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Swellable elastomers are used to seal flow channels in oilfield operations. After sealing, the
elastomers are constrained triaxially, and a contact load builds up between the elastomers and
surrounding rigid materials. For these applications, the ability to predict the evolution of the contact
load is important. This work introduces an experimental setup to measure the contact load as a
function of time. The experimental data are well represented by a simple time-relaxation equation
derived from the linear poroelastic theory, enabling a determination of the effective diffusivity of
solvent inside the elastomers. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816337]

. INTRODUCTION

A swellable elastomer is a cross-linked polymer network
that can imbibe solvent, resulting in an increase in volume
when the polymer is free to swell, and a development of
force when the polymer is constrained by the surrounding
materials. The swelling is used in applications in oilfields,
e.g., as self-healing cements' ™ and swellable packers.*” In
an application, the elastomer is selected to imbibe a certain
kind of fluid (water, oil, or natural gas), called the solvent.
Whenever exposed to the solvent, the elastomer will swell
and seal the flow channel. Such a seal is self-actuated, which
is attractive for applications where interventions are expen-
sive or time-consuming. For a self-healing cement, small
elastomer particles are incorporated into the cement. When
the cement cracks, the elastomer particles are exposed to the
downhole fluid, swell and seal the cracks. For a swellable
packer, a cylindrical tube of an elastomer imbibes the down-
hole fluid, swells, and seals the wellbore.

In these oilfield applications, the swelling is under triax-
ially constrained conditions. In the self-healing cement, the
elastomer particles are constrained by the cement matrix. In
the elastomer packer, the cylindrical tube is constrained by
the metallic casing and rocks. A compressive load, known as
swelling pressure, will develop against the constraints. In
general, the larger the swelling pressure, the better the seal.
The time to build up the swelling pressure is also critical for
these applications. For example, the cement is required to
firmly bond with casing and rocks after several days,*’ and
the swellable packer is required to sustain a large differential
pressure after several weeks.'*!!

There are many studies on swellable elastomers under
free-swelling conditions (e.g., Refs. 12—14), but little work
has been done to measure the buildup of swelling pressure
under constraints. Several nonlinear field theories have been
developed in the past few years.">'® After characterizing the
parameters in the theories using experiments with simple
boundary conditions, these theories in principle can be used
to predict the behavior of swellable elastomers with irregular
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geometries under arbitrary boundary conditions. However,
many parameters may be needed to characterize any given
industrial material,'® so that these nonlinear field theories are
difficult to use in applications.

This paper introduces an experimental setup to measure
the swelling pressure as a function of time. To analyze these
experimental data, we derive a time-relaxation equation
from the linear poroelastic theory. We determine the diffu-
sivity by fitting the model with experimental results. We
observe that diffusivity increases linearly with swelling ratio.
The experiments and model together provide an approach to
characterize the kinetics of swelling under constraints.

Il. EXPERIMENTS

In the experiment, a dry cylindrical sample is initially
tightly fit into a metallic tube with two porous ceramic disks
on its top and bottom (Fig. 1). The bottom disk is fixed,
while a compression tester is linked to the top disk, recording
the contact pressure generated by the sample. The whole
sample is then submerged into a solvent bath with tempera-
ture maintained at 82 °C. The constrained swelling ratio is
controlled by the gap between the two disks. This setup is
inspired by Katti and Shanmugasundaram,” and here we
add a thermal bath to control the temperature. We design this
experimental setup to resemble the real application, where
elastomer is constrained by rock or cement, and the solvent
comes from the crevices, cracks or gaps.

In this experimental setup, the metallic tube (internal
diameter 29 mm and external diameter 50 mm) is made of
stainless steel, which is much stiffer than the elastomer. The
sample consists of 6 stacked rubber disks (total thickness
12 mm) cut from sheets (molded following ASTM D3182).
The diameter of the rubber disks is 29 mm, which is identical
to the internal diameter of the metallic tube, so that the rub-
ber disks will not swell in the radial direction. The ceramic
disks (diameter 29 mm and height 13 mm) are cut from sin-
tered ceramic plaques consisting of aluminum oxide with
connected porosity and an average pore size of 90 um, which
guarantees that the permeation of the solvent through the
plate is much faster than the permeation of the solvent
through the elastomer. The solvent bath is heated using an

© 2013 AIP Publishing LLC
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(a)

permeable
ceramic disks

(c) - (d)

FIG. 1. Schematic of experimental setup and procedure, where (a) illustrates
the major components and their relative locations for this experiment, (b)
shows the initial step of this experiment, in which a gap is placed between the
sample and the top disk, (c) shows after touching the top disk, the swelling of
the sample is constrained triaxially, and (d) shows after the swelling reach
equilibrium, the top disk is adjusted to a higher location for the next step.

electric resistance placed at the bottom of the device, with
the temperature kept homogeneously at 82 = 2 °C. The com-
pression tester is an INSTRONS5569. The 5 kilo Newton load
cell on the movable crosshead is connected to a 200 mm long
steel shaft that contacts the upper ceramic disk.

