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Abstract

A novel natural cellulose material (“biofibre””) suspension in water has potential both for enhanced oil recovery and proppant
placement during fracturing in tight reservoirs. We analyse the different carrying mechanisms of biofibre against those of
a cross-linked guar benchmark. Three viscosity determination methods have been applied that are relevant to the different
applications. Non-Newtonian, shear-thinning effects with viscoelastic enhancement have been observed. These results are
compared to the viscosity in a falling ball rheometer as well as in pressure-driven flow through capillaries and conduits. The
results indicate that viscosity can be tuned to automatically adjust to the desired flow conditions in the reservoir to provide
optimal behaviour for each application.

Keywords Fractures - Reservoirs - Fibre suspensions

List of symbols ®  Fibre coarseness
A Surface area T Characteristic fluid time
d Diameter ball 6 Angular frequency
D Diameter capillary ¢  Volume fraction
K  Permeability u  Viscosity
L  Length

engt . Subscripts
N  Crowding number

L 0  Zero shear
n  Flow behaviour index
b Shear rate
P Pressure
Cc  Couette cell
O  Flow rate .
. f  Biofibre
RF Resistance factor .
u Velocit f Fluid
v Terminzl velocit fb Falling ball
t y fci  Flow consistency index

Greek M Mass
o Comparative parameter t Terminal
y Shear rate
y Average shear rate
A Mass fraction Introduction

Novel rheology solutions have historically been used in the
Paper for submission to J. Petrol. Explor. Prod. Tech. upstream oil and gas industry for a variety of recovery appli-
cations. For “tight” gas reservoirs, a pre-treatment of the res-
ervoir to increase productivity involves the use of viscosity
modified fluids. This fracturing process (“fracking”) enables
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stage (“the flowback stage”) gas is produced by a reduction
in pressure that is followed by the fracture closing on the
proppant. This last stage requires a reduced, low viscosity to
avoid re-entraining proppant particles during flow back. The
entire process requires initially high viscosity fluids with
associated viscosifying and subsequently chemical “break-
ers” to be added to the reservoir. It is the use of these chemi-
cals which have made the process controversial and (so far)
unacceptable in Europe.

In oil recovery in fractured reservoirs, shear-thinning flu-
ids are typically used as these are easy to inject (low viscos-
ity at high shear) but display greater viscosity under laminar
flow conditions—this aids in reducing the viscosity contrast
between the displacing fluid (water) and the oil located in the
permeable reservoir. When water is applied as a displace-
ment fluid, a preferential flow path is formed from the injec-
tion to the production well, because of spatial variation in
permeability over the reservoir. Conformance control aims
to promote flow through low permeability zones by prevent-
ing flow through high permeability zones using viscosity-
modified fluids.

There is continuous development of fluid rheologies to
improve the desired flow characteristics with better viscos-
ity manipulation as well as to reduce the use of undesirable
chemicals. Both goals can be achieved if the rheology is
“tuned” to the reservoir and in particular to the distribution
of permeabilities or fracture sizes for the oil and tight gas
cases, respectively. For the oil recovery problem, the classic
enhanced oil recovery current “standard” are gelling poly-
mers which are added to water (Raffa et al. 2016). The gel-
ling effect is time delayed until the solution has penetrated
the high permeability portions at which point the solution
viscosifies and (hopefully) selectively blocks these volumes.
The solutions themselves are shear thinning (for injection
purposes) and show a component of rheopectic behaviour
(i.e., thickening with time). This is the same characteristic
as the guar gum industry standard which is used for the shale
gas fracking application.

