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ABSTRACT

We perform spontaneous imbibition experiments on three carbonates - Estaillades, Ketton, and Portland
- which are three quarry limestones that have very different pore structures and span wide range of
permeability. We measure the mass of water imbibed in air saturated cores as a function of time un-
der strongly water-wet conditions. Specifically, we perform co-current spontaneous experiments using a
highly sensitive balance to measure the mass imbibed as a function of time for the three rocks. We use
cores measuring 37 mm in diameter and three lengths of approximately 76 mm, 204 mm, and 290 mm.
We show that the amount imbibed scales as the square root of time and find the parameter C, where
the volume imbibed per unit cross-sectional area at time t is Ct'/2. We find higher C values for higher
permeability rocks. Employing semi-analytical solutions for one-dimensional flow and using reasonable
estimates of relative permeability and capillary pressure, we can match the experimental data. We fi-
nally discuss how, in combination with conventional measurements, we can use theoretical solutions and

imbibition measurements to find or constrain relative permeability and capillary pressure.

© 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Spontaneous water imbibition is the invasion of the water
into a porous medium due to capillary forces and can only
occur in water-wet and mixed-wet systems (Morrow and Ma-
son, 2001). Spontaneous imbibition, SI, has two modes: co-current
and counter-current, see Fig. 1. Counter-current imbibition oc-
curs when the oil and brine flow in opposite directions from the
same inlet, whereas co-current is when the brine and oil flow in
the same direction. The rate of water imbibition into the porous
medium is a function of permeability, relative permeability, cap-
illary pressure, initial water saturation, boundary conditions, vis-
cosity, interfacial tension, and wettability (Graue and Ferng, 2011;
Mason and Morrow, 2013; Zhang et al., 1996). Spontaneous imbi-
bition is an important recovery mechanism in naturally and arti-
ficially induced fractured reservoirs (Morrow and Mason, 2001). In
addition, imbibition is the process rendering carbon dioxide immo-
bile in the process of carbon capture and storage (CCS) (Alyafei and
Blunt, 2016). Recently, the use of imbibition experiments to es-
timate multi-phase flow parameters such as relative permeability
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and capillary pressure has been proposed (Alyafei et al., 2016; Hau-
gen et al., 2014; Li and Horne, 2005).

Several studies proposed analytical solutions for spontaneous
imbibition (Cil, 1996; Kashchiev and Firoozabadi, 2003). However,
these solutions made additional assumptions that were not physi-
cally valid. In contrast, the solution derived by Schmid et al. (2016,
2011) based on the work of McWhorter and Sunada (1990, 1992) is
a general solution applicable for any combination of relative per-
meability and capillary pressure. A detailed mathematical descrip-
tion of this solution is provided elsewhere (Alyafei et al., 2016;
Schmid et al., 2016). For co-current flow, the conservation equa-
tions can be expressed as:

_ppr—_?
(F= )F" = =55D (1)
and for counter-current flow:

o 9
FF" = 5 CZD (2)
where
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is the non-linear dispersion coefficient [m2/s], F is the capillary

dominated fractional flow, F’ is the second derivative of the capil-
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Fig. 1. Schematic representing spontaneous imbibition under (a) counter-current
and (b) co-current conditions. The subscripts w and nw indicate wetting and non-
wetting phase respectively.

lary dominated fractional flow, ¢ is porosity, C is a constant that
quantifies the rock’s ability to imbibe [m/+/s], f is the Buckley-
Leverett fractional flow, A, is the wetting phase mobility [1/Pa.s],
Anw is the non-wetting phase mobility [1/Pa.s], A; is the total mo-
bility [1/Pa.s], and dP./dSw is the derivative of the capillary pres-
sure with respect to saturation [Pa].

The volume of water imbibed per unit area per unit time, qy(t),
is defined as:

Qu(t) = 2CVt (4)

where C is the imbibition constant [m/./s], and t is time [s].
Schmid et al. (2016, 2011) presented the formal solution to the
co-current flow as:

F= //2c2(p Fy &S (5)

and similarly with f=0 for counter-current flow. This equation is
implicit in F and so can only be solved iteratively. Open source
spreadsheets have been provided to analyze the semi-analytical so-
lution for co-and counter-current spontaneous imbibition and can
be found here (Alyafei et al., 2016; Schmid et al., 2016). The resul-
tant solution is a function of both imbibition relative permeability
and capillary pressure which is different than the Buckley-Leverett

solution for flow with an imposed pressure difference which is a
function of relative permeability only.