At the beginning of the experiment, the cell, which
includes metallic tube, sample, porous disks, bath (no solvent
has been added yet) and heater, is placed in the INSTRON
machine, on a semi-spherical joint. This joint helps to correct
misalignments in the setup. The cell is then heated to the set
temperature. Once at thermal equilibrium (note that no
solvent is added at this moment and the sample is still in air),
the gap is adjusted to the desired value, corresponding to the
desired swelling ratio, as illustrated in Fig. 1(b). For exam-
ple, the gap is adjusted to 1.2mm for the 10% swelling of
the 12mm thick sample. Then, the solvent, pre-heated to
82°C, is added into the cell. The gap is adjusted after ther-
mal equilibrium in air to ensure maximum accuracy, but due
to different thermal properties of air and oil, the thermal
expansion of the shaft may vary after the introduction of
solvent, which may introduce a variation of length on the
order of hundred micrometers, i.e., a few percents of error in
the swelling ratio. From the moment the sample touch the
top disk (Fig. 1(c)), a contact load is generated and being
recorded until reaching an asymptotic value. The gap is then
increased by moving up the shaft (for example, the shaft is
moved up by another 1.2mm to reach 20% swelling), as
illustrated in Fig. 1(d). The test described in this paper lasted
around 30 days (4 steps), during which the sample aging is
considered negligible.

In this work, a commercially available styrene butadiene
polymer (Astlett Rubber SBR 1502) is compounded with reg-
ular rubber additives (activators, antioxidants, accelerators)
and sulfur cured. It is compounded and molded following
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ASTM D3182 in sheets that have the dimensions
150mm x 150 mm x 2 mm. The solvent is chosen as hexade-
cane (99% purity, Sigma Aldrich). This combination is repre-
sentative of the oilfield application. The test temperature of
82°C is also characteristic of low temperature oil wells and
has the benefit of accelerating the swelling and homogeniza-
tion processes. The gap has been set from 10% to 40% of the
original sample height, with 10% as the interval. This swel-
ling ratio range is representative of swelling ratios expected
in oilfield applications.

lll. KINETICS OF SWELLING PRESSURE BUILDUP

Using the experimental setup mentioned above, we have
measured the kinetics of swelling pressure buildup at differ-
ent swelling ratios (10%, 20%, 30%, and 40%) and results
are shown in Figs. 2 and 3. The curve for the swelling ratio
40% displays a small jump at round 1 day, which we think is
related to misalignment correction due to the semi-spherical
joint movement.

After touching the top disk (Fig. 1(c)), the swelled
sample is constrained in radial direction by the metal tube
and axle direction by top and bottom ceramic disks. At the
moment of touching, the solvent is concentrated near the top
and bottom surface and the contact load (swelling pressure)
is zero. Associated with the redistribution of the solvent
inside, the swelling pressure tends to increase and reach
maximum when equilibrium state reaches.

The kinetics of swelling pressure buildup is studied using
a linear poroelastic theory. This theory is adapted from Biot’s
theory for the consolidation of soil*' and has been shown to
agree well with experiment of the constrained swelling of a
hydrogel thin layer.?? By assuming the solvent concentration
is uniform over the cross-section of the sample, this linear
poroelastic problem becomes one-dimensional and the time-
evolution of solvent concentration, displacement fields and
the swelling pressure can be obtained analytically as a series
of Fourier expansion. Detailed discussion is given in the
Appendix. The leading term of the analytical solution for
swelling pressure is given as

‘e ¢ 40% swelling ratio
= '\. ° . *  30% swelling ratio

100 fees, ™, . © 20% swelling ratio
e, 10% swelling ratio

l ..;.:.'...‘ .
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FIG. 2. Semi-logarithmic plot between o.(r) — ¢{) and the time z.
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TABLE I. Coefficient values obtained from four steps of experiments.

