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ABSTRACT: The relative permeability of oil and water is a key factor in assessing the production performance of a
reservoir. This study analyzed the impact of injecting a viscosity reducer solution into low-viscosity crude oil to enhance
fluid flow within a low-permeability reservoir. At 72○C, the oil-water dispersion solution achieved a viscosity reduction
rate (f ) of 92.42%, formulated with a viscosity reducer agent concentration (CVR) of 0.1% and an oil-water ratio of
5:5. The interfacial tension between the viscosity reducer solution and the crude oil remained stable at approximately
1.0 mN/m across different concentrations, with the minimum value of 4.07 × 10−1 mN/m recorded at a CVR of 0.2%.
As the CVR increased, the relative permeability curve of the oil phase gradually decreased while the oil-water two-
phase region (Ro-wtp) expanded significantly. At a CVR of 0.1%, the Ro-wtp peaked, making an increase of 7.93 percentage
points compared to water flooding. In addition, the final displacement efficiency (ER, final) achieved with a 0.1% viscosity
reducer solution reached 48.64%, exceeding water flooding by 15.46 percentage points, highlighting the effectiveness
of the viscosity reducer solution in enhancing oil recovery.

KEYWORDS: Low-permeability reservoir; low-viscosity crude oil; viscosity reducer; relative permeability; oil displace-
ment efficiency

1 Introduction
The growing global demand for petroleum products has driven a notable shift toward extracting

unconventional crude oil. Low-permeability reservoirs account for 60%–70% of new oil and gas resources,
making their development vital for global energy security [1,2]. These reservoirs exhibit challenging physical
properties and complex pore structures. Zhang et al. categorized the oil and water dual-phase flow in
these reservoirs as non-Darcy flow. Significant seepage resistance during flooding operations prevents the
efficient transmission of pressure within the reservoir [3−5]. Water flooding is a commonly used method
for developing low-permeability reservoirs and improving oil recovery performance. Oil and water seepage
in these reservoirs exhibits non-Darcian behavior. Understanding the relative permeability of oil and water
is crucial for characterizing seepage properties and predicting productivity [6,7]. The relative permeability
of oil and water is influenced by several factors, including pore structure, wettability, fluid properties,
interfacial tension, and displacement velocity, many of which are often uncontrollable in low-permeability
reservoirs [8,9]. Low-viscosity crude oil in reservoirs experiences limited fluid flow. Therefore, it is vital to
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develop a method for viscosity reduction that is both efficient and energy-saving. Current viscosity reduction
methods include thermal recovery [10,11], oil dilution [12,13], emulsification [14], microbial methods [15,16],
catalytic modification [17], and the use of viscosity reducers [18,19]. Chen et al. synthesized a side-chain func-
tionalized copolymer (APVR) that penetrates the molecular structures of heavy oil. This process weakens
the intermolecular forces between the heavy components by forming supramolecular interactions with the
asphaltene. As a result, the asphaltene aggregates loosen, allowing the APVR’s amphiphilic properties to aid
in the emulsification of the oil droplets [20]. Currently, most viscosity reducer agents are mainly used for
high-viscosity oils [21−23].

This study focuses on a crude oil reservoir in the target block, where the oil viscosity exceeds that
of conventional crude oil but remains below the established threshold for heavy oil classification. The
seepage behavior of the oil-water two-phase flow in low-viscosity crude oil reservoirs is not fully understood.
Consequently, there is a pressing need to study the two-phase seepage patterns influenced by the viscosity
reducer solutions on the crude oil viscosity. This study analyzes the changes in the fluid flow behavior within
a low-permeability reservoir after injecting a viscosity reducer solution into low-viscosity crude oil.

2 Material and Methods

2.1 Material
2.1.1 Brine

The experiment used two types of water: simulated brine and treated oilfield wastewater. The simulated
brine was prepared with a salinity of 6054.99 mg/L, reflecting the ionic composition of the reservoir water
(Table 1). The viscosity measurement of the simulated brine at 72○C yielded 0.30 mPa⋅s. This simulated
brine replaces the reservoir water in the flow experiment and the salt resistance analysis. The treated
oilfield wastewater, the second fluid type employed in this study, was used to prepare the viscosity reducer
solution. This solution was evaluated in the salt tolerance, interfacial tension, flowability, and oil displacement
experiments. The viscosity of the treated oilfield wastewater was 0.35 mPa⋅s at 72○C. The viscosity data for
both types of water at 72○C is shown in Table 2.