Note the solution assumes that the amount imbibed scales as
the square root of time. In addition, it is only valid at early time
where the flow is entirely governed by capillary forces in the
absence of constraining boundaries (Li and Horne, 2001; Olafuyi
et al., 2007; Suzanne et al., 2003). The late time is governed by
boundary/diffusion where the water front reaches the boundary
and the recovery rate decays exponentially.

In this paper, we will address the following:

Examine the validity of using +/f as a scaling parameter and
observe the imbibition behavior on different rocks with varying
lengths.

Provide a procedure to obtain the C constant from mass imbi-
bition data and discuss its application.

e Develop an understanding of spontaneous imbibition of uni-
formly water-wet media experimentally and compare it with
the semi-analytical solution.

Discuss how to use spontaneous imbibition experiments, in
combination with other, more traditional measurements,
to determine imbibition capillary pressure and relative
permeability.

In addition, this paper gives a systematic procedure to extract
imbibition relative permeability and capillary pressure from simple
mass imbibition experiments.

2. Experimental procedure
2.1. Rocks

We use three carbonate rocks in our study. Estaillades is a bio-
clastic limestone, which contains 99% calcite (CaCO3) and traces
of dolomite and silica and comes from France (Wright et al.,
1995). The measured porosity of Estaillades ranges from 27.5-
28.2% with permeability 1.19—3.94 x 10~13 m2. Ketton is an oolitic
limestone of 99.1% calcite and 0.9% quartz and comes from the
UK Ashton (1980). The porosity ranges from 20.5-23.4% and the
permeability from 1.37-2.54 x 10-'2 m2. Portland is a skeletal-
peloidal limestone of 96.6% calcite and 3.4% quartz and comes
from the UK (Brenchley and Rawson, 2006). The porosity ranges
from 16.1-20.0% and the permeability from 0.65—3.5 x 10~ m2,
In our study, we use cores measuring 37 mm in diameter and three
lengths of approximately 76 mm, 204 mm, and 290 mm, two sam-
ples of each length were studied to assess experimental repro-
ducibility. Table 1 shows further geological information about the
rocks used. Fig. 2 shows the measured mercury injection capillary
pressure (MICP) of samples of the three rocks using an Autopore IV
9520 measured at Weatherford Laboratories in East Grinstead, UK.
We can see that Portland has the highest capillary entry pressure
(minimum value of P/25cosf) of approximately 0.18 pm~!, while
Estaillades has a lower capillary entry pressure of approximately
0.029pm~!. Ketton has the lowest capillary entry pressure of ap-
proximately 0.017 um~1,

Table 1

Geological information about the rocks used in this study.
Rock Geological group Geological age Age [million years]  Locality
Estaillades.  Estaillade Formation Upper Cretaceous  72-100 Oppede, France
Ketton Lincolnshire Formation = Middle Jurassic 169-176 Rutland, UK
Portland Portland Formation Upper Jurassic 145-152 Portland, UK
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Fig. 2. Measured capillary pressure (mercury/air) as a function of equivalent water
saturation.

2.2. Fluids and conditions

We conduct our experiments at ambient conditions of atmo-
spheric pressure and room temperature of 2041°C. We use air
as the non-wetting phase and brine, with 5wt. % sodium chloride
(NaCl) and 1wt. % potassium chloride (KCl) mixed with deionised
water, as the wetting liquid phase. In addition, we equilibrate the
brine with the carbonate samples for 48 h by mixing them using
magnetic stirrer to eliminate any reaction between the brine and
the rock surface which might alter the rock morphology. Then, we
leave the brine for additional 48 hours to settle and finally we fil-
ter it, using a fine filter paper, to remove the particles that might
block the flow pathways of the rocks.

The density of brine is 1,040.8 kg/m3 measured using Anton
Paar DMA 5000M and the viscosity is reported as 1.0085 mPa s
(Lide, 2004). The air/brine interfacial tension is 0.073 N/m mea-
sured using Ramé-Hart model 590 device and the air viscosity is
reported as 0.0018 mPa s (Tavassoli et al., 2005).