V)V, ') (MPa) 7 (10%) D (107'"'m?/s)
1.1 ~3.14 7.50 2.05
1.2 -1.92 7.50 2.44
1.3 —1.18 9.02 2.38
1.4 —0.75 10.00 2.50

a.(t) = o' {1 exp< i)} (1)

where ag") is the equilibrium swelling pressure that is taken

as the long-time value measured from experiments, and 1 is
given by

T =H?/(4n’D) . 2)

Here H is the distance between the top and bottom disks (the
height of the sample after swelling) and D is the diffusivity
of the solvent inside elastomer. Therefore, the development
of swelling pressure can be considered as a time-relaxation
process and 7 is the time-scale to reach equilibrium.

0 2 4 6 8
t (days)
(c) °
05
n;-’« 30% swelling
LS 3
1% 10 12

4 6 8
t (days)
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First, we demonstrate that the swelling pressure as a
function of time measured from experiments is well repre-
sented by this time-relaxation form. Equation (1) can be
rewritten as

log[o.(1) — ¢\9] = log(—age)) —%. 3)

This expression is a semi-logarithmic relation between
g, — a§e> and ¢. The experimental data are plotted in this form
in Fig. 2. After a short transitional period (around 1 day),
log[o.(t) — 6!9)] decreases nearly linearly with respect to
¢t until reaching equilibrium (after 4 days). Therefore, the
buildup of swelling pressure is indeed a time-relaxation pro-
cess as predicted by the linear poroelastic theory.

Next, we extract the diffusivity D. According to Eq. (3),
the slops of the lines in Fig. 2 correspond to the characteristic
time 7. These slops, together with Eq. (2), determine the
values of D for different swelling ratios, as listed in Table I.
Fig. 3 compares the time-relaxation curves with the coeffi-
cient values specified in Table I (solid blue lines) and the
experimental results (red dots). The fitting curves are in good
agreement with those measured experimentally, especially

after short transitional periods. This agreement further

20% swelling

40% swelling

-1

4
t (days)

FIG. 3. The comparison between the experimental results (red dots) and numerical fitting (solid blue line), where (a)—(d) are results for swelling ratios changed

from 10% to 40%.
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FIG. 4. Correlation between diffusivity and swelling ratios, where the red
dots are the diffusivity values extracted from experiments and the straight
blue line is the linear fitting between diffusivity and swelling ratios.

corroborates the validity of this method. The diffusivities
estimated for each case are shown to have a positive correla-
tion with the swelling ratio, as shown in Figure 4. This trend
can be approximated with a linear relation using least-square
fitting

Vv Vv
D(—) =D, +AD—, 4
<V0> M V() ( )

where D, = 1.30 x 10~ "'m?/s and AD = 0.72 x 10~ 'm?/s.
It has been reported that the diffusivity increases with swel-
ling ratio,23 which is consistent with the observation made in
this work.

IV. CONCLUSION

This paper introduces an experimental setup to measure
the swelling pressure as a function of time. The elastomer
swells under triaxially constrained conditions, which are rep-
resentative of oilfield applications. A simple time-relaxation
form that is developed from the linear poroelastic theory is
demonstrated to be able to readily capture the kinetics of
swelling pressure buildup measured from experiments. By
fitting the theoretical expression to the experimental data, we
obtain the effective diffusivity of the solvent in the elasto-
mer. The effective diffusivity is found to increase with the
amount of swelling. The experimental setup developed here,
along with the method to analyze data, can be applied to
other swellable elastomers of interest.

APPENDIX: LINEAR THEORY ON SWELLING UNDER
CONSTRAINT

The linear model of swellable elastomers®*>* is adapted

from Biot’s poroelastic theory for the consolidation of soil.
In this work, this model is used to study the buildup of swel-
ling pressure measured from the experiments. An elastomer
imbibes a solvent and forms a body. In the reference state,
the body is subject to no mechanical load, the concentration
of the solvent in the body is C,, and the chemical potential
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of the solvent in the body is p,. In the current state, the body
deforms by displacement field u;, the chemical potential
of the solvent in the environment is p, and the stresses are
given by

1%
gjj = 2G (81:]' + mskkéil) _

where &; = 1/2(u;j + u;;) are the strains, G is the shear
modulus, v is Poisson’s ratios, and Q is the molar volume of
the solvent. Since the volume of mixing swellable elastomer
and the corresponding solvent is often negligible comparing
to the deformation, we apply the molecular incompressible
condition®>

:u_lu()é

q % (A1)

e = (C— Co)Q, (A2)
where C is the solvent concentration in the current state. In
each moment, the body is always in force balance

