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ABSTRACT

For long-term waterflooding reservoirs with strong
heterogeneousness, the high-intensity water flooding
has caused significant time-variation in reservoir
properties; Meanwhile, there are varying degrees of
high-speed non-Darcy flow features in the thief zone. In
this paper, a new physical-based dimensionality
reduction numerical simulation method is proposed,
which takes the one-dimensional connection flow units
as the research object, with the dynamic transmissibility
and pore volume as the characteristic parameters. By
coupling the time-varying properties and high-speed
non-Darcy flow, a fine simulation of strongly
heterogeneous reservoirs considering the thief zone in
long-term waterflooding has been realized. We analyze
the effects of time-varying physical properties and high-
speed non-Darcy flow on the dynamics of long-term
waterflooding taking the channelized Egg model as an
example. The results show that by the high-intensity
water flooding, the physical properties and conductivity
of the thief zone become better, which accelerates the
waterflood front broken, the water cut rises, and the
residual oil between the wells is enriched; On the
opposite side of the small pore throat. Influenced by the
non-Darcy flow in the thief zone, the conductivity and
fluid seepage capacity in the thief zone decreases, and
the inhibition of the water is more significant, and more
water flows to the small pore throat, which enlarges the
swept volume, and facilitates the recovery. Based on the
method proposed in this article, a more precise and
efficient simulation of heterogeneous waterflooding
reservoirs has been achieved.

Keywords: dimensionality reduction simulation, long-
term waterflooding, high-speed non-Darcy flow, physical
properties time variation, inter-well connectivity

NONMENCLATURE
VP, Pressure Gradient, MPa/m
U fluid viscosity, mPa-s.
p;  fluid density, kg/m?3
dt time step, s
v seepage rate, cm/s
C.;, total compressibility, MPa?
V;: The control volume of node i, m?
Swp  Water saturation at x,
fw  Derivative of water cut
m A vector of feature parameters
¢  Porosity of rocks
k,;  Relative permeability of oil and water
B High-speed non-Darcy coefficient, m?
L Distance between two nodes i and j, m
Eq dynamic covariance matrix
N:  Multiples of change in permeability
k Permeability, md
Transmissibility before and after time-varying,

To T he.gi.mpat
K. K Permeability before and after time-varying,
0 mi.dlMpat

Qi Source-sink phase of node i, m3/s
A;  Area between control body i and j, m?
Q(t) Cumulative flow volume at time t, m3
Py  displacement multiple, m3/m?3
Xp Upstream position at node x
R Objective function for history matchting
S(m) Vector of model predicted dynamic indicators
Transmissibility between nodes i and j, m3-d-

Ti,f 1_Mpa»1
Mass flow of control body j flowing into i
Gij
through A;
q the source-sink phases of injectors and
l

productor, m3/s
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pi,p; Average pressure at nodes iandj, MPa
E,  displacement flux, m3/m?
dops  Vector of dynamic indicators of observations

1. INTRODUCTION

A large number of mine and experimental data show
that: in the long-term waterflooding, the reservoir
physical properties of significant changes [1], [2], [3], and
part of the thief zone no longer meet the linear Darcy
seepage features. The Forchheimer and the exponential
equation can be used for the description of high-speed
nonlinear flows. the Forchheimer equation [4] can be
derived from the N-S equation with a clear theoretical
basis. The exponential equation is simple to calculate but
lacks theoretical guidance [5]. However, most of the
researches are limited to the study of nonlinear flow of
gases in porous media [6],[7], while there are fewer
studies on oil and water. Meanwhile, most of the
numerical simulation on the time-varying of reservoir
properties under waterflooding have only examined a
single time-varying law [8],[9], while reservoirs with
different characteristics have different time-varying
laws.

Traditional numerical simulation methods rely on
large-scale geologic parameters and fine grids, which are
computationally too expensive. Therefore, surrogate
models based on physical dimensionality reduction and
data-driven models have become favorable substitutes.
However, data-driven surrogate models require a large
number of high-fidelity numerical simulation results and
do not have a clear physical basis [10],[11], and the
process is basically limited to the mechanism model,
which makes it difficult to realize the surrogate for large-
scale reservoirs. In contrast, the physical-data dual-
driven numerical simulation model [12],[13], which has a
clear physical meaning, has a significant advantage in
computational efficiency and accuracy in the surrogate
process of large-scale numerical simulation, and
accelerates the closed-loop reservoir management
process. However, this method does not fully consider
the complex mechanism under waterflooding.

Therefore, this method based on dual physical-data
drive is further extended in this work. The time-varying
of physical properties are described by the
characterization of inter-well displacement flux and
dynamic conductivity; and the characteristics of high-
speed non-Darcy flow in thief zones are considered by
the Forchheimer equation. By coupling the two
mechanisms, a finer and more efficient simulation of
strongly heterogeneous waterflooding reservoirs is
realized, and the effects of time-varying reservoir

properties and high-speed non-Darcy flow on the
development performance are clarified.

