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A B S T R A C T

The potential of well test technology is discussed in this paper to estimate the miscible condition and displace-
ment fronts position during CO2 flooding. To interpret the multiphase well test curve of CO2 flooding process, an
accurate compositional numerical model is developed in this study. The model includes fully EoS-based
compositional nonlinear formulation, unstructured gridding and multi-segmented well. A systematic well test
analysis of CO2 flooding at different regimes, including immiscible, multi-contact miscible and first-contact
miscible gas injection, was performed for hydrocarbon systems with different number of components. Based on
the interpretation root cause analysis, proposed in this work, the specific characteristics of the well test curve of
CO2 flooding have been identified and described. These characteristics provide the guidance for the distinction
among the different regime of CO2 displacement. It was demonstrated that the most important characteristics stay
invariant from the number of components involved into numerical study. Finally, a tangent line method has been
proposed to detect the key point on the pressure derivative curve corresponding to a CO2 front. This method
allows to predict the displacement front position for problems of practical interest.
1. Introduction

As a proven method for the enhanced oil recovery (EOR) (NETL,
2010; Sun et al., 2013; Kuuskraa and Koperna, 2006; Malik and Islam,
2000; Orr and Taber, 1984), the CO2-EOR technology is becoming more
and more attractive with the development of gas injection technology
and increasing demand for mitigating greenhouse effect (Schneider,
1989; Nordhaus, 1991). The principle of this technology is based on the
fact that the injected CO2 can reach miscibility with the in-situ oil at
reservoir conditions. During the displacement process, the mixing be-
tween the injected CO2 and in-situ oil leads to several positive effects
including oil swelling, reduction of oil viscosity and surface tension, and
the evaporation of residual oil (Metcalfe and Yarborough, 1979; Holm
and Josendal, 1982; Hemmati-Sarapardeh et al., 2013). All of these
positive effects suggest that CO2-EOR will play a vital role in oil recovery
processes in the future (Godec et al., 2011).

However, to take full advantage of the CO2-EOR, we need to over-
come some drawbacks of this technology (Claridge and Dietrich, 1983;
Moortgat, 2016; Tchelepi et al., 1993; Brock and Orr, 1991; Araktingi
and Orr, 1990) which are caused by the properties of supercritical CO2.
The big difference between the mobility of CO2 and in-situ oil can trigger
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viscous fingerings, and the large difference between the gas and oil
densities provokes the gravity override. One of the efficient ways to
overcome those negative factors is to reduce the viscosity and gravity
differences by developing the miscibility between the in-situ oil and the
injected gas. With the knowledge of the miscible conditions between CO2
and oil obtained from physical or numerical experiments (Johns and Orr,
1996; Orr et al., 1993; Bretz and Orr, 1987; Jessen and Orr, 2004; Cinar
et al., 2004; LaForce and Orr, 2009), it is important to know the in-situ
distributions of phases during the CO2 flooding.

But with a usual level of subsurface uncertainties, it is difficult to
predict the performance of CO2-EOR in advance. The possible solution is
the continuous monitoring of CO2 flooding process with a closed loop
optimization of its performance. The potential methods to monitor the
CO2 injection process include seismic monitoring (Kendall et al., 2003;
Araman et al., 2008; Terrell et al., 2002), Material Balance Equations
(MBE) (Tian and Zhao, 2008) and well test. The applicability and accu-
racy of the seismic approach have been proved through several CO2 in-
jection pilot projects (Araman et al., 2008; Terrell et al., 2002; Raef et al.,
2005; Davis, 2010). However, this type of monitoring is quite expensive
and complex for application. The accuracy of the MBE method is con-
strained by too many assumptions and simplifications. The monitoring
7
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Fig. 1. The schematic of a multi-segment well model.

Table 1
Composition and component properties of simulation.

Component Mole
Fraction

Pc
(bar)

Tc (K) vc (m3/kg-
mole)

ω Mw (g/
mol)

CO2 0.1 73.866 304.7 0.094 0.225 44.01
C4 0.3 37.47 419.5 0.258 0.1956 58.124
C10 0.6 24.196 626 0.534 0.385 134

Table 2
Binary interaction parameters of simulation.

CO2 C4 C10

CO2 0 0.1 0.1
C4 0.1 0 0
C10 0.1 0 0

Table 3
Input parameters of simulation.

Parameter Value Unit

Reservoir radius 300 m
Reservoir thickness 20 m
Bottom depth 400 m
Initial pressure 40 bar
Formation temperature 80 ºC
Permeability 10 10�3μm2

Rock compressibility (68.9476bar) 7.2519 � 10�5 bar�1

Porosity 0.2
Well radius 10 cm
CO2 injection rate (surface rate) 1600 m3/d
CO2 injection time 1500 d
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based on the well test is accurate, cheap and easy to implement.
The first attempt to make use of the well test approach is made by

MacAllister (1987) which is based on a three-region composite analytical
model. Then Tang and Ambastha (1988) and Su et al. (2015) developed
the analytical model also based on the three-region composite model.
However, the simplifications and assumptions in the analytical model
limit an accurate reproduction the well test curve based on this approach.
To overcome the drawbacks of the analytical model, Li et al. (2016)
proposed a compositional numerical well test model which can represent
the complicatedmiscible process. Their numerical study is focused on the
inverse modeling to reproduce geological parameters, and limited by the
538
estimation of the wellbore storage coefficient. To make full use of the
response obtained from the well test, we need to reproduce the wellbore
storage effect accurately and describe the particular characteristics of the
well test curve related to different regimes of CO2 displacement in detail.

In the area of the radial composite model, an extensive research has
been performed in the past (Kazemi et al., 1972; Walsh et al., 1981; Sat-
man, 1985). Based on these work, the effect of an interface on the well test
curve has been studied in extensive details. However, due to the compli-
cated mechanisms related to CO2-EOR, it is not possible to represent the
CO2 flooding process using the radial composite model. Although it is
possible to assume different compartments in the reservoir with specific
displacement features, the molar fraction and corresponding phase prop-
erties, which affect the features of well test curve, cannot be assumed to
remain constant in each region. Therefore, for CO2 flooding, the inter-
pretation method, capable to analyze the effect of the rock and fluid
properties at any position on the well test curve, is required.

