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Abstract

Wettability plays a vital role in many applications of flow in porous media and

affects Darcy scale flow parameters by influencing the fluid-solid interfacial

area. Therefore, quantifying the fluid-solid interfacial area can provide a way

to measure wettability at the Darcy scale. Here, we experimentally explore a

dual-tracer method, which can also be scaled to large geological reservoirs to

quantify the fluid-solid interfacial area during the multiphase flow through a

porous medium for different wetting conditions. Using our experiments, we

demonstrate the influence of different saturations, wettability and flow con-

ditions on the solid-liquid interfacial area. When oil is in the residual phase,

we observe that the solid-water interfacial area increases with the increase

in water saturation for the water-wet and mixed-wet cases. However, the

water-solid interfacial area decreases with an increase in water saturation for
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ofthe oil-wet case. We increase the water saturation by increasing the water

flow rate; therefore, the anomalous behaviour seen in the oil-wet case can

be attributed to the rearrangement of oil and water at higher water flow

rates. When both oil and water are flowing, the solid-water interfacial area

increases with water saturation for all the wettability cases and increases in

water wettability as anticipated.

Keywords: Two-tracer method; Wettability alteration; solid-liquid interfa-

cial area; Enhanced oil recovery.

Synopsis: Wettability measurements at Darcy-scale give a broad idea of

overall subsurface wetting conditions for application in CO2 sequestration,

ground-water remediation or oil recovery.

1. Introduction

Wettability is one of the rock’s constitutive properties that define a solid

surface’s preference to contact one liquid over another. Wettability controls

the location [1], distribution [2, 3], and the characteristics of the fluid flow

[4, 5] by controlling the capillary pressure [6] during multiphase flow in a

porous medium. Wettability and wettability alteration play a vital role in

paper microfluidic devices [7], oil recovery from reservoirs [8], particle coat-

ing [9], printing [10], catalyst behaviour in packed bed reactors [11], textile

industry [12], and membrane distillation [13]. Depending on the application,

hydrophobic or hydrophilic surface is preferred. Therefore, quantifying the

wettability and wettability alteration of a porous medium is essential.
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ofVarious wettability quantification techniques have been explained at dif-

ferent scales [14] for a porous medium, where the majority of the medium

is inaccessible for visualization. In particular, rock’s wettability in the ge-

ological reservoirs, especially for oil reservoirs, has been described by many

researchers [15, 16, 17, 18]. Anderson et al. [19] has explained in detail the

concepts of wettability and reviewed the three most commonly used quantita-

tive methods: Contact Angle method, Amott-Harvey Index method, United

States Bureau of Mines (USBM) method with their limitations and applica-

tions. However, many qualitative ways such as; the shape of the permeability

curves, imbibition rates, capillary pressure saturation curve, and displace-

ment capillary pressure in a porous medium, and flotation of the solid pow-

der on the liquid distinguish the wetting state of a solid [20, 21, 22, 23, 24].

The wettability quantification of a porous medium at the Darcy-scale is still

elusive due to the pore space’s irregular morphology and topology leading

to non-universality of the porous media characterization [25, 26, 27, 28, 29].

Recently, four Minkowski functionals, i.e., curvature, volume, topology (Eu-

ler characteristic) of the fluid phases and the pore surface area and pore

structure, have been targeted for a universal method of characterizing mul-

tiphase flow in porous medium [30, 31, 32]. The fluid-fluid and fluid-solid

interfacial area, which are the geometric state variables in the multiphase

flow, are being explored for quantifying wettability [12, 33, 34, 35, 36]. To

that end, X-ray micro-tomography has been frequently used to capture the
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ofcontact angle of the two immiscible fluids [37, 38, 39, 40] and the fluid-solid

contact area [41] in a porous medium. However, applying the X-ray micro-

CT and electron microscopy method at large scale such as in a geological

reservoir is challenging due to the high-resolution requirements of the images

[42, 43, 44, 45, 46, 47], and inaccessibility of the reservoirs.

For geological reservoir, nuclear Magnetic Resonance (NMR) [48, 49, 50],

and 3D magnetic resonance imaging (MRI) [51] have been explored for quan-

tify wettability. However, the NMR-based approach can only be applied in

the area adjacent to the well of the light-oil reservoirs [52]. A method of

quantifying the aggregate, large-scale wettability during flow in a porous

medium is still needed.

Tracers have been extensively used to characterize the large-scale porous

medium in flowing conditions [25, 53, 54, 55, 56, 57, 58] for fraction of the

fluids present or heterogeneity. More recently, interfacial partitioning tracer

test (IPTT) has been used to examine the influence of fluid saturation, pore

texture, and fluid-displacement regimes on the fluid-fluid interface inside the

porous medium [28, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70]. The

estimated fluid-fluid interfacial area [68] is indirectly related to the rock’s

wettability. Recently, fluid-solid interfacial area and saturation relationships

have been proposed as an indicator of the wettability of porous media dur-

ing the multiphase flow in multiple studies [71, 72, 73]. However, so far,
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pore-scale image analysis and the requirement of a very high-resolution limit

to characterize wettability. Based on X-ray micro tomography work by Garfi

et al. [34, 74], if we can directly quantify the fluid-solid interfacial area, then

we can use it to differentiate the wetting state of the geological reservoir. In

the present work we use tracers to determine the fluid-solid interfacial area

at darcy scale. Using the present work, we hope to find a link between the

pore scale wettability found using images and darcy scale wettability.