Ojjj = 0. (A3)
However, the solvent in the different parts of the body may
not be in equilibrium, so that the solvent can migrate in the
body. The conservation of the number of solvent molecules
requires that

oc

9C L A _ Ad
o oy (A4)

where J; is the flux of the solvent in the body. We will
assume that the flux obeys Darcy’s law

k\ 0
Ji=—|—3 s
nQ” ) Ox;
where k is the permeability and # is the viscosity of the sol-
vent. A combination of the above equations gives that

(AS5)

oC 0*C
—= A6
ot Ox.0xy ’ (A6)
with
_2(1 -v)Gk
D= AD
Substituting Eq. (A1) into Eq. (A3) gives
0%u; 1 0 uy ) ou
Q =—. A8
G (8xk6xk + 1 — 2v 0x;.0x; ox; (A8)
Substituting Eq. (A2) into Eq. (A6) gives
0 al/t,‘ 8314,'
———=D—— A9
Ot Ox; Ox;.0x,.0x; (A9)

Therefore, the displacement field u;(x;,#) and chemical
potential field p(x;,7) are governed by Egs. (A8) and (A9)
together.
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In the experiment described in this work, the swelling
of the sample involves two sequential processes: before
and after touching the top disks. Initially, the sample is only
constrained laterally and can swell freely in the axle (z)
direction. Therefore, the top surface of the sample is stress-
free and has identical chemical potential with the outside
solvent. When the top surface touches the top disk, the dis-
placement of the top surface of the sample becomes fixed.
This experimental procedure is designed to mimic the seal-
ing of swellable packers, e.g., the packer will first touch the
wellbore then gradually build up the swelling pressure.?’ In
this work, we will focus on the second process, i.e., the
buildup of swelling pressure after sealing. The analysis of
the first process, i.e., one-dimensional free-swelling, can be
found in the literature'” and will not be discussed here.

For simplicity, we assume that the deformation and
chemical potential are homogenous over the cross-section of
the sample. Therefore, all the non-zero gradients are along
the z direction. Then, integrate Eq. (A9) over z gives

Ou. &u.

o Daxzaxz ' (A10)

Due to symmetry, only half of the sample is considered, i.e.,
from the middle surface, defined as z = 0O, to the surface of
the sample, defined as z = H/2, where H is the distance
between the top and bottom disks (and the height of the sam-
ple after swelling). After the sample is in contact with the
top constraints, the boundary conditions are specified as

u,(0,1) =0, Ou./0z(0,t) =0, (AL

u,(H/2,t) =AH/2, u(H/2,t)=q,
where AH is the gap between sample and top disk before
swelling and 1t is the chemical potential of the outside sol-
vent. The governing equations (A8) and (A10) with bound-
ary conditions (A11) and any given initial conditions form a
well-stated boundary value problem. The Fourier-type ana-
lytical solutions for this problem can be expressed as

AH & ’t 2
u,(z,1) = ﬁer ZM,, exp ( nr) sin( Z;Z), (A12)
n=1

where M, are the coefficients that can be determined from
initial conditions.

In one-dimensional case, the constitutive relation (A8)
can be simplified as

(A13)

Since the stress is uniform throughout the sample, we can
calculate o, at the top surface. Substituting Eq. (A12) into
Eq. (A13) with ¢ = pr and z = H/2 gives

l—v |AH X2nn n2t>
(1) =2 — —(-1)"Mm, _
o:(1) =207, H+;H( ) eXp( <

_ BT Mo

5 (A14)
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The equilibrium stress, og"), can be obtained by taking
t — oo in Eq. (A14), which gives

1—v AH [—u,

() = 2G —— Al5
7 I—2wH Q (A13)

Therefore, the expression for g, can be re-written as
o.(t) =l |1 - im exp (— n—2[> (Al6)

z z - n T )
where m,, is defined as
1l —vnr M

=4 (=R Al17
m 120 H ( ) O_g@ ( )

If the initial state is taken as the moment when sample
touches the top disk, then we substitute ¢,(0) =0 into
Eq. (A16) and obtain

(A18)

Since the exponential terms with large n in Eq. (A16)
decays rapidly with the increase of time 7, we can anticipate
that the time evolution of swelling pressure will be captured
by first few terms after a short transitional period. For sim-
plicity, we only consider the first term and modify the condi-
tion (A18) to be m; = 1. The buildup of swelling pressure
given by Eq. (A16) is simplified as

o.(f) = o [1 —exp (- %ﬂ :

which is the time-relaxation form given by Eq. (1).
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