Fig. 1 Physics-based dimensionality reduction model

2. METHODOLOGY
2.1 Mechanism of high-speed non-Darcy flow

Consider  discretizing the three-dimensional
reservoir into a two-dimensional model consisting of a
series of one-dimensional connective units. Based on
Forchhmer law, the nonlinear flow in the thief zone and
the Darcy flow in the small pore throat are considered;
The high-speed non-Darcy flow coefficient S s
introduced. In the small pore throat, £=0; in the thief
zone, >0, and the velocity satisfies the quadratic
nonlinear relationship with the pressure gradient:
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Then the continuous equation of fluid flow in the
thief zone can be expressed as:
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By combining equations (1) and (2):
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Consider integrating equation (2) over the time step
A t and control volume V:
[[V-Cov)dvdt+ [[ qdvdt
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Consider an approximation of Eq. (4) using the sum
of normal vectors between neighboring grids that meets
the physical meaning, based on time integration
followed by estimation using the rectangular method:

(4)
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2.2 Mechanism of high-speed non-Darcy flow

Based on Buckley-Leverett theory [15], the water
saturation and cumulative flow volume at any location
from the injection satisfy the equation (6):

dx Q(t) df,

dt gA ds, ©

In order to eliminate the influence of well spacing on
the displacement multiple and to enhance the rationality
and stability, define the displacement flux:
j Qt f dt
E, =P, (X, — X . )

The time-varying characterlzatlon model for
permeability (transmissibility) is obtained by regression
based on long-term waterflooding experiments:

Nt:Kt/Kini:T/Tini :F(Ev) (8)
2.3 Solving the coupled material balance equation

The material balance equation coupling the high-
speed non-Darcy flow with the time-varying permeability
can be obtained by bringing Eq. (8) into Eq. (5):
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2.4 Inversion of characteristic parameters

The history matching objective function s
established based on Bayesian theory. By matching the
dynamic indicators such as oil production rate and water
cut, the inversion obtains the conductivity and control
volume in accordance with the actual geological
characteristics.

minR(m)——[s(m) Q] Es [5(M) - dys]  (10)

3. METHODOLOGY
3.1 model verification

Based on the Egg model [14], a numerical simulation
model considering channelized thief zone was
established. The total number of meshes of the model:

60 x 60 x 7, and the number of active meshes is 18553.
The specific parameters are shown in Table 1:

As shown in Fig. (2) are the permeability, porosity,
inverted transmissibility and pore volume models
respectively; The transmissibility distribution can well
describe the thief zone.

Table 1 Parameters of the model

Parameter Value
Mesh Size Amx4mx8m
Porosity 0.20

1.0x10°Mpa?
1.0x10°Mpa!

Water compression coefficient
Oil compression coefficient

Initial formation pressure 39.5MPa

Viscosity of water ImPa-s

Viscosity of oil 5mPa:-s
Initial water saturation 0.2

,,,,,

(b) porosity

(c) inversed transmissibility (d) inversed pore volume
Fig. 2 Distribution of property fields

The results of the tNavigator are taken as the
observed value, the time-varying and non-Darcy flow
mechanisms are not considered. As shown in Fig. 3 are
the matching results of oil production rate and water cut.
The average matching accuracy of oil production rate
and water cut are 95.28% and 94.43%, respectively; the
calculation time of this paper's method and tNavigator
are 1.38s and 28s, respectively. The accuracy and high
efficiency of this paper's model are verified.




(c) PROD3
Fig. 3 Results of history matching

(d) PROD4

3.2 Results analysis

To further clarify the impact of time-varying
reservoir properties and non-Darcy flow in the thief zone
on dynamics, consider:

(1) Influenced by the waterflooding, when K;j<=2
um?, particle sedimentation and bridge plugging
dominate, and the inter-well transmissibility decreases
with the increasing of the displacement flux; When 2 pm?
<Kjj< 4 um?, particle sedimentation, bridge plugging,
and migration are all present, and the Inter-well
transmissibility first decreases and then increases with
increasing displacement fluxes; When K;; >=4 um?,
particle migration within the thief zone dominates, and
the inter-well transmissibility increases with the
increasing of the displacement flux. The specific model is
shown in equation (11)-(13):

low permeability : T, ; <500

11

N, =0.064LN(E,)+0.8 ()

medium permeability :500 < T, <1500 "

N, =0.43LN(E,)-0.31 (12
high permeability : T, ., >1500

(13)

N, =0.75LN(E,)-1.26
(2) When K;; <=4um?, the fluids seepage pattern
between wells is considered as Darcy flow; when
K;j >4um?, which is high-speed non-Darcy flow. And
based on the empirical formula [5], it is determined that
B=8.5x10°.
3.2.1 Web references

The dynamics of transmissibility for PROD1-INIECT1,
PROD2-INIECT7, PROD3-INIECT4, and PROD4-INIECT8
considering different mechanisms are shown in Fig. 4.