Singh et al. [75] made the first step to use a two-tracer method, which

they successfully implemented in a lab scale porous medium, to quantify

fluid-solid interfacial area at a given wetting condition and when one phase

is at the residual saturation. They showed that the wetting phase has more

contact area with the porous solid at a given residual saturation in compar-

ison to the non-wetting phase.

In this work, we use the two-tracer method to quantify the fluid-solid

interfacial area at different wetting and flow conditions. The general workflow

presented in this paper is depicted in Figure 1. We focus on water-solid

interface area at water-wet, oil-wet, and mixture of 50% water-wet and 50%

oil-wet glass beads i.e., mixed-wet conditions. We do experiments when oil

is in the residual phase and only water is moving and when oil and water

both are moving. When oil is the residual phase, we increase the injection
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area increases with water saturation for the water-wet and mixed-wet cases.

However, for the oil-wet case, the water-solid interfacial area decreases with

increase in water saturation. This can be attributed to the rearrangement

of the water and oil phases in the porous medium due to increase in flow

rate [76]. When both phases are flowing, then the water-solid interfacial

area increases monotonically with water saturation and water wettability as

expected.

Figure 1: The workflow for measuring the solid-liquid interfacial area during a multiphase
flow system in a porous medium using the dual-tracer method, which is proposed in this
paper. Here, τ (min) is the mean residence time calculated using measured cumulative
exit age density function F (t). τi (min) and τa (min) are the mean residence times of the
ideal and adsorbing tracers, respectively. Q (ml/min) is the liquid flow rate, Ka (ml/g)
is the adsorption partition coefficient onto the solid matrix, AT (g) is the total mass of
the glass beads in contact with the porous medium and Aw (g) is the mass of the glass
beads in contact with water during two-phase flow which is directly proportional to the
interfacial area of the glass beads and water for a given specific surface area of the glass
beads.
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We use glass beads of sizes 150− 200 (µm) to create a proxy laboratory-

scale one-dimensional cylindrical reservoir [77]. We use n-dodecane (DD)

as an organic phase, and Milli-Q purified Deionized Water (DIW) as an

aqueous phase. Figure 2 shows the experimental setup where we use the

syringe pumps to inject the fluids in the cylindrical porous medium made of

glass beads. The tracer is used only for the aqueous phase for which we use

Fluorescein Sodium Salt (FSS) as an ideal tracer and Sodium Thiosulfate

(STS) [78] as an adsorbing tracer. We used red organic dye to colour the

organic phase for better visualisation. In Table 1, we list the materials and

their properties used in this work. We use hydrochloric acid, methanol,

toluene and trichloromethyl silanes to treat the glass beads. We obtained all

the chemicals from Sigma-Aldrich Chemicals Pvt. Ltd., India.

Table 1: List of chemicals and their properties.

Chemical (Formula) Mol.Wt., ( g
mol

) Density, ( g
cc
) Appearance

n-dodecane (C12H26) 170.34 0.75 Colorless liquid
Oil Red O (C26H24N4O) 408.49 0.84 Red powder
Fluorescein Sodium Salt
(C20H10Na2O5)

376.28 1.60 Dark red powder

Sodium Thiosulfate
(Na2S2O3.5H2O)

248.18 1.67 White crystals

Hydrochloric Acid (HCl)
(0.01 M aqueous solution)

36.46 1.00 Colorless liquid

Methanol (CH3OH) 32.04 0.79 Colorless liquid
Toluene (C7H8) 92.14 0.87 Colorless liquid
Trichloromethyl silane
(CH3Cl3Si)

149.47 1.27 Colorless liquid
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Figure 2: The step-input tracer flow experimental setup.

2.1. Preparation of the glass beads

We perform the flow experiments at different wetting conditions; there-

fore, we prepare water-wet and oil-wet glass beads. First, to prepare the

water-wet surface of the glass beads, we clean the glass beads using 0.1 M

HCl solution. Then, we wash the glass beads with distilled water to remove

any residue and dry the glass beads in an oven at 800C till they are com-

pletely dry. The glass beads are now water-wet [79].

We now use the silanization process to alter the water-wet glass beads to

oil-wet [80, 81]. We prepare 1-4% diluted solutions of 3-Chloro Methyl Silane

(TCMS) in dehydrated toluene. We soak the water-wet glass beads prepared

above in the diluted solutions of the silane for 30 minutes. A thin film

of methylpolysiloxanes immediately coats the glass bead. TCMS has three

hydrolyzable groups that produce extensive cross-linking, making a three-

dimensional silane multilayer on the silica surface a more stable coating than

8
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[79]. We rinse the glass beads with methanol and thoroughly dry them at

500C in the oven, favouring the cross-linking reaction of the silane on the

glass beads altering their wettability. We confirm the wettability alteration

of the glass beads using the flotation technique [82] as described below in

Section (2.2).

