Fig. 10) and then calculated the effective permeability using our model (Eq. 9).

The permeability is calculated with different mean pore radii and a constant standard
deviation (Fig. 11). As seen, the permeability increases with the mean pore radius for a given
standard deviation. The smaller the standard deviation is, the faster the increasing rate of
permeability will be. This is simply because when the mean pore radius increases, the overall
pores will become larger so that the permeability will increase.

Furthermore, the experiments have shown that the effective permeability is more affected
by the standard deviation for smaller mean pore radius (v < 0.5 wm in Figs. 9, 11) than for
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larger mean pore radius. Therefore, it is important to take consideration of pore distributions
in describing and calculating the permeability for tight oil reservoirs.

4.1.3 Effects of Displacement Pressure Gradient

High displacement pressure gradients could increase the flow rate and shear force on surface
of rock, and this force will affect the thickness of boundary layer and thus the effective
permeability. The effect of displacement pressure gradient is considered in the new model
(Egs. 1 and 9). Figure 12 shows the calculated permeability from the new model (Eq. 9) with
different displacement pressure gradient under different mean pore radii ranging from 0.05
to 0.6 wm and a constant standard deviation of 0.15 pwm.

As seen (Fig. 12), the permeability will increase with the increase in pressure gradient;
however, the permeability becomes stable under high pressure gradient. This is because the
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thickness of the boundary layer will decrease with the increasing displacement pressure
gradient, and the effective pores radius will increase. Moreover, the boundary layer almost
changes to the solid boundary layer under high displacement pressure gradient and the effec-
tive permeability will become nearly constant eventually.

4.2 Effects of Fluids

For the porous media with low permeability due to small pores, the air permeability is different
from liquid permeability (oil permeability or water permeability). The main reason is that
gas flow is not significantly affected by the boundary layer, but more affected by gas slippage
(Kleinberg effect, Fig. 2¢), and thus, the Poiseuille Equation of gas flow is

B art 1+4u AP? (10)
1= TouL re) P

where, pg is the barometric pressure, it/¢ is the slip coefficient.
For gas flow, the air permeability can be obtained from Eq. 10 by considering the Kleinberg
effect, such as

. o 2
onEi2 e (—52) b+ 1)
. o 2
se iy oo (- 4) 7]

In order to represent the differences between them, we define the parameter « as the
quotient between air permeability and liquid permeability as expressed in the following
equation:
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We have investigated the changes of parameter « as a function of the displacement pressure
gradient and the pore distribution, and the results are shown in Fig. 13.

As seen (Fig. 13), with the increase in displacement pressure gradient, the parameter
o will decrease rapidly and eventually become almost constant. When the displacement
pressure gradient is low, liquid flow only happens in the larger pore throats, while gas can
flow through all pore throats, and the value of « is large. With the increase in displacement
pressure gradient, liquid flow can also happen in narrower pore throats. As there will be more
pore throats contributing to the permeability, the permeability to liquid will increase and
the value of o will decrease. However, « is still greater than 1 even when the displacement
pressure gradient reaches 1.0 MPa/m. This is because the solid boundary layer always exists
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Fig. 13 Relationship between displacement pressure gradient and parameter o
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Fig. 14 Relationship between mean pore radius and parameter « under different displacement pressure
gradients. Mean pore radius v changes from 0.1 to 2.5 wm and displacement pressure gradient V P changes
from 0.2 to 1.0 MPa/m

and restricts the flow. The effective flow radius to liquid will always be narrower than that to
gas.

Figure 14 shows that with the increase in the mean pore radius, the parameter o will
decrease drastically and become almost constant when the pores are large enough. The
tendency for « is similar under different displacement pressure gradients. When the mean
pore radius is small, liquid flow is extremely difficult in comparison with the gas flow, and
the value of « is large. The liquid flow will become much easier when the mean pore radius
increases so that the oil permeability will become similar to air permeability and « is small.
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5 Conclusions

Permeability is one of the most critical parameters for reservoir development, especially for
tight oil reservoirs. In this study, a new method for calculation of permeability considering
the pore distribution and boundary layer has been proposed. A mercury-based experiment
providing the heterogeneity of the pore distribution is well utilized in our work. The pore
distribution is incorporated in the expression of permeability to account for the effect of
heterogeneity in this work. The conclusions can be made as follows:

1. For tight oil reservoirs, the boundary-layer effect plays an important role for determining
the reservoir permeability, especially when the pore size is similar to the thickness of
boundary layer. The boundary layer will drastically reduce the effective flow radius of
pore throats.

2. The mean and standard deviation of pore radius are two basic parameters that describe
the distributions of the pore throats. The permeability will change as a function of these
two parameters.

3. The air permeability is mainly affected by gas slippage, and it is confirmed by experi-
mental data. The ratio of air permeability and liquid permeability for tight reservoirs was
obtained with different pore parameters in the study.
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