Table 1: Ionic components of the reservoir water

Anion (mg/L) Cation (mg/L) Total salinity (mg/L) PH Water type
HCO3

− CO3
2− Cl− SO4

2– K++Na+ Mg2+ Ca2+
6054.99 6.5 CaCl2

183.06 0 3367.75 204.13 215.43 21.27 2063.35

Table 2: Viscosity data of water at various temperatures

Temperature (○C) 35 45 55 65 75

Viscosity (mPa⋅s) The simulated brine 1.10 0.80 0.65 0.40 0.30
The treated oilfield wastewater 0.85 0.60 0.45 0.35 0.25
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2.1.2 Crude Oil
Table 3 provides the viscosity measurements of the degassed crude oil from the Daqing oilfield over a

temperature range of 50.0○C–75.0○C. The viscosity of the treated crude oil used in the interfacial tension
and viscosity reduction rate tests was measured as 26.4 mPa⋅s at 72○C. A simulated oil, prepared by mixing
kerosene and crude oil, demonstrated a viscosity of 18.0 mPa⋅s at 72○C. This simulated oil was used in both
the oil-water relative permeability and oil displacement experiments.

Table 3: Viscosity measurements of the degassed crude oil at different temperatures

Temperature (○C) 50 55 60 65 70 75 72
Viscosity (mPa⋅s) 51.5 46.7 37.8 31.6 28.8 22.0 26.4

2.1.3 Viscosity Reducer High-Temperature Stability
The viscosity reducer solutions for the high-temperature stability experiments were prepared by mixing

the treated oilfield wastewater with the viscosity reducer agents. The viscosity of the solution with a 0.3% CVR
was measured at 72.0○C. Fig. 1 shows the viscosity information of the solutions over time. The results show
a slight increase in the viscosity of the solution when maintained at 72.0○C (the reservoir temperature) for
60 days.
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Figure 1: Viscosity stability results of the viscosity reducer solution at 72○C

2.1.4 The Salt Resistance Test
For the salt resistance experiments, the viscosity reducer solution was produced using the treated oilfield

wastewater and the viscosity reducer agent with a CVR of 0.3%. The salt resistance test solution was prepared
by mixing the viscosity reducer (0.3% CVR) and simulated brine (salinity 6054.99 mg/L) in a 1:1 volume ratio.
The viscosity of the salt resistance test solution was measured at 72○C over different time intervals, as shown
in Fig. 2. The salt resistance test solution maintained a constant viscosity, which demonstrates the good salt
resistance of the viscosity reducer agent.
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Figure 2: Viscosity of the salt-resistant test solution at 72.0○C

2.2 Methods
2.2.1 Viscosity Reduction Rate Test

Viscosity measurements of the effect of the viscosity reducer solution on low-viscosity crude oil were
conducted using a Brookfield DV-II+Pro rotary viscometer, under the China Petroleum and Chemical
Corporation Standard (Standard No. Q/SH 65-2013) [24]. Oil-water dispersion solutions with different oil-
water ratios were prepared at 72○C using the viscosity reducer solution and simulated oil, which exhibited
a viscosity of 18.0 mPa⋅s at the same temperature. The injection of the viscosity reducer solution into the
original reservoir, before the start of water flooding, resulted in the preservation of a high original oil
saturation within the reservoir. The viscosity reduction rate test employed oil-water dispersion solutions with
oil-to-water ratios exceeding 1:1, which included 5:5, 7:3, 8:2, and 9:1. The viscosity reducer solution used
to prepare the oil-water dispersion solutions had CVRs of 0.05%, 0.1%, 0.15%, 0.2%, 0.25%, and 0.5%. The
viscosity reduction rate of the oil-water dispersion solutions was evaluated.

The formula used to calculate the viscosity reduction rate ( f ) is as follows:

f = μ0 − μ
μ0

(1)

where f represents the viscosity reduction rate as a percentage, μ0 is the viscosity of the crude oil in mPa⋅s,
and μ indicates the viscosity of the oil-water dispersion solution in mPa⋅s.

2.2.2 Oil-Water Relative Permeability
The oil-water relative permeability of the low-viscosity crude oil was determined using the unsteady

state method, in compliance with the National Standard of the People’s Republic of China (Standard No.
GBT28912-2012) [25]. The core was first saturated with simulated brine before starting the oil-water relative
permeability experiment. Subsequently, oil is injected at a steady rate until water production stops at the
outlet. The injection pressure is monitored, and the original oil saturation (Soi) and the bound water
saturation (Sw i) are calculated.