There are a number of obvious drawbacks to these tech-
nologies. For example, the blocking of high permeability
zones in the oil recovery scenario is somewhat uneven and
could always be better. For the shale gas application, we
have already alluded to the undesirable chemical viscosifiers
and breakers added to modify viscosity. Recent work on vis-
coelastic surfactants (Dogon and Golombok 2016a, b), has
demonstrated that viscosity modifications can be tuned to
arise from the flow conditions associated with the different
stages of the process i.e., they display flow-induced viscoe-
lasticity whereby the viscosity adjusts according to the flow
conditions. For oil recovery this means that they automati-
cally show high fluid viscous resistance in high permeability
regions (Santvoort and Golombok 2018). For the fracking
problem it means that they have initially high viscosity for
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proppant carrying purposes but afterwards during “flow-
back”, the viscosity falls to near water levels enabling return
flow through the proppant pack without dislodging particles.
This corresponds to a low viscosity at the permeability asso-
ciated with the proppant pack. (Note that the permeability of
such a proppant pack is much higher than the permeabilities
associated with the oil production problem discussed above.)

Viscoelastic surfactants are somewhat sensitive to
the presence of oil and rather challenging to tune for an
unknown fracture size. Moreover, environmental objections
to application (such as in the case of shale gas) can best be
overcome if the viscosifiers are “natural” products derived
without too much processing from plant materials, etc.
(Thakur and Thakur 2015) In this paper, we describe a natu-
ral material which displays these desired properties. It is a
natural cellulose biofibre product which has previously been
used for turbulent drag enhancement properties. We dem-
onstrate a natural viscoelasticity which enhances the behav-
iour over and above current additives used for overcoming
permeability variation and proppant placement problems.
The material is non-Newtonian—but not just in the time-
and shear-dependent manners discussed above—it also has
a significant viscoelastic component. This requires careful
interpretation of the three-different classic viscosity deter-
mination methods with consideration of their applicability
to the processes associated with the oil problem (laminar
pressure-driven flow) and fracture gas reservoir (combined
laminar pressure driven flow and entrained particle flow).
In “Background” we discuss previous work on the effect of
fibrous solutions on viscosity as well as specifying the vis-
cosity requirements for the oil and gas problem. “Methods”
describes the experimental measurements. “Results and dis-
cussion” contains our results and discussion and is followed
by a conclusion summarizing the main results.

Background

The earliest description of the effect of suspensions on the
viscosity of a base fluid was due to Einstein (1906, 1911)
who defined an equation for the zero-shear viscosity () for
a suspension of hard spheres.

Ho = Hp(1 +2.5¢), (1)
where p,, is the base fluid viscosity and ¢ the volume fraction
within the domain (0 < ¢ < 0.03)). The equation gains an
extra term for spheres that experience hydrodynamic interac-
tions (e.g., drag by a sphere that influences another),

o = uy(1 +2.5¢ + 6.2¢%) . 2)

Due to assumptions made for this equation, it is only valid
for low volume fractions (¢p < 0.10). It also assumes identi-
cal densities for fluid and suspended solid. This relationship
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has been used successfully to model relatively dilute colloi-
dal suspensions such as asphaltene aggregates in heavy oil
(Mozaftari et al. 2015). This model needs to be corrected in
more sophisticated systems allowing for differing densities
of continuous and dispersed phases. Mostly, the mass frac-
tion of solid is used: this is given by:

__nt
b+ (=9

The specific gravity of cellulose is around 1.5 so the con-
verse of this relationship yields ¢ =

3

2
(B/a=1)

In analogy to Eq. 1 Haward et al. (2012) noted that
increasing the fibre mass fraction increases the viscosity
due to formation of a complex network and flocs (Karp-
pinen et al. 2012). Fibre suspensions show shear-thinning
behaviour—the viscosity decreases due to alignment of
fibres under shear. A low power law index (<0.2) is typi-
cally found for cellulose fibre suspension (Nazari et al.
2016). Nikbakht et al. (2014) reported a plug flow profile
under pressure-driven flow for low velocities, that agrees
with low power law indices. These relationships have been
classified by Larson (1999) for non-Brownian suspensions
where fibres influence each other and cannot rotate freely.

