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Reservoir Simulation of Multi-level
Flow Medium
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Abstract. In the view of fluid flow process, continental sandstone reservoir is multi-level flow
medium, in which permeability in large range causes coexistence of multiple flow regimes. Under-
standing of these fluid flow mechanisms contributes to improving oil recovery. In present paper
we studied the seepage law by numerical simulation and contributed several recommendations for
water flooding development. Based on previous literatures we obtained the relationship between
reservoir permeability and fluid flow mechanisms. According to permeability, a geological model
was divided into regions that follow different flow regimes. Mathematic models of fluid flow simu-
lation were established with linear Darcy flow in high-mid permeability regions, non-linear Darcy
flow in low permeability regions and real pressure gradient in extra-low permeability regions. Then
equations were discretized and solved. Using the in-house simulator, we demonstrate that simula-
tion consisting of multiple percolation regimes causes lower volume efficiency and worse reservoir
development compared with commercial simulator reflecting Darcy flow merely. Pressure dropping
around wells results in decrease of permeability and increase of percolating resistance in the low
and extra-low permeability regions. Asynchronous injection-production strategy was proposed to
take advantages of reservoir stress sensitivity and imbibition between the high and low permeability
regions.

Key words. multi-level flow medium, non-Darcy flow, non-linear flow, pressure sensitivity,
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1. Introduction

Conventionally, in numerical simulation, reservoir is divided into permeable and
non-permeable cells by net to gross ratio. Fluid flow only in permeable cells is char-
acterized by Darcy or nonlinear Darcy law 2. However, in fact multi-level flow
mediums always coexist in heterogeneous multilayer sandstone reservoir, including
super high permeability section, middle-high permeability section, and low or su-
per low permeability section. We proposed the concept of multi-level low medium,
which means all parts of a reservoir are permeable and they differ in the fluid flow
mechanism. Actually, physical properties of the porous media have continuous vari-
ation in large range *%. Flow regimes in low and extra low permeability regions
obviously differ from that in regions with high-mid permeability 58], Then study
of the seepage law ignoring differences and interactions of fluid flow mechanisms be-
tween the high and the low permeability regions within one reservoir will no doubt
cause non-ignorable errors. Therefore, we should divide a reservoir into intervals
according to fluid flow regimes to study the fluid flow.

The paper is structured as follows. In the next section, we establish a new
reservoir simulator consisting of multiple fluid flow mechanisms at different regions
within a reservoir. Then, several cases is carried out to study the effect of fluid flow
mechanism on water flooding efficiency. In the discussion section, we summarize
the seepage law on multi-level flow medium sandstone reservoir and revealed some
key points on the fine reservoir simulation. At last, the paper ends up with a short
conclusion.

2. Characterization of fluid flow in multi-level low medium
sandstone reservoir

2.1. Equations of motion

Motion equation quantifies the properties of velocity in reservoir fluid flow sim-
ulation. It reflects the details of each type of flow mechanism. Different motion
equations are assigned to regions with different permeability range. In the region
where permeability is higher than 10 mD, fluid flow is described with linear Darcy’s
law; for region where permeability is ranged 1mD ~ 10 mD, seepage flow conforms
to nonlinear Darcy’s flow; for region where permeability is at 0.0lmD ~ 1 mD, fluid
seepage holds real threshold pressure gradient. In numerical simulation, the concept
of region is represented by grid cell. This division may change depend on the special
situation, even though it is obtained from many literatures. It means a grid system
is divided into three types of region by the grid cell permeability.

To simulate fluid flow more accurately, the behavior of nonlinear Darcy flow
and pressure sensitivity of permeability must be characterized concisely. Generally,
such three types of model as pseudo pressure gradient, piecewise function and fitted
continuous function could be found in public literatures . In the present study we
choose one of the nonlinear continuous functions latest proposed by Ruizhong Jiang
to depict the behavior of threshold pressure gradient and nonlinear fluid flow. The
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chosen model is deviated from capillary bundle model and boundary layer theory.
The motion equations of oil and water flow in multi-level medium are respectively
characterized as follows (1) to (6), depending on permeability range.
(1) Oil phase: Water phase:
(2) Oil phase: Water phase: (3) Oil phase: Water phase:

2.2. Continuity equations

With the method of infinitesimal analysis on fluid flow process, the continuity
equations (7) and (8) is derived for each phase in different regions of reservoir. Then
the motion equations of (1) to (6) are substituted into the continuity equation, and
we obtain these mass balance equations of (9) to (14) at each permeability region.
These mass equations are what we strive for to depict fluid flow in sandstone reservoir
with multi-level flow medium.

Oil phase: (7) Water phase: (8) (1) Oil phase: (9) Water phase: (10) (2) Oil
phase: (11) Water phase: (12) (3) Oil phase: (13) Water phase: (14)

Based on the mathematical models above, we make a reservoir simulator. The
simulator, which focus on multiple fluid regimes, could be used to investigate the
complex seepage law during water flooding development. In next section, we study
the seepage law by synthetic geological models processing severe permeability het-
erogeneity in radial, planar and vertical directions.