The water injection rate was kept constant throughout the oil-water relative permeability experiment.
As water production begins at the production end, the cumulative oil production, total liquid production,
and displacement pressure difference are carefully recorded. During the early stages of water production, the
time interval for recording should be minimized. Records are taken at regular intervals, including oil output
periods. As the cumulative oil production decreases, the recording time interval is extended. Once the outlet
water content reached 99.95%, the experiment tested the water phase permeability in the presence of residual
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oil. The material balance method is employed to compute the bound water saturation (Sws), corresponding
water saturation (Swe), and relative permeability (Krw , Kro) at the end of the experiment, considering the
final water content ( fw).

fo (Sw) =
dV o (t)
dV (t)

(2)

Kro = fo (Sw)
d [1/V (t)]
d [1/IV (t)]

(3)

Krw = Kro
μw

μo

1 − fo (Sw)
fo (Sw)

(4)

I = Q (t)
Q0

Δpo

Δp (t)
(5)

Swe = Sws + V o (t) − V (t) fo (Sw) (6)

where fo(Sw) represents the oil content value expressed as a decimal; the dimensionless cumulative oil
production, V o (t) is given as a multiple of pore volume; the dimensionless cumulative fluid recovery V (t)
is also expressed as a multiple of the pore volume; the relative injection capacity (I), also known as the flow
capacity ratio, is provided; the relative permeability value of the water phase Krw is expressed as a decimal; Kro
denotes the relative permeability value of the oil phase is similarly expressed as a decimal; Q(t) represents the
liquid production flow value at the outlet end face of the rock sample at time t, measured in cubic centimeters
per second (cm3/s); Qo is the oil production flow value at the outlet end face of the rock sample at the initial
time, in cubic centimeters per second (cm3/s); the initial drive pressure difference ΔPo expressed in MPa;
ΔP(t) denotes the displacement pressure difference at time t; Swe indicates the water saturation value on the
end face of the outlet of the rock sample, expressed as a decimal; fw is the water content, and %; Sws represents
the bound water saturation, expressed as a percentage (%).

3 Effect of the Crude Oil Performance Test on the Viscosity Reducer Solution

3.1 Effect of the Viscosity Reducer Agent Concentration on the Viscosity Reduction Rate
Oil-water dispersion solutions with oil-to-water ratios of 5:5, 7:3, 8:2, and 9:1 were prepared at 72○C

by combining the viscosity reducer solution with the treated crude oil, which has a viscosity of 26.4 mPa⋅s
at the same temperature. The CVR of the oil-water dispersion solution was set at 0.05%, 0.1%, 0.15%, 0.2%,
0.25%, and 0.5% for each oil-to-water ratio. The viscosities and viscosity reduction rates obtained are shown
in Table 4 and Fig. 3.

Table 4: The viscosity and f of the oil-water dispersion solution with varying CVR under different oil-to-water ratios

CVR (%) Oil-water ratio

5:5 7:3 8:2 9:1

Viscosity
(mPa⋅s)

f (%) Viscosity
(mPa⋅s)

f (%) Viscosity
(mPa⋅s)

f (%) Viscosity
(mPa⋅s)

f (%)

0.00 35.2 −75.74 35.6 −34.85 37.8 −43.18 36.3 −37.50
0.05 3.7 85.98 32.7 −23.86 37.20 −40.91 31.8 −20.45
0.10 2.0 92.42 30.4 −15.15 37.4 −41.67 29.4 −11.36
0.15 4.1 84.47 29.7 −12.50 37.6 −42.42 30.7 −16.29

(Continued)
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Table 4 (continued)

CVR (%) Oil-water ratio

5:5 7:3 8:2 9:1

Viscosity
(mPa⋅s)

f (%) Viscosity
(mPa⋅s)

f (%) Viscosity
(mPa⋅s)

f (%) Viscosity
(mPa⋅s)

f (%)

0.20 4.5 82.95 27.9 −5.68 36.9 −39.77 32.1 −21.59
0.25 4.4 83.33 29.3 −10.98 37.6 −42.42 33.6 −27.27
0.50 8.2 68.94 35.6 −34.85 37.8 −43.18 36.3 −37.50
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Figure 3: The f of the oil-water dispersion solution with different CVRs under varying oil-to-water ratios

Table 4 and Fig. 3 present the experimental findings that highlight the impact of CVR on the rate of
viscosity reduction across different oil-water dispersion solutions. A maximum viscosity reduction rate of
92.42% was achieved in a 5:5 oil-water dispersion solution with a CVR of 0.1%.

3.2 Effect of the Oil-Water Ratio on the Viscosity Reduction Rate
Oil-water dispersion solutions were prepared at 72○C using a viscosity reducer solution (CVR of 0.1%)

and the treated crude oil with a viscosity of 26.4 mPa⋅s at the same temperature, varying the oil-to-water
ratios. Table 5 and Fig. 4 present the experimental results for the viscosity reduction rate.