Viscosity increases when the shear mixing time, and
thus the amount of energy used, is increased (Shafiei-Sabet
et al. 2016). The shear mixing time influences the length
and width of the fibres. In oscillatory shear measurements,
the viscous modulus was found to be nearly independent
of the frequency, while the storage modulus increased with
frequency (Derakhshandeh et al. 2010). Viscoelasticity was
confirmed with more solid-like behavior for higher fibre con-
centrations (Zhou et al. 2016). In addition to fibre interac-
tions with water, there are also interfibrous forces dependent
on crowding. A crowding number is defined by Kerekes and
Schell (1992) as the number of fibres in a suspension swept
out by the length of a single fibre.

L2
N ~5004—, )
w

where A is the fibre mass fraction, L is the weighted average
length of the fibres (m) and w is the fibre coarseness (weight
per unit length of fibre, kg /m).

In shear flow, fibres gather in local mass concentrations
known as flocs (Larson 1999). These act as cross-linkers
forming a gel. Flocs can have differing mechanical strength.
and can cause the suspension to act as a thixotropic fluid.
Duffy et al. (2004) noted that flocculation during flow
depends on the diameter of the pipe. In smaller diameter
pipes, radial floc build-up is restricted. This effect can influ-
ence the viscosity for a changing diameter and thus permea-
bility. Studies have proven (Kumar et al. 2016) the existence
of a water-rich boundary layers in either shear or (laminar)

pressure-driven flow, promoting a lower effective viscos-
ity. Fibres migrate away from the wall resulting in a lower
local viscosity. This creates a watery layer at the pipe bound-
ary. (The existence of such a layer implies that Couette cell
measurements might not give reliable results, as the assump-
tion is that shear is steadily applied to the entire flow.)

Bulova et al. (2006) focused on polymer-based fibres in
a suspension of gels already applied for fracking purposes,
such as cross-linked guar gum. Zhao et al. (2016) observed
shear-thinning behavior in a rheometer. However, no signifi-
cant influence on the apparent viscosity by adding fibres to a
borate cross-linked fracturing fluid was observed. This was
despite a network structure in the gels which might improve
the proppant carrying capacity. Yang et al. (2013) were suc-
cessful in increasing the size of an existing fracture with
the addition of fibres. Kusanagi et al. (2015) used cellu-
lose fibres in water up to 0.6 wt%—with cross-linkers—for
enhanced oil recovery to yield extra oil from cores, however,
injectivity was poor. Sau et al. (2015) suggested the possibil-
ity of blocking fractures with fibrous materials for enhanced
recovery.

Methods
Materials

Cellulose biofibre material (“Uptake”, patent:
WO02010070354 A1) was obtained from Pipeline Cleaning
Solutions Ltd. A suspension is prepared by adding the biofi-
bre to water. Preliminary investigation shows blocking for
A>2 wt%—mass fractions below this threshold were cho-
sen. Therefore, the mass fractions of biofibre in water were
chosen at 0.5, 1.0 and 1.5 wt%. The mixture was prepared
using a Silverson L5M-A laboratory mixer equipped with an
“emulsion screen”. A separate settling study revealed that
the best results were achieved for a shear mixing time of
60 min, at a rotational speed of 8000 RPM.

As areference, a borated cross-linked guar gum solution,
was prepared that is similar to the standard used by industry
for shale gas recovery. Dry guar was acquired from Sigma-
Aldrich together with a borate 0.5M buffer solution, pH
9.0. A 0.36 wt% mass fraction linear guar gum mixture was
mixed for 30 min in a laboratory mixer. Although not essen-
tial for the current study, the pH was increased to 11 after
initial mixing, for compatibility with carbonate reservoirs.
Borate solution was added to obtain a 95 ppm ion content.
At this point, the cross-linking, gelled effect was observed.