2.3. Mass imbibition

Before we start the SI experiment, we perform our routine
analysis by taking the dimensions of the core, measuring the dry
weight of the core, and measuring the helium porosity. However,
we use the mass balance technique to measure the porosity for the
204 mm and 209 mm length cores, where we take the dry weight
and compare it to the fully saturated core with degassed brine af-
ter the experiments, since the helium porosimeter cell is too small
to fit them.

We measure the permeability of the core using either gas be-
fore starting the spontaneous imbibition experiment, or brine af-
ter finishing the spontaneous imbibition experiment and measur-
ing the fluid saturation, where we use a Hassler type cell with a
cylindrical confining fluid. We use three cell lengths to fit our dif-
ferent core lengths.

To start our SI experiment, we apply heat shrink wrapping to
confine the outer boundaries of the core and make sure that only
co-current imbibition is applied. Then, we weigh the core again
with the heat shrink and after that we attach the core to a Met-
tler Toledo XP5003S balance with 0.001 g accuracy and we lift the
brine reservoir at the bottom of the core surface to be in contact
with the core, Fig. 3. Before that moment, we start recording the
weight changes over time as the balance is connected to the com-
puter. We have three recording settings; we record 10 points per
second, 5 points per second, and 2 points per second. We use the
10 points per second for Ketton, as it has the highest permeability

Closed chamber
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flow 8
ﬂ —+—Brine
Brine
flow
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Fig. 3. Schematic of the experimental apparatus for ambient condition co-current
spontaneous imbibition, where the mass of brine imbibed into a rock fully saturated
with air is measured as a function of time.

Table 2

Summary of the petrophysical properties measured for the rocks used in
mass imbibition experiments. E, K, and P denote Estaillades, Ketton, and
Portland respectively.

Core Label D [mm] L[mm] ¢ [%] k[m?] Ser
E1l 378 76.3 28.0 134 x 1013 0.29
E2 37.8 76.3 278 353 x 10718 0.28
E3 379 204.0 275 119 x 108 0.25
E4 379 204.0 275 155 x 10°B 0.25
E5 379 292.0 282 394 x 101 0.23
E6 379 293.0 28.0 328 x 1071 0.23
K1 378 76.0 234 162 x 1012 0.35
K2 378 76.3 20.5 137 x 1012 0.27
K3 38.1 205.0 232 1.88 x 1012 0.34
K4 38.0 205.0 21.7 199 x 1012 0.28
K5 38.0 280.0 22.7 223 x 10712 0.29
K6 38.0 293.0 225 254 x 10712 0.35
P1 378 76.3 16.1 1.01 x 104 0.21
P2 379 76.3 19.6 137 x 104 0.25
P3 383 205.0 19.8 152 x 10°™ 0.24
P4 38.0 205.0 20.0 6.51 x 10715 0.22
P5 38.0 280.0 19.5 1.82 x 107% 0.36
P6 38.0 282.0 19.0 350 x 10°™ 0.26

and the imbibition process is the quickest, 5 points per second for
Estaillades and 2 points per second for Portland.

After imbibition has finished, we weigh the core again and by
that we can measure the residual gas saturation (Sgr) using ma-
terial balance. We assume that since we run the experiments at
ambient conditions there is no compression of the gas after it is
trapped. We then vacuum saturate the cores for 24 h to make sure
that there is no air in the system. Then we insert the core into the
Hassler cell to measure the permeability where we keep injecting
degassed brine until we reach a steady-state flow regime.

Finally, we take the core out and weigh it to measure the poros-
ity using the mass balance technique. For consistency, we replicate
each experiment with a core from the same block of the same size.
Table 2, summarizes the properties of the cores used in the exper-
iments.
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Fig. 4. Mass imbibed as a function of the square root of time for an air/brine sys-
tem at ambient conditions of varying lengths for (a) Estaillades, (b) Ketton, and (c)
Portland.

3. Results and discussion

Fig. 4 shows the mass imbibed as a function of square root of
time of the various lengths of each rock. We can see that the early
imbibition shows a rapid increase of brine flow rate which then
decays at a later time.

To find the value of C, which is the parameter that quantifies
the rock’s ability to imbibe we plot the mass imbibed as a func-
tion of +/t instead of t. We divide the mass imbibed by the brine
density and by the area of the core open to water flow to obtain
a volume per unit area; then by taking the slope of the curves we
obtain the parameter 2C [m//s], from Eq. (4), Fig. 5.

