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Chapter 9

Concluding remarks and outlook

This final chapter contains the main conclusions based on the work described in
this thesis. The reactive transport mechanisms are considered first, followed by the
conclusions for permeability modification. Finally, the use of TMOS as an OSC for
water shut-off is briefly discussed, and an outlook is given for future research.

9.1 Coupled mass transfer and gel reaction

An overview of the main mechanisms and parameters involved in the reactive transport
of TMOS is given in Figure 9.1. Predominantly, the mass transfer of TMOS is driven
by the hydrolysis reaction in the aqueous phase, both in bulk systems and in porous
materials. The hydrolysis rate (hence the mass transfer rate) increases with temperature
and is strongly dependent on pH. At a neutral pH the rate is minimum but increases in
the presence of acid- or base-catalysts. The transfer of TMOS tends to completion on a
time scale of hours. Formation of gel in the aqueous phase before complete transfer does
not yield an impermeable barrier and in such case the TMOS continues to transfer. As
the mass transfer is limited by the solubility of TMOS in water and the hydrolysis rate,
and not by diffusion, it can be described by a coupled partitioning-reaction model.

The condensation reaction is characterized by the time-dependent transverse relax-
ation time 75 of the aqueous phase. Due to the cross-linking of the hydrolyzed TMOS
molecules the T, decreases with respect to bulk water and reaches a minimum (or plateau)
at the gel point. The gel time decreases with increasing temperature and increasing
concentration of TMOS initially present in the oleic phase. The condensation rate is
maximum at a pH around 6 and minimum in the acid-catalyzed systems.

When a solution of TMOS in oil is forced into a water-wet sandstone at the irreducible
water saturation the solution displaces the non-wetting phase. Concurrently the TMOS
transfers to the wetting phase and reacts with water on the pore scale. Since the solution
is placed in the porous medium with a finite injection rate, the accumulation of TMOS
and, hence, the formation of gel is non-uniform (i.e. macroscopically) in case of a high
hydrolysis rate versus a slow injection rate. The pore scale mechanisms of the gel reaction
were not revealed by the experiments. However, in some of the alkaline systems multi-
component T spectra were obtained, which indicate that the formation of gel is non-
uniform on the pore scale.
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Fig. 9.1: Overview of the main mechanisms and parameters in the coupled mass transfer and
gel reaction of TMOS in oil-water systems.

9.2 Permeability modification

The placement of TMOS in a water-wet sandstone at the irreducible water saturation,
as described above, leads to an increase of the water saturation and a gel reaction in the
water phase. After treatment the overall permeability is reduced due to the diminished
pore space available for the flow of both water and oil. The water relative permeability
is reduced more than the oil relative permeability. The modification of the relative per-
meabilities is insensitive to pH and temperature in the system, though the mass transfer
rate and reaction rates are dependent on temperature and pH (see previous section).

Gel formed inside sandstone under single phase conditions (see Chapter 7) leads to a
drastic reduction of the permeability of the stone with a factor of about 10*. The intrinsic
permeability of TMOS-based gel is between 1 nm? (for acid-catalyzed solutions) and
100 nm? (for base-catalyzed solutions) and depends on the concentration of the TMOS
precursor. Again, the permeability reduction of the gel-treated stones is insensitive to
pH and is also insensitive to the concentration used. The pore-scale mechanism of the
permeability modification by the gel treatment is poorly understood and remains an issue
which could be addressed in future studies (e.g. using advanced pore-network models).
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9.3 Water shut-off treatments

The advantage of using an OSC, such as TMOS, is that it reacts selectively when placed
in a reservoir containing both oil and water. In oil-saturated zones the TMOS will only
form gel in the presence of connate water. As discussed before this will lead to a decrease
of permeability for both oil and water. However, the permeability reduction for oil will
be smaller than the permeability reduction for water.

It is advised to limit, in the application of the OSC, the concentration of TMOS in
solution below roughly 20%. This should be done in order to limit the amount of gel
formed in the oil-producing zones. After shut-in the production is resumed, the flow of oil
will be reduced but not hindered. Ideally, the water in the watered-out zones is blocked
towards the production well. In case the water channels through the treated oil-saturated
zones it will face a reduced relative permeability due to the formed gel. Reservoir models
could be used to predict the flow profiles of both oil and water in the near-wellbore after
the gel treatment, in order to optimize the treatment procedure.

The reaction of TMOS with water leads to a relatively quick formation of gel, especially
at elevated temperatures and in the presence of base catalysts or some other salts. The
conditions found in the field vary, but temperatures above 50 °C and the presence of salts
[143, 144] are common in downhole reservoirs. When planning a water shut-off treatment
the composition of the brine and the temperature downhole should be taken into account.
Simple bulk phase experiments could be performed on site to evaluate the gel time. A
controlled placement of TMOS in a well-defined near-wellbore region without premature
gelation (also in the assembly) is therefore challenging. A preflush of oil could prove to be
useful, first of all in order to cool the wellbore area, and secondly to create a non-wetting
pathway in the water-saturated zones.

9.4 Outlook

9.4.1 Extended physical-chemical survey

With respect to the chemical mechanisms of the reactive transport the problem was
analyzed using a limited set of parameters, in terms of temperature, pH, concentration
of TMOS etc. Since the sol-gel reaction is known to be sensitive not only to pH and
temperature but also to concentration and type of catalysts (salts) [24] it is recommended
to extend the physical-chemical analysis. Furthermore, it would be interesting to study
the effect of oil-composition (and viscosity), wettability and rock type on the reactive
transport mechanisms.

