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Abstract: Four typical types of residual oil, residual oil trapped in dead ends, oil ganglia in pore throats, 
oil at pore corners and oil film adhered to pore walls, were studied. According to main pore structure 
characteristics and the fundamental morphological features of residual oil, four displacement models 
for residual oil were proposed, in which pore-scale fl ow behavior of viscoelastic fl uid was analyzed by 
a numerical method and micro-mechanisms for mobilization of residual oil were discussed. Calculated 
results indicate that the viscoelastic effect enhances micro displacement effi ciency and increases swept 
volume. For residual oil trapped in dead ends, the fl ow fi eld of viscoelastic fl uid is developed in dead ends 
more deeply, resulting in more contact with oil by the displacing fl uid, and consequently increasing swept 
volume. In addition, intense viscoelastic vortex has great stress, under which residual oil becomes small 
oil ganglia, and fi nally be carried into main channels. For residual oil at pore throats, its displacement 
mechanisms are similar to the oil trapped in dead ends. Vortices are developed in the depths of the throats 
and oil ganglia become smaller. Besides, viscoelastic fl uid causes higher pressure drop on oil ganglia, as 
a driving force, which can overcome capillary force, consequently, fl ow direction can be changed and the 
displacing fl uid enter smaller throats. For oil at pore corners, viscoelastic fl uid can enhance displacement 
effi ciency as a result of greater velocity and stress near the corners. For residual oil adhered to pore wall, 
viscoelastic fl uid can provide a greater displacing force on the interface between viscoelastic fl uid and oil, 
thus, making it easier to exceed the minimum interfacial tension for mobilizing  the oil fi lm.

Key words: Viscoelastic, chemical fl ooding, displacement mechanism, residual oil, swept volume

1 Introduction
Understanding of the mechanisms of polymer flooding 

has gone through two stages. The earliest idea (Barnes, 
1962; Pye, 1964; Sandiford, 1964) had focused on improving 
macro swept volume. In the 1990s, different opinions were 
proposed that viscoelastic polymer solution could enhance 
not only macro sweep effi ciency but also micro displacement 
efficiency (Han et al, 1995; Mohammad et al, 1992). Much 
of the prior work was performed on glass micromodels and 
cores (Wang et al, 2000; 2002). In addition, Daubend and 
Menzie (1967) and Hester et al (1994) observed when the rate 
of fl ow in porous media exceeded a critical value, viscoelastic 
fluid would produce additional resistance to flow. In recent 
years, agreement has been made on qualitative understanding 
of displacement mechanism of viscoelastic polymer solution, 
which can increase macro swept volume and enhance micro 
displacement efficiency. However, experimental results are 
mainly available (Ren et al, 2006) and understanding is 
merely based on displacement phenomena (Tong et al, 1998; 
Yang et al, 1999; Kong et al, 2007). There are still some 
confusion about viscoelastic fl uid fl ow in porous media, and 
it is necessary to make pore-scale investigation. This paper 

discusses how viscoelastic fluid can  mobilize four typical 
types of waterfl ood residual oil, and presents its fl ow behavior 
in different oil-bearing pores with a numerical method.

2 Residual oil displacement models
After water flooding residual oil may exist in different 

forms, which are related to the structure of porous media, 
surface wettability, and the properties of oil and water as well 
as the displacement situation. In general, in water-wet porous 
media, residual oil exists in the form of ganglia in the middle 
of pores, or is trapped in pore throats by the Jamin effect. In 
intermediate wet and oil wet cases, residual oil exists in the 
form of oil films adhered to large pore walls or oil column 
trapped in small pores called dead ends or at the corners 
of pores. Correspondingly, there exist four typical types of 
residual oil in porous media, residual oil trapped in dead ends, 
oil ganglia in pore throats, oil at corners of pores and oil fi lm 
adhered to pore walls. Models of the four types are shown in 
Fig. 1.

3 Governing equations
In chemical fl ooding, a combination of alkali, surfactant 

and polymer (ASP) is injected into a reservoir. As far as the 
rheological properties of chemical oil displacement agents are 
concerned, they depend on the characteristics of the polymer 
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solution. In oilfields, partially hydrolyzed polyacrylamide 
(HPAM) is one of the most widely used polymers, which can 
be treated as viscoelastic fl ow in porous media. Assuming that 
the second normal stress is negligible, the upper-convected 
Maxwell constitutive equation can be used to describe the 
rheological behavior of a viscoelastic fluid. The governing 
equations are as follows.