Standard viscosity tests

A Couette cell does not replicate a specific application
but is a widely accepted industry standard. The flow and
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oscillatory viscosity measurements were performed using
a TA Instruments Discovery HR-3 Couette rheometer
equipped with a standard Peltier concentric cylinder geom-
etry. The cup temperature was maintained at 20 °C. The
fluid was pre-sheared for 30 s at a shear rate of 0.1 s™!. The
viscosity measurements for a falling ball used a Thermo
Scientific HAAKE Falling Ball (diameter 15 mm) Vis-
cometer type C. For each mass fraction, five samples
were taken and each sample was measured five times. The
resulting viscosity was then averaged. In both cases, we
also calibration tested with certified viscosity reference
standards as well as known Newtonian standards. The
principal source of error in the measurement arises from
and is identical to the relative error in the measurement of
the time of travel between the two calibration points. This
was about 5% of the measured time and corresponded to
the relative errors derived from repeated measurements.

Darcy flow set-up

The Couette and falling ball viscometers are standard
pieces of equipment. The derivation of Darcy viscosity
under pressure-driven flow was carried out in a flow cell
(Fig. 1). The injection fluid is placed in the intake con-
tainer (1) and pumped by a Masterflex peristaltic pump (2),
which is manually set and calibrated before each measure-
ment. Flow rates are always maintained such that flow is
laminar. The pressure drop is measured by a Rosemount
3051CD2—620-620 mbar (accuracy: 0.1%) differential
pressure transducer (4) with connections to the upstream
and downstream side of the sample, which was either a
capillary or conduit (3).

The capillaries, of diameter D, consist of glass tubes
with connection pieces to easily attach them to the set-up.

Fig. 1 Schematic overview of the experimental set-up to measure the
effective viscosity in pressure-driven flow. The set-up consists of an
inlet tank (1), peristaltic pump (2), capillary or conduit (3), differen-
tial pressure transducers (4), bypass valve (5) and CO, flushing valve

©

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

The conduit consists of three metal plates, one top and
bottom plate with a middle spacer plate that defines the
height, H, and thus the permeability. The theoretical per-
meabilities for capillary and conduit respectively are given
by (Turcotte and Schubert 1982)

D2
K., ===
cap 32

H2

con — E (5)

Using the measured pressure drop, AP, flow rate, Q, and
permeability, the effective viscosity u can be calculated
using Darcy’s law, defined as:

_kaAP

n=5T (6)

with A, the surface area, and L, the length of the capillary or
conduit over which the pressure drop is measured.

The measurement procedure starts with a water flush.
The system is de-gassed by opening the bypass valve (5)
and valves at the pressure transducer. After this step, the
valves are closed and the set-up pump is stopped. Any water
is removed from the intake container and the test fluid is
flushed through the system a number of times. A flow rate
in the range of 50 to 900 ml/min is set and the pressure drop
is allowed to stabilize (ca. 5 min). After stabilizing, the dif-
ferential pressure drop is measured for 5 min at 5 s intervals
as a function of set flow.

Results and discussion
Standard viscosity tests

The viscosity of the biofibre was measured in a Couette
cell at three different mass fractions in water: 0.5, 1.0 and

1000 r
100
10
Viscosity 1
[Pas]
0.1 r
Cross-linked guar gum H‘ﬁ
0.01 | ® .5wt% .
: X 1.0Wt% ——
+0.5wt%
0001 1 1 1 1 1
0.01 0.1 1 10 100 1000 10000
Shear rate

[1s]

Fig.2 Characterization of the biofibre at different mass fractions in
water and a cross-linked guar gum reference measurement using a
Couette cell
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1.5 wt% along with the cross-linked guar gum reference
(Fig. 2). The viscosity increases with mass fraction of biofi-
bre. All three measured mass fractions show a shear-thinning
trend which agrees with previous observations (see 2.1).
However, for a mass fraction of 1.0 wt% and 1.5 wt%, a
shear-thickening regime initiates at a shear rate of 10 s™!.
Dogon (2016) has shown that this effect is associated with
viscoelastic effects. The relationship in Eqs. (1) and (2)
breaks down at this point. This is a well-known effect in
viscoelastic surfactants forming worm-like micelles (van
Santvoort and Golombok 2018). However, as far as we
are aware, this is the first time that it has been reported for
micron-sized fibres. The application of shear (either by Cou-
ette or Darcy flow) begins to align the fibres, however, after
a certain threshold they begin to intertangle and this has the
effect of increasing the resistance to flow (=viscosity). This
effect reaches a maximum at which point mechanical stress
breaks down the extended fibre network and the viscosity
decreases again.