2.2. Flotation test for qualitative wettability characterization

We perform the flotation test in a 5 ml acrylic test tube. We fill five

tubes with 3 ml water and slowly pour 1 g glass beads over the water, which

we prepared using different concentrations of TCMS. Figure 3 demonstrates

the flotation test result at various times that qualitatively compare the wet-

tability of the treated glass beads. Figure 3(a) shows the initial (t = 0)

stage of the flotation test where tube 1 has water-wet glass beads completely

submerged in the water. The remaining tubes have glass beads treated with

various concentrations of TCMS in dehydrated toluene. Initially, the silane

treated glass beads are floating at the top of the water as shown in Figure

3(a). After one hour, the glass beads treated with 4% silane and 1% silane

start submerging in the water, as illustrated in Figure3 (b), implying their

wettability changes with time. The physical reason for this observation is

the formation of a critical thickness thin-film of methyl polysiloxanes that

immediately coats the glass bead during the silanization process. We observe

that the glass beads treated with 2% silane concentration sustain wettabil-
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ofity for a long time [80]. Therefore, we use 2% silane and 98% dehydrated

toluene solution in the silanization reaction to alter the glass beads’ wettabil-

ity and call the treated glass beads oil-wet glass beads. Further, we perform

a capillary rise experiment to quantify the wettability.

Figure 3: Images of the flotation test at times (a) t = 0, (b) t = 1 hour, and (c) t = 24
hours.

2.3. Capillary rise experiment

We perform the capillary rise experiment in a glass straw of 5 mm internal

diameter and 30 cm length. We use Whatman filter paper at the bottom end

of the tube for holding the glass beads. We fill the tubes with the water-

wet glass beads, oil-wet glass beads, and mixture of 50% water-wet and 50%

oil-wet glass beads i.e., mixed-wet glass beads. Figure 4 shows the capillary

rise experimental setup and the maximum water rise through the glass beads

packing after 24 hours. We observed 22 cm water rise in the water-wet glass

beads, 15 cm in the mixed-wet glass bead and only 2.5 cm in the oil-wet glass

beads. This experiment confirms the difference in the water-wet, mixed-wet

10



Journal Pre-proof

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Jo
ur

na
l P

re
-p

ro
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Figure 4: Left: experimental set-up for a capillary rise experiment. Right: the maximum
water rise through the various wetting state glass beads packing after 24 hours.

Using the above-prepared glass beads, we now want to quantify the con-

tact area of the glass beads with water during multiphase flow. For this, we

now move to flow experiments.

3. Flow experiments with single-phase

Figure 2 shows our experimental setup. For the porous medium, we took

an acrylic cylindrical tube with an inner diameter of 2 cm and a length of

15 cm. We packed the glass beads while intermittently tapping the tube for

dense and uniform packing. We prevent the migration of glass beads out of

the packing using Whatman filter paper on both ends of the tube. We use

11
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at a constant flow rate and set the continuous-time intervals in a GILSON-

FC203B fraction collector to collect the exit stream. For the aqueous phase,

we use FSS as a non-adsorbing or ideal tracer, and STS as an adsorbing

tracer. The ideal tracer (FSS) follows the flow path and its mean residence

time can give us the estimate of the pore volume or void volume in the porous

medium. The adsorbing tracer (STS) dynamically adsorbs and desorbs on

the porous solid surface which leads to a delay in the arrival of the tracer at

the exit. Therefore, we see that the mean residence time of the adsorbing

tracer is more than the non-adsorbing tracer as shown in Figure 1. The

mean residence time of the tracer is identically equal to the first moment of

the tracer concentration vs time curve for a pulse input of the tracer or the

left-hand side of Eqn. (1) and Eqn. (2) for a step input of the tracer [75, 83].

∫ ∞

0

(
1− Cexit(t)

CT

)

ideal

dt = τi =
ϕ V

Q
(1)

∫ ∞

0

(
1− Cexit(t)

CT

)

adsorbing

dt = τa =
ϕ V

Q
+

KaAT

Q
(2)

where Cexit(t) is the effluent tracer concentration with the time (g/l) [69,

57], and CT is the injected tracer concentration (g/l). τi and τa are the

mean residence times (min) of the ideal and adsorbing tracers, respectively.

The mean residence time of the tracer can be estimated using the porous

medium characteristics as well, which are given in the right-hand side of

12
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ofthe Eqn. (1) and Eqn. (2). Here, ϕ is the porosity of the medium, V

is the bulk volume of the porous medium (ml), Q is the liquid flow rate

(ml/min), Ka is the adsorption partition coefficient onto the solid matrix

(ml/g), and AT is the total mass of the glass beads in contact with the liquid

(g) or liquid-solid interfacial area (m2). For Eqn. (2), we assume [69]: (i)

isothermal process (ii) negligible pressure variation (of the order 10−3 bar

in our experiments) in the porous column. (iii) linear adsorption isotherm

for the adsorbing tracer on the solid surface. (iv) instantaneous adsorption

in comparison to flow time scale. The adsorbing water-tracer (STS) follows

the linear adsorption isotherm and physically adsorbs [84] on the glass beads

surface. We will show linear adsorption isotherm in our flow experiments. We

analyse the FSS and STS concentrations in the effluent sample using a UV-

visible spectrophotometer (UV-2700 SHIMADZU) at wavelength 490 nm and

215 nm, respectively [75]. To investigate the interaction of FSS and STS with

the organic phase, if any, we analyse the UV-visible spectrum of FSS and STS

dissolved in the aqueous-phase after mixing with the organic phase. In Figure

5 we show that FSS and STS do not interact with the organic-phase as their

UV-Visible spectrum in the aqueous phase remains unchanged after vigorous

mixing with the organic phase. Therefore, we use Ka as a constant for the

aqueous-phase during the multiphase flow experiments.

13



Journal Pre-proof

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Jo
ur

na
l P

re
-p

ro
of

Figure 5: UV—visible spectrum of the tracer, in the aqueous-phase and after the mixing
with the organic-phase.