(1) Between PROD1 and INIECT1 is controlled by the
thief zone together, which are dominated by particle
migration under the effect of long-term waterflooding,
and the physical properties of the reservoir become
better, and the transmissibility increases; when the high-

speed non-Darcy flow in the thief zone is taken into
account, the pressure gradient in the process of seepage
is determined by viscous and inertial forces together, and
the transmissibility decreases; when the effects of both
are taken into account comprehensively, the
transmissibility firstly decreases and then increases. The
increase reaches 92.17%.

(2) Between PROD2 and INIECT7 is controlled by the
thief zone and small pore throat together, the
connectivity is poor, the effect is dominated by particle
sedimentation and bridge plugging, and the physical
properties of the reservoir are deteriorated; the fluid
between the wells is Darcy flow; when the effects of the
two are taken into account together, the transmissibility
decreases, and the decrease is up to 46.49%.

(3) Between PROD3 and INIECT4, it is controlled by
the thief zone and small pore throat together;
Considering that particle sedimentation, bridge plugging,
and migration are all present under the effect of long-
term waterflooding, reservoir physical properties get
worse and then better; some degree of non-Darcy flow
exists between wells; When considering the effects of
the two, the transmissibility decreases first and then
increases, with an increase of 67.34%.

(4) Between PROD4 and INIECT8 is controlled by thief
zone and small pore throat together; considering the
particle sedimentation, bridge plugging, and migration
are all present under the effect of long-term
waterflooding, the physical properties of the reservoir
deteriorate firstly and then improve; some degree of
non-Darcy flow exists between wells; when the effects of
the two are taken into account together, the
transmissibility decreases firstly and then increases, with
the increase amounting to 80.81%.
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(c) PROD3-INIECT4 (d) PROD4-INIECT8
Fig. 4 Dynamics of transmissibility



3.2.2 Dynamics of water cut

The dynamics of water cut for PRODI1-INIECTL,
PROD2-INIECT7, PROD3-INIECT4, and PROD4-INIECT8
considering different mechanisms are shown in Fig. 5.

(1) Compared with the initial model, PROD1 is
affected by particle sedimentation, bridge plugging and
migration, and Darcy, non-Darcy flow effects together.
And it is most significantly affected by INIECT1.

(2) Compared with the initial model, PROD2 is mainly
affected by the particle migration and non-Darcy flow.
particle migration accelerates the waterflood front
broken, while non-Darcy flow inhibits fluid flow and has
a more pronounced effect on the water.

(3) Compared with the initial model, PROD3 is
affected by particle sedimentation, bridge plugging and
migration, and Darcy and non-Darcy flow effects
together.

(4) Compared with the initial model, PROD4 is
affected by particle sedimentation, bridge plugging and
migration, and Darcy flow. The water cut decreases
firstly and then increases.

Water cut

(c) PROD3

(d) PROD4
Fig. 5 Dynamics of water cut
3.2.3 Dynamics of residual oil

As shown in Fig. 6, when considering the effect of
time-varying reservoir properties, the properties of thief
zone become better, the injected water breaks through
quickly along the preferential path, and a large amount
of residual oil is enriched; The properties of small pore
throat become worse, and the waterflood sweep
efficiency increases, and part of the residual oil is
recovered; when considering the existence of non-Darcy

flow in | thief zone, it inhibits the flow, and the inhibition
of the water phase is more powerful. Under the fixed
production system, it is conducive to the extraction of oil.

(a) Initial (b) Time-varying

segh noegs

(d) Time-varying + non-
Darcy

(c) Non-Darcy

7 Fig. 6 Dyndmics of resfdua/ oil

4. Discussion and conclusions

(1) In this paper, a coupled model considering different
reservoir time-varying and high-speed non-Darcy flow
characteristics during long-term waterflooding is
established by extending the reduced-dimensional
numerical simulation method based on physical-data
dual-drive.

(2) When different reservoir time-varying characteristics
are considered, the seepage capacity of thief zone is
enhanced, which accelerates the waterflood front
broken. The residual oil between wells is enriched; the
opposite is true in small pore throat.

(3) When considering the characteristics of high-speed
non-Darcy flow in thief zone, the pressure gradient in
thief zone is caused by viscous and inertia together, the
seepage capacity decreases, and the inhibition of water
is more significant, more water flows to the small pore
throat, and the residual oil between wells decreases,
which is conducive to balanced exploitation.

(4) When coupling the two mechanisms is considered,
the physical time-varying effects have a more significant
impact on development.
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