As opposed to the indirect determination of the gel time (based on T5) one could em-
ploy rheological measurements. A few test experiments were performed using a Couette-
type rheometer (Contraves Low Shear 40) to determine the dynamic shear modulus of a
gelling TMOS solution (see Figure 9.2). A low-frequency oscillating strain with a small
amplitude was imposed on the solution. The absolute shear modulus, which is initially
around 0.015 Pa, increases to about 8 Pa at the gel time. The relatively low and fluctuat-
ing modulus after the steep increase is probably a result of a poor contact between the gel
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Fig. 9.2: Absolute shear modulus of a Fig. 9.3: Schematic view of a Couette-type
gelling TMOS solution measured rheometer. The spindle is lowered
in a low-frequency oscillatory in the aqueous phase, so that the
mode. The gel time is indicated measured torque is mainly due to
by the steep increase in the mod- the rheological properties of the
ulus at t = 5 h. aqueous phase.

and the rheometer. Nevertheless, the gel time is clearly indicated by the steep increase of
the shear modulus. An interesting approach would be to perform a similar measurement
of the shear modulus of the aqueous phase in a two-phase system as illustrated in Figure
9.3. A custom, non-metallic rheometer could be developed that could be used in the
NMR set-up. This would allow to directly link the measured (complex) viscosity or shear
modulus to the transverse relaxation time 75 in the bulk systems.

9.4.2 Fine-tuning of core injection experiments

The core injection experiments could be improved by employing larger cores (e.g. 15 cm in
length and 5 cm in diameter). This way the differential pressure measurements, and hence
the permeability measurements, become more accurate and robust. Secondly, the drainage
or imbibition processes would be less affected by the non-uniform flow development near
the inlet and outlet, compared to the case of using smaller cores. A new NMR insert
needs to be built when using cores larger than the cores used in this research.

The current insert (in the 0.95 Tesla set-up) has a satisfactory sensitivity and signal-
to-noise ratio, considering the limited time of development. However, the NMR insert
(or future inserts) could be optimized to obtain the highest possible signal-to-noise ratio
and the shortest acquisition times. Dynamic NMR measurements, e.g. during injection,
will be possible in large cores provided the acquisition times can be reduced considerably
to less than one minute per slice. Improved signal-to-noise will also improve the quality
(resolution) of the T3 spectra (of deuterium), so that one could extract more information
on the pore scale gel reaction and distribution. Possible solutions to increase signal-to-
noise and sensitivity are the use of higher field strengths and/or the use of improved coil
design.
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Fig. 9.4: Chemical shift (‘H-NMR) of n- Fig. 9.5: Saturation map, obtained from a
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9.4.3 Employing chemical shift

In case the use of 2H-NMR is not possible, or at least not in a rapid 'H-2H-NMR sequence,
the oil phase inside a porous material can be distinguished from the water phase by using
normal water and by making use of the chemical shift [70]. Differences in the chemical
environment of the hydrogen nuclei result in small differences of the resonance frequency,
given an external magnetic field By. The shift in the resonance frequency is referred to
as chemical shift and is commonly expressed in terms of parts per million (ppm). The
chemical shift of hydrogen in water is about 4-5 ppm with respect to hydrogen in oil. The
detection of chemical shift requires a very homogeneous magnetic field, so that the reso-
nances are not shifted or broadened due to magnetic field gradients. This is accomplished
by employing first-order or higher-order shimming coils. Measuring the chemical shift of
oil and water in a porous material results in a broadening of the resonances. In many
"dirty” materials the internal magnetic gradients are such that the resonances become
to broad and cannot be distinguished. The separation of the chemical shift in terms of
frequency increases with the main magnetic field. However, the internal gradients of the
porous material increase as well, and the optimum in By should be considered.

Figure 9.4 shows the chemical shift, measured at 4.7 Tesla, of n-hexadecane and water
in Bentheim sandstone, which was prepared at the residual oil saturation (S, ~ 65%).
The two peaks of oil and water are well-separated, however, the fine-structure of the
-CH resonances for n-hexadecane are obscured. Nevertheless, the separation of the -CH
resonances from the -OH resonances allows to exploit the chemical shift and allows to
separate oil from water in the imaging or relaxation time measurements. The following
methods can be used, however, only for set-ups which employ pulsed magnetic gradients
instead of static gradients. Chemical specific excitation of the spins (e.g. using the CHESS
sequence [36]) enables to image a specific resonance without additional acquisition steps
(compared to a conventional sequence). However, a relatively long excitation pulse with



136 9. Concluding remarks and outlook

a narrow bandwidth (e.g. a truncated and smoothed since pulse) is needed, and the slice
selection gradient cannot be used during excitation. Simple non-selective excitation pulses
can be used in a chemical shift imaging (CSI) sequence, but multiple acquisition steps
are needed. A two-step CSI sequence was introduced by Dixon [145]. In this method
two similar acquisition steps are performed. In the second step the rephasing part (either
a 180° pulse or a rephasing gradient) is shifted in time with respect to the excitation
pulse. This causes a phase shift in the detected signal between the first and the second
acquisition. The result of an example CSI measurement is given in Figure 9.5. Improved
CSI methods were introduced by Borrello et al. [146] and Chang and Edwards [147]. CSI
is also possible with static magnetic gradients in case of a Hahn spin echo-like sequence.
Finally, the chemical shift can be resolved for each point in a 1D, 2D or 3D image. This
requires an additional phase-encoding loop in the sequence [148].

9.4.4 Pore scale effects

Insight in the pore scale distribution of the gel (as a function of reaction rates etc.) is
needed in order to understand the effect of the gel on the fluid conductivity inside the
pores. Besides a rigorous analysis of high-quality NMR T5 spectra one could employ micro-
CT, though only for small samples having relatively large pores, such as the Bentheim
sandstone (see Figure 6.2). On a macro-pore scale the reactive transport and gel formation
can be analyzed inside glass bead packs using NMR imaging. Test experiments have
revealed interesting behavior of the propagating reaction front in such systems (see also
Ref. [43]), but a full analysis remains to be done. Figure 9.6 shows two T3-weighted NMR
images of a glass bead pack (with a bead size of about 3 mm) saturated with water in
the lower part and with 0il/TMOS in the upper part. Like in bulk the TMOS transfers
between both phases leading to a change in volume of both phases. Gravity is still
important in the macro-porous system, since the oleic phase is always separated from the
aqueous phase on the scale of the total system. The overall process of mass transfer is the
same as in bulk, but does not occur uniformly across the oil-water contact. Interestingly,
the mass transfer appeared to proceed in sudden steps that are fast compared to the
overall mass transfer rate. These steps occurred once the oil-water contact was close to
the macro-pore, provided that the local concentration of TMOS was still high enough
to allow for mass transfer. This is demonstrated by the local signal intensities of the
macro-pores as a function of time (see Figure 9.7). Two regions of interest (ROI) were
assigned close to the initial oil-water contact at an equal height. The signal intensities
within these ROIs increased gradually as the concentration of the TMOS decreased, up
to the point where the water quickly invaded the ROIs, which was at completely different
times (tg =4 h and tg = 9 h for ROI 1 and ROI 2, respectively). The images indicate that
capillary effects become important even in this macro-porous system, and the irregular
sudden invasions resemble so-called Haines jumps [149].

