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SIMPLIFIED DYNAMIC APPROACH TO
MATRIX FLUID DISPLACEMENT

The displacement process in a fractured reservoir occurs when the matrix block
saturated with oil is partially or entirely surrounded by another fluid, gas and/or water.

Gravity Drainage Displacement

Imbibition Displacement
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In order to investigate the influence of some of the parameters involved in the
process, a simplified displacement model having a sharp interface between the two
fluids may be used.

Simplified Displacement Model 

Basic Physical Model
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Basic assumptions :
a. The flow is considered uni-dimensional
b. The capillary pressure at the interface is assumed constant.
c. The irreducible wetting liquid saturation and residual non-wetting liquid saturation
are assumed constant and, therefore the relative permeabilities are constant.
d. The uni-dimensional displacement from the matrix block is understood as lower
and upper sides open to flow while the lateral faces are impermeable (figure 9.4).
e. In the surrounding fractures the pressure distribution is approximated by a
hydrostatic relationship and therefore the potential φ=P+ ρgZ  is considered constant.
f. Darcy’s fluxes of the wetting (w) and the non-wetting (nw) fluids in the block are:

g. The fluids are considered as incompressible and thus, the equations of conservation 
of mass in each phase are:

5



Displacement of Oil by Water
Oil saturated Block Totally Immersed in Water
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Water is considered a wetting phase and oil a non-wetting phase

Boundary conditions:

Integration of equation 9.1 under boundary conditions with equation 9.3 gives:
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The potential of φo2 at H- , in the block, is related to the potential φw2 of water at the
exit from the block (H+) by:

Hydrostatic equilibrium at water environment
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Substitution of Equation 9.6 in 9.5 yields:
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Equation 9.8

Equation 9.8 is a function of the difference in magnitude between capillary and
gravitational pressure, magnitude of mobility M and of front height Z, and each of these
components must be examined.

Discussion of equation 9.8
Relationship between gravitational and capillary pressure
Initial rate
Mobility vs. rate.

Water front advancement vs. time
Case of predominant capillary pressure
Case of gravity and capillary imbibition
Case of predominant gravity (imbibition) pressure

Observations
Relationship t vs. H.
Relationship t vs. ZD
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Discussion of Equation 9.8-Relationship between 
Gravitational and Capillary Pressure

Between the two forces expressed as capillary pressure and gravitational pressure,
one of them may be predominant by comparison with the other and thus
displacement is governed only by one of them.

Gravitational pressure governs displacement when

which becomes possible if:
- blocks are very high, therefore (H-Z) >> hc, which implies also that Z is small (at the 
initial phase of displacement).
- wettability is small, therefore PC, is small. In this case equation 9.8 may be rewritten as,
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Discussion of Equation 9.8-Relationship between 
Gravitational and Capillary Pressure

Between the two forces expressed as capillary pressure and gravitational pressure,
one of them may be predominant by comparison with the other and thus
displacement is governed only by one of them.

Capillary pressure governs the displacement when,

Which becomes possible if:
- blocks are very small H<<hC,
- displacement front has already advanced so much that Z ~ H and hC > 0. In this case 
equation 9.8 may be rewritten as,
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Discussion of Equation 9.8-Initial Rate

The initial rate corresponds to Z = 0, thus equations 9.9 and 9.10 are reduced to the 
following expressions:
- for gravitational pressure

- for capillary imbibition pressure

It is observed that:
the initial gravity rate UGI is independent of block magnitude, depending only on
physical properties of rock and fluid. This equation was expressed by Muskat' for
gravitational displacement in a conventional reservoir, and was called gravity rate.
- The initial rate under capillary conditions UCI depends on the magnitude of the block
height becoming negligible in the case of large H and very significant in the case of small
H. This reconfirms the important role of capillary forces in the case of small matrix blocks
(small H). 13



Discussion of Equation 9.8- Mobility vs. Rate

In order to examine the role of M it is necessary to rewrite equation 9.8 as follows:

As observed, equations 9.11 and 9.12 are obtained when the term Z/M is negligible (the
initial rate corresponds to Z = 0). This corresponds to the situation of large mobility M
equivalent to highly viscous (heavy) oil.

It is interesting to observe that in the case of heavy oil reservoirs with tall blocks, the
gravitational velocity remains constant (equation 9.11) and independent of the relative
position of the displacement front, expressed by H-Z. This observation was verified in
various heavy oil fractured reservoirs.

9.11 9.12
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Water Front Advancement vs. Time -
Case of Predominant Capillary Pressure

The advancement of the water front in time dZ/dt expresses the real front velocity (which 
is related to the filtration velocity by effective porosity φ) through the classic relationship:

Substitution of equation 9.10 in 9.14 and integration with the initial condition t=0, Z=0 
yields:

In general the capillary pressure Pc  is a function of saturation which can be expressed
through the Leverett function J(Sw) as:
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For a constant value of capillary pressure J(Sw) = 1 and substitution of equation 9.16 in 9.15 
the result is:

Equation 9.17 shows that the time required to produce a given fraction of oil (ZD) by
imbibition is directly proportional to the square of the block height (H), and inversely
proportional to interfacial tension (σ), relative permeability for water (KW) and the square
root of permeability (K).

