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Abstract Waterflooding is regarded as one of the most common methods for oil recovery yet a 
great portion of residual oil still remained in the reservoir after waterflooding. Therefore, 
investigation on the residual oil saturation and its characteristics is of great importance. 
Specifically, microscale residual oil pattern and saturation are crucial to the analysis of oil 
recovery efficiency and decision for future EOR methods. In this work, transparent microfluidic 
devices were adopted to simulate waterflooding process and observe the change in the oil 
saturation as well as the residual oil pattern. Meanwhile the impact of displacement fluid 
viscosity and displacement rate on the residual oil saturation and pattern was inspected. Results 
revealed that as the displacement fluid viscosity increased from 0.895 to 1.763mPaꞏs, residual 
oil saturation decreased from 31.2 to 20%. Three patterns of residual oil were observed which 
were bulk, columnar and dead-end respectively. Bulk pattern took up the largest portion of the 
total residual oil, and as the displacement fluid viscosity increasing, decrease in the bulk oil 
saturation was the greatest. Dead-end residual oil contributed the least to the oil recovery and it 
could be the potential target for the future EOR method. 

1. Introduction 
Waterflooding has been widely applied worldwide for oil recovery owing to its low-cost and convenient 
features. However there still exists large quantity of residual oil after waterflooding process. Therefore, 
study on the distribution and characteristics of residual oil has long been the focus in order to choose 
the appropriate EOR methods and reduce the residual oil saturation[1-3]. Studies have shown that 
various factors could impact the residual oil saturation including pore throat structure, wettability, 
mobility ratio and injected fluid chemistry properties[4-6]. 

Residual oil has been investigated in both macro and micro scales via different methods including 
reservoir simulation, core flooding, NMR and CT scanning, and micromodels to study the residual oil 
distribution, quantity and characteristics[3-5,7]. Core flooding tests utilize core samples to simulate 
different flooding methods and obtain the corresponding oil recovery potential, however fluid 
distribution inside the cores could be difficult to observe. To compensate for that NMR and CT scanning 
are usually combined with core flooding tests to acquire both macro scale oil recovery and microscale 
oil and water distribution[8]. These scanning technologies enabled the tracking of oil and water 
distribution within a real rock sample yet visualization of dynamic interactions between oil and water 
during waterflooding are still difficult to accomplish. Therefore, microfluidic devices have been 
employed in order to further examine the dynamic pore-scale residual oil change and its characteristics. 

Microfluidics emerged decades ago[9] and microfluidic devices could be  fabricated with silicon [10], 
glass [11], polymers like polydimethylsiloxane (PDMS)[12], among which PDMS devices are cheap 
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and convenient to duplicate such that a fresh and identical device could be used for each experiment to 
ensure the consistency of the initial experiment state[13]. Therefore, in this work, microfluidic devices 
were employed to examine the residual oil saturation and its microscale characteristics after 
waterflooding process. The influence of displacement fluid viscosity and displacement speed on the 
residual oil was also incorporated.   

2. Material & Methods 

2.1 Materials 
Microfluidic devices with realistic pore-throat topology were used to investigate the micro-scale residual 
oil saturation and characteristics. Devices were fabricated using polydimethylsiloxane (PDMS) via 
typical photolithography and soft lithography approach. Mineral oil was used as the oil phase. In order 
to examine the effect of displacement fluid viscosity on the residual oil saturation after waterflooding, 
aqueous solutions with varying viscosity were prepared by adding 0, 10, 20, 30 and 40wt% glycerol 
solution to deionized (DI) water. Furthermore, 0.1wt% Rhodamine B was added to the aqueous phase 
to differentiate between mineral oil and aqueous solution. The viscosity of all the fluids were measured 
and listed in the table below. 

Table 1. Summary of the fluid viscosity 

 
Aqueous phase 

Oil phase 
0% glycerol 

10% 
glycerol 

20% 
glycerol 

30% 
glycerol 

40% 
glycerol 

Viscosity 
(mPaꞏs) 

0.895 0.984 1.223 1.480 1.763 21.25 

2.2 Methods 
Experimental apparatus used in this work were inverted microscope, syringe pumps and high speed 
camera connected to a computer. 1mL syringes connected with Teflon tubing were filled with oil and 
dyed DI water respectively and installed in the syringe pump. Firstly, DI water was injected into the 
microfluidic device at the rate of 5μL/min until the saturation no longer changed in order to establish 
the initial water saturation. Then mineral oil was injected at the same rate to displace the indigenous 
water until the oil saturation no longer changed and establish the initial oil saturation. Afterwards 
waterflooding process was simulated by injecting DI water with certain viscosity at the rate of 0.5μL/min 
to begin with. Dynamic interactions between oil and water were observed through the microscope and 
captured via the high speed camera. Images were captured average one second until the residual oil 
saturation stabilized. At this point the injection rate was increased to 0.8μL/min to further improve the 
oil recovery and examine the influence of injection rate on the residual oil saturation. Waterflooding 
process ceased when the residual oil saturation stayed the same. Images were captured throughout the 
whole process and the aforementioned experimental procedures were repeated with varying aqueous 
phase viscosity. 

3. Results and Discussion 

3.1 Image process 
To investigate the influence of displacement fluid viscosity on the residual oil saturation, the captured 
images during the experiment were analyzed via ImageJ software. Rock matrix and fluids were 
distinguished to obtain the porosity of the microfluidic device which was 57%. As shown in Figure 1, 
dyed fluid was the aqueous phase and it was differentiated from the oil phase after processing the image. 
Its area fraction was calculated using ImageJ such that residual oil saturation for each captured image 
was obtained via the following equation.  