9.4.5 Modeling

Finally, the (numerical) modeling of the reactive transport of TMOS in two-phase systems,
both in bulk as in porous systems, could be taken a step further. An interesting approach
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Fig. 9.6: T;-weighted NMR images of a glass bead pack saturated with water (lower phase)
and 0il/TMOS (upper phase). The images were acquired at the beginning of the
experiment (left frame), and after 17 hours (right frame), respectively. Region of
interests (ROIs) are indicated in the left panel by the white rectangles.
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Fig. 9.7: Average NMR signal intensity of the ROIs in the glass bead pack (see Figure 9.6 for
details) as a function of time.
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is to adopt a non-equilibrium thermodynamical model (Cahn-Hilliard models [150] or
diffusive interface models [151]) and to include the description of multi-components and
chemical reactions. With a proper free energy expression the effect of solubility of TMOS
both in oil and water can be modeled, and thus also the partitioning behavior of TMOS.
Such a model could be used both for bulk systems as for pore-scale models.

As noted in Section 9.3 a reservoir model could be used to simulate the gel placement
and flow profiles (after treatment) on the the scale of a reservoir. This would answer the
question for which situation (i.e. reservoir structure, water breakthrough scenario, etc.)
the gel treatment works best, and also how the procedure could be optimized.
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Appendix A

Nuclear Magnetic Resonance principles and set-up

A.1 Semi-classical theory of NMR

In analogy to the electron, the spinning motion of the atomic nucleus gives rise to an
intrinsic angular momentum denoted by the spin quantum number /. For elements having
I > 0 the spinning motion and the charge distribution result in a nuclear magnetic moment
w, the magnitude of which is given by

| = gunv/I(I+1), (A.1)

where ¢ is the Landé factor (~ 5.58 for the proton) and py is the nuclear magneton (~
5.05x10727 J Tesla™1).

From a classical point of view an external magnetic field acts on the nucleus by exert-
ing a torque in order to have it aligned with the direction of the field. In case the nucleus
is not already aligned with the field, the torque on the spinning nucleus will result in a
precessional motion of the nucleus. The frequency of the precessional motion is propor-
tional to the externally applied field By, and is called the Larmor frequency wy, given
by

wr, = By, (A.2)

where 7 is the gyromagnetic ratio. The ratio is 42.58 MHz Tesla~! for hydrogen and 6.54
MHz Tesla~! for deuterium. Suppose By is directed in the z-direction, so that By = Bye..
When an ensemble of nuclei is magnetized by By, the nuclei start to precess around an axis
parallel to By. A net magnetization is obtained which is explained by quantum mechanics.
The nuclei are forced into a certain energy state. For nuclei with spin quantum number
1/2, like hydrogen nuclei, there are only two states. The energy splitting, i.e. Zeeman
splitting, AFE is proportional to By:

AFE = vhB,, (A.3)

where A is Planck’s constant. When the precessional axis of the nucleus is parallel to
the direction of B( the nucleus is in the low-energy, that is the preferred state. When
the precessional axis is anti-parallel to By the nucleus is in the higher energy state (see
Figure A.1). Transitions between the two states are induced when the nuclei are subjected
to an EM wave with a frequency w close or equal to the Larmor frequency wy. A net
magnetization M is found when the number of nuclei parallel aligned to By is larger than
anti-parallel, so that

M=) p, = Me.. (A.4)

141



142 Appendix A

\ 4

Fig. A.1: Zeeman splitting of energy of an ensemble of nuclei (I = 1/2) in an external magnetic
field By. The partitioning between the energy states is perturbed by an oscillating
field with a frequency w = AE/A.

The magnetization follows from Curie’s law:

272
M0:N7 RI(I+1)
3kgT

By, (A.5)
where N is the number of nuclei (or spins), kp is the Boltzmann constant, and 7" is the
temperature. At equilibrium the transverse components M, and M, are zero because the
nuclei precess out of phase. The basis in NMR lies in the application of an oscillating
magnetic field B; perpendicular to By. This field is applied using an rf transmission
coil. When the field is switched on at the resonance frequency the magnetization, i.e. the
balance between the spins in the upper- and lower-energy state is changed. Secondly the
spins will start to precess in phase. In the classical view the oscillating field By acts on
the magnetization vector M such that it spirals down towards the z-y plane with respect

to the laboratory frame of reference. The change of the magnetization vector is described
by
dM

The rotating frame of reference is aligned with the z-axis, but by definition rotates with
the Larmor frequency with respect to the laboratory frame of reference. In this rotating
frame, (z/, y/, z/), the magnetization vector M rotates due to the torque in a plane
perpendicular to the direction of B;. An rf pulse with duration 7 will rotate the vector
over the so-called flip angle 6 (see Figure A.2), which is given by

0 =~ByT. (A.7)

In the NMR apparatus the magnetization from the nuclei is always measured in the
transversal plane. Suppose the magnetization is tipped to the transversal plane by appli-
cation of a 90° pulse. The magnetization Mr, which precesses with the Larmor frequency,
is picked up by the rf receiver coil. The received frequencies are around the Larmor fre-
quency of the nuclei. In the remainder we will consider the envelope or amplitude only.
The coherence in the precession of the spins is gradually lost (see Figure A.2), because due
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Fig. A.2: Tipping of magnetization (in the rotating frame of reference) by application of a
90° rf pulse. The obtained transverse magnetization decays due to dephasing of the
spins.

to field inhomogeneities and due to spin-spin interaction the spins experience a perturbed
local field, resulting in a spread in the Larmor frequency: Aw. For hydrogen nuclei, the
spin-spin interaction is in the form of magnetic dipole interaction. The loss in coherence,
thus the decrease in net magnetization is described by an exponential decay:

Myp(t) = My exp (--) , (A.8)

where 75 is the relaxation time due to spin-spin interaction and field inhomogeneities.