In this work, we employ the multi-segment well to represent the fluid
flow inside the wellbore and discuss advanced gridding strategy for well
test simulation. Based on the developed model, we performed a sys-
tematic interpretation of the well test curve related to CO2 flooding
process. To describe the specific characteristics of the well test curve of
CO2 flooding, we proposed a systematic analysis of the phase behavior
effects in every region of the displacement profile. This analysis has been
performed for the characteristics of the well test curve at typical
immiscible, multiple-contact miscible and first-contact miscible CO2
flooding. The influence of the degree of miscibility on the well test curve
is observed and described in detail, which can be used for a full-field
monitoring and interpretation of CO2 flooding process. Finally, we pro-
posed a tangent line method to detect the key point on the pressure de-
rivative curve corresponding to the leading shock (front) of CO2

displacement.

2. Mathematical model

Assuming only two hydrocarbon phases in the reservoir, a composi-
tional model is applied in this study to consider the complicated mech-
anisms between CO2 and in-situ oil. The compositional model is
numerically solved using the Automatic Differentiation General Purpose
Research Simulator (ADGPRS) (Zhou et al., 2011; Voskov, 2012; Voskov
and Tchelepi, 2012).
2.1. Governing equations

Assuming nc components in the reservoir can form two phases at
thermodynamic equilibrium, the mass conservation of component i can
be written as follows:

∂
∂t

 
ϕ
X2
j¼1

xi;jρjSj

!
þ ∇⋅

X2
j¼1

xi;jρjuj ¼ �
X2
j¼1

xi;jρjqj ði ¼ 1;…; ncÞ (1)

where ϕ is the reservoir porosity; t is the time; xi,j is the mole fraction of
component i in phase j; ρj is the phase molar density of phase j; Sj is
saturation (volume fraction) of phase j; q is the source/sink term; uj is the
velocity of phase j:

uj ¼ �kkrj
μj

∇P (2)

where μ is viscosity; k is the reservoir permeability; krj is the relative
permeability of phase j; P is the reservoir pressure.

In the assumption of only two hydrocarbon phases, the nc fugacity
constraints describing instantaneous thermodynamic equilibrium are:

f Li ¼ f Vi i ¼ 1; :::; nc (3)

The equation (3) can also be written as:



Fig. 2. The ternary diagrams.
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φL
i xi ¼ φV

i yi (4)
Fig. 4. The component concentration and gas saturation versus distance (in meters) from
injection well.
where superscript L and V are phase indices for the oil and gas phases; φ is
the fugacity coefficient defined as φi ¼ fi=xip. The details of efficient
coupling of the thermodynamic solution with conservation equations,
implemented in ADGPRS, see in Voskov and Tchelepi (2012) and Iran-
shahr et al. (2013). In addition, auxiliary relations are included to close
the system:

Xnc
i¼1

xi ¼ 1
Xnc
i¼1

yi ¼ 1 So þ Sg ¼ 1 (5)

2.2. Discretized governing equations

After meshing the physical domain, the Finite Volume Two Point Flux
Approximation (TPFA) is applied to discretize the grid, the backward
Euler approximation is used to discretize in time. The fully-implicit
approximation of (1) can be written as:

Δt
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(6)

Here Δt is the time step; V is the volume of grid cell; Δψ l is the
Fig. 3. The effect of the fluid flow in the wellbore on the well test curve
(packer depth ¼ 370 m).
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potential difference over interface l; λlj ¼ ðkrj=μjÞl is the mobility of phase j
over the interface l by upstreamweighting; nþ1 is the current time step; n
is the previous time step; ϒ is the transmissibility.
Fig. 5. The component concentration and gas saturation versus the grid-block number.



Fig. 6. Pressure and well test curve for three components hydrocarbon system at
immiscible conditions.

Fig. 7. The component concentration and gas saturation versus distance from injec-
tion well.

Fig. 8. The component concentration and gas saturation versus the grid-block number.
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2.3. Inner boundary model

As the flow behavior in the wellbore could be greatly affected by the
phase behavior during CO2 flooding, it is important to apply an accurate
wellbore model to reproduce the well test curve. The well test interpre-
tation based on the standard well model cannot resolve directly the
wellbore effect, which requires an introduction of the wellbore storage
coefficient used in the traditional inner boundary model of a well test (Li
et al., 2016). In the case of CO2 flooding, this coefficient is difficult to
estimate due to the large compressibility of injection mixture. To avoid
this complexity, a multi-segment well model is used in this work. As
shown in Fig. 1, the well is divided into three segments, where second
and third segments are connected with the reservoir through perfora-
tion intervals.

Here we adapt a multi-segment model introduced by Jiang (2008)
based on an extension of the natural variable formulation for the
isothermal compositional simulation. In this model, the variables for
each well segment are defined as: pw (pressure), αj (in-situ phase fraction
of phase j), xi,j (molar fraction of component i in phase j), the variable for
each connection is defined as:

Qm ¼ A⋅Vm: (7)

Here, Qm is the mixture flow rate, A is the cross-sectional area at the
connection, Vm is the velocity of mixture.

The nc mass balance equations for each node (segment) of the
well are:
Table 4
The division of the reservoir.

Region NO. 1 2 3 4

Grid-block NO. 1–57 58–77 78–101 102-end
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∂ X2
ρjαjxi;j � ∂ X2

ρjVsjxi;j þ
X2

ρjxi;jqj ¼ 0: (8)

∂t j¼1 ∂z j¼1 j¼1

Here, Vsj is the superficial phase velocity, qj is the inflow of phase j to the
well. In order to close the system, equation (4) is included to represent
the instantaneous thermodynamic equilibrium in each segment. The
constraints for the molar fractions and phase fractions can be shown as:

Xnc
i¼1

xi ¼ 1
Xnc
i¼1

yi ¼ 1
X2
j¼1

αj ¼ 1 (9)

The homogeneous model without considering the slip, used for the
CO2 injection well in this work, can be described on each connection
as following.