We see a sudden rise in the mass imbibed at the beginning of
the experiment. This affects high permeability rocks more which is
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Fig. 5. The final step in the analysis is dividing the volume by the area and taking
the slope. Noting that the slope is equivalent to 2C from Eq. (4) where we need to
divide the slope by 2. The black lines are the slopes for each rock after the meniscus
jump. Here the results for the shortest cores cores E1, K1, and P1 are shown; the
sharp rise at the earliest time is a meniscus jump which is ignored in the analysis
as well as the late time.
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Fig. 6. The C values from the mass imbibition data for all the rocks in Table 2/Fig. 4.

caused by a meniscus jump when the core is first put in contact
with the brine (Lababjos-Broncano et al., 2001; Washburn, 1921).
Other possible origins of this affect include an imbibition incuba-
tion time, or non-equilibrium effects: see Barenblatt et al. (1990,
2003) for a fuller discussion. We take the slope after this jump to
find C-see Fig. 5. At a later time, when the water reaches the end
of the core, again we can see a deviation from +/f scaling-this is ig-
nored in our calculation of C. We can see that the estimated value
of C is roughly constant regardless of the length of the core, Fig. 6.
The error bars in this plot indicate the uncertainty from ignoring
the meniscus jump region: they show the range of different slopes
possible from the results.

The insensitivity of the results to core length implies that grav-
itational forces are negligible in these experiments. The gravita-
tional pressure drop across the core is at most ApgL where Ap
is the density contrast, g is the acceleration due to gravity, and L
is the length of the core. This is at most 2,985 Pa for the largest
cores. For comparison the air entry capillary pressure derived from
the MICP measurements is 5,515 Pa, 3,447 Pa, and 33,784 Pa for Es-
taillades, Ketton, and Portland respectively: in all cases the capil-
lary pressure is larger than the gravitational pressure difference.
Although the gravitational pressure difference does have contribu-
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Fig. 7. Relationship between C, giving the rate of imbibition, and the square root of
permeability vk for all the rocks.

tion to the flow, we have ignored it in our analysis for the purpose
of simplicity.

From Darcy’s law, the flow rate is proportional to permeability
k. However, here the driving force is capillary pressure, which us-
ing the Leverett J-function equation scales as 1/vk:

P. = ocos 0\/%](5\”) (6)

where P, is capillary pressure [Pa], o is interfacial tension [N/m], 6
is the contact angle, ¢ is porosity, k is permeability [m?], and J(S,)
is the dimensionless J-function.

The end result is an imbibition rate that theoretically scales as
k. From the non-linear capillary dispersion, Eq. (3), we expect the
rate at which the mass is imbibed, indicated by the parameter C,
to scale as the square root of permeability, vk, as discussed previ-
ously. Fig. 7 shows the C plotted as a function of vk for the three
rocks. The rock type with the largest permeability - Ketton - tends
to have the highest imbibition rate, while the lowest permeability
rock - Portland - have the lowest rate.

Several studies have estimated relative permeability and capil-
lary pressure from spontaneous imbibition measurements (Alyafei
et al., 2016; Haugen et al., 2014; Li and Horne, 2005). In this pa-
per, we show that we can estimate the relative permeability and
capillary pressure from matching the semi-analytical solution with
the experimental data. We compare the volume imbibed from the
experiments and the semi-analytical solution. For this comparison,
we use data for one rock of each type (E2, K1, P2) as shown in
Fig. 8. Therefore, we use the C value to calculate the volume im-
bibed, which is described in Eq. (4) and multiplied by the area of
the core sample used.

The calculation of the volumes imbibed are based on the C val-
ues from the semi-analytical solution: 14.2 x 10=> m/J/s, 161 x
10~5 m/+/s, and 2.7 x 10> m/+/s for Estaillades, Ketton, and Port-
land respectively.

In our theoretical analysis we assume Corey or power-law ex-
pressions for relative permeability and capillary pressure:

Sw—Swi '\
krw = krw,max (M) (7)

where k; is the water relative permeability, krw, max is the maxi-
mum water relative permeability, Sy is the water saturation, S,,; is
the initial water saturation, Sgr is the residual gas saturation, and
n is the Corey water exponent.