The decay described by Eq. A.8 is referred to as the free induction decay (FID). In
an NMR experiment the FID signal can be partly restored. The effect of static inhomo-
geneities in By is reversed by the so called spin echo [152] detection which forms the basis
of many NMR measurement methods [50]. A spin echo is formed by applying a 180° rf
pulse after the first 90° pulse. Suppose this pulse is timed at t = T/2, then the echo is
found exactly at t = T, which is termed the echo time (see Figure A.3). Although part of
the FID signal decay is restored, some irreversible loss of coherence is still present due to
spin-spin interactions. The magnitude of the spin echo S is described by an exponential
decaying function, i.e.

(¢ =) = Soewp (72 ). (A.9)

A
)

Fig. A.3: Schematic of spin echo sequence. The 90° pulse is followed by the free induction
decay (FID). By applying a 180° pulse at ¢t = %TE an echo is formed at ¢t = Tg,
where T is the echo time. The magnitude of the echo is described by an exponential
relaxation function with relaxation time 7T5.
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where Sy is a constant proportional to M, and T is the transverse or spin-spin relaxation
time. As the magnetization is tipped to the transversal plane by the 90° the longitudinal
magnetization M, is zero but restores to the equilibrium magnitude M in the course of
time due to energy transfer between the spins and the thermal reservoir (lattice). The
magnetization restores with an exponential function given by

M.(t) = M, [1 —exp (—Tiﬂ , (A.10)

1

where T) is the longitudinal or spin-lattice relaxation time. In case of hydrogen the
relaxation processes are driven by dipole-dipole interactions among the protons [51].

Fig. A.4: The two NMR set-ups used for the experiments. (left) 4.7 Tesla super-conducting
magnet (Oxford, Oxon, UK) with a 3D-imaging, pulsed-gradient insert (Doty,
Columbia, SC, USA). (right) 0.95 Tesla iron-cored electromagnet with a home-built
insert equipped with a 1D static gradient. The insert is designed to measure both
hydrogen and deuterium.

A.2 NMR set-up

Two NMR scanners were employed for the experiments (see Figure A.4). The first system,
consisting of a 4.7 Tesla super-conducting magnet and a 3D-imaging insert with pulsed
gradients, was used for the first set of bulk experiments and the IFT analysis (see Chapters
2 and 3). The second system, consisting of a 0.95 Tesla iron-cored electromagnet and
home-built insert, was used for the second set of bulk experiments (see Chapter 4) and
for the core injection experiments (see Chapter 6).

The 4.7 Tesla scanner has a vertical insert with an inner diameter of 40 mm and is
equipped with a set of three pulsed magnetic gradients for imaging purposes. The rf
circuit contains a Litz volume coil [153] and three adjustable capacitors for tuning and
impedance matching. A duplexer is used to separate the transmitted rf power from the
received rf signal. A schematic of the set-up is shown in Figure A.5. The circuit is
designed for hydrogen and is tuned at 200 MHz.
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Fig. A.5: Schematic of the rf front-end and data acquisition system (DAS) of the 4.7 Tesla
NMR scanner.
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Fig. A.6: Schematic of the rf front-end and data acquisition system (DAS) of the 0.95 Tesla
NMR scanner.
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The 0.95 Tesla scanner has a vertical insert with an inner diameter of 31 mm. The
insert was designed to measure both hydrogen (at 40.5 MHz) and deuterium (at 6.23
MHz). Two different rf circuits are used which share a single solenoid coil (see Figure
A.6). The coil is wound around a Faraday shield which reduces the effect of variations in
the dielectric permittivity of the sample on the tuning [154]. A switch is placed between
the coil and the two rf circuits which allows for fast toggling between the measurement of
hydrogen or deuterium. Each circuit has its own duplexer tuned at the proper frequency.
The frequency of the transmitted rf power is set by the transmitter. The rf power is fed
to one of the duplexers through a relay. Another relay is used to connect the proper
duplexer to the amplifier for the incoming rf signal which is further processed in the data
acquisition system (DAS). The (mechanical) switch and both relays are controlled by
the DAS. A set of Anderson coils is used to produce a 1D static gradient in the vertical
direction. Both scanners are operated using software developed in the laboratory [155].
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Derivation of partitioning equation

In this appendix the Gibbs free energies of mixing for both phases are defined from which
the expressions for the chemical potentials of TMOS in either phase are derived. The
differences in molecular sizes are neglected. The oil consists of a single representative
hydrocarbon. The free energy of mixing of the oleic phase GG, is given by

ﬁGo:nolnLijolnL, (B.1)
Mo + My No + My

where 3 = (R,T)™', n, is the number of TMOS molecules in the oleic phase and m, is
the number of hydrocarbon molecules. The chemical potential of TMOS in oil p, follows
from a derivation of the free energy, i.e.

Bto = (%GO) o (B.2)
T,p,mo

on, Ny + My

In the aqueous phase there is an extra contribution to the free energy G* due to the
interaction of TMOS with water, which favors or hinders the mixing. The free energy of
mixing of the aqueous phase G,, is given by

n m
G = nuln —™ o In—" 4 3G, B.3
ﬁ " nnw+mw+m nnw+mw+ﬁ ( )

where n,, is the number of TMOS molecules in the aqueous phase and m,, is the combined
number of water, methanol and silicic acid molecules. Hence, the chemical potential of
TMOS in water p,, becomes

0BG y aG*
Bl = ( b ) —ln— w4 3T (B.4)
T,p,mw

The interaction term is defined as
G* = nye(nm), (B.5)

where € is an interaction parameter that depends on the methanol concentration n,,.
Equating the chemical potentials u, and pu,, leads to the partitioning expression

T[], (B.6)

N + My Mo+ My B R,T
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Appendix C

Effect of slip on bending experiment

In this appendix we analyze the effect of slip on the measured load W in a three-point
beam bending experiment. The effect of slip is modeled in the form of a time-dependent
deflection term, i.e. A = A(t). The strain ¢, is directly proportional to the deflection,
therefore e, = £,(t). In the following we consider a rectangular elastic plate (as was
described in the Section 7.2). The plate is saturated with a Newtonian fluid. The consti-
tutive equations are [131]