Δpw ¼ Δpwh þ Δpwf þ Δpwa (10)
Table 5
The division of the reservoir.

Region NO. 1 2 3 4

Grid-block NO. 1–65 66–78 79–91 92-end



Fig. 9. Pressure and well test curve for three components hydrocarbon system at multi-
contact miscible conditions.

Fig. 11. The component concentration and gas saturation versus the grid-block number.

Table 6
The division of the reservoir.

Region NO. 1 2 3 4

Grid-block NO. 1–69 70–76 77–89 90-end
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Here Δpw is the pressure of the segment, Δphw, Δpfw and Δpaw are hydro-
static, frictional and acceleration components of pressure drop corre-
spondingly. The drift-flux model, considered more accurate
representation of multiphase flow inside the wellbore, was not applied in
this work since it should not affect the results of transient analysis of CO2
injection well.

3. Pressure transient analysis

To analyze the characteristics of the well test curve during the CO2
flooding, falloff tests of CO2 injection well are simulated in the radial
sector model. As the well test curve of the CO2 flooding is different from
the traditional single-phase curve, the grid near the wellbore should be
Fig. 10. The component concentration and gas saturation versus distance from injec-
tion well.

541
refined to capture the specific characteristics. Since the mechanisms of
CO2-EOR depend on the injection regime, we discuss the characteristics
of well test curve at three typical conditions: immiscible, multi-contact
miscible and first-contact miscible.
Fig. 12. Pressure and well test curve for three components hydrocarbon system at first-
contact miscible conditions.



Fig. 13. The well test curve with radial flow of in-situ oil region.

Table 7
Composition and component properties of simulation.

Component Mole
Fraction

Pc
(bar)

Tc (K) vc (m3/kg-
mole)

ω Mw (g/
mol)

CO2 0.01 73.866 304.7 0.094 0.225 44.01
C1 0.2 46.042 190.60 0.098 0.013 16.043
C4 0.24 37.47 419.5 0.258 0.1956 58.124
C10 0.55 24.196 626 0.534 0.385 134

Table 8
Binary interaction parameters of simulation.

CO2 C1 C4 C10

CO2 0 0.1 0.1 0.1
C1 0.1 0 0 0.04092
C4 0.1 0 0 0
C10 0.1 0.04092 0 0

Fig. 14. The component concentration and gas saturation versus the distance from in-
jection well.

Fig. 15. The component concentration and gas saturation versus the grid-block number.

Table 9
The division of the reservoir.

Region NO. 1 2 3 4 5

Grid-block NO. 1–37 38–51 52–57 58–72 73-end

Fig. 16. Pressure and well test curve for four components hydrocarbon system at
immiscible conditions.
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3.1. Three components hydrocarbon system

A three components hydrocarbon system is used in this section. The
composition, component properties and binary interaction parameters of
542
the oil are shown in Tables 1 and 2, with the input parameters of the
simulation shown in Table 3. The radial grid was generated using the
following scheme [0.1:0.1:1, 1:0.2:10, 10:0.5:15, 15:1:25, 25:1:40,
40:1:60, 60:1:300], where 15:1:25 corresponds to mesh changes between
r¼ 15m to r¼ 25mwith stepΔr¼ 1m. The ternary diagrams at 123 bars



Fig. 17. The component concentration and gas saturation versus distance from injection
well at different miscible conditions.

Fig. 18. The well test curves at different miscible conditions.
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and 134 bars are shown in Fig. 2, based on which, we can control the
miscibility underground by controlling the injection strategy.

The wellbore storage effect can be represented accurately by applying
the multi-segment well model. However, as it is shown in Fig. 3, the
characteristics of the well test curve are covered by the wellbore storage
effect in the early flow regime. To focus on the characteristics of the well
test curve corresponding to the near-well reservoir, we can neglect the
effect of wellbore storage and will apply the standard well model in the
following analysis. The pressure derivative curve mainly reflects the rock
and fluid properties in the reservoir, especially the fluid mobility. In
other words, the component composition and gas saturation, which
543
determine the mobility distribution, have a large effect on the well test
curve. We propose the following method to analyze the effect of the
component composition and gas saturation distribution on the well
test curve.

The procedure of corresponding analysis contains several steps. First,
we align the x-coordinate with well test curve and draw the pressure
variation at specific position after well shut-in, see Fig. 6 for example.
Next, we associate the time when the pressure at a particular position in
space begins to decrease with the time when the mobility begins to affect
the well test curve (see Appendix for derivations supporting this obser-
vation). Finally, evaluating the fluid and rock properties in the numerical
simulation process, we can trace the effect of property changes on the
well test curve. Note that the proposed approach can be used to interpret
the effect of fluid properties in every block or at any position on the well
test curve.

3.1.1. Immiscible flooding
First, we start our analysis from a purely immiscible gas injection.

Fig. 4 and Fig. 5 show the component concentration and gas saturation
versus the distance from the injection well and the grid-block number
respectively. Based on Fig. 5, the reservoir is divided into 4 regions
(Table 4) typical for immiscible displacement. By using the correspond-
ing analysis method for grid-blocks 57, 77 and 101 shown in Fig. 6, we
can divide the well test curve into 4 regimes. The characteristics of well
test curves in all 4 regions of immiscible displacement solution will be
discussed in detail below. Here, we are not using a composite model to
interpret the well test curve of CO2 flooding. The fluid properties are not
constant in specified regions and the changes of molar fraction and phase
properties are considered at every point of the reservoir.

Regime 1: the pressure derivative curve in this flow regime goes
downward at the beginning and then becomes flat. We can point to two
reasons which lead the pressure derivative curve downward: first, the
shut-in well event during simulation results in a large variation of the
bottom hole pressure in a very short time; second, the mean mobility of
the pressure wave propagated zone caused by shut-in well will increase
due to the facts that gas viscosity reduces with decreasing pressure, and
themean pressure of the propagated zone decreases with time. Since only
a single-phase gas exists in the first region (blocks from 1 to 57), the
pressure derivative curve is stabilized and becomes flat when the reser-
voir is homogeneous and the area of this zone is large enough.