The steady incompressible plane flow of a viscoelastic 
fl uid is governed by the continuity equation

where u and v denote velocity in the x and y direction, 
respectively; p denotes pressure; Txy denotes shear stress;  
Txxand Tyy denote normal stresses; ρdenotes density; λ
denotes relaxation time; η  denotes zero-shear viscosity.

  The fi nite difference method used is essentially that of 
Cochrane et al (1982), with the modifi cation of non-uniform 
mesh size. Eqs. (1) through (5) are written in stream function-
vorticity formulation with the pressure variable eliminated. 
The nonlinearly coupled matrix systems are solved in turn by 
using under-relaxation iteration and Gauss-Seidel iteration.

4 Results and discussion
A comparison was made between numerical and 

experimental results for the development of velocity profi les 
of HPAM solution in the main fl ow direction (Wunderlich et 
al, 1988), as shown in Fig. 2. This illustrates that the upper-
convected Maxwell constitutive equation can be used to 
describe the flow behavior of HPAM solution in reservoir 
pores. In Fig. 2, Weissenberg number, We is a dimensionless 
parameter, measuring the magnitude of viscoelasticity, the 
larger the We, the greater the viscoelasticity.

Fig. 1  Residual oil and its displacement models
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Fig. 2  A comparison between numerical and experimental results
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4.1 Residual oil in dead ends
It is well known that to mobilize the residual oil the 

essential premise is that displacing fl uids reach the positions 
where residual oil is trapped. Flow fields of viscoelastic 
polymer solution, as shown in Fig. 3, indicates that an intense 
vortex appears in the dead end and is developed downwards 
when a viscoelastic fluid flows through a pore with a dead 
end, compared with a viscous fluid. In addition, Fig. 4 also 
illustrates that viscoelastic fl uid has greater stress than viscous 
fl uid.

There are two important mechanisms of mobilization of 
oil in dead ends displaced by viscoelastic polymer solution. 
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Fig. 5  Displacement of oil ganglia in pore throats

Governing equations (1) through (6) were used to 
calculate the fl ow resistance to viscoelastic fl uid fl ow at the 
position where the cross section is changed (Zhang et al, 
2005). Fig. 6 shows that the local resistance to viscoelastic 
fl uid fl ow at the throat entrance is higher than that to viscous 
fluid flow. The stronger the viscoelasticity, the greater the 
local flow resistance. Viscoelastic fluid flow is favorable 
to generating greater pressure drop on oil ganglia as the 
displacing force.

4.3 Oil at the corners of pores
Fig. 7 shows iso-velocity contour in constricted channels, 

with a ratio of pore to throat of 4. The contoured velocities 
of 0.05, 0.025, and 0.125 shift to the corner with increasing 
We. This illustrates that the velocity of viscoelastic fl uid near 
the corner is higher than that of viscous fl uid. In addition, as 
shown Fig. 8, viscoelastic fl uid has greater stress than viscous 
fluid. With large velocity and displacing force, viscoelastic 
fl uid can enhance micro displacement effi ciency of oil trapped 
at the corners of pores.

4.4 Oil fi lm on pore walls
Oil fi lm on pore walls usually refers to a adsorbed layer of 

Fig. 4  Contour lines of modulus of deviatoric stress tensor in pores with 
dead end (Re=0.001)
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One is that the viscoelastic vortex is developed more deeply 
to contact more oil; the other is that the viscoelastic vortex, 
which is of greater stress, disperses residual oil into movable 
oil ganglia, and fi nally carries them into the main channels.

4.2 Oil ganglia in pore throats
For the mobilization of oil ganglia trapped in pore throats, 

the displacement mechanisms are similar to residual oil 
trapped in dead ends. Strong vortices appear and develop 
near the pore throats, resulting in the mobilization of oil 
ganglia trapped in pore media, as shown in Fig. 5. Besides, 
viscoelastic fluid can provide a greater displacing force 
(generated by pressure drop of viscoelastic fluid), which 
can counteract the trapping capillary force and so facilitate 
flow into smaller pores. Usually, the above displacement 
mechanisms exist when the displacing fluid flows in pore 
throats. If the oil ganglia are larger or the pressure drop 
applied on them is smaller, residual oil is mobilized by fl ow-
induced vortex, oil ganglia become gradually smaller and 
smaller. On the contrary, oil ganglia are mobilized by the 
displacing force, in which displacement efficiency depends 
obviously on two factors, interfacial tension, and displacing 
force. This demonstrates the comprehensive effect of 
displacing fluid/oil interfacial properties and rheological 
properties of the displacing fl uid.
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whereγ• is shear rate, s-1; τis shear stress, Pa, τy  is yield 
stress, Pa.