In this study, we assume a constant surface area of the glass beads per

unit weight and use AT in the mass units (g). Using the Eqn. (1) and (2),

with a known Ka, we can determine the fractional weight of the solid in

contact with water (Aw/AT ) during multiphase flow. In a single-phase flow

experiment, AT is the entire surface of the porous matrix, which is wetted

by the water. We use the single-phase flow experiments to estimate Ka in

our system. In the single phase flow experiments with a known AT , if the

Ka is constant at different flow rates we can prove our assumption of linear

adsorption isotherm and instantaneous adsorption in comparison to flow time

scale.

3.1. Estimation of Ka using single-phase flow experiment

For single-phase flow experiments;

i First, we weigh the empty tube (A, g). Further, we weigh the tube packed

with glass beads (B, g). The total weight of the glass beads packed in

the tube is (AT = B − A, g).
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Deionized water (DIW) from the bottom of the tube, and saturated the

glass beads thoroughly with at least nine pore volumes of water.

iii After that, we perform a water-tracer flow experiment in the horizontal

tube. We inject the ideal tracer (FSS) as a step-input at a particular flow

rate until it is observed at the injected tracer concentration at the exit.

We measure the effluent tracer concentration with time using a UV-vis

spectrophotometer.

iv We now flush the ideal tracer using deionized water for at least five pore

volumes so that there is no UV-vis spectrum visible in the effluent for

FSS.

v Then, we inject the adsorbing tracer (STS) at the same flow rate as used

for injection of the ideal tracer and measure the exit tracer concentration

with time till the exit tracer concentration of the adsorbing tracer is the

same as the inlet stream. After injecting the adsorbing tracer, we flush the

tracer by injecting the DI water till no tracer is seen in the effluents under

the UV-vis spectrophotometer. We perform tracer injection experiment;

i.e., steps (iii) to (v), three times at one particular flow rate in the same

packing of the glass beads for accuracy and repeatability of the tracer

effluent history.

vi After completing the experiment at one particular flow rate and wetta-

bility, we weigh the tube (D, g) to estimate the amount of the trapped

liquid in the pores (E = D − B, g).
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ρw
)/V and pore volume (PV = ϕV )

of the porous medium, where V is the bulk volume of the tube.

viii We repeat steps (iii) to (vii) at flow rates 0.25, 0.5, and 1 ml/min in the

same porous medium.

Using Eqn. (1) and (2), with the known weight of the glass beads (AT ) and

the pore volume (PV), we calculate the Ka of the adsorbing tracer in the

system.

3.2. Estimation of Ka for STS

We do the water flow experiment with tracer-tests at flow rates 0.25, 0.5,

and 1 ml/min at room temperature (250C) and atmospheric pressure for

three wetting conditions i.e., water-wet (WW), oil-wet (OW), and mixed-

wet (MW). We show in Figure 6, the FSS and the STS breakthrough curves

at three flow rates and three wetting conditions. Figure 6 shows retardation

of the STS compared to the FSS at every flow rate and wetting condition,

due to the physical adsorption [84] of STS on the glass bead surface.

Figure 6: The tracer breakthrough curves from the single-phase flow experiment at various
flow rates and wetting conditions (a) water-wet, (b) oil-wet, and (c) mixed-wet.

16



Journal Pre-proof

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Jo
ur

na
l P

re
-p

ro
ofUsing the tracer breakthrough curves in Figure 6, we first compare the

experimental mean residence time (MRT) for the ideal tracer using the left

side of Eqn. 1 with the theoretical MRT obtained from the process param-

eters ϕ, V , and Q on the right-side of Eqn. 1. Figure 7 shows an excellent

match in the experimental and theoretical MRT for the ideal tracer at differ-

ent flow rates and wetting conditions. Corresponding to the same flow rates

and wetting conditions, we also show the experimental mean residence time

of the adsorbing tracer (STS) calculated using the left-hand side of Eqn. 2.

The adsorbing tracer shows a higher mean residence time due to adsorption

on the glass beads surface.

Figure 7: Comparison of theoretical MRT with the experimental MRT by the tracer break-
through curves from the single-phase flow experiment at various flow rates and wetting
conditions (a) water-wet,(b) oil-wet, and (c) mixed-wet.

We calculate the Ka of the STS at every flow rate and wetting conditions,

using Eqn. (1) and Eqn. (2). In Table 2, we show the experimental mean

residence times of the two tracers with process parameters and calculated

Ka. We use the mean τi and τa obtained from the three repetitions of the

tracer test for a given flow rate and wetting conditions in Eqn.(1) and (2)
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independent of the flow rates for the validity of Eqn.(2). The estimated Ka

for water-wet, oil-wet, and mixed-wet are 0.027±0.001, 0.027±0.001, and

0.028± 0.001, respectively. However, Ka can depend on the surface chemical

compositions. We analyze the compositions of such silane treated glass beads’

surfaces by the X-Ray Diffraction (XRD). In Figure 8, we show the XRD of

the oil-wet and water-wet glass beads and observe no such significant change

in the surface composition of the glass beads after the silanization process.

In further calculations, we use Ka = 0.027, which is the combined average.

Table 2: Estimated Ka from the single-phase flow experiments (V = 47.10 ml).

