
 
 
 

 
 

 
1. INTRODUCTION 

The polymer waterflooding can greatly boost oil recovery 
due to the following two reasons. First, the high viscosity of 
the polymer solution increases the mobility ratio of the oil 
and water, mitigates the friction of oil-water interface, and 
improves the injection profile and swept volume of the 
displacing fluid. Second, the viscoelastic effect of the 
polymer solutions enhances the displacement efficiency and 
thus facilitates oil recovery.  

Many scholars have examined the effect of polymer 
solution in waterflooding. Probing into the displacing 
mechanism of dead oil, Zhang Lijuan and Yue Xiangan [1] 
discovered that the swept volume and stress on residual oil 
are positively correlated with the viscoelasticity of the 
polymer solution. Hou Jian [2] established a grid model for 
oil-water 2-phase flow after polymer waterflooding, analysed 
the distribution of residual oil, and discussed some 
displacement techniques and parameters. The research 
reveals that the residual oil distribution is scattered and 
complicated by polymer waterflooding. Benyamin Yadall 
Jamaloel [3] detailed the displacement mechanism of 
surfactant for oil-wet and water-wet porous media. Following 
a precise numerical method, Shi Shangming and Wei Huabin 

[4] investigated the residual oil distribution by steam 
displacement after polymer waterflooding, laying a solid 
basis for further development and adjustment of specific 
oilfields. Focusing on the wetting hysteresis phenomenon, 
Tung-He Chou and Siang-Jie Hong [5] numerically 
calculated the variation in the advancing and receding angles 
of a droplet on an inclined surface, and verified the 
consistency between the numerical results with experimental 
results. Through numerical simulation of boundary integrals 
and microscopic videos, Cristini V. etc. [6] deliberated the 
sudden expansion under Stokes flow and the deformation and 
burst of droplets in shear flows, and suggested that the size of 
emulsion droplet only depends on the average size of the 
original droplet and shear rate. With the aid of numerical 
fluid calculation, Malcolm R. D and Justin J. C. [7] predicted 
the droplet formation mechanism of a shear-thinning fluid 
flowing through a circular hole in the atmosphere, and 
explored the shape, thickness and progressive variation of 
droplet structure with different shear-thinning parameters. 
Xiao Y. L. and Kausik S. [8-10] studied the inertia effect of 
emulsion under shear action, and obtained the interfacial 
stress and disturbance stress by Batchelor’s equation. The 
results disclose the original dynamic mechanism of emulsion 
droplet in oscillating extensional flow under finite Reynolds 
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ABSTRACT  
 
The upper-convected Maxwell model was adopted to describe the rheological properties of polymer solutions. 

Then, the author established the flow equations of viscoelastic polymer solutions in pore channels and 

constructed a 3D flowing model of the displacing fluid. Next, the flow distribution was numerically calculated 

to obtain the stress distribution of the flow, the residual oil was displaced by a viscoelastic polymer solution 

in 3D micro-channels, and the horizontal stress difference and normal partial stress were recorded horizontal 

and vertical to the flow direction. Thereafter, the hydrodynamics of the residual oil displaced with a 

viscoelastic polymer solution was investigated from a hydrodynamic perspective. It is concluded that: the 

Weissenberg number has a major impact on the deformation index. As the Weissenberg number increases, the 

advancing angle increases while the receding angle decreases, thus pushing up the deformation index. With 

further increase in the Weissenberg number, the deformation index first increases linearly and then 

parabolically. In the research, the deformation and breakage of the residual oil in the polymer waterflooding 

were observed through the microscopic displacement visualization experiment, and the stress state of the 

residual oil in the displacement process was qualitatively analysed. With numerical simulation, this research 

provides fresh insights into the stress state of the residual oil in displacement. 
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number, and unveils the effect of stress elasticity of emulsion 
droplet under the inertial effect. 