Table 5: Viscosity of the oil-water dispersion solution with varying oil-water ratios (at CVR = 0.1%)

Oil-water ratio Viscosity (mPa⋅s) f (%)
10:0 26.4 (crude oil) 0.0
9:1 31.8 −20.45
8:2 37.2 −40.91
7:3 32.7 −23.86
6:4 14.7 44.32
5:5 2.0 92.42
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Figure 4: The f of the oil-water dispersion solution with different oil-to-water ratios (the CVR = 0.1%)

When the oil-to-water ratio ranges from 9:1 to 7:3, the viscosity of the oil-water dispersion solution
exceeds that of the treated crude oil. As the oil-to-water ratio transitions from 6:4 to 5:5, the viscosity of the
oil-water dispersion solution decreases, enhancing the effectiveness of the viscosity reduction agent.

4 The Interfacial Tension Test
The interfacial tension between the viscosity reducer solution and the crude oil was measured

experimentally at varying concentrations of the viscosity reducer solution, ranging from 0.0% to 1.0%.
The interfacial tension stabilized for each CVR after 80 min. Fig. 5 shows the variation in the interfacial
tension over time. Fig. 6 displays the final stable interfacial tension values for various CVR. The solution
demonstrating a CVR of 0.2% exhibited the minimum interfacial tension, measured at 4.07 × 10−1 mN/m.
The interfacial tension data of the remaining solution were observed to be close to 1.0 mN/m.
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Figure 6: The final stable interfacial tension between the viscosity reducer solution and the crude oil at varying CVR

5 Oil-Water Relative Permeability Experiments

5.1 Experimental Conditions
The simulated oil, created for testing by mixing kerosene and crude oil, displayed a viscosity of 18.0 mPa⋅s

at 72○C, which matches the crude oil viscosity under the reservoir conditions. Table 6 presents the relative
permeability curve obtained using the unsteady state method and the natural core parameters.

Table 6: Natural core parameter

Core
number

Core length
(cm)

Diameter
(cm)

Kg

(×10−3μm2)
Kw

(×10−3μm2)
Pore volume (cm3) Φ (%)

949-3 6.58 2.53 1.60 0.21 4.40 13.31
949-14 5.00 2.53 2.50 0.48 3.52 14.01

5.2 Results of the Oil-Water Relative Permeability Experiment
In the oil-water relative permeability experiments, an injection volume of 0.1 PV was used for the

viscosity reducer solution. The CVR of the solution was systematically varied across a range of values,
specifically 0.0% to 5.0% (0.0%, 0.5%, 0.8%, 1.0%, 2.0%, and 5.0%). After the injection of the viscosity reducer
solution slug, the water injection rate for the oil-water relative permeability experiment was kept constant at
0.05 mL/min. The results of these oil-water relative permeability experiments are shown in Table 7 and Fig. 7.

Table 7: Experimental data for the oil-water relative permeability of the natural core

CVR (%) Φ (%) Kw (×10−3μm2) Soi (%) Sws (%) Sor (%) Ro-wtp (%) ER, final (%)
0.00 13.31 0.21 57.95 42.05 39.32 18.58 32.16
0.05 14.01 0.48 57.67 42.33 36.36 21.23 36.95
0.08 13.34 0.20 56.67 43.33 33.32 23.25 41.20
0.10 13.45 0.48 57.40 42.60 30.77 26.51 46.39
0.20 12.79 0.21 57.92 42.08 32.62 24.76 43.67
0.50 13.25 0.48 57.06 42.94 33.03 23.09 42.11
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Figure 7: Oil-water relative permeability curves following the injection of the viscosity reducer solution at different
CVR values

A positive correlation was observed between the CVR of the viscosity reducer solution and the decrease
in oil phase relative permeability. Simultaneously, the gap between the two phases showed a widening trend.
The oil-water two-phase flow ratio (Ro-wtp) peaked at a CVR of 0.1%, showing an increase of 7.93 percentage
points compared to water flooding.

6 Oil Displacement Experiment of the Viscosity Reducer Solutions

6.1 Experimental Conditions
For the oil displacement experiments, the simulated oil was formulated by blending kerosene and crude

oil, yielding a viscosity of 18.0 mPa⋅s at 72○C. Table 8 lists the parameters of the natural core used in the oil
displacement experiments.