By defining the dimensionless time for displacement by capillary imbibition, 

equation 9.18 may be written in a dimensionless form as,
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The fraction of oil recovery versus dimensionless time for different mobility ratios was 
elaborated by Muskat' as shown in figure 9.7.
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Because of the assumption that relative permeabilities and capillary functions are
expressed by constant values and not by functions of saturation, as in a real matrix, the
time of recovery will be underestimated.

18



Water Front Advancement vs. Time -
Case of gravity and capillary imbibition

If both capillary pressure and gravitational pressure are considered, the integration of 
equations 9.8 and 9.14 will give the following:

In such a case another dimensionless time is defined as,

and with this dimensionless time equation 9.20 becomes
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Water Front Advancement vs. Time -
Case of predominant gravity (imbibition) pressure

If displacement is only governed by gravitational forces, the time results either from
the combination of equations 9.14 and 9.9, or by neglecting capillary pressure
(PC/HgΔρ) in equation 9.22. The result is,
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Observations-Relationship t vs. H.

From the theoretical results obtained above the following is retained:

Relationship t vs. H. This relationship shows the influence of block height H on
time in both cases examined

-if capillary forces are predominant: → t is proportional to H2 (equation 9.18).

- if gravitational forces are predominant : → t is proportional to H (equation 9.21)

This result shows that in case of capillary predominant displacement which 
corresponds to small blocks (small H) the time depends parabolically of block height.
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Observations- Relationship t vs. ZD

This relationship is in fact showing the recovery vs. time behavior.

- If capillary forces are predominant (equation 9.19), M plays an important role

- If gravity forces are predominant (equation 9.23)

Equation 9.24 is similar to results observed in experimental work, and in various
theoretical approaches when recovery vs. time is written as
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Oil Saturated Block Partially Immersed in Water
An oil saturated block partially immersed in water corresponds to a slow advance of
water in the fracture so that the water-oil front in the block is higher than the water-
oil front in the fracture. A simplified assumption is that the advance of the front in the
fracture is negligible in comparison with the advance of the front in the block, i.e. HW

= const. (figure 9.9)
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Substituting equation 9.25 in 9.8 gives,

In such a case the upper face of the block is producing in an oil environment and the
potentials φW1 and φO2 (figure 9.9) are related through the capillary pressure in the
fracture as follows:

The capillary pressure in fracture Pcf may be ignored being
of constant value and much smaller than the capillary
pressure P, in the block. Equation 9.27 is thus obtained,
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•The uni-dimensional displacement of oil, by imbibition 
only, from a block with impervious lateral sides is not 
affected by the position of the water front in the adjacent 
vertical fractures as much as hC > HW- Z . 

• Z<HW : Gravity will contribute to oil displacement,
• Z>HW :Gravity will have a retardation effect on the
displacement process.

•Therefore, oil displacement from a block completely
surrounded by water will occur at a faster rate than oil
displacement from a block partially immersed in water,
even if the lateral sides of the block are inactive.

This observation is in accordance with Mattax's
experiments which define, under similar conditions, a
critical rate above which the recovery is rate-dependent
and below which the recovery remains constant (the rate is
understood as advancement of the water-oil contact in
fractures).
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Displacement of Oil by Gas
Case of an oil saturated block totally surrounded by gas

Gas entering the upper side of the block will displace oil which is produced at 

the bottom of the block in a gas or oil environment. The gas is considered to be 

the non-wetting phase and gas compressibility is ignored.

A block initially saturated with oil and totally surrounded by gas is shown in 

figure 9.10. The initial pressure of the gas column is considered to be above the 

threshold pressure, therefore, gas can enter the block.
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The boundary conditions corresponding to this case are:
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Depending on the value of the capillary pressure and the length of the block, if

H>Zcr an equilibrium is reached when H-Z = Zcr = H – hTH and oil will no longer

be displaced.
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Case of an oil saturated block, partially 

surrounded by gas

An oil saturated block partially surrounded by gas corresponds to the gas front

which did not reach the lower face of the block (figure 9.12), and thus the

problem will be the same as in the case of a totally immersed block.
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Conclusions

From the results obtained through this simplified dynamic approach the following

conclusions are reached:

a. In an imbibition displacement the time of recovery is proportional to the
square of the block height, while in a displacement by gravitational forces
the time of recovery is proportional to the block height.

b. Gravitational forces in an imbibition process may play an important role in

the displacement if either the blocks are large in size, or if the capillary

pressure is negligible.

c. In a drainage displacement of oil by gas the capillary forces will act against

the displacement, and therefore the displacement will result only through

gravitational forces, which must exceed the capillary pressure.

d. To displace oil (as wetting phase), the gas pressure must reach the entry
pressure or the threshold pressure. In a reservoir of small size blocks, there

is a possiblity that gas will circumvent the blocks without reaching the

threshold pressure, and in such a case the oil will not remain entrapped in the

blocks.
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