Regime 2: the pressure derivative curve in this flow regime goes
upward. In Fig. 5 you can see a C10 bank and no C4 in the region from
grid-block 58 to 77, which is a consequence of vaporizing displacement.



Fig. 19. Tangent line method to detect the frontal point (3 components system).
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The phase behavior in this region is mainly determined by CO2-C10 bi-
nary mixture. Compared with region 1, the existence of C10 bank will
lead to the more significant reduction of CO2 concentration and gas
saturation which will result in mobility reduction. Although there is a
slight reduction in C10 and increase in CO2 concentration in the end, it
will not affect the fluid mobility a lot. Therefore, the regions 1 and 2 can
be represented as a composite reservoir model, which can be simplified
544
as the pure CO2 region and C10 bank region. In the literature on com-
posite well test models (Ambastha, 1989, 1995), it is shown that the well
test curve characteristics of composite model will be controlled by
two factors:

M ¼ ðk=μÞ1
ðk=μÞ2

Fs ¼ ðϕctÞ1
ðϕctÞ2

(11)



Fig. 20. Tangent line method to detect the frontal point (4 components system).

Fig. 21. The geometric model.

Fig. 22. The discretized model.
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where ct is the total compressibility, and the subscripts 1 and 2 represent
the pure CO2 and C10 bank regions.

Here, the values of M and Fs are larger than unity, which will lead to
the pressure derivative curve rise first, then fall and become flat. Since
the area of C10 bank is not large enough in our solution, the last two
characteristics didn't appear. As a result, the pressure derivative curve in
545
this flow regime moves upward. Due to the low C10 concentration and
high CO2 concentration in the first few grid-blocks, the upward degree of
the derivative curve is very low in the beginning.

Regime 3: the pressure derivative curve moves downward first and
then rises. From grid-blocks 78 to 101, there is a C4 bank and the phase
behavior is dependent on CO2, C4 and C10. From Fig. 5, the decreasing
CO2 and increasing C4 and C10 will lead to a sharp reduction of gas
saturation in the reservoir. Then, the decreasing mobility makes this
region an extension of region 2. The disappeared trends for a composite
model in regime 2, of which the derivative curve falls and becomes sta-
ble, can be observed in this regime. But since the mobility of region 3 is
lower than region 2, the pressure derivative will not stabilize in practice,
it will go upward in the end because of the decreasing mobility.

Regime 4: the pressure derivative curve in this flow regime turns
upward. From grid-block 102 to the last grid-block, there is no existence
of CO2 which leads to a lower mobility of region 4 than region 1–3.
Therefore, the pressure derivative curve will go upward.

3.1.2. Multi-contact miscible flooding
With the increase of pressure, the two-phase region on the ternary

diagram will shrink, see Fig. 2 for example. The leading shock, con-
necting the initial composition, will be distributed along the critical tie-
line which makes the displacement a multi-contact miscible. In the
simulation below, we keep pressure slightly above the minimummiscible
pressure (MMP) to control miscibility. Note that the displacement effi-
ciency improves drastically when approaching miscible conditions.

In this section, we change the initial reservoir pressure to 92 bars
which help us to reach a multi-contact miscible condition with the in-situ
oil. Fig. 7 and Fig. 8 show the component concentration and gas satu-
ration versus the distance from the injection well and the grid-block
number respectively. Based on Fig. 8, the reservoir is divided into 4 re-
gions, see Table 5. Similar to immiscible displacement, we used the
corresponding analysis method for grid-blocks 65, 78 and 91 and again
divide the well test curve into 4 regimes (see Fig. 9).

Regime 1: the pressure derivative curve in this flow regime goes
downward at the beginning and then becomes stable. The characteristics
are quite similar to the 1st regime at the immiscible condition which
helps to apply similar interpretations.

Regime 2: the pressure derivative curve in this flow regime falls
slightly. Even though the component concentration and gas saturation in
this regime look similar to the 2nd regime at immiscible flooding, the C10
concentration is much lower at multi-contact miscible conditions which
lead to a higher gas saturation. Therefore, the mobility and storability
differences between regions 1 and 2 are very small at multi-contact
miscible conditions. Thus, the derivative curve has a potential trend to
turn upward slightly. But as we mentioned before, the gas phase mobility
of the pressure wave propagated zone will increase with decreasing
pressure, and now regions 1 and 2 contain more gas phase which leads to
another potential trend that the derivative curve turns downward. Be-
tween these two converse trends, the second is prevailing which forces
the pressure derivative curve fall slightly in this regime.

Regime 3: the pressure derivative curve moves upward. Compared
with the immiscibility condition, the C4 bank disappears, the component
concentrations change quickly and the gas saturation reduces to zero
very fast. Therefore, this flow region at multi-contact miscible conditions
significantly shrinks.

Regime 4: the pressure derivative curve in this flow regime turns
upward by the same reason as in immiscibility condition.

With the development of the miscibility, the regime 1 moves back-
ward and the regime 4moves forward on the well test curve whichmeans
that the pure CO2 region becomes larger, the mixing region becomes
smaller and the displacement efficiency improves.

3.1.3. First-contact miscible flooding
When the pressure is high enough, the displacement trajectory is

reduced to the dilution line, which connects the injection and initial



Table 10
Composition and component properties of simulation.

Component Mole Fraction Pc (bar) Tc (K) vc (m3/kg-mole) ω Mw (g/mol)

CO2 0.000436 73.866 304.7 0.094 0.225 44.01
C1 0.27215 46.042 190.6 0.098 0.013 16.043
C2 0.004128 48.839 305.43 0.148 0.0986 30.07
C3 0.010484 42.455 369.8 0.2 0.1524 44.097
NC4 0.02123 37.966 425.2 0.255 0.201 58.124
NC5 0.02002 33.701 469.6 0.311 0.251 72.151
C6 0.022566 30.104 507.5 0.351 0.299 84
C7-C9 0.098746 28.641 577.9389 0.51936 0.3165 145.16
C10-C13 0.10053 17.609 666.4667 0.78898 0.4255 223.26
C14-C19 0.14514 14.059 748.0889 1.2107 0.5768 353.51
C20-C35 0.16416 10.896 851.5389 1.8931 0.7659 554.55
C36þ 0.14041 6.5363 1092.983 3.7472 1.1313 1052

Table 11
Binary interaction parameters of simulation.