~

1 b

Ex = Fp[% — vploy +02)] = 3—KPP7 (C.1)
1 b

€y = Fp[dy — Vp(O'x + O'Z)] — EP’ <C2)
) .

o= gl — ot o) - g P (€3)

where o is the pore stress, P is the stress in the fluid, which is equal to the pressure but
opposite in sign, and b is the Biot coefficient defined by
K

P (C.4)

b=1-— =2
Kg

After the beam is bent the pressure in the pore fluid is dissipated due to flow of the fluid
within the pores. The continuity equation is given by [131]

oP P 0P E,boe,

0 o "ow T30 00 (€.5)
where p reads
(1=pK,  (p— Ky/Ks)K,  2(1+1) K ’
= 1—— . :
W K, + Ks + 5 K (C.6)

The solution of Eq. C.5 with the usual boundary conditions (P = 0 at the boundary) is
given by [131]

(%
Po,w,0) = 228 [ 0,400 - 0)0(u(0 - )] S 00 (©7)
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where
Qu(0) = -2 Z (_C;)m sin(ay,v) exp(—aZ,0), (C.8)
o (D" 2
Qp(0) =2) . cos(byw) exp(—kb26), (C.9)

and a,, = mm, b, = (2n — 1)w/2. The load required to sustain the deflection follows from
integration of the total stress:

1 1
~2a%
- //Ep <—P—|—sz> vdvdw, (C.10)
z

-1 -1

where the strain is given by
24azv

I3
Working out the integrals in Equation C.10 yields

€, = — A. (C.11)

W(Q) = ClA —|— (&) Z Z

0
A

exp 0(a2, + Kb2)) /exp [0/ (a2, +nb2)]%d9’ (C.12)

m=1n=1 0

where L0253 E
_ a"9Ep
C1 = T, (013)
256a3b E2b>
R .14
2T TSuK, (C-14)

An analytical solution is obtained when the deflection follows an exponential decay,

for example
0T R

A = AgH(0) {(1 — h) + hexp (——ﬂ : (C.15)

Ts

where H is the Heaviside step function, h reflects the amount of slip (0 < h < 1, and h
= 0 implies no slip) and 75 is a decay rate. Substituting Eq. C.15 in Eq. C.12 yields

W) = cA(f +CQZZ

{exp —00,) +
m=1 n=1

O RG] B

where T, = a2, + kb2,

hTR

TR — TSan

It can be shown that Eq. C.16 reduces to the usual hydrodynamic relaxation expression
when A = 0. In case of slip, i.e. h > 0, the decreasing deflection results in an inflection in
the load curve similar to that of the hydrodynamic contribution. Some model calculations
were performed for an elastic porous plate filled with glycerol and having a permeability of
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Fig. C.1: Calculated load curves for an elastic porous plate, with a permeability of 10 nm?,
an elastic modulus of 10 GPa and filled with glycerol. The hydrodynamic relaxation
time 7R is equal to 159 s and A = 0.042. The deflection decays exponentially with a
relaxation time 7g equal to ATgp and h = A. The ratio A was varied and is indicated
in the legend.

10 nm? and an elastic modulus of 10 GPa. The resulting curves are shown in Figure C.1.
The amount of hydrodynamic relaxation A is equal to 0.042 and h = A. We note that the
relaxation data for the gel-filled stones imply that h is larger (up to 0.3) in some cases.
The relaxation time 7 equals 159 s. When 7¢ > 7 the second inflection due to slipping
is well separated from the primary inflection. In case 7¢ < 7 the primary inflection
in the load curve is brought about by the effect of slip and the second inflection is due
to hydrodynamic relaxation. When 7¢ ~ 0.1 X 75 the effects cannot be distinguished,
nevertheless the time at which the inflection is found is still close to 0.2 X 75.
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Appendix D

Phase density approximation

The phase densities p, and p,, are functions of pressure and composition. The derivative
of the density of phase o with respect to time is given by
Ipa Opa Owy | Opa O,

ot~ 2eouf ot 0P, Ot (D-1)

An average compressibility, c,, of phase « is defined such that

1 Jpa
= — . D.2
Ca e aPa ( )

Assuming ideal mixing, at constant pressure the density of phase « is given by
1 wX
=5 (D-3)
pa S0

where o¥ is the density of component X in a pure liquid. The partial derivatives of p,
with respect to the mass fractions w2 become complicated, especially when the number
of components is greater than two. However, in terms of volume fractions, ¢, the phase
density reads

pa = oxo~. (D.4)
X

For a two-component mixture the volume fraction ¢ is related to the mass fraction w by

b = w2
we2 + (1 —w)oy

(D.5)

When g; &~ g, the volume fraction ¢ is approximately equal to w. Similarly, in a multi-
component mixture the volume fractions are approximately equal to the mass fractions
when the densities of the pure components are approximately equal to each other. The
time derivative of the phase density can be simplified by assuming that

po Y wi o, (D.6)
X
so that Eq. D.1 becomes
0,0a Z X 8wX 6Pa
=Y p L+ CoPo—- (D.7)
ot = ot ot
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Appendix E

Numerical discretization of model

A one-dimensional grid is defined with N grid blocks of size Az. The mobility parameter
and phase density are weighed upstream. The time step of integration is given by At. The
oil pressure is solved for using a discretized scheme in the following form (see Valiollahi
2005 [140] for details):

aPlf + 0PI + Pl = d, (E.1)

where PJ'; represents the oil pressure in grid block ¢ at time step n. The coefficients in

Eq. E.1 for the regular grid blocks (1 < i < N) are given by (the sub- and superscript of
UD are omitted)

=~ (M +an,).

b= ()‘Z,i + )‘Zz,z' + p;§:1 )‘gl 1t sz 1)‘2;1 1) + Sﬂﬁf (Soco + chw)?a

1), (£.2)
B SDAZ {(S Co+ Sucw)” ( ) ZIQ n(wm - wi,’?ﬁ)

—(%s)fiwz”(w’ - 1)}

p’UJ’L
X (Pl = P) N (Pl = Phicy) + 828 (5 = g U

Hence, the pressure is updated by solving the following matrix equation
MP™ =, (E.3)

where M is a tri-diagonal matrix comprising the defined terms a, b and c.