Wettability
Q,
ml
min

ϕ
PV=
ϕV

AT ,
g

τi=
∫∞
0
[1− Cexit(t)

CT
]dt

, min (FSS)

τa=
∫∞
0
[1− Cexit(t)

CT
]dt

, min (STS)

(τa − τi)
Q
AT

=Ka,
ml
g

WW

1.00 0.41 19.31 80.80 19.41±0.22 21.76±0.31 0.029
0.50 0.41 19.31 80.80 40.00±0.31 44.27±0.27 0.026
0.25 0.41 19.31 80.80 78.78±0.24 87.15±0.28 0.026

OW

1.00 0.37 17.33 73.46 17.67±0.28 19.77±0.31 0.029
0.50 0.37 17.38 73.46 36.81±0.24 40.63±0.29 0.026
0.25 0.37 17.38 73.46 72.50±0.24 79.87±0.20 0.025

MW

1.00 0.39 18.42 74.02 18.00±0.23 20.20±0.41 0.030
0.50 0.39 18.42 74.02 36.97±0.55 41.02±0.45 0.027
0.25 0.39 18.42 74.02 74.00±0.53 82.37±0.49 0.028
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Figure 8: X-Ray Diffraction (XRD) of the (a) water-wet, and (b) oil-wet glass beads at
10-50 degree diffraction.

Now, we use the estimated Ka in the two-phase flow experiments for

quantifying the water wetted surface area of the glass beads at different flow

rates and wetting conditions.

4. Flow experiments with two-phases

We use the single-phase flow experiments set up to perform the two-phase

flow experiments. To reiterate, we consider a constant interfacial area for unit

mass for all the beads, therefore, mass units are used for area. Single-phase

flow experiments ended with the injection of adsorbing water tracer. To re-

move the adsorbing water-tracer, we inject five pore-volume of DI water. We

then displace the water in the glass beads packing with oil at a 1 ml/min

flow rate. This gives us a porous packing with initial oil saturation and some

remaining water saturation. This condition is similar to the initial subsur-

face oil reservoir condition where we have connate water and oil. Once we
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balance to find the connate water saturation (Swc) or the initial water sat-

uration in the packing, which is noted in Table 3 column 4. Then we again

inject water to displace oil, i.e., secondary imbibition at a low flow rate of

0.25 ml/min for all wetting conditions. We collect the exit stream in the

tubes arranged in a fraction collector at a constant interval till steady-state.

In Figures 9 (a) and (b), we show the collected exit streams in the tubes

(left to right) at a constant interval and the total volume of the oil displaced

from the water during secondary imbibition for different wetting conditions,

respectively. We use the mass balance to calculate the residual volume of the

oil after the secondary imbibition.

Further, we calculate the oil recovery factor using the ratio of the dis-

placed volume of oil during secondary imbibition and the initial volume of

the oil in the porous medium. In Figure 9 (c), we show the ultimate oil

recovery vs time curve measured at 0.25 ml/min from the different wetting

conditions. We recovered 82%, 58%, and 31% of the oil from the water-wet,

mixed-wet, and oil-wet porous medium, respectively. These result also show

the wettability alteration of the glass beads. When we reach a steady state

for the secondary imbibition and the exit stream has only water, the oil is at

the residual saturation at this point. We now perform the tracer experiments

by following the steps (iii) to (v) as described above in Section 3.1.
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Figure 9: (a) Collected samples of the steady exit streams at a constant time interval left
to right tube (Red liquid is oil and green liquid is water) (b) The total volume of the oil
displaced from the water during secondary imbibition from different wetting conditions
(c) Profile of the ultimate oil recovery rate by secondary water imbibition mechanism at
0.25 ml/min from the various wetting conditions of the glass beads packing.

We calculate the MRTs of the FSS and STS at the residual oil saturation,

using left hand side of Eqn. (3) and (4).

∫ ∞

0

(
1− Cexit(t)

CT

)

ideal

dt = τii =
ϕV Si

Q
(3)

∫ ∞

0

(
1− Cexit(t)

CT

)

adsorbing

dt = τaa =
ϕV Si

Q
+

KaAw

Q
(4)

where Cexit(t) is the effluent tracer concentration (g/l) with the time, and

CT is the injected tracer concentration (g/l), measured using UV-vis spec-

trophotometer at various times. τii and τaa represents the mean residence

time of the ideal tracer and the adsorbing tracer (min), respectively, when

residual oil is present in the porous medium. Si is the mobile-phase or water

saturation and Aw is the solid-water interfacial area (g).
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experiment, we can calculate the water-solid interfacial area (Aw) during the

two-phase flow in the porous medium.

Once three repetitions of the tracer experiments are completed at the

water flow rate of 0.25 ml/min, we increase the water injection rate to

0.5 ml/min. Extra oil is recovered from the packing when the flow rate

is increased, which is used to find the new residual saturation of oil at a

0.5 ml/water injection rate. We perform three sets of tracer experiments

at a 0.5 ml/min water injection rate and then increase the water injection

rate to 1 ml/min. We then repeat all the steps at 1 ml/min injection rate.

Therefore, for a given wettability of the glass beads, we use the same packing

for all the experiments for consistency. We change the packing for oil-wet

and mixed-wet glass beads.

4.1. Estimation of solid-water interfacial area Aw

In Figure 10, we show the tracer breakthrough curves at various flow

rates of water and different wetting conditions. Oil is the residual-phase in

the experiments and does not flow. Comparing Figure 10 and Figure 6, we

see the early arrival of the ideal tracer during the two-phase flow experiments

due to the presence of the residual oil in the porous medium. We measure

the water saturation (Sw) in the two-phase system by the ratio of the ideal
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medium from Eqn. (3) and (1). The Sw calculated using the mass balance

and the MRTs show an excellent match for the water-wet and mixed-wet

conditions as listed in the column 5 and 8 of Table 3. However, we observe a

slight variation for the oil-wet condition. This may be due to some immobile

pockets of water formed at low flow rates, which are not captured in the tracer

experiments. Therefore, we use mass balance saturation in our calculations.