3. Cases study

In these synthetic models, the basic properties of reservoir and fluids are derived
from one block of Liaohe oil field (Tablel). In the case of 1D heterogeneous model,
the model comprises three regions in radial direction (Fig 1). The permeability in
region 1 is 80 mD, porosity is 0.16. The initial permeability of region 2 and region
3 respectively are 8mD and 0.8mD, and the initial porosity are 0.14 and 0.12. Both
regions 2 and 3 conform to the nonlinear flow, whereas the real threshold pressure
gradient exists in the region 3. The production well locates the center of the circular
reservoir. We define 2D and 3D theoretic heterogeneous models in the same way. In
the 2D model, permeability distribution stems from channelized reservoir. Injection
and production well locate along the central of a river (Fig 2). In the 3D model,
regions of permeability are an analogue of sedimentary sequence (Fig 3). Then both
in-house simulator and commercial one execute the simulation. These results are
illustrated to compare and discussion (Fig 4 to Fig 6):

4. Mathematical analysis

Conventionally, sandstone reservoir comprises of pay and non-pay. Fluids are
assumed to flow only in pay. Petrophysical parameters dividing pay and non-pay
are relatively high, such as 10% porosity and 50mD permeability, indicating large
part of reservoir bulk is discarded. In this paper we suppose sandstone reservoir as
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Fig. 1. 1D model of radial fluid flow
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Fig. 2. 2D model of planar flow

a combination multiple regions that host different flow mechanisms. Because lowest
permeability limit is 0.01mD in the new mathematic model of fluid flow simulation,
almost no impermeable places exist in the reservoir. Therefore, the model holding
extended flow space will provide more precise seepage laws than that by regular net
pay.

By simulations of fluid flow in 1D, 2D and 3D heterogeneous sandstone reser-
voir with multi-level flow medium, we discover three main seepage laws. Compared
with linear flow, nonlinear flow has aggravated percolation resistance involving per-
meability pressure sensitivity in those low and the extra low permeability regions,
causing worse water flooding efficiency. Meanwhile, existence of real pressure gradi-
ent causes more residual oil locked by fluid yield stress than linear flow. Increasing
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Fig. 3. 3D model of fluid flow in vertically heterogeneous media
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Fig. 4. Reservoir pressure distribution in single-phase fluid flow (after 360 days)
| s e S —— |

025 034 043 052 061 or

L ]
(a) Nonlinear flow in regions 2 and 3 (b) Linear flow in regions 2 and 3

Fig. 5. oil saturation distribution (after 1800 days’ production)

of percolation resistance in low and extra permeability region hastens the channeling
and fingering in high permeability region, indicating earlier water breakthrough and
smaller swept volume.

Based on the seepage laws above, we draw optimal water flooding strategies.
Mechanism of stress sensitivity and remaining oil saturation difference between the
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Fig. 6. Oil saturation distribution in vertically heterogeneous media model (after
1800 days’ production)

high and the low permeability regions hints further strategy for improved water
flooding. In the case of planar heterogeneity, we recommend maintaining formation
pressure at relatively high level to reduce percolation resistances between high per-
meability and low permeability regions. While in the case of vertical heterogeneity,
strategy of asynchronous injection-production with horizontal wells at the bottom
higher permeability for injection while ones at the top low permeability layer for
production at high water cut stage are proposed, during high water cut period.

Within the tolerance of time consuming, geologic grid sizes for simulation should
be set as small as possible, to avoid error from permeability upscaling that deter-
mines the flow regime choice. Because small grids belonging region 1 and 3 may be
averaged to region 2 where fluid bearing different flow regimes. In further, we will
quantitatively study the influence of grid size on seepage law in another paper.

The new mathematic model should also take account of high rate non-Darcy flow
and channeling flow in extra-high permeability region, where pore paths are always
enlarged during long time water flooding development. Because particles in the pore
spacing are swept out, even loose sand grain are carried out by the fluid. Perme-
ability in the region has grown extremely high, causing fluid flow mechanism altered
accordingly. Consequently, mechanism of high rate non-Darcy must be embraced in
further study.

5. Conclusions

According to the permeability-range in sandstone reservoir with multi-level flow
medium, we firstly established mathematical models to characterize fluid flow with
coexistence of multiple seepage regimes at different permeability regions.

Second, we demonstrated that simulation focusing on Darcy seepage, non-Darcy
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seepage and non-linear percolation causes smaller volume sweep efficiency compared
with the commercial simulator reflecting Darcy merely. Pressure dropping around
wells results in decrease of permeability and increase of percolating resistance in the
low and extra-low permeability regions. In addition, remaining oil is difficult to be
displaced effectively since the presence of real pressure gradient.

At last, strategy of asynchronous injection-production was proposed to takes

advantage of reservoir stress sensitivity and imbibition between high and low per-
meability regions.
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