Nolwenn Le Grand and Adrian Daerr [11] experimentally 
studied the shape and movement of micro droplet on an 
inclined partial wetting surface through experiments. David 
Megias-Alguacil [12] observed the deformation and burst of 
droplets in complex flows generated by a multi-row toothed 
rotor-stator. Piotr Garstecki and Michael J. Fuerstman [13] 
described the deformation process of droplets and bubbles in 
T micro-channels, and pointed out the dependence of droplet 
burst on pressure difference under low capillary number. S. 
van der Graaf and T. Nisisako [14] investigated the formation 
of droplet in T micro-channels using Lattice Boltzmann 
method, and proved that the simulation results match well 
with the experiments. Seevaratnam G. K. [15] pored over the 
deformation of droplets clinging to solid surfaces under 
constant water-driven pressure difference, and recorded the 
thresholds of droplet sliding and separation with a high-
resolution camera. The scholar concluded that the droplet 
deformation hinges on flow rate, viscosity ratio and volume 
of the droplet. Changkwon Chung and Kyung Hyun [16] 
investigated the dynamic features of droplets passing through 
confined micro-channels through simulation and experiment. 
To disclose the deformation and burst of droplet under 
confined extensional flow, Molly K. M. [17] dug deep into 
the deformation and separation of droplet under shear flow 
and shear-extensional flow, and illustrated the effect of 
capillary number on the deformation and separation of 
droplet. Tomas Cubaud [18] considered the coupling of 
droplet and viscous stratified flow in square micro-channels, 
concluding the capillary number was one of the inducements 
of droplet burst, and discussed the effect of viscoelastic 
solution on the flow dynamics of scattered droplets. Ma Jie 
[19] conducted a mathematical simulation on the dynamics of 
a linear elastic fluid, established the constitutive equations 
based on the Oldroyd-B model, and analysed the mechanical 
condition and the importance of elasticity in the fluid 
stretching process. It is concluded that the burst process is 
much slower in non-Newtonian fluid than Newtonian fluid. 

2. MATHEMATICAL MODEL 

The primary normal stress difference, denoted as N1, is a 
major feature of viscoelastic fluids. It is defined as the stress 
difference between the flow direction and the velocity 
gradient [20, 21]. The concept of normal stress is directly 
reflected by pole climbing, jet swelling, floating siphon of 
non-Newtonian fluid. The primary normal stress difference is 
expressed as: 
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where φ1 is the primary normal stress difference coefficient. 

The Weissenberg number is defined as the ratio of the 
primary normal stress difference to shear stress [22], that is:  
 

1 2We N                                                (2) 

 
where N1 is elasticity, and τ is shear viscosity. Thus, the 
Weissenberg number can reflect the relative elasticity of a 
solution. The primary normal stress difference directly bears 
on the flow features. The elasticity is the dominant factor if 
the Weissenberg number is large, while the viscosity is the 
dominant factor if the Weissenberg number is small. 

Therefore, the Weissenberg number can demonstrate the 
relative importance of elasticity and viscosity of a viscoelastic 
fluid. 

 

 
 

Figure 1. Stress in normal and shear directions 
 

For the polymer solution in Figure1, its constitutive 
equation under low Deborah number is as follows:  
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where T is the partial stress tensor; μ and λ are viscosity and 
relaxation time, respectively; A is the first-order Rivlin-
Ericksen tensor; D/Dt is the simultaneous derivative. For 
convenience, expand the dimensionless form of equation (3). 
Hence, dimensionless constitutive equation in cylindrical 
coordinates is:  
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where 
0De u R ;

,i j i ju u x   ; i, j, s and t= 1, 2, 3; x1= z; 

x2= r; x3= θ; gst is the metric tensor.  
The dimensionless motion equations of the polymer 

solutions [23-25] are:  
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where 0dRe u R  ;  

The continuity equation is:  
 

0divu                                                    (7) 

 
Introduce the flow function Ψ. Then, the velocity 

component expressed by Ψ is:  
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Assuming that the corrugated oil-water interface between 

along the z axis satisfies the following equation: 
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and ur = uθ= 0 at the internal and external interfaces; Ψ=14π 
at the internal interface; Ψ=1π at the external interface. 

Substitute boundary conditions into equations (3)~(9) to 
obtain the stress distribution of the polymer solution at 
different positions. 

When the interface is curved, the control equations should 
be solved through coordinate conversion. Thus, introduce 

/ wy r r and ˆ /z L R , focus on a cosine period where 

ˆ10 1, / 0y L R z    , and solve it with the finite difference 

method. 