Figure 10: Tracer breakthrough curve during two-phase flow experiments, when oil is the
residual-phase in the experiments and does not flow at various flow rates and wetting
conditions (a) water-wet, (b) oil-wet, and (c) mixed-wet.

In Figure 11, we show the irreducible oil saturation (Sro) measured using

mass balance after secondary imbibition at various flow rates for the different

wetting conditions. These results align with our expectations of having high

oil recovery at a high flow rate and more water wetting conditions. We also

observe that wettability has more prominent influence on the ultimate oil

recovery as seen from the residual oil saturation in comparison to the flow

rate. We now estimate the Aw using the MRTs of the adsorbing and the non-

adsorbing tracers at three different flow rates (1, 0.5, and 0.25 ml/min) and
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Table 3, when oil is the residual-phase.

Table 3: The estimated interfacial area of the glass beads in contact with water (Aw),
when oil (DD) is the residual-phase at different flow rates and different wetting conditions
(V = 47.10 ml, Ka= 0.027,ml/g).

Wettability
Flow rate (Q),

ml
min

AT ,
g

Swc,
(MB)

Sw

(MB)
τii (FSS),

min
τaa (STS),

min
Sw=

τii
τi

So = 1-Sw

Aw=

(τaa − τii)
Q
Ka

, g

Aw

AT

WW

1.00 80.80 – 0.86 16.93±0.32 19.28±0.22 0.87 0.13 78.17 0.97
0.50 80.80 – 0.85 34.50 ±0.25 39.00±0.23 0.86 0.14 75.00 0.93
0.25 80.80 0.26 0.83 65.38±0.22 73.33 ±0.21 0.83 0.17 65.58 0.82

OW

1.00 73.46 – 0.64 11.15±0.32 12.59±0.32 0.63 0.37 48.00 0.65
0.50 73.46 – 0.60 19.84 ±0.35 23.01±0.32 0.54 0.46 52.75 0.72
0.25 73.46 0.19 0.54 36.43±0.32 43.25±0.41 0.50 0.50 56.83 0.77

MW

1.00 74.02 – 0.76 13.54±0.22 15.46±0.24 0.75 0.25 64.00 0.86
0.50 74.02 – 0.74 26.70 ±0.20 30.40±0.22 0.74 0.26 61.67 0.83
0.25 74.02 0.24 0.73 54.75±0.26 61.86 ±0.21 0.74 0.26 60.42 0.80

Figure 11: (a) Flow rate versus residual oil saturation in the different wetting condition
porous medium and (b) Relationship between the fraction of the glass beads surface area
in contact with water (Aw/AT ) and the water saturation (Sw), when oil is the residual-
phase.

Figure 11 (b) shows the fraction of the total area that is wetted with

water vs saturation of water curves for different wetting conditions. For the

water-wet case, we see that at a slow flow rate of water, we get low saturation

of water and low contact area. As we increase the flow rate, the water-solid
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ofarea increases steeply with the saturation. This is because, water may flow

into pore boundaries increasing the contact area more than the saturation.

Mixed-wet beads follow a similar trend; however, changes in contacted area

and saturations are lower than in the water-wet case. Comparing the water-

wet and the mixed-wet cases, the highest water saturation in the mixed-

wet beads is lower than the lowest water saturation in the water-wet beads

shown by the starred points in Figure 11 (b). In contrast, comparing the

contact area of water with the solid at these starred points, the water-solid

interfacial area is higher in the mixed-wet beads than in the water-wet beads.

This is because the flow rate is different at the two points, which affects the

capillary number and the wetting condition of the beads. Pore-scale studies

are required to understand further if the corner flow is more pronounced

in mixed-wet beads at higher capillary numbers. In the oil-wet case, we

see an interesting trend that as the saturation of water increases, the solid-

water interfacial area decreases. A similar result has been observed by Jain

et al. [68] for the fluid-fluid interfacial area estimation in the oil-wet porous

medium. Zhao et al. [76] show that for the oil-wet case, when we increase the

capillary number by increasing the flow rate, the displacement may become

unstable due to a finger-like front and the fraction of the oil displaced from

a pore may also decrease. Now, we are increasing the flow rate sequentially.

Therefore, when we increase the flow rate, readjustment of the fluids leads

to more oil recovery; however, at high flow rate, more oil is present at the

pore boundaries leading to the less solid-water interfacial area. Further,

25



Journal Pre-proof

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Jo
ur

na
l P

re
-p

ro
ofFigure 12 illustrate a macro-scale view of the submerged water-wet glass

beads (1 g), oil-wet glass beads (1 g), and mixed-wet glass beads (0.5 g WW

+ 0.5 g OW) in water. We note that the oil-wet glass beads form aggregates

inside the water due to their hydrophobic nature unlike the water-wet beads

leading to the anomalous behaviour seen in solid-water interfacial area vs

water saturation curve for oil-wet surface.

Figure 12: Water-wet, Oil-wet and Mixed-wet glass beads’ behaviour in contact with
water.