The inlet boundary condition is taken into account through the equation

QoPo,sc D2

alpgf;rl‘F(bl‘i‘Cl)Pgﬁrl:dl—Cl Apo)\o

, (E.4)

where p, ;. is the oil density at standard conditions, ¢, is equal to () in the injection step
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and equal to zero in the shut-in step. The coefficients aq, b1, ¢; and d; are given by
ap = — ()‘2,1 + /\3,1) )

br = 2(A2; + A% 1) + £22 (Soco + Swew)] s

C1 = — ()\2,1 + )\ZJ,I) )

(E.5)
AZ n > n I,n In In—1
di = 90 |:(SOCO + SU’CU’)? Po,l - (%)1 ZI 1 (wo 1 wol )
= (3), Tyt (i - )]
n . n AZ [ w>\w 0,sC
—Aw,1 (Pc,2 - Pc,l) P A (q ppo)\op ) + A2 <ﬂw 1 Po 1) Ur'
The outlet boundary condition is taken into account through the equation
(bN — CLN)ngj\}l + CNP::]—’\}I_l = dN — 2aNPout; (E6)
in which the coefficients are given by
anN = ()\TLN + )\ ) y
by = <)\0N+/\wN+ PoN 1)\nN L+ pr IAZ;N 1) +%§2(Soco+5wcw)’fv,
po N—-1\yn w N 1\n
CN:‘( AoN—1 T i — Ay N 1>
Po w (E.7)
dy = wAz [(S Co + SwCw)N Py
In I.n In— Jn Jn Jn—
( ) 10N <woN — W,y 1) ( > 2.7 ON (ww,N - Wy N 1)}
n n pw n n n n
+ANPen + N 1)‘wN 1 (PC,N_PC,N—1> + A2 (pr p;%N)UN-
Update of oil saturation and composition
The oil saturation is updated explicitly using the following discretized equation
m po i n P;L;rl P:;rl n Pn+1_P<:Ljr1 n
So’zrl o Soi sopZJ{l {(po/\o)i T = (poo)iy 5 = U } (E.8)

With respect to the inlet boundary condition we have

Pn+1 Pn+1

n+1 p:},l n At n o2 0,1 GopPo,sc n
Sot = poy ol + eoptt [(po/\o)l A2 + A Ul} ’ (E.9)
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and for the outlet:

+1 n+1 n—+1
n+l _ PN an At n (Pout*P:,N ) n Pon —Pon—1 n
Son = Pl Son + el 2 (Poo)y A2 — (PoAo)N_1 Az2 - Uy
o, o,

(E.10)

In the following definition ugtl is the Darcy velocity of phase a at the outlet of grid
block i:

n+1 n+1 n—+1 n—+1
uo:g = _ALZ)\O:; (Pa,—itrl - Pa,—i’— ) ) (Ell)
and for the boundary points we find that
n+l _  n+l Ga pa,sc . n+1l __ 2 n+1 n—+1
ua,O = ua’mj = Zpg+1 5 ua,N = _A_Z)\a’N (Pout - Pa7N) . (E12)

The mass fraction w? is updated by a discretized form of the mass balance equation

for oil in the oleic phase, yielding
0,1 0,1 0,1 0,1 0,00,

n+1 on+1 At n+l1, n+l O,n+1 At n+l  n+l On+l _ n on . On E.13
|:)0 S + <pApo7i u :|w - |:g0Az'00,i—1uo,i—l wo,i—l - po,iS w ( )

which is used for the outlet as well as for the inner grid cells. For the inlet we have:

+1lontl | At ntl, ntdl|, Ont+l On | At nt+l, n+l
|:pg,1 SZl + Epg’l ug,l :|w071 == leSg,lwo’l + Epg,injug,injw()' (E14)
The fraction of TMOS at time step n follows from the closure condition: w! =1 — w?.

Update of water composition

The compositions in the aqueous phase are updated implicitly using the following dis-
cretized equations (for water, methanol and silicic acid, respectively):

© 1 i 1
( Sw  + _Uwpw) wanrl__(uwpw)?jlleKﬁtl

2 Pw w,i
= Ait(pwswwq‘ﬁ/)?—i_l - 490MWSLZ;,¢R?>
n+1
2 1 Mn+1 1 n+1, Mn+1
<_pw5w + _uwpw) ww,; - _(uwpw)ifl ww,%fl
= (PuSuwl )i+ 4pM S Ry

and

n+1
2 1 SAn+1 1 n+1  SAn+1
<_pw5w + uwpw) ww,/ - (uwpw>i71 ww,iLl

= T puSouS ) + oMY Sy Ry
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As the saturations, densities and fractions are updated the reaction rate R can be
calculated using the equation
1 T w n+1
R = k(o)™ (wi) P (wy )] (E.18)
The mass transfer term U follows from the evaluation of the partitioning function (Eq.
8.15) and the total TMOS density (Eq. 8.16). In discretized form we have

ﬁ?otall,i = ﬁgjl + ﬁzﬁ;la (E19)
E

~eqn+l _ ~n

po?i - ptotall,iE—_H7 (E20)

where F is given by

w,1

R,T

£ (1 _ awM,n+1)
(E.21)

E =exp

Subsequently, the mass transfer term reads

4Dy

r2 {1 + (sz;/z>f+1] (

UZ’LJrl — ~nJ‘r1 o ﬁeq‘,n+1) ) (E22)

0,1 0,1

7
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Summary

The subject of the thesis is two-phase reactive transport of an Oil-Soluble Chemical
(OSC). An OSC is a chemical that is soluble and chemically stable in oil, however it
reacts with water to form a gel. A novel concept is the use of OSCs in the oil industry
for water control, in order to reduce water production in oil and gas production wells.

The aim of the research was to investigate, on a fundamental level, the reactive trans-
port of an OSC in two-phase systems, in bulk and within porous materials. The chemical
tetra-methyl-ortho-silicate (TMOS) was chosen as a model OSC. The choice is inspired
by the potential use of TMOS for water shut-off. When a solution of TMOS in oil comes
in contact with water the chemical transfers to the water phase where it undergoes a
heterogeneous sol-gel reaction. The main experimental tool used to characterize the re-
active transport, both in bulk as in porous materials, was Nuclear Magnetic Resonance
(NMR).