According to the relationship curve of residual oil 
film versus displacing pressure gradient measured by the 
centrifuge method(  and , 1973), the 
relationship between yield stress and the distance away from 
pore wall can be obtained as follows:

(a) Constricted channel 
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Fig. 6  Pressure distribution in varied cross-sectional channels, with 
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 (b) Expanded channel
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varying thickness or oil ganglia adhered on pore walls. Due to 
the effects of crude oil/rock interfacial properties, the oil fi lm 
on pore walls is characterized by yield stress, which varies 
along the direction vertical to the pore wall. In steady planar 
fl ow, as shown in Fig. 1(d), the oil fi lm constitutive equation 
is as follows:

τ-τy =ηpγ
•

γ
• = 0

τ＞τy

τ τy (7)

(8)τy  =τ0 εD
DP – y + a0 DP

ń

where,τ0   denotes the yield stress at the interface between oil 
and displacing fluid, Pa; D is the distance from the central 
oil fi lm to the wall, m; ε is a ratio of the central oil fi lm 
thickness to D; Dp is the pore diameter, DP=(1+ε) D, m; y
is any point on oil fi lm, m; a0 and ń    are constants, dependent 
on the physicochemical properties of the pore wall and crude oil.

Yield stress, as a function of distance of oil film away 
from pore wall, was calculated by Eq. (8) and is shown in 

Pet.Sci.(2008)5:56-61



60

Fig. 9, for ń    =4, a0 =0.0001, ε=1.5.
Given that oil film and pore system are multiphase and 

multi-interface, the displacement of oil fi lm occurs fi rstly at 

the displacing fl uid/oil interface. The process is described as 
follows, the above-mentioned displacing force deforms the 
oil fi lm, and part of the oil is entrained into the main stream, 
then the rest of the oil fi lm becomes thin. When the displacing 
force increases or interfacial force decreases, the oil film 
becomes thinner, and finally it is removed. However, a 
resistance force, arising from interfacial force and yield stress 
of the oil fi lm, tends to prevent the oil fi lm from deforming 
and flowing. The essential premise for partially mobilizing 
the oil film is that the displacing force is larger than the 
restraining force. 

Eqs. (1) through (6) were used to calculate the flow 
behavior of viscoelastic fl uid displacing an oil fi lm adhered 
to pore walls (as shown in Fig. 1(d)). Combined with the 
above-mentioned essential premise for oil fi lm displacement, 
the oil fi lm shape in the displacement process is depicted in 
Fig. 10. For the same crude oil, decreasing interfacial tension 
or enhancing the viscoelasticity of the displacing fl uid could 
enhance the displacement effi ciency of oil fi lm. In Fig. 10, x,
y,ε are dimensionless; v is the fl ow rate, m/d; andσ is the 
interfacial tension, mN/m.

Fig. 10 (c, d) shows that there is a start-up interfacial 
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Fig. 9 Yield stress as a function of the distance of oil fi lm 
away from the pore wall
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(Edited by Sun Yanhua)

tension for mobilization of an oil film, which is the lowest 
interfacial tension for displacement of some of an oil film 
adhered to given pore walls. For a thin oil film (ε=    0.25), 
even if the interfacial tension is lowered to 1×10-3 mN/m, 
a viscous fluid can not mobilize the oil film; however, a 
viscoelastic fl uid can mobilize some of the oil fi lm but cannot 
do so when the interfacial tension increases to 1×10-2 mN/m. 
This indicates that only when start-up interfacial tension is 
reached, can an oil fi lm be partially displaced. The thickness 
of the oil fi lm and fl uid viscoelasticity have important effects 
on start-up interfacial tension. Assuming oil film is much 
thicker (ε=  1.5), as shown in Fig. 10(b), for interfacial tension 
of 1×10-2 mN/m, a viscoelastic fl uid can still mobilize some 
of the oil fi lm, while a viscous fl uid (We = 0) can not do so. 
Because a viscoelastic fluid can provide larger displacing 
force applying on the interface between viscoelastic fluid 
and oil, thus, with an appropriate increase in viscoelasticity, 
an ultra-low interfacial tension for the thin oil film is not  
needed.

5 Conclusions
In polymer fl ooding to enhance recovery of residual oil, 

the viscoelastic effect enhances micro displacement effi ciency 
and increases swept volume. Viscoelastic fluid provides 
greater stress and velocity at the changed section of pores, 
which help disperse and entrain residual oil. In addition, it 
generates a greater pressure drop (as a displacing force), and 
stronger vortices to increase micro swept volume of smaller 
pores and dead end. 
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