CO2 C1 C2 C3 NC4 NC5 C6 C7-C9 C10-C13 C14-C19 C20-C35 C36þ

CO2 0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
C1 0.1 0 0 0 0 0 0.0279 0.042242 0.049554 0.05624 0.061891 0.0717
C2 0.1 0 0 0 0 0 0.01 0.01 0.01 0.01 0.01 0.01
C3 0.1 0 0 0 0 0 0.01 0.01 0.01 0.01 0.01 0.01
NC4 0.1 0 0 0 0 0 0 0 0 0 0 0
NC5 0.1 0 0 0 0 0 0 0 0 0 0 0
C6 0.1 0.0279 0.01 0.01 0 0 0 0 0 0 0 0
C7-C9 0.1 0.042242 0.01 0.01 0 0 0 0 0 0 0 0
C10-C13 0.1 0.049554 0.01 0.01 0 0 0 0 0 0 0 0
C14-C19 0.1 0.05624 0.01 0.01 0 0 0 0 0 0 0 0
C20-C35 0.1 0.061891 0.01 0.01 0 0 0 0 0 0 0 0
C36þ 0.1 0.0717 0.01 0.01 0 0 0 0 0 0 0 0

Table 12
Input parameters of simulation.

Parameter Value Unit

Reservoir size 600 � 600 m
Reservoir thickness 20 m
Bottom depth 1000 m
Initial pressure 100 bar
Formation temperature 80 ºC
Permeability 10 mD
Rock compressibility (68.9476bar) 7.2519 � 10�5 bar�1

Porosity 0.2
Well radius 10 cm
CO2 injection rate (surface rate) 3000 m3/d
CO2 injection time 200 d

Fig. 23. The CO2 concentration and gas saturation distribution versus distance from in-
jection well.

L. Li et al. Journal of Petroleum Science and Engineering 160 (2018) 537–554
composition and not passing through the two-phase region (see Fig. 2,b
for example). At this condition, the displacement efficiency reaches
almost 100% which indicates the first-contact miscible condition. In this
section, we change the initial reservoir pressure to 110 bars and describe
characteristics of well test curve at the first-contact miscible conditions.
Fig. 10 and Fig. 11 show the component concentration and gas saturation
versus the distance from the injection well and the grid-block number
respectively. Based on Fig. 11, the reservoir is divided again into 4 re-
gions, see Table 6.

As shown in Fig. 12, the characteristics of the well test curve are
similar to the multi-contact miscibility condition. But the time interval of
regimes 2 and 3 shrink significantly in comparisonwith the immiscible or
multi-contact miscible conditions. This indicates that the mixing region is
very small and the displacement is almost piston-like which are the main
characteristics of the first-contact miscible flooding.

In conclusion, we can distinguish the immiscible and miscible con-
ditions by using the shape of pressure derivative curve and estimate the
degree of miscibility by measuring the length of the time interval of re-
gimes 2 and 3. The length of the time interval of regime 3 reduces
significantly when the displacement is changing from immiscible to
multi-contact miscible conditions, but it is not changing a lot from multi-
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contact to first-contact miscible conditions. The length of the time in-
terval of regime 2 reduces for both types of miscibility.

When the reservoir dimensions are large, we can observe the radial
flow regime corresponding to an in-situ oil region. As shown in Fig. 13,
this regime can significantly affect the pressure derivative curve. How-
ever, in our study, we focus on the pressure response of CO2 swept region
and therefore, we will not discuss the radial flow regime corresponding
to the in-situ oil region.

3.2. Four components hydrocarbon system

In this section, we investigate major characteristics of well test curve
for a typical four components hydrocarbon mixture. The initial



Fig. 24. Tangent line method to detect the frontal point (12 components system).
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composition, component properties and binary interaction parameters of
the oil are shown in Tables 7 and 8. In this study, we use the same
simulation parameters described in Table 3, except that the formation
temperature is equal to 345 K and initial reservoir pressure is equal to
65 bars. The injection of pure CO2 at these conditions provides an
immiscible displacement regime. In addition, the same system can be
used to achieve different miscible regimes including condensing-
vaporizing gas drive (Orr et al., 1993). The radial grid was constructed
using the following grid-block distributions: [0.1:0.05:1, 1:0.5:10,
10:1:15, 15:1:25, 25:1:40, 40:1:60, 60:3:300].

Fig. 14 and Fig. 15 show concentrations and gas saturation versus the
distance from injection well and the grid-block number respectively.
Based on Fig. 15, the reservoir is divided into 5 regions (Table 9). The
corresponding analysis method was applied again for grid-blocks 37, 51,
57 and 72 the well test curve was divided into 5 regimes (see Fig. 16).

By using the corresponding analysis method for grid-blocks 37, 51, 57
and 72 shown in Fig. 15, we can divide the well test curve into 5 regimes.
The characteristics of well test curve are discussed in details at immis-
cible conditions.

Regime 1: the pressure derivative curve goes downward at the
beginning, and then becomes stable. The characteristics are similar to the
three components system described in section 3.1.

Regime 2: the pressure derivative curve in this flow regime goes
upward. As shown in Fig. 15, there is a C10 bank in the region 2 and
almost no presence of C1 and C4, which is related to the vaporizing
displacement. The phase behavior in this region is mainly determined by
CO2 and C10. The description of well test curve characteristics is similar
to the 2nd flow regime of three component system at immis-
cible condition.

Regime 3: the pressure derivative curve goes upward with a lower
slope than regime 2. In this region, C1 disappeared from in-situ oil, and
the phase behavior depends on interactions among CO2, C4 and C10. It is
clear from Fig. 15 that the reduction of CO2 and increase of C4 and C10
will lead to a sharp reduction of gas saturation in the reservoir. The
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explanation proposed for the 3rd regime with three components system
at immiscible condition can be applied here to describe the characteristic
of pressure derivative curve.

