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S.1 Unsteady-State (USS) Oil/Water Relative Permeabilities Measurement 

1. Introduction 

A wide range of relative permeability measurements can be used to obtain engineering 
parameters for oil and gas field design purposes. Relative permeability is defined as the ratio of the 
effective permeability of each phase at a specific saturation to the base permeability of the rock. The 
base relative permeability could be water permeability at residual oil saturation (Kw @ Sor), oil 
permeability at irreducible water saturation (Ko @ Swi), or absolute air permeability (Kg). In this study, 
Ko @ Swi was employed as the base permeability for the relative permeability analysis because this 
parameter was measured after aging the core samples, just before the test in the same conditions. 
However, by selecting any of the aforementioned permeability values as the base permeability, the 
ratio of the relative permeability of the tested fluids would not change. Conventionally, relative 
permeability is determined in laboratories by Unsteady-State (USS), steady-state (SS), or Centrifuge 
methods.  

In the present study, oil/water relative permeability experiments were performed using a core 
flooding apparatus (Hassler type uniaxial core holder and a Scientific System Inc., MAPSA Co., 
Tehran, Iran, constant rate dual piston HPLC pump, Bellefonte, PA, USA, for fluid injection) on 
selected samples in ambient conditions by the volumetric measurement USS method. The following 
is a summary of the procedure and the calculations applied to assess the oil/water relative 
permeability for a two-phase system. 
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2. The Procedure and Calculations used for Oil/Water Relative Permeability Measurements 

We can classify the steps of the oil/water relative permeability measurements into two sections: 
first, the core sample preparation steps (from 1 to 4), and second, the relative permeability 
determination steps (from 5 to 12): 

• After cleaning the core plugs (following the procedure which is mentioned in Section 2.1.4 of 
the paper), the core plugs were placed in an oven for about six hours at 60 °C to dry. 

• An unsteady state gas permeameter and porosimeter (Coreval 30, Villeurbanne, France) were 
applied to determine the porosity and gas permeability of the core plugs. 

• After that, the pore volume of the core samples were filled with reservoir brine in a vacuum 
saturation setup (see Figure S1). 

 
Figure S1. Desiccator used for vacuum saturation of the core plugs. 

• After measuring brine permeability by core flooding tests, the crude oil was flooded into the 
plugs to reach irreducible water saturation. The plugs were then soaked into the oil and 
placed in an oven at 80 °C for almost 30 days to restore the wettability condition of the 
reservoir.  

• Next, the plug was loaded into the Hassler type core holder, into which the crude oil was 
injected at a constant rate. After stable differential pressure (DP) was attained, the DP at four 
dissimilar flow rates was recorded and used to determine the effective oil permeability at 
irreducible water saturation (Ko @ Swi). Later, such values were used as the base permeability 
for relative permeability calculations. 

• At a constant injection rate, a calibrated burette and quality controlled pump were used to 
inject the displacing phase into the plug at a fixed flow rate. 

• The aqueous solution began to be injected into the plug at a fixed rate, and the produced fluid 
volume, time, and pressure differences between the two sides of the plug were recorded 
regularly. Figure S2 shows a schematic view of the setup used for the relative permeability 
analysis. 



Nanomaterials 2020, 10, 972 3 of 6 

 
Figure S2. Schematic view of the setup used for USS water/oil relative permeability measurements. 

• A fraction collector was used to measure the effluent fluid volume at determined times. 
• Injection of the aqueous phase continued until no more oil was produced (i.e., the water cut 

reached 99.9%).  
• For each of the collection tubes, and after leaving enough time for separation to occur, the 

water and oil volumes were recorded. 
• The cumulative volume of each phase was calculated to be applied in plotting the oil recovery 

versus the pore volume of the injected brine. 
• Over the course of the experiments, the injection and production rates, relative permeability 

values, and average water saturation (Sw(avg)) should be determined. The following is the 
equation used to determine the average saturation of the aqueous phase in each sample:  S୵(avg) =  S୵୧ ൅ V୭(produced)Pore volume  (1) 

Toth et al. produced equations to estimate the relative permeabilities for USS fluid displacement 
experiments [1]. Applying these equations in various experimental data demonstrated the feasibility 
of this method in the calculation of oil/water relative permeability [2–4]. Accordingly, using this 
method, which is more precise and applicable than the technique employed by Johnson et al. (i.e., 
nonlinear regression) [5], it is necessary to sketch the following nonlinear relations: Sw(avg) versus 
cumulative water injected (wi) and the pressure ratio (1/Ir) versus wi. Subsequently, is necessary to 
plot tangents so that curves meet the ordinates (Sw(avg), indicating the mean Sw within the core. 

Therefore, in the present study, the method used by Toth et al. was applied to assess the two-
phase relative permeability curves. Details of this method are mentioned in their paper (see Reference 
[1] for more information). Moreover, it should be mentioned that most of the experimental data are 
noisy, and an efficient smoothing method is required for computations. The modified Corey or 
modified power-law models were used to fit the relative permeabilities data. 

3. Example of USS Oil/Water Relative Permeability Experiments 

In this section, an example of oil/water relative permeability tests conducted on a plug, of which 
the specifications and test conditions are listed in Table S1, is presented. All the calculations for 
determining the relative permeability were done as stated in the Toth et al. method. 
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Table S1. Routine core specifications and conditions of the water/oil relative permeability test. 