Residual oil saturation ൌ
𝐷𝑒𝑣𝑖𝑐𝑒 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 െ 𝑎𝑟𝑒𝑎 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑜𝑖𝑙 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
ൈ 100% 
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The pore volume (PV) of the microfluidic device was 0.524μL; combined with the displacement rate 
and image capture rate, the relationship between number of PV fluid injection and residual oil saturation 
could be derived. 

 
Figure 1. Illustration of the image process 

3.2 Displacement fluid viscosity versus residual oil saturation 
In this work, five aqueous solutions with different viscosity were applied as the displacement fluid 
during the waterflooding process. Residual oil saturation after each waterflooding was demonstrated in 
Figure 2. Overall the residual oil saturation decreased as the displacement fluid viscosity increased. The 
residual oil saturation decreased from 36.9% to 27.7% when the displacement fluid viscosity doubled 
demonstrating the influence of fluid viscosity or mobility ratio on the oil recovery on the macro-scale. 
This plot also incorporates the residual oil saturation change as the displacement rate increased from 0.5 
to 0.8μL/min. Intuitively residual oil saturation reduced as the displacement rate increased. Moreover, 
the reduction of residual oil saturation was greater when the displacement fluid viscosity was higher. 

 
Figure 2. Residual oil saturation versus different displacement fluid viscosity at two displacement rates 

Dynamic residual oil saturation was recorded during the whole waterflooding process. Figure 3 
plotted the number of PV fluid injected versus the corresponding residual oil saturation as the 
displacement fluid viscosity varied. It was observed that at the beginning of waterflooding oil saturation 
reduced rapidly presumably larger pores were quickly occupied. The curve gradually flattened out after 
approximately 1.28PV of aqueous solution injected. It was also observed that the reduction rate of oil 
saturation was almost the same for the five curves indicating displacement fluid viscosity has smaller 
impact on the displacement rate. After injecting almost 6.08PV fluid, the displacement rate was 
increased to 0.8μL/min. As shown in Figure 3, a slight and gentle decrease in oil saturation occurred 
and at 7.04PV the curve gradually reached the plateau. The difference among the five curves was more 
distinct compared with the first half suggesting displacement fluid viscosity has greater influence on the 
oil saturation when the displacement rate was higher and after majority of the mobile oil has been 
recovered. Waterflooding finally ceased when 12.8PV fluid was injected. 
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Figure 3. Relationship between the oil saturation and the number of PV displacement fluid injected for 

five viscosity scenarios 

3.3 Characteristics of microscale residual oil pattern 
Macroscale residual oil saturation is comprised of microscale oil clusters and the investigation on the 
microscale residual oil pattern could be beneficial to the analysis of oil recovery and the application of 
EOR process. Therefore, in this work, pore scale residual oil characteristics was inspected via the images 
taken during the experiment. The pattern of the observed residual oil was approximately categorized as 
bulk, columnar and dead-end and was shown in Figure 4. Bulk residual oil mostly existed in larger pores 
and took up larger portion of the total residual oil. Columnar residual oil usually existed within throats 
and resembled columns. Dead-end residual oil was commonly trapped in the corners that partial oil was 
in contact with the rock matrix and partial oil was open to the pore space.  

 
Figure 4. Demonstration of representative residual oil patterns with dashed circles and arrows 

The portion of three different residual oil patterns was further quantified and results were 
demonstrated in Figure 5. Generally, the proportions of all three patterns decreased as the displacement 
fluid viscosity increased yet the reduction degree varied. When the displacement rate was 0.5μL/min, 
bulk residual oil proportion was 25.3%, 22.4%, 23.7%, 21.6% and 19.4% respectively as fluid viscosity 
increased. Columnar residual oil proportion was 7.1%, 6.1%, 6.9%, 5.4% and 5.2% respectively as fluid 
viscosity increased. Dead-end residual oil proportion was 4.5%, 3.9%, 4.3%, 4.2% and 3.1% 
respectively as fluid viscosity increased. When the displacement rate was 0.8μL/min, bulk residual oil 
proportion was 18.2%, 12.4%, 15.6%, 11.5% and 10.8% respectively as fluid viscosity increased. 
Columnar residual oil proportion was 8.2%, 5.9%, 6.7%, 5.9% and 5.6% respectively as fluid viscosity 
increased. Dead-end residual oil proportion was 4.8%, 3.3%, 3.7%, 3.6% and 3.6% respectively as fluid 
viscosity increased. It was observed that bulk residual oil largely contributed to the total residual oil 
reduction and the increase in fluid viscosity has relatively greater impact on bulk and columnar residual 
oil. As for the recovery of dead-end crude oil, EOR methods like surfactant flooding and polymer 
flooding might be effective. 
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Figure 5. Demonstration on the proportion of three residual oil patterns after waterflooding with 

varying displacement fluid viscosity  

4. Conclusions 
In this work the influence of displacement fluid viscosity on the oil recovery and microscale residual oil 
saturation was examined. Waterflooding process was simulated using microfluidic devices during which 
images were captured for further analysis. Two displacement rate were applied to further investigate its 
effect on the residual oil saturation. When the aqueous phase viscosity increased from 0.895 to 
1.763mPaꞏs, residual oil saturation decreased from 31.2 to 20% which was owing to the improvement 
of displacement phase mobility. Intuitively residual oil saturation reduced as the displacement rate 
increased. The reduction of residual oil saturation was greater when the displacement fluid viscosity was 
higher. The observed patterns of microscale residual oil after waterflooding in this work were 
categorized as bulk, columnar and dead-end; among which bulk residual oil took up the largest portion 
followed by columnar residual oil. As the viscosity of the water phase increases, the decrease in oil 
saturation mainly comes from bulk residual oil. Dead-end residual oil contributed the least and it was 
considered as the potential target for the future EOR method.  
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