Table 8: Natural core parameter

Core
number

Core length
(cm)

Diameter
(cm)

Kg

(×10−3μm2)
Kw

(×10−3μm2)
Pore volume (cm3) Φ (%)

109-13 5.00 2.53 3.6 0.65 3.81 15.18
109-15 5.00 2.53 3.0 0.60 3.73 14.86
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6.2 Experimental Results and Analysis
An experiment was performed to assess the oil displacement effectiveness (ER, final) of a viscosity reducer

solution. In this experiment, 0.1 PV of the solution was injected before initiating water flooding. In each
scheme, the CVR of the viscosity reducer was systematically varied, assuming values of 0.00%, 0.05%, 0.08%,
0.10%, 0.20%, and 0.50%, respectively. Next, water flooding was carried out at a rate of 0.05 mL/min. The
results of this experiment are shown in Table 9 and Fig. 8.

Table 9: Experimental results of natural core oil displacement

CVR (%) Φ (%) Kw (×10−3μm2) Soi (%) Sws (%) Sor (%) ER, final (%)
0.00 15.17 0.65 57.74 42.26 38.58 33.18
0.05 14.81 0.60 59.14 40.86 37.10 37.27
0.08 14.85 0.64 58.98 41.02 34.05 42.27
0.10 14.93 0.60 58.67 41.33 30.13 48.64
0.20 15.48 0.65 56.56 43.44 32.13 43.18
0.50 14.85 0.60 58.98 41.02 34.32 41.82
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Figure 8: Oil displacement efficiency curves with different CVR values

The final oil recovery efficient ER, final attained by the viscosity reducer solution flooding at a CVR of 0.1%
was 48.64%, exhibiting a 15.46 percentage point improvement over conventional water flooding.

6.3 Economic Benefit Analysis
The experimental well group within the research block is composed of one injection well and six

production wells, as shown in Fig. 9. The oil layer has a thickness of 18.5 m, with a distance of 364 m separating
the injection and production wells. The well group control area covers 0.28 km2, with a formation pore
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volume of 72.52 × 104 m3 and geological reserves totaling 18.34 × 104 tons. All these data are presented
in Table 10.

Figure 9: Location map of the test well group

Table 10: Experimental data on oil displacement in natural core

Pore vol-
ume/×104m3

Crude oil
geological

reserve/
×104ton

VR
solution

dosage/PV

CVR/% VR price
/($/ton)

Input
cost/×104$

Oil
increase/
×104ton

Crude oil
price/$/
barrel

Income
increase/
×104$

Benefit/
×104$

72.52 18.34 0.1 0.1 1000 7.252 2.835 73.28 1522.99 1515.738

The results of the laboratory oil displacement experiment show that the viscosity reducer solution flood-
ing increased the oil recovery by 15.46 percentage points compared to water flooding. After implementing
this scheme, the experimental well group is expected to produce an additional 2.83 × 104 tons of oil.

The viscosity reducer solution was injected at a volume of 0.1 PV and a CVR of 0.1% wt. A total of 72.52
tons of the viscosity reducer agent was used in the test. The viscosity reducer agent was priced at US $1000 per
ton, leading to a total input cost of US $72,252. With an oil increase ratio of 15.46%, the crude oil production
increase for the well group’s controlled reserves is 28,350 tons. At a crude oil price of US $73.28 per barrel,
the income from oil production totals US $15,229,900. As a result, the profit increase from oil production
following the injection of the viscosity reducer solution is US $15,157,380.

7 Conclusions
Laboratory investigations were performed to evaluate the influence of the viscosity reducer solutions on

the performance of the low-viscosity crude oil. The experimental program included both oil-water relative
permeability tests and oil displacement experiments conducted with low-viscosity crude oil.

(1) At 72○C, with an oil-to-water ratio of 5:5 and a CVR of 0.1% in the oil-water dispersion solution, the
viscosity reduction rate of the viscosity reducer solution reached 92.42%.

(2) The interfacial tension between the viscosity reducer solution and the crude oil remains relatively
stable, staying close to 1.0 mN/m across various concentrations. The viscosity reducer solution at a CVR
of 0.2% demonstrates the minimum interfacial tension at 4.07 × 10−1 mN/m.

(3) A positive correlation exists between increasing CVR and a gradual decrease in the oil phase relative
permeability curve. Concurrently, the span between the two phases demonstrates a widening trend.
The Ro-wtp attains its peak at a CVR of 0.1%, showing a 7.93% point increase compared to water flooding.



1470 Fluid Dyn Mater Process. 2025;21(6)

(4) The final efficiency (ER, final) of the viscosity reducer solution flooding with a CVR of 0.1%, reached
48.64%, representing a 15.46 percentage point increase over water flooding.
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