1—Sw—Swi\
krg = Krg.max (ISWSWl> (8)
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Fig. 8. Volume of water imbibed as a function of time from the mass imbibition
experiments, cores (E2, K1, P2) are selected from Fig. 4 and calculation of the water
volume imbibed based on the C values from the semi-analytical solution for (a)
Estaillades, (b) Ketton, and (c) Portland.

where kg is the gas relative permeability, krg mqx is the maximum
gas relative permeability, Sy is the water saturation, S,; is the ini-
tial water saturation, Sgr is the residual gas saturation, and m is the
Corey gas exponent.

Sw—Swi '\
Pc = Pc,en[ry(“) (9)
— Owi T Ogr

where P¢ is the capillary pressure, P engy is the entry capillary
pressure [Pa], Sy, is the water saturation, S,,; is the initial water
saturation, Sgr is the residual gas saturation, and « is the capillary
pressure exponent.

Then, we adjust the following parameters: kyw, max, N, kro, max, m,
P, entry, and o so that the experimental results and analytical pre-
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dictions match. The original spreadsheets were modified to handle
mass imbibition and the updated version can be found here.

We found that the water relative permeability and capillary
pressure have the most impact on the theoretical solution, while
the air relative permeability had little impact on the results. This
makes physical sense as the air has a low viscosity and is eas-
ily displaced-the movement of the water front is essentially con-
trolled entirely by the water relative permeability (the ability to
flow) and the capillary pressure (the driving force). Our best match
is when the k., exponent > 6. Since the core is initially dry, the
water relative permeability is low, as water will first preferentially
fill the largely immobile micro-porosity, giving a large change in
saturation but little increase in relative permeability, indicative of
a high Corey exponent. The relative permeabilities and capillary
pressures used for the matching are shown in Figs. 9 and 10 re-

800
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Fig. 10. Capillary pressures used to match the semi-analytical solution with the ex-
perimental data in Fig. 8 for the three rocks.

spectively. The water saturation will have to increase to a large
value in order to gain conductivity through the macro-porosity
(Fernget al., 2013). The presence of an initial water saturation may
provide better conductivity with smaller Corey exponents (Li et al.,
2002; Zhou et al., 2000).

The mass imbibition and the theoretical solution do not show
good agreement with Ketton due to the meniscus jump. Our aim
for this case is to match the mid-time recovery to avoid the un-
certainty with the meniscus jump at the early time of imbibition.
The matching becomes better as the permeability decreases. Fur-
ther studies in improving experimental procedure to reduce the
meniscus jump effect needs to be addressed. Overall, when match-
ing the experimental data with the semi-analytical solution, the C
values are in agreement with the experimental C values within ex-
perimental error.

The solution is not unique since we have only one mea-
sured function and three saturation-dependent properties-two rel-
ative permeabilities and the imbibition capillary pressure. How-
ever, these experiments could be used in conjunction with tradi-
tional coreflooding to determine all three functions together. For
instance, if we had measured the two relative permeability func-
tions, we should be able to find - uniquely - the capillary pressure
that gave the measured imbibition profile. Hence, by using conven-
tional measurements of relative permeability (steady-state or using
Buckley-Leverett theory in an unsteady-state experiment) and the
spontaneous imbibition saturation profile and/or mass imbibition
data, we can measure the imbibition capillary pressure. We could
also determine the imbibition relative permeability from a mea-
sured capillary pressure and the spontaneous imbibition data. As
it stands, we can match the data but the functions used are not
uniquely determined. Furthermore, this approach is only possible
if we see +/f scaling of the imbibition front: a different method is
needed if this is not the case (Nooruddin and Blunt, 2016).

4. Conclusions

We have used the solution for spontaneous imbibition derived
by Schmid et al. (2011), to compare to direct experimental mea-
surements and have shown its current applications and discussed
its potential future applications. We have shown how to obtain the
constant C, which determines the imbibition rate, from a simple
mass imbibition experiment which is an important input parame-
ter in the solution. We show that regardless of the length of the
core, the measured value of C appears to be constant. The value
is a function of permeability with higher C values for higher per-
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meability rocks. We also show how to estimate imbibition relative
permeability and capillary pressure from mass imbibition experi-
ments. These estimations are not unique as we deal with several
unknowns; however, we used reasonable estimate of relative per-
meability and capillary pressure as well as constraining the C val-
ues to experimental measurements. Future work could use mea-
sured saturation profiles using different fluid pairs and boundary
conditions during imbibition to further help constrain the relative
permeabilities and capillary pressures.
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