3. STRESS ANALYSIS OF RESIDUAL OIL ON 

LIPOPHILIC ROCKS 

3.1 Simplified model of 3D channels 

The 3D channels were simplified into a cylinder with 
residual oil at the bottom. Figure 2(a) presents the simplified 
models of lipophilic, neutral wetting and hydrophilic flow 
channels, where BS1 is the inlet of the channels; BS2 is the 
outlet of the channels; BS3 is the interface between the 
polymer solution and rock; BS4 is the surface of residual oil; 
BS5 is the interface between rock and residual oil. The 
diameter is d=20μm for both the inlet and the outlet; the 
channel is 100μm in length; the residual oil lies in the bottom 
centre of the channel at the height of h=10μm; the length of 
the residual oil is 40μm in lipophilic channel, 20μm in neutral 
wetting channels and 10μm in hydrophilic channels. If the 
residual oil remains still, the flow of the polymer solution can 
be treated as a stationary problem. 3D calculations were 
performed on ANSYS Polyflow. Since the residual oil is 
located at the bottom of capillary micro-channels, the origin 
of coordinates was set at the centre of the residual oil to 
facilitate calculation. Therefore, a Cartesian coordinate 
system is adopted for this research. The contour of the 
residual oil was plotted separately to observe its shape 
(Figure 2(b)).  

 

 
(a) 

 

 
(b) 

Figure 2. 3D illustration of residual oil 
 

3.2 Calculation of normal partial stress 

Only the normal partial stress and horizontal stress 
difference were calculated, for the former reflects the 

distribution of residual oil, and the latter reflects the 
magnitude of the displacement force. In the 3D calculation 
model, the author figured out the variation patterns of the 
displacement force on the residual oil horizontal and vertical 
to the flow direction. Three planes were selected horizontal to 
the flow direction (x=0, x=3μm, x=6μm), and another three 
were selected vertical to the flow direction (and z=0, z=5μm, 
z=-5μm). The 6 planes result in the 6 intersected lines in 
Figure 3. The 3 horizontal lines are formed by planes x=0, 
x=3μm, x=6μm and the surface of the residual oil, and are 
denoted as 1#, 2#, 3# from the bottom. The 3 vertical lines 
are formed by planes z=-5μm, z=0, z=5μm and the surface of 
residual oil, and are denoted as 4#, 5#, 6# from the left.  

 

 
 

Figure 3. Surface of residual oil  
 

Figure 4 depicts the normal partial stress from the polymer 
solution on the residual oil along the 6 lines. In this chapter, 
the compressive stress is set as positive, and the tensile stress 
is set as negative. 

 

 
(a) Line 1# 

 
(b) Line 2# 
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(c) Line 3# 

 
(d) Line 4# 

 
(e) Line 5# 

 
(f) Line 6# 

 

Figure 4. Curves of normal partial stress 

Note: The normal partial stress increases with Weissenberg 
number, leading to changes in distribution patterns. When 
We=0, the normal partial stress obeys asymmetric 
distribution; the residual oil is compressed in the upstream 
and tensioned in the downstream, creating a favourable 
condition for displacement; however, the force is too small to 
displace all the residual oil from the rock surface. With 
further increase in Weissenberg number, the asymmetric 
distribution gradually weakens. In this case, most of the 
residual oil is in compression, with only a minor portion 
tensioned near the centre. Such a stress distribution facilitates 
the local bulging or deformation of residual oil. The normal 
partial stress is negatively proportional to the distance from 
the centre, and is almost symmetrically distributed vertical to 
the flow direction. 

The 3D normal partial stress was plotted in MATLAB to 
observe its distribution across the surface of residual oil 
(Figure 5).  

 

 
(a)We=0 

 
(b)We=0.1 

 
(c)We=0.2 
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(d) We=0.3 

 

Figure 5. 3D illustration of normal partial stress 
 

3.3 Calculation of horizontal stress difference 

As mentioned above, the three planes horizontal to the 
flow direction (x=0, x=3μm, x=6μm) form 3 lines (1#, 2#, 3#) 
on the surface of residual oil. The horizontal stress 
distribution along the 3 lines are shown in Figure 6. 

It can be seen from Figure 6 that: when We=0, the 
horizontal stress difference decreases along the flow direction; 
with the increase in We, the horizontal stress difference first 
climbs up slowly to the peak before taking a deep plunge. 
The distribution indicates that the elastoviscous fluid has 
induced a shift in the extreme point of the residual oil. 
Moreover, the positive correlation between We, an indicator 
of elasticity, and the extreme point of the horizontal stress is 
attributable to the “memory” of the viscoelastic fluid. The 
extreme point is located at about 3/4 of the height of residual 
oil, where the residual oil is prone to bulging or deformation. 
If the deformation worsens and reaches the critical capillary 
number, the residual oil will burst into smaller scatted oil 
droplets. It is also inferred that the horizontal stress gets 
smaller the farther away from the centre of the residual oil. 