Regime 4: the pressure derivative curve goes upward. The well test
curve in this flow regime is mainly affected by the grid-blocks in the
range 58–72. In this region, the increase of C4 and C10 leads to the
reduction of gas saturation. At the immiscibility condition, the
mobility difference between gas and oil phases is larger than multi-
contact and first-contact miscibility conditions. Therefore, the effect
of gas saturation variation on the mobility and on well test curve is
stronger than the gas phase mobility variation caused by pressure
drop. Although the gas saturation decreases with increasing C4 and
C10, the existence of C1 bank, which can be interpreted as a
condensing displacement, will improve the phase properties even for
the gas phase. As a result, the pressure derivative curve begins to go
upward with a low slope.

Regime 5: the pressure derivative curve in this flow regime turns
upward. The reason of this characteristic is the same as the 4th flow
regime of three component system at immiscibility condition.

Based on the pressure transient analysis above, we can conclude that
the characteristics of well test curves of three and four component sys-
tems are similar. Therefore, we can divide the well test curve of CO2
flooding in general case of multicomponent mixture into four flow re-
gimes: first flow regime corresponding to pure CO2 region, second flow
regime corresponding to heavy hydrocarbon bank, third flow regime
corresponding to medium and light hydrocarbon bank, and fourth flow
regime corresponding to in-situ oil region. Notice that the four flow re-
gimes and regions used for the analysis of well test curve here are
different from the composite model where all properties are constant in
each region.

By increasing the reservoir pressure, we can develop miscibility in
the reservoir. As shown in Fig. 17, with the increasing pressure, the
leading and trailing shocks are getting closer which means a higher
miscibility degree. We can observe the characteristics of well test curve
at different degree of miscibility shown in Fig. 18. On pressure deriv-
ative curve, the relative position of the segment corresponding to two-
phase region, will move downward and shrink with the development of
miscibility. The segment corresponding to pure CO2 region will move
backward, and the segment corresponding to CO2 un-swept region will
move forward.

Therefore, we can generate well test curves at different miscible
conditions with numerical simulation approach used in this paper, and
then estimate the degree of miscibility by comparing the real well test
curve with the numerical one. Finally, with the estimation of the in-situ
miscible conditions, it becomes easier to determine the displacement
efficiency of CO2 injection, and optimize the reservoir operations
correspondingly.

4. A tangent line method to detect the frontal point

The important function of the well test curve is to estimate the
character of processes in the reservoir. One of the important character-
istics of CO2 flooding is the position of the front (leading shock).
Therefore, the important interpretation of multi-phase well test is to
detect the point on the pressure derivative curve corresponding to the
CO2 front. Based on that, the segment on the well test curve corre-
sponding to the CO2 swept region can be specifically analyzed. Since
interactions between CO2 and in-situ oil in the gas injection process is
rather complex, the form of the well test curve is different from the
traditional single-phase flow process.

Based on the pressure transient analysis performed above, we can
identify the CO2 front on the pressure derivative curve. Then, by
observing these frontal positions in Fig. 19 and Fig. 20, we summarize a
tangent line method. The method contains several steps: first, find the
time interval on the pressure derivative curve corresponding to the
original oil region (un-swept by CO2); next, draw a tangent line of the
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pressure derivative curve in the early segment of this time interval; the
frontal intersection between the tangent line and the pressure derivative
curve is the key point corresponding to the CO2 front. This approach is
based on the fact that the mobility of the original oil region is lower than
the mobility in CO2 swept region, which makes the pressure derivative
curve move upward with a higher slope.

We tested the proposed tangent line method for a more complicated
hydrocarbon system in a realistic reservoir model. The homogeneous 3D
model is shown in Fig. 21. We used the Gmsh (Geuzaine and Remacle,
2009), a three-dimensional unstructured mesh generator, to discretize
the reservoir model. The discretized model is shown in Fig. 22, based on
which we applied a specifically designed meshing strategy (see Appendix
B) to obtain accurate solutions. A typical hydrocarbon system with 12
components is taken from Eclipse PVTI Tutorials (Eclipse Technical
Description, 2006). The initial composition, component properties and
binary interaction parameters of the initial oil mixture are described in
Tables 10 and 11, the input parameters of the simulation are shown
in Table 12.

This simulation is performed at immiscible conditions which is clear
from the CO2 concentration and gas saturation profiles shown in Fig. 23.
Here we apply the tangent line method to estimate the frontal point and
compare it with the position of the displacement front in numerical so-
lution. The displacement front based on the tangent line method is pre-
dicted at 34.76 m as shown in Fig. 24 which is close to the position of
displacement front in Fig. 23.

5. Conclusions

A compositional numerical well test model, which can reproduce the
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well test curve for multiphase system accurately, is presented in this work
to analyze the characteristics of well test curve during CO2 flooding. Due
to the complicated mechanisms of CO2-EOR, the phase behavior and
component interactions during CO2 flooding lead to specific character-
istics of the well test curve. To understand these characteristics, a cor-
responding multiphase pressure transient analysis is proposed in this
paper to interpret the corresponding displacement regions on a well test
curve. The well test curve has been analyzed at immiscible, multiple-
contact miscible and first-contact miscible conditions. The effect of the
development of miscibility on the well test curve is discussed in details
which are useful for interpretation of well test curve of CO2 flooding in
practical applications. Based on the corresponding analysis, a tangent
line method is proposed to detect the frontal point on the typical well test
curve which can be used for monitoring of the CO2 flooding process. As
the reservoir conditions and corresponding hydrocarbon system cannot
be specified or reduced to several simulated scenarios in practice, the
characteristics of well test curve of CO2 flooding may not always contain
particular sequence of regions observed in our work. However, the pro-
posed analysis makes it easy to interpret the characteristics of the well
test curve for practical CO2 flooding processes and identify the position of
the displacement front.
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Nomenclature

f Fugacity of component in oil or gas phase [10�1MPa]
k Absolute permeability [μm2]
kr Relative permeability of phases [�]
nc Total number of hydrocarbon components [�]
P Reservoir pressure [10�1MPa]
q Sink/source per unit volume of reservoir [mol/cm3/s]
S Saturation of water, oil or gas phase [�]
t Time [s]
V Volume [cm3]
u Darcy velocity of oil or gas phase [cm/s]
x Molar fraction in oil phase [�]
y Molar fraction in gas phase [�]
φ Fugacity coefficient [�]
ϕ Reservoir porosity [�]
ρ Molar density of oil or gas phase [mol/cm3]
μ Viscosity [cP]
λ Phase mobility [cP�1]