In Chapter 2 the NMR methods to monitor the reactive transport in bulk systems are
introduced and described in detail. TMOS was dissolved in n-hexadecane and placed in
(small) vials together with demineralized water. Two-dimensional images of a cross section
of the samples were acquired, which revealed qualitatively the mass transfer behavior
between both phases. The concentration of TMOS in oil was determined by measuring
the longitudinal relaxation time 77 of hydrogen in the oleic phase, using calibrations of
T, for TMOS in n-hexadecane. Further, the transverse relaxation time 75 of hydrogen
in the aqueous phase was measured to monitor the progress of gelation. During the gel
reaction T decreases in the course of time and reaches a minimum (plateau) at the gel
point. The reduction of T3 is caused by the interaction of the water molecules with the
silica aggregates and the formation of methanol in the gel reaction.

An image analysis method to determine the interfacial tension (IFT) between both
phases in the bulk systems using the NMR images is presented in Chapter 3. The method
is based on interface tracking. A second-order boundary value problem, which describes
the interfacial energy in terms of the IF'T and the effect of gravity, is solved and optimized
for each image, yielding the IFT as a function of time. At an initial concentration of 40
vol% of TMOS in oil the IFT is initially about 10 mN m~!, but it increases gradually
to about 20 mN m™! as the TMOS transfers from oil to water. Also in Chapter 3, a
conceptual model is introduced to describe the mass transfer and hydrolysis of TMOS
based on a partitioning-reaction model.

In Chapter 4 the use of a bi-nuclear NMR method is introduced. Again bulk systems
were considered. In this case the water used was D>O. T7 of hydrogen in the oleic phase
was measured to determine the concentration of TMOS in oil, and 75 of deuterium in the
aqueous phase was used to characterize the progress of gelation. The experiments showed
that the pH of the aqueous phase is the main parameter that influences the mass transfer
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and gelation rates. The mass transfer is predominantly driven by the hydrolysis reaction.
At a neutral pH the mass transfer rate is low, but it increases in the presence of acid and
base catalysts. The condensation reaction is slow at a low pH but fast at a neutral or
high pH.

A phenomenological model to describe the cross-linking (condensation) reaction of
hydrolyzed TMOS in the two-phase systems is given in Chapter 5. The number of hy-
drolyzed TMOS molecules in the water phase is time-dependent and follows from mass
transfer profiles which are based on the experimental results. The cross-linking reaction
is described using a population balance model. A set of differential equations is obtained,
which is solved numerically. The weight-average molecular weight M, of the population
diverges at a critical time t., which decreases with increasing hydrolysis rate, increasing
condensation rate or increasing initial concentration of TMOS. Additionally, the profiles
of M, versus time were employed to predict qualitatively the T, profiles from the experi-
ments.

Chapter 6 discusses the results of a series of core injection experiments. TMOS
dissolved in oil was injected in Bentheim sandstone at the irreducible water saturation.
Bi-nuclear NMR measurements were performed to monitor the reactive transport in situ.
Like in bulk systems the mass transfer in sandstone is driven by the hydrolysis reaction.
Both the mass transfer rate and gelation rate are dependent on pH and temperature,
and similar trends as in the bulk systems were observed. The placement and reaction of
TMOS in sandstone at the irreducible water saturation leads to a reduction of the water
permeability greater than the reduction of the oil permeability.

A beam bending method was employed to measure the effect of gel, which was formed
in situ under single phase conditions, on the permeability of sandstone. The results are
discussed in Chapter 7. Beam bending measurements on TMOS-based gel rods revealed
that the permeability of acid-catalyzed gels is on the order of 1 nm?, when the silica
fraction is approximately 10%. Base-catalyzed gels have a permeability on the order of 10
to 100 nm? for similar concentrations. When a gelling solution is imbibed in sandstone,
the formed gel leads to a reduction of the permeability of the stone by a factor of about
10*. The reduction is insensitive to the pH and concentration used.

In Chapter 8 a physical-mathematical model is presented which describes the reac-
tive transport of TMOS (or other OSCs) in porous materials. The model can be used
to simulate numerically the placement of TMOS in linear cores or in simple reservoirs.
A number of calculations was performed to simulate the core experiments described in
Chapter 6. The simulated mass transfer profiles agreed well with the experimental mass
transfer profiles, especially for the unbuffered system and the acid-catalyzed system. In a
second series of simulations the mixture was injected continuously. The differential pres-
sure profiles are well explained by the average oil viscosity in the initial stages and the
changes in the water saturation in the later stages. The pressure profiles are dominated by
the injection rate versus the reaction rate. The effect of gelation, in terms of an increased
aqueous phase viscosity, is not important in the initial phase of the injection process.



Samenvatting

Het onderwerp van het proefschrift is reactief transport van een OQil-Soluble Chemical
(OSC) in tweefasesystemen. Een OSC is een stof die oplosbaar en chemisch inert is in olie,
maar die reageert met water om een gel te vormen. Een nieuw concept in de olieindustrie
is het gebruik van OSC’s voor waterregulering, om zodoende de waterproductie in olie-
en gasbronnen te reduceren.

Het doel van het onderzoek was het bestuderen, op een fundamenteel niveau, van het
reactief transport van een OSC in tweefasesystemen, zowel in bulk als in poreuze mate-
rialen. De stof tetra-methyl-ortho-silicate (TMOS) was gekozen als een model-OSC. De
keuze was geinspireerd door het potentieel gebruik van TMOS voor waterafsluiting. Wan-
neer een oplossing van TMOS in olie in contact komt met water dan gaat de stof over
in de waterfase, waarin het een heterogene sol-gel-reactie aangaat met water. De belan-
grijkste experimentele methode die gebruikt werd in dit onderzoek was Nuclear Magnetic
Resonance (NMR), ook wel magnetische kernspinresonantie genoemd.