This transient shear-thickening regime applies over the
range 10-30 s~'after which shear thinning resumes from
the newly enhanced viscosity. The net effect is thus one of
shear thinning of viscosity by orders of ca. 100 over a range
0.1-1000 s~!, but with a “hump” interruption of temporary
shear thickening between 10 and 100 s~!. This corresponds
to the shear rates associated with fracture flow in reservoirs
(van der Plas and Golombok 2016). We have previously
shown that selective retardation effects in fractures are
associated with this transient regime. This has been shown
to be chemically tuneable in the case of viscoelastic sur-
factants—it is as yet not clear how this might be done for
these biofibres. For now, we simply note the parallel with
viscoelastic surfactants i.e., the occurrence of a transient
regime of viscosity thickening which has previously been
associated with viscoelasticity.

By contrast, the cross-linked guar gum sample is shear
thinning over the entire domain and at low shear is nearly
identical to the fibre mass fractions of 1 and 1.5%. It does not
show the shear-thickening regime that initiates at a shear rate
of 10 s™!. The measured cross-linked guar gum continues
to be shear thinning until the highest shear rate measured
at 2000 s~!. In the higher shear rate regime, it shares some
characteristics with the 1.0 wt% biofibre mass fraction. The
biofibre solutions, therefore, display some potential viscoe-
lastic advantage over cross-linked guar gum. As shown by
the log-log plots in Fig. 1a, the behaviour is of the form

=y 7" ™

This relationship is of limited utility given the onset of
the shear-thickening regime interruption due to viscoelastic-
ity. We confine ourselves to the observation that the index
n=0.2 is lower for biofibre than for guar gum (n=0.4).
Biofibre is thus more shear thinning and has more potential

for improved reservoir injectivity compared to cross-linked
guar gum. This obviates the need for time-delayed cross-
linkers because we can rely on the natural reduced viscosity
at the high shear associated with injection to provide suf-
ficient flow.

Moving towards proppant transport, the viscosities
were also measured in a falling ball viscometer (Fig. 3).
Entanglement of fibres is more at higher concentrations,
increasing the resistance for the ball to fall through. The
viscosity increases by a factor 10 over the biofibre mass
fraction range—much higher than suggested by Eqgs. (1)
and (2). (The falling ball viscosity for the cross-linked guar
gum reference was almost two orders higher than for biofi-
bre—720 mPa s). Note that the falling ball has a diameter
of 15 mm—an order of magnitude higher than the size of
typical proppant particles. The falling ball viscometer is
not associated with a specific shear rate, as opposed to the
Couette cell. For Newtonian fluids, identical viscosities are
of course obtained. For non-Newtonian fluids, the viscosity
depends on the experienced shear rate: an average shear rate
for the falling ball can be defined by:

_ 2y

r=—7 ®)
with terminal velocity v, and the diameter of the ball, d. This
results in an average shear rate range of 714 s~. We use the
viscosity at a shear rate of 10 s~! from the Couette results in
Fig. 2 and plot these as a function of concentration in Fig. 3.
The Couette viscosities are, like the Guar gum reference,
several magnitudes higher than the falling ball. This appar-
ent anomaly is resolved if we note that the terminal velocity
(ignoring buoyancy) is inversely proportional to the square
root of the diameter i.e., v, a 4/d. This then gives the scaling
factor for the shearasy ~ 1/ \/d' If we replace the apparent

shear (Eq. 8) of the 15 mm ball with that which would be
experienced by, for example, a 1.5 mm (more representative