4.2. Flow experiment with two flowing phases

We now perform the two-phase flow experiments when oil and water flow

simultaneously through the porous medium. We use the same setup from

Section 4.1, where the experiments ended with water being injected at a flow

rate of 1 ml/min. We now use two syringe pumps to inject the oil and water

simultaneously into the same system, as shown in Figure 2. We maintain

a total flow rate of 1 ml/min into the porous medium using different water

and oil flow rates. To first remove the tracers, we inject five pore-volume of

DI water. Then we decrease the water flow rate to 0.75 ml/min and start
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ofinjecting oil at a flow rate of 0.25 ml/min. Once the steady-state is reached,

that is, at the exit we are producing water at a flow rate of 0.75 and oil at a

rate of 0.25 ml/min, we start the water-tracer experiment following the steps

(iii) to (v) as described in Section 3.1. We then decrease the water injection

rate to 0.5 ml/min and then to 0.25 ml/min and increase the oil flow rate to

0.5 ml/min and then to 0.75 ml/min to keep the total flow rate 1 ml/min.

We do the water-tracer experiment after reaching steady-state at every flow

condition. We calculate Aw, using Eqn. (3) and (4) with the estimated Ka

from the single-phase flow experiment.

In Figure 13, we show the tracer breakthrough curves for the above ex-

periments when both oil and water are simultaneously flowing through the

porous medium at various flow rates. We report the estimated Aw at different

water flow rates and wetting conditions in Table 4. We obtain a monotonic

increasing behaviour of the water-saturation with the water flow rates for all

the wetting conditions, as shown in Figure 14 (a). We observe that the in-

crease in the water saturation with flow rate is more for the water-wet than for

the oil-wet case. This is because, in the oil-wet porous medium, water flows

through the easiest paths, with the larger pore-bodies and leaving a large oil

in the system [85]. Figure 14 (b) illustrates the behaviour of the quantified

solid-water interfacial area with the water saturation during the continuous

two-phase flow at the three wetting conditions of the porous medium. We

find that the oil-wet porous medium gives less solid-water interfacial area
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mixed-wet, as is expected. Here, we observe that in the oil-wet case, the in-

crease in the fractional water-solid interfacial area is more pronounced when

the water saturation increases than for water-wet case. This is because, the

water move through small pores or pore boundaries in the water-wet case

and as the water saturation increases it starts invading larger pores which

have less surface area per unit void volume. However, for the oil-wet case

the phenomena reverses.

On the whole, we find differences in the behaviour of the water-solid inter-

facial area with water saturation when experiments are done at the residual

oil saturation and when both the phases are flowing. At the residual oil

saturation, an increase in water saturation leads to a proportionately more

increase in the water-solid interfacial area for water-wet beads while the in-

terfacial decreases for the oil-wet case. When both fluids are flowing, then

for the oil-wet case, the water-solid interfacial area increases more than the

water-wet case at higher water saturations. However, the water saturation

increase is not as high as in the water-wet case. This is because of the vis-

cous fingering instability in the water-wet and oil-wet medium at different

flow rates [86].
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Figure 13: Tracer breakthrough curve when both oil and water are simultaneously flowing
through the glass beads packing at various flow rates and wetting conditions (a) water-wet,
(b) oil-wet, and (c) mixed-wet.

Table 4: Estimation of the fraction of solid-water interfacial area (Aw/AT ) when oil and
water are simultaneously flowing through the porous medium at different wetting condi-
tions (V = 47.10 ml, Ka= 0.027,ml/g).

Wetability
qw,
ml
min

qo,
ml
min

Sw=
τii
τi

τii (FSS),
min

τaa (STS),
min

AT ,
g

Aw=

(τaa − τii)
fw
Ka

, g
Aw

AT

WW

1.00 0.00 0.87 16.89±0.10 19.24±0.09 80.80 78.38 0.97
0.75 0.25 0.79 20.28±0.12 23.38±0.13 80.80 77.57 0.96
0.50 0.50 0.59 23.60±0.14 27.58±0.12 80.80 66.26 0.82
0.25 0.75 0.49 38.60±0.21 43.84±0.25 80.80 43.63 0.54

OW

1.00 0.00 0.71 12.56±0.19 13.86±0.22 73.46 43.34 0.59
0.75 0.25 0.70 16.00±0.28 17.68±0.28 73.46 41.87 0.57
0.50 0.50 0.67 24.66±0.28 26.73±0.25 73.46 34.53 0.47
0.25 0.75 0.55 39.88±0.23 42.78±0.37 73.46 24.24 0.33

MW

1.00 0.00 0.75 13.54±0.18 15.46±0.12 74.02 64.00 0.86
0.75 0.25 0.67 15.74±0.15 18.19±0.20 74.02 61.34 0.83
0.50 0.50 0.56 20.15±0.22 22.65±0.20 74.02 41.62 0.56
0.25 0.75 0.50 37.00±0.21 41.03±0.27 74.02 33.59 0.45
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Figure 14: Relationship between the water flow rate with (a) water-saturation, when oil
and water simultaneously flowing through the porous medium. (b) Behaviour of the quan-
tified solid-liquid interfacial area at various saturation through different wetting conditions
porous medium.

5. Validity of the methodology for geological system

Further, we investigate the presented method to directly quantify the

wetted area of the solid by a liquid during the multiphase flow in a sand-pack.