De NMR-methoden voor het volgen van het reactief transport in bulksystemen worden
geintroduceerd en beschreven in Hoofdstuk 2. TMOS werd opgelost in n-hexadecaan en
geplaatst in buisjes samen met gedemineraliseerd water. T'weedimensionale afbeeldingen
werden verkregen van een doorsnede van de buisjes, die een kwalitatief beeld gaven van
de massaoverdracht tussen de twee fases. De concentratie van TMOS in olie werd bepaald
door het meten van de longitudinale relaxatietijd 77 van waterstof in de oliefase, waarbij
gebruik werd gemaakt van calibraties van 77 voor TMOS in n-hexadecaan. Verder werd
de transversale relaxatietijd T, van waterstof in de waterfase gemeten om de voortgang
van de gelreactie te volgen. Tijdens de gelreactie neemt de 715 geleidelijk af en bereikt
het een minimum (plateau) op het gelpunt. De reductie van T, wordt veroorzaakt door
de interactie van de watermoleculen met de silica-verbindingen en door de vorming van
methanol in de gelreactie.

In Hoofdstuk 3 wordt een beeldanalysetechniek gepresenteerd die gebruikt kan wor-
den voor het bepalen van de grensvlakspanning in de bulksystemen. De methode is
gebaseerd op het volgen van het grensvlak in de NMR-beelden. Een grenswaardeprobleem
van de tweede orde, die de grensvlakenergie beschrijft in termen van de grensvlakspanning
en van het effect van de zwaartekracht, wordt opgelost en geoptimaliseerd voor iedere af-
beelding. Zodoende wordt de grensvlakspanning bepaald als een functie van de tijd. Bij
een initiéle concentratie van 40 volumeprocent TMOS in olie is de grensvlakspanning
aanvankelijk ongeveer 10 mN m™!, maar de spanning neemt geleidelijk toe naar 20 mN
m~! als gevolg van de massaoverdracht van TMOS tussen olie en water. Tevens wordt in
Hoofdstuk 3 een conceptueel model geintroduceerd dat de massaoverdracht en hydroly-
sereactie van TMOS beschrijft en dat is gebaseerd op een partitie-reactie-model.

Het gebruik van een binucleaire NMR-methode voor het karakteriseren van de bulksys-
temen wordt geintroduceerd in Hoofdstuk 4. In dit geval werd D,O gebruikt voor de
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waterfase. De T} van waterstof in de oliefase werd gemeten voor de bepaling van de
TMOS-concentratie in olie; de Ty van deuterium in de waterfase werd gemeten om de
gelreactie te volgen. De experimenten toonden aan dat de pH van de waterfase de be-
langrijkste parameter is die de massaoverdracht- en gelreactiesnelheid bepaalt. De mas-
saoverdracht wordt voornamelijk gedreven door de hydrolysereactie. Bij een neutrale pH
is de massaoverdracht langzaam maar het wordt versneld in de aanwezigheid van een zure
of basische katalysator.

Een fenomenologisch model voor de beschrijving van de condensatiereactie van het
gehydrolyseerde TMOS in de tweefasesystemen is gegeven in Hoofdstuk 5. De conden-
satiereactie wordt beschreven door een populatie-evenwichtsmodel. De verkregen groep
differentiaalvergelijkingen werd numeriek opgelost. Het gemiddelde moleculair gewicht
van de populatie (M,,) divergeert op een bepaalde kritieke tijd t.. Deze tijd neemt af met
toenemende hydrolysesnelheid, toenemende condensatiesnelheid of toenemende initiéle
concentratie van TMOS. Tevens werden de profielen van M, versus tijd gebruikt om een

kwalitatieve voorspelling te maken van de T,-profielen uit de experimenten.

Hoofdstuk 6 behandelt de resultaten van een serie kerninjectieexperimenten. TMOS
werd opgelost in olie en geinjecteerd in zandsteen (Bentheim). Binucleaire NMR metin-
gen werden verricht om het reactief transport binnenin de kern te volgen. Net als in
bulk is de massaoverdracht in zandsteen gedomineerd door de hydrolysereactie. Zowel de
massaoverdrachtsnelheid als de gelreactiesnelheid zijn athankelijk van pH en temperatuur.
Een vergelijkbare trend als in de bulksystemen werd geobserveerd. De plaatsing en reactie
van TMOS in zandsteen bij de onreduceerbare watersaturatie leidt tot een afname van de
waterpermeabiliteit die groter is dan de afname van de oliepermeabiliteit.

Een beam bending-methode werd gebruikt om het effect te meten van gel op de per-
meabiliteit van zandsteen. De resultaten worden beschreven in Hoofdstuk 7. Metingen
aan cylinders van gel toonden aan dat de permeabiliteit van gels, geprepareerd met zure
katalysatoren, van de orde 1 nm? is, wanneer de fractie silica ongeveer 10% is. Gels die
geprepareerd zijn met basische katalysatoren vertonen een permeabiliteit tussen 10 en
100 nm? bij een vergelijkbare concentratie. Wanneer een gelvormende oplossing wordt
opgezogen (door capillaire krachten) in een zandsteen, dan leidt de gevormde gel tot een
afname van de permeabiliteit van de steen met een factor gelijk aan ongeveer 10%.

Tenslotte wordt in Hoofdstuk 8 een fysisch-mathematisch model gepresenteerd dat
het reactief transport van TMOS (of een andere OSC) in poreuze materialen beschrijft.
Het model kan gebruikt worden om de plaatsing van TMOS numeriek te simuleren, met
betrekking tot zowel lineaire kernen als eenvoudige reservoirs. De gesimuleerde mas-
saoverdrachtsprofielen kwamen goed overeen met de experimentele profielen, met name
voor de ongebufferde systemen en de systemen met lage pH. In een tweede reeks simulaties
werd het TMOS-mengsel continu geinjecteerd. De drukprofielen worden verklaard door
de gemiddelde viscositeit van de olie in de beginfase en door de verandering van de wa-
tersaturatie in de latere fases. Het effect van gelvorming, in termen van een toegenomen
viscositeit van de waterfase, is niet belangrijk voor de beginfase van het injectieproces.
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Prior to the speech, Harald Cramér, member of the Royal Academy of Sciences, addressed
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music has been made perceptible, and the characteristic melody of an atom can be used
as an identification signal. This is not only an achievement of high intellectual beauty -
it also places an analytic method of the highest value in the hands of scientists.”

From Les Prix Nobel en 1952, editor Goran Liljestrand, Nobel Foundation, Stock-
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