) 5 100000
viscosity

(mPas)

—e—falling ball (15 mm)
—&—Couette (10 s-1)
—a— Couette (30 s-1)

10000

1000

100

10

1
0 0.5 1 1.5 2
mass fraction (%)

Fig. 3 Falling ball and Couette viscosity (at matched average shear)
for various concentrations of biofibre in water. 10 s~! corresponds to
the 15 mm falling ball. 30 s™! applies to proppant dimension parti-
cles. See text for full discussion
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of real proppant dimensions) then we find ourselves at
around a shear value of 30 s~'. Turning to Fig. 2 we see that
we are in the middle of the viscoelastic “hump” which has
been identified above for the biofibre. Figure 3 shows the
extrapolated behaviour for such a proppant size particle. The
viscosity now deviates upward by an order of magnitude for
concentrations above 0.5%. We can expect a similar order of
magnitude increase for these particles in falling ball mode.
(This is quite apart from any effects due to the ensemble of
many proppants.) The reason for this effect is purely the
viscoelastic enhancement shown by biofibres and not obtain-
able with guar gum.

The viscoelastic peak can be specifically accessed by
oscillatory rheology. A sinusoidal shear deformation was
applied at a frequency increasing from 1 to 100 rad/s and

the resulting stress response was measured. The viscoelastic
behaviour can be characterized by a storage modulus (G")
and loss modulus (G") that indicate the solid-like and fluid-
like behaviour, respectively, as described by Weitz et al.
(2007). Figure 4a shows the storage modulus and loss modu-
lus for a strain of 0.5 rad and 0.05 rad for biofibre 1.0 wt%.
The loss moduli are relatively constant for both strains
except at high frequencies (shear rates). (This also applies
to the storage modulus for the low strain measurement.)
This significant fluctuation is associated with the storage
modulus at the higher strain. This indicates that over most of
the range the solution is viscous since G”">>G'. However, a
cross over occurs at a frequency of 40 s~ (indicated by the
dotted line). This change from fluid-like viscous to solid-like
elastic behaviour is typical for viscoelastic solutions where

Fig.4 a Storage and loss modu-
lus as a function of frequency
for biofibre 1.0 wt% at a strain
of #=0.5 and §=0.05 and b
the corresponding characteristic
fluid times of biofibre at differ-
ent mass fractions in water

oG, 0=0.5rad
oG", 0=0.5rad
BG,0=0.05rad °
n = . -
0G", 6=0.05rad .i!l:l

=
T

u[u]a]u]a]ufa]s
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it is associated with shear-induced structures. By analogy,
we argue that shear leads to fibre entanglement leading to
a “springier” response of the fluid than would be expected.
Ultimately, as shear increases though, the structures will not
be able to sustain this and the fibres align classically with
the flow as we saw in Fig. 2 above. The corresponding cross
over for the lower strain of 0.05 rad requires a higher rate
and this occurs at 71 rad/s (indicated by the second dotted
line). The characteristic fluid time, 74, can be calculated for
each cross-over point as,

1
é(tan(5)= g - 1)

Tq =

(10)

with @ the angular frequency at tan (§) = 1, defined by an
equal storage and loss modulus. In accordance with previous
studies of the Deborah number of these solutions (Dogon
and Golombok 2016b), Ty is lower for lower strains, i.e., at
smaller strains the solutions are less “fluid”. This suggests
that higher strains promote fibre entanglement and forma-
tion of complex networks, resulting in a more solid-like
behaviour.