4. OIL DISPLACEMENT VISUALIZATION 

EXPERIMENT  

4.1 Experiment apparatus and procedure 

The existing experiment apparatuses cannot measure the 
exact stress state on the surface of the residual oil, wherefore 
the microscopic oil displacement visualization experiment 
was conducted to qualitatively analyse the deformation of the 
residual oil, which existed in different forms in micro pores. 
The oil displacement visualization apparatus can clearly 
reflect the residual oil distribution after polymer 
waterflooding, and accurately represent the micro 
displacement process, making it possible to compare polymer 
waterflooding with water flooding. Moreover, the apparatus 
also facilitates the theoretical analysis of the stress 
distribution and deformation of residual oil, and sheds new 
light on reliable stress and deformation analysis. 

According to residual oil distribution after water flooding, 
the author observed the displacing efficiency of polymer 
waterflooding, and further analysed the distribution pattern 
and deformation of residual oil. As shown in Figure 7, the oil 
displacement visualization apparatus consists of a micro 
model, a displacement system, a lighting system, an image 

collecting system and image processing system. Specifically, 
the micro model is placed horizontally; the light box provides 
uniform lighting to ensure image quality; the image collecting 
system, involving a camera, a video recorder and a storage 
module, collects real-time images; the image processing 
system illustrates the static distribution of pores and oil, and 
calculates oil saturation and fractal dimensions of oil and 
pores. Furthermore, the pores for oil displacement were 
simulated by etched glass. The flow mode was set as constant 
flow rate in the displacing system. The images taken in oil 
displacement were collected and processed into numerical 
signals, and then analysed by the image processing system to 
reveal the micro features of the displacement of the surfactant 
system.  

 

 
(a) Line 1#  

 
(b) Line 2# 

 
(c) Line 3#  

 

Figure 6. Curves of horizontal stress distribution 
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Figure 7. Oil displacement visualization apparatus 
 

Transparent glass-etched core samples (40mm×40mm) 
were made according to the structure of a flake from a real 
core sample. The experiment temperature was set to 45°C; 
the simulated oil is a mixture of crude oil and kerosene with a 
viscosity of 20mPa·s at 45°C; the HPAM was adopted as the 
polymer with a molecular weight of 19 million amu; the 
salinity of the test water was 508mg/L. The displacement 
process was simulated by the micro model in a thermostatic 
chamber. The deformation of the residual oil membrane was 
recorded to explore the effect on displacement efficiency. 
The experiment was conducted in the following steps: (1) 
vacuum the micro model and saturate it with oil; (2) displace 
the oil for 40min in the model with water at the flow rate of 
the water flooding process until no water is produced; (3) 
inject polymer solution at a flow rate of 1m/d, record the 
displacing process and observe the distribution of residual oil 
afterwards; (4) analyse the images and calculate the 
displacement efficiency under this polymer concentration; (5) 
clean the core. 

4.2 Experiment apparatus and procedure 

The displacement of the residual oil was observed clearly 
on the apparatus. The displacement effect improves with the 
increase in oil saturation. The mechanism of the displacement 
is similar to that of traditional waterflooding. It was also 
observed that the residual oil membrane deformed and broke 
in the experiment (Figure 8). 

Under the micro driving force, the bulge of the oil mass 
moved forward, forming a new independent oil membrane. 
Then, the remaining part of the oil mass supplemented the 
original position of the bulge. The movement of the entire oil 
mass was not rear-driven. Instead, it was propelled by the fact 
that the oil behind the bulge must supplement the oil loss in 
the front, and form a new oil mass. The capillary force 
produced by the bulge of the new oil mass cancelled out the 
pressure gradient effect of the driving force. The oil behind 
the bulge may seem to be being dragged forward. Actually, 
its movement came from the readjustment of the capillary 
force distributed around the oil mass. The readjusted capillary 
force always offset the driving force, which also moved the 
residual oil mass forward. 