Subscripts
g Gas phase
i Index of mass component
o Oil phase

Superscripts
n Time step level

Appendix A

The government equation of single phase radial flow can be written as: � �

1
r
∂
∂r

r
∂P
∂r

¼ ϕμct
k

∂P
∂t

(12)
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where r is the radius, ct is the total compressibility, t is the injection time. The boundary and initial conditions are:
P ¼ Pi at t ¼ 0

P ¼ Pi at r ¼ ∞

lim
r→0

r
∂P
∂r

¼ qμ
2πkh

at t>0

(13)

By solving these equations, we can obtain the solution below:
�s 2
Pr;t ¼ Pi � qμ
4πkh

∫ ∞
Х¼ϕμct r2

4kt

e
s
ds ¼ Pi � qμ

4πkh
eiðХ Þ Х ¼ ϕμctr

4kt
(14)

The pressure solution of falloff test can be solved with the application of superposition theorem. The schematic of this method in Fig. 25 shows that
the solution with injection/production history in Fig. 25 (a) is equivalent to the combined solution of twowells with inverse injection/production rate in
Fig. 25 (b).

Fig. 25. The schematic of the superposition theorem for falloff test.
By combining two solutions obtained with rate q at t ¼ [0, t2] and rate –q at t ¼ [t1, t2], the pressure solution during falloff test can be presented as:
Pi � Pðr; tÞ ¼ ½Pi � Pðr; t1 þ ΔtÞ� � ½Pi � Pðr;ΔtÞ� Δt ¼ t � t1 (15)

From equation (14), the pressure at distance r will be controlled by rate q at t ¼ [0, t2] before the pressure wave caused by rate –q at t ¼ [t1, t2] reaches.
Next, we will discuss the effect of the solutions of rate q at t¼ [0, t2] and rate –q at t¼ [t1, t2] on the pressure at distance r during falloff test (t¼ [t1, t2]).

Normally, it is easy to satisfy the condition that t1 is far bigger thanΔt. Therefore, we can assume three flow states during fall off test: a transient flow
state when the pressure wave has not propagated to the outer boundary, a semi-steady state when the pressure wave has already propagated to the outer
boundary and an intermediate state when the pressure wave has already propagated to the outer boundary but not reach semi-steady state. We will
discuss the effect of q at t ¼ [0, t2] and –q at t ¼ [t1, t2] on the solution in each of the flow states.

(1) A transient flow state when the pressure wave has not propagated to the outer boundary:

For the transient flow state, based on equation (13), the solution caused by rate q at t ¼ [0, t2] can be introduced as:
2

Pr;t ¼ Pi þ qμ
4πkh

eiðХ Þ Х ¼ ϕμctr
4kðt1 þ ΔtÞ (16)

With the condition that t1 is far bigger than Δt, we can obtain the approximation:
Pr;t � Pr;t1 t1 þ Δt � t1 (17)

With the feasibility of approximation, we can imagine that the pressure changing rate dPr;t=dt is very small.

(2) A semi-steady state when the pressure wave has already propagated to the outer boundary:

For the semi-steady state, the pressure in reservoir can be predicted by the material balance equation as following:
� �

ctAhϕ P� Pi ¼ qt (18)

where A is the drainage area, h is the reservoir thickness, Pi is the initial reservoir pressure, P is the volume averaged pressure, q is the injection rate, t is
the injection time. Equation (17) can be written as:
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dP ¼ q
(19)
dt ctAhϕ
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From Equation (18), we can also assume that the pressure variation in reservoir will be very small as the drainage area is large enough.

(3) An intermediate state when the pressure wave has already propagated to the outer boundary but not reach semi-steady state:

Note, that if time t1 is large enough, the flow state at the position not far from the wellbore can be represented as the semi-steady state even when the
pressure wave has already propagated to the outer boundary but does not reach a semi-steady state yet.

Then, the change of pressure at distance r caused by rate q at t ¼ [0, t2] will be slow. Note that, for the position r, which is far from wellbore and not
propagated by the shut-in pressure wave yet, the pressure variationΔPðr; tÞ ¼ Pðr; tÞ � Pðr; t1Þ still can be quite large if the intervalΔt is big enough. The
solution caused by rate –q at t ¼ [t1, t2] can be approximated as:
2

Pr;t ¼ Pi � qμ
4πkh

eiðХ Þ Х ¼ ϕμctr
4kΔt

(20)

In contrast to the rate q, the rate –qwill cause the decrease of pressure at distance r. As referred above, the pressure changing rate dPr;t=dt caused by
rate qwill be relatively small and can be ignored. Therefore, it is reasonable to assume that the pressure at distance rwill decrease as soon as the pressure
wave caused by rate –q at t ¼ [t1, t2] reaches this distance. Next, we will discuss how to apply the conclusions above for the interpretation of well test
curve of CO2 flooding.

Fig. 26. The division of pressure profile.
It is well known that the characteristics of well test curve are mainly affected by the mean mobility of pressure wave propagated zone. As shown in
Fig. 26, the reservoir is divided into (n-1) even segments in log space. To study the contribution of every segment to the mean mobility which will affect
the characteristics of well test curve, we defined two variables as follows:
i¼n�1 i¼n�1
Qsum ¼
X
i¼1

qiðriþ1 � riÞ ¼
X
i¼1

2πkihðPiþ1 � PiÞðriþ1 � riÞ
μ lnðriþ1=riÞ (21)
Ci ¼ qiðriþ1 � riÞ
Qsum

(22)

where ri represents the ith radius shown in Fig. 26; Pi represents the pressure at ri; ki represents the permeability of the segment between ri and riþ1; Ci can
be represented as a contribution factor.