This is because the natural porous medium is similar to sand in many cases,

and it is challenging to control for morphology or chemistry [87]. We use the

quartz sand, with a bulk density of 1.77± 0.01g/cm3 and an average grain

diameter of 200 µm in its original state as purchased from GLR innovators

New Delhi, India. We follow the step by step procedure for estimating the

solid-water interfacial area as discussed above in the glass beads packing.

First, we perform the single-phase flow experiments with water-tracer at

flow rates 0.25, 0.5, and 1 ml/min and compare the theoretical MRT of the

tracer with the experimental MRT.
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Figure 15: Comparison of theoretical MRT with the experimental MRT of the tracer
break-through curves from the single-phase flow experiment at various flow rates in sand
pack.

Figure 15 shows an excellent match in experimental and theoretical MRT

for the ideal tracer. We also obtain a higher mean residence time of the

adsorbing tracer (STS) corresponding to the same flow rates due to the ad-

sorption on the sand surface. Further, we estimate Ka at every flow rate

and the calculated data we present in Table 5. Sand typically have irregu-

lar grains and rough surface, which promote corner flow [17] and can affect

the Ka values. Therefore, we use the calculated Ka at a particular flow

rate for the Aw measurement during the two-phase flow experiments in the

sand-pack.

Table 5: Estimated Ka from the single-phase flow experiments (V=47.10 ml).

Q,
ml
min

ϕ
PV=
ϕV

AT ,
g

τi=
∫∞
0
[1− Cexit(t)

CT
]dt

, min (FSS)

τa=
∫∞
0
[1− Cexit(t)

CT
]dt

, min (STS)

(τa − τi)
Q
AT

=Ka,
ml
g

1.00 0.41 19.31 79.43 19.94±0.12 23.50±0.26 0.045
0.50 0.41 19.31 79.43 39.13±0.21 46.21±0.28 0.045
0.25 0.41 19.31 79.43 78.36±0.24 93.18±0.28 0.047
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Figure 16: Two-phase flow experiment, when oil is the residual-phase in the experiments
and does not flow at various flow rates and only water is the mobile-phase in the sand
pack.

Further, we perform a two-phase flow experiment when water is mobile,

and oil is residual. Figure 16 shows experimental results during two-phase

flow in the sand-pack. From these figures, we observe water-saturation (Fig-

ure 16(a)) and solid-water interfacial area (Figure 16(b)) are directly propor-

tional to the water flow rate because it includes the maximum pore area of

the grain at a higher water flow rate. It is as expected because corner flow

plays an important role in strong imbibition in natural porous media like

sand [17]. We can compare Figure 16(c) with Figure 10(b) for the measured

Aw/AT at different water saturations Sw. We obtain a similar monotonic

increasing relationship between the water-saturation and solid-liquid interfa-

cial area, though more Aw/AT in the sand pack than in the glass bead pack.

This is because of the surface roughness of the sand [87].
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of6. Conclusions

We explored the two-tracer technique and performed a series of experi-

ments with ideal and adsorbing tracer to estimate the water-solid interfacial

areas at different saturations, wetting conditions (water-wet, mixed-wet, and

oil-wet), and the flow conditions. We found that when only water is flow-

ing then for the (i) water-wet case the water-solid interfacial area increases

with water saturation (ii) mixed wet case the water-solid interfacial increases

with water saturation, however, the increase is not as pronounced as in the

water-wet case (iii) oil-wet case the water-solid interfacial area decreases with

increase in saturation of water. This may be due to rearrangement of the

water and oil phases at different injection rates of water which we use to

change the residual oil phase saturation in the oil-wet porous medium. In

the range of saturations we explored, we find that the solid-water interfacial

area depends on the capillary number and the contact angle and fluid satu-

rations. When we did experiments for oil and water as flowing phases, then

we observed that the water-wet case has more water-solid interfacial area

at a given saturation than the mixed-wet case. The oil-wet case shows the

least water-solid interfacial area at a given saturation. However, the rate of

change of the interfacial area with the saturation varies in these cases which

can be explained by pore scale phenomena at different flow rates and the

wettability of the glass beads. These results can be further used to investi-

gate a function of wettability dependent flow and saturation conditions for

the geological systems.

33



Journal Pre-proof

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Jo
ur

na
l P

re
-p

ro
ofAcknowledgement The authors thank the Board of Research in Nuclear

Sciences, Department of Atomic Energy, India for financial support, project

number: 35/14/50/2014-BRNS.

Nomenclature

AT Total glass beads surface area or total amount of the glass bead (g)

Cexit Effluent tracer concentration (mol/dm3)

CT Input tracer concentration (mol/dm3)

Ka Adsorption partition coefficient (ml/g)

ϕ Porosity of the bed pack

Q Volumetric liquid flow rate (ml/min)

qw Volumetric water flow rate (ml/min)

ρw Density of the water (g/dm3)

τi Mean residence time of the ideal tracer (min)

τa Mean residence time of the adsorbing tracer (min)

Aw Total amount of the glass bead in contact with water(g)

Ao Total amount of the glass bead in contact with oil (g)

V Bulk volume of the porous substrate (ml)

So Oil saturation

Sro Residual oil saturation

Sw Water saturation

Scw Connate water saturation
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Highlights
 Measurement of solid-liquid interfacial area for multiphase flow in a porous medium.
 Water-solid interfacial area generally increases with increase in water saturation.
 Anomalous  behaviour  of  the  interfacial  area  for  oil  wet  medium  at  residual

saturations. 
 Novel technique can be used for Darcy-scale quantification of wettability.
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