 

 
 

Figure 8. Displacement of residual oil 

 
As shown in Figure 8(b), the micro driving force from the 

polymer fluid first worked on the residual oil at the slope and 
bulge. As some of the residual oil moved from the slope to 
the bulge, the flow direction and velocity of the displacing 
fluid underwent greater changes, and the normal partial stress 
shown in Figure 4 was pushed up. As shown in Figure 6, the 
bulge tended to deform under the horizontal stress difference, 
and grew larger until it was separated from the oil mass. Then, 
it became an independent oil membrane that kept moving 
forward. The bulge always moved along the direction of fluid 
flow in the channel, because its movement was driven by the 
velocity variation of the displacing fluid. Most of the oil 
concentrated in the rear of the oil mass, and moved in random 
directions under the action of the capillary force. As shown in 
Figure 8, the main body of the oil mass moved sometimes, if 
not always, in the same direction with the bulge. 

The inverse capillary force from the bulge cancelled out 
the driving force on the entire oil mass. The micro force only 
impacted the side of the oil mass near the centre of the 
channel, allowing the fluid to revolve under the oil mass 
surface. If the revolving rate was not constant, the oil mass 
would deform. The flow rate at a given point of the fluid was 
correlated to flow friction and the corresponding micro force. 
Since the viscosity is constant at any point of the fluid and the 
local capillary force is vertical to the flow direction in the oil 
mass, the flow friction relied on the thickness of the residual 
oil: the thicker the oil mass, the less the friction. When the 
other parameters were kept unchanged, it was discovered that 
the micro driving force increased with the angle between the 
fluid surface and the flow direction of the displacing fluid 
(the angle). Due to the initial thinness of the oil mass, there 
was a great friction force at the beginning. Thus, the micro 
force or the angle should be sufficiently large to ensure the 
flow rate within the oil mass. At the back, the oil mass grew 
thicker, producing less friction. Hence, the micro force and 
the angle gradually declined. 

The displacing fluid was injected repeatedly to simulate the 
multiple displacement processes until the entire oil mass 
scattered into many tiny moving oil membranes (Figure8(d)), 
or the oil mass was too small for the micro driving force to 
accumulate enough oil and form an independent oil 
membrane with a decent diameter. At this point, the micro 
driving force achieved a phase balance with the capillary 
force on the oil mass, leaving a new, smaller and more stable 
oil mass behind. In the end, the oil structuration was 
increased, and the displacing efficiency was elevated. 

 

616



5. CONCLUSIONS 

The upper-convected Maxwell model was adopted to 
simulate the viscoelastic polymer solution. After establishing 
the flow equation of viscoelastic fluid in porous media and a 
3D model of the displacement process, the author displaced 
the residual oil by the viscoelastic polymer solution in 3D 
micro-channels, recorded the normal partial stress and 
horizontal stress difference horizontal and vertical to the flow 
direction, and observed the deformation of the residual oil in 
the experiment. The conclusions are as follows: 

(1) The increase in Weissenberg number leads to growth of 
the normal partial stress and variation in the distribution 
pattern. When Weissenberg number is high, the residual oil is 
mainly compressed with a small fraction tensioned near the 
centre, creating a favourable condition for deformation or 
local bulging. When We=0, the horizontal stress difference 
decreases along the flow direction; with the increase in We, 
the horizontal stress difference first climbs up slowly to the 
peak before taking a deep plunge. The Weissenberg number 
is positively correlated with horizontal stress difference, 
which is responsible for local bulging or deformation. If the 
deformation worsens and reaches the critical capillary 
number, the residual oil will burst into smaller scatted oil 
droplets.  

(2) The deformation and breakage of the residual oil in the 
polymer waterflooding were observed through the 
microscopic displacement visualization experiment, and the 
stress state of the residual oil in the displacement process was 
qualitatively analysed. With numerical simulation, this 
research provides fresh insights into the stress state of the 
residual oil in displacement. 
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NOMENCLATURE 

 
A first order Rivlin-Ericksen tensor 

L length of residual oil, m 

N1  primary normal stress difference 

R height of residual oil, m 

T partial stress tensor 

We Weissenberg number 

 

Greek symbols 
 

λ relaxation time, s 
µ dynamic viscosity, kg. m-1.s-1 
τ shear viscosity, Pa 
φ1  primary normal stress difference coefficient 
Ψ flow function 
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