During steady state condition in a homogeneous reservoir, Ci will be equal to 1=ðn� 1Þ for every distance segment. But in a transient flow period, Ci
will be different which will decrease when the segment is further from the wellbore. For the distance segment, to which the pressure wave just reached,
the pressure difference ðPiþ1 � PiÞwill be small and lead to a small contribution factor. Therefore, the contribution of this segment to the mean mobility
can be ignored. Based on equation (21), the contribution will be counted when the pressure difference becomes large enough. That can also be
interpreted as the fact that the contribution factor for a given distance interval [ri; riþ1] contributes only when the pressure begins to change observable.

In the conclusion to a fall-off test analysis: the space interval does not contribute to the mean mobility when the pressure wave just reaches the
distance. Only starting at the time when the pressure begins to decrease observable, the interval mobility begins to contribute to the mean mobility and
will be reflected in the well test curve.

Appendix B

The first challenge in discretization on a general unstructured 3D grid is how to obtain an accurate Well Index (WI) for the blocks perforated by well.
To deal with this challenge, different meshing strategies around the wellbore for the 3D have been proposed in the past. The approach proposed by
Karimi-Fard and Durlofsky (2012) is the most accurate for numerical solution but can result in a large number of small cells in the vicinity of well. The
approach proposed by Artus et al. (2017) uses PEBI grid which becomes quite restrictive for a highly heterogeneous reservoir model. In our work, we
present an accurate and flexible meshing strategy which follows the ideas suggested by Wolfsteiner and Durlofsky (2002).
550
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First, we perform the unstructured gridding (Fig. 27) around the well keeping all important features and heterogeneity of the reservoir. In practice,
the close vicinity of well can be characterized better than the rest of the reservoir using various short-range measurements such as different types of logs
or micro-seismic. To preserve the resolution of near well data, we construct a region around the perforation interval and apply a single-phase upscaling
inside it (Fig. 28a). For homogeneous reservoirs, this region has a cylindric form and a simple radial grid can be constructed analytically (Fig. 28b). For
heterogeneous reservoir, iso-pressure aggregation (Karimi-Fard and Durlofsky, 2012) or solution based on Green-function (Artus et al., 2017) can be
performed. To preserve the accuracy in well-test interpretation, the unstructured grid outside the region is kept unchanged. Next, we discretize and
solve the governing equations base on the constructed hybrid 3D grid.

Fig. 27. The schematic of the mesh for 3D model.
Fig. 28. The objective region to perform aggregation.
To validate the accuracy of the newmeshing strategy for a 3D unstructured grid, a simple radial model (Fig. 29) is implemented. The regions of radial
grids near the wellbore shown in Fig. 28 are [0.1:0.1:1, 1:0.5:10]. We will compare the numerical and analytical solutions in the context of two-phase
flow. First, obtain the water saturation profile shown in Fig. 30 based on the Buckley-Leverett theory with the parameters: Krw¼ Sw2 [1-(1-Sw)2], Kro¼ So4,
μo ¼ 1.0 cP, μw ¼ 0.5 cP, q ¼ 10 m3/d, t ¼ 30 d, h ¼ 2 m, ϕ ¼ 0.2, rw ¼ 0.1 m, K ¼ 0.01 D. Second, with the saturation distribution, we can obtain the
analytical pressure distribution based on the steady-state flow. Third, by mapping the saturation distribution in the 3D unstructured grid, we can obtain
the numerical pressure distribution by discretizing and solving the two-phase flow governing equations at steady state. From the comparison between
numerical and analytical solutions shown in Fig. 31, the proposed meshing strategy is considered as accurate enough to reproduce important features of
two-phase flow.

To investigate the effect of grid size near the wellbore on the pressure distribution, a coarse grid has been constructed based on the grid shown in
Fig. 29. The grid near the wellbore is changed as [2, 5, 10] and the grid in the rest region is kept unchanged. Fig. 31 shows that the grid resolution near
the wellbore has a large effect on the pressure distribution. Therefore, one should be careful about the grid resolution near the wellbore during nu-
merical simulation, especially for the well test simulation of multi-phase flow. Usually, we can refine themodel aroundwellbore, but the refinement will
lead to a large number of grid-blocks which will reduce the computational efficiency a lot. To deal with that, a flow based grid resolution analysis
method is proposed which is focused on the well test of CO2 flooding.

Fig. 29. The simple model to validate the accuracy of the new meshing strategy.
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Fig. 30. The water saturation profile.
As the well test curve becomes sensitive in the CO2 swept zone and even more sensitive in the two-phase region, we designed 4 injection strategies.
Each of them corresponds to a specific position of the displacement front: 10–15 m, 15–25 m, 25–40 m and 40–60 m. Next, we perform a sensitivity
analysis of well test curve to the meshing strategies for each position. The sensitivity analysis of 0–1 m and 1–10 m is included in the scenario when the
displacement front is 10–15 m. Finally, we can combine all optimal strategies in one meshing scheme.

Based on the flow based grid resolution analysis method proposed above, we can determine a converge grid resolution for the well test simulation
which is not only accurate enough but also computationally efficient. Fig. 32 shows the performance of the optimal grid resolution, very fine grid
resolution and coarse grid resolution, of which the grid size is shown in Table 13. Compared with the coarse grid resolution, an accurate solution can be
obtained with only 146%more grids in the near wellbore region (0–60 m) with the application of the flow based grid resolution analysis method, while
the refined grid resolution needs 608% more grid-blocks. It is absolutely necessary to apply the optimal grid to reproduce the well test curve accurately
and efficiently.

Fig. 31. The validation of the new meshing strategy.
Table 13
3 meshing strategies.

Region(m) 0–1 1–10 10–15 15–25 25–40 40–60 60–300
552
Optimal grid resolution
 0.1:0.1:1
 1:1:10
 10:1.5:15
 15:3:25
 25:6:40
 40:10:60
 60:3:300

Refined grid resolution
 0.1:0.05:1
 1:0.5:10
 10:0.5:15
 15:1:25
 25:1:40
 40:1:60
 60:3:300

Coarse grid resolution
 0.1:0.3:1
 1:3:10
 10:5:15
 15:5:25
 25:8:40
 40:20:60
 60:3:300
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Fig. 32. The performance of the optimal, refined and coarse grid-blocks in region 0–60m.
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