System USS oil/water imbibition Initial water saturation (%) 24.79 
Data processing Toth et al. method Flow direction Horizontal 

Core sample length (cm) 4.92 Temperature (˚C) Ambient 
Core sample diameter (cm) 3.81 Oil type Synthetic oil 

Porosity (%) 13.93 Oil viscosity 25˚C 1.47 
Absolute gas permeability (mD) 4.33 Water viscosity @ 25˚C 1.45 

Absolute brine permeability (mD) 2.75 Net confining pressure (psi) 400 
Effective oil permeability at Swi (mD) 2.12 Constant down pressure (cc/min) Ambient 

Base permeability Ko@Swi Constant rate (cc/min) 0.5 
Saturated pore volume (cc) 7.18 Test duration (min) 120 

USS relative permeability measurement was applied to measure the oil/water relative 
permeabilities. A summary of the results of the experiment is listed in Table S2. It is worth mentioning 
that as recommended by the Toth et al. method, the experimental data related to the period after the 
breakthrough time were analyzed. 

Table S2. Results of the USS oil/water relative permeability test. 

Time 
(min) 

Differential 
press. (psi) 

Injected 
water 
vol. 
(PV) 

Produced 
water vol. 

(cc) 

Produced 
oil vol. 

(cc) 

Sw 
(avg.) 
(%) 

Sw 
outlet 

(%) 

Oil 
recovery 

(% of 
OOIP) 

Krw 
(Fra
ctio
n) 

Kro 
(Fra
ctio
n) 

Krw/Kro 

0 34.02 0 0 0 24.79 24.79 0 0 1 0 

9 86.26 0.83 0.6 3.9 79.11 78.14 72.22 0.34
3 

0.02
5 

13.80 

11 81.96 0.77 1.3 4.2 83.29 79.58 77.78 
0.36

5 
0.01

8 
20.52 

15 73.06 1.04 3.2 4.3 84.68 81.38 79.63 
0.39

8 
0.01

1 
37.73 

20 67.48 1.39 5.66 4.35 85.37 82.68 80.56 
0.42

7 
0.00

6 
66.31 

33 61.52 2.3 12.1 4.4 86.07 84.26 81.48 
0.47

7 
0.00

3 177.34 

53 58.21 3.89 22.1 4.4 86.07 85.21 81.48 
0.52

8 
0.00

1 
451.76 

73 56.21 5.08 32.1 4.4 86.04 85.66 81.48 
0.56

4 
0.00

1 
851.74 

After measuring the water/oil relative permeabilities of the plug, the Modified Corey model was 
applied to fit an appropriate plot onto the experimental results. Table S3 illustrates the values for the 
variables of the model [6]. 

Table S3. Parameters of the Modified Corey Model. 

Parameter Water relative permeability (Krw) Oil relative permeability (Kro) 
Alpha 2.897 1.373 
Ymax 0.541 1.000 

H 0.000 0.000 
V 3.974 2.195 

The obtained data from the oil/water relative permeabilities test were plotted, and the results 
are shown in Figure S3. 
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Figure S3. Water/oil relative permeability curves. 

S.2 Mercury Injection Capillary Pressure (MICP) Measurements 

A Micrometrics Autopore IV 9500 Porosimeter (manufactured in GA, USA) was used to 
precisely measure the amount of mercury being injected into the rock sample. After weighting the 
cleaned and dried rock sample, a proper penetrometer was selected, and the sample was placed 
inside the rig. Then, the assembly was loaded into the low-pressure chamber of the apparatus. By 
reducing the pressure within the penetrometer to less than 0.0009 psia, the penetrometer was 
evacuated. In this step, the bulk volume of the core cutting was estimated. The injection pressure of 
mercury into the rock sample increased incrementally from 0.5 to 30 psia. After equilibrium was 
established in the last step (i.e., 30 psia), the injection pressure lowered to ambient pressure, and the 
penetrometer was released. Then, the penetrometer was placed into the high-pressure chamber, 
mercury injection started and the pressure was raised gradually to 60000 psi. The amount of mercury 
entering the pores was monitored and recorded precisely at each pressure step. We reached the 
equilibrium point when the intrusion rate fell below 0.001 µL/g-sec. Finally, mercury saturations were 
calculated as a percentage of the pore volume at each pressure. The pore volume used to calculate 
mercury saturation was obtained from the maximum intrusion volume of mercury. 

S.2.1 Procedure to Determine Pore Size Distribution by Means of MIP Experiments 

During the injection of the mercury into the sample, the injected pore volume (v) versus the pore 
access radius (r) was plotted [6]. The differential of this value indicated the pore throat size 
distribution (PSD) function: PSD = dvdlog(r) (2) 

The differential was calculated numerically. The central difference method was used to calculate 
PSD as: PSD௜ = v௜ାଵ −  v௜ିଵlog(r௜ାଵ) −  log(r௜ିଵ) (3) 

 

PSD was smoothed as: 
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PSD୧ = PSD୧ିଵ ൅ 2PSD୧ ൅ PSD୧ାଵ4  (4) 

After that, the PSD was normalized to 1 as follows: 

PSD୬୭୰୫ୟ୪ ୧ = PSD୧PSD୫ୟ୶  (5) 
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