Pressure-driven flow

The effective viscosity was measured in laminar pressure-
driven flow using the Darcy flow set-up discussed in “Meth-
ods”. A velocity vs. pressure drop response is shown in
Fig. 5a for a 1.0 wt% biofibre mass fraction. This shows a
non-linear increase of velocity over the pressure drop (seen
for all mass fractions). A non-dimensionalized viscosity can
be defined by the introduction of a resistance factor, which
is demonstrated by Sorbie (1991) (Fig. 6). The resistance
factor is defined as

APy ”f)
rRF=(—L) =(<
<AP0>M <M0 u (11)

where AP is the pressure drop in the experimental set-up
with biofibre and AP, the pressure drop of the base fluid of
biofibre solution, i.e., water. This results in a dimension-
less ratio between the viscosity of biofibre, u.;, and water,
Ho ~ 1 mPa s. ata constant flow velocity so that the number
corresponds to the effective viscosity in mPa s. This non-
linear velocity increase corresponds to a non-linear decrease
in viscosity plotted in Fig. 5b.

It was difficult to obtain overlap in pressure, however,
overlap does exist for different flow velocities as indicated
in Fig. 5 enabling application of the resistance factor given
in Eq. 10. As we are concerned with higher flows for both
the proppant placement and fracture flow control applica-
tion, we choose the higher (6 cm/s) velocity to demonstrate

the effective viscosity as a function of permeability for a
conduit and capillary flow (Fig. 6). The former is more
realistic for application purposes and indicates a constant
viscosity with the guar gum reference having the highest
flow viscosity—although this is of course with full cross-
linkage prior to viscosity breaking.

The Couette rheometer values of viscosity are much
higher than for the falling ball or Darcy flow, e.g., for
biofibre 1.5 wt% values of 0.1-28 Pa s are measured in the
Couette cell whereas in Darcy fw it is 4-40 mPa s. Note
that in both Darcy and falling ball methods, there are a
wide range of shear rates present whereas the Couette cell
subjects the fluid to a single shear rate at any time (Reu-
vers and Golombok 2008). The wall shear rate is an indi-
cator for a bulk shear rate in Darcy flow and this yields a
range of 50-3000 s~!. For the lower mass fractions, higher
shear rates were present at the wall and these better match
the falling ball and Couette viscosities. For example, for
biofibre 0.5 wt%, a viscosity of 3.6 mPa s was measured in
a conduit of 2 mm. This corresponds with a wall shear rate
of about 400 s~!, which for the Couette rheometer results
in a viscosity of about 4 mPa s. The viscosities are similar
for falling ball and pressure-driven flow results. Both share
the characteristic application of different shear rates to the
material. For the cross-linked guar gum, the viscosity in
Darcy flow seems to be lower, which is probably due to a
higher average shear rate.

Finally, we note that in this study, we have not specifi-
cally considered temperature effects. The study here was
conducted at room temperature, however, for subsurface
application we need to consider the effect of the elevated
temperatures associated with reservoirs in the range 60 °C.
Viscoelastic surfactant solutions are notorious for their
loss of effect as the temperature is raised. This is because
they consist of molecular assemblies such as worm-like
micelles which disintegrate as soon as the temperature
is raised, i.e., they are Brownian suspensions. In theory,
the applied shear effects disturb the equilibrium which is
restored at rates defined by the diffusivity (Larson 1999).
This is determined by the Stokes—Einstein relationship
to be proportional to temperature. However, in our case,
we are above the concentration, size and aspect ratio of
fibres associated with dilute Brownian behaviour. None-
theless, there is an analogy here with worm-like micelles
in that induced shear leads to some entanglement in the
fibres which contributes to the viscoelastic effects we have
observed. The behaviour under enhanced temperatures is
the subject of current study.

The basic structures are geometrically similar. Worm-like
micelles are analogous to microfibres. The molecules mak-
ing up the micellar chain in the former are easily aligned but
also broken up by shear. The fibres, however, consist of fixed
permanent saccharides solidly attached by strong covalent
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bonds. Unlike worm-like micelles, they are not held together
merely by transient polar attraction. The fibres are similar
to the worm-like micelles, however, in that they respond to
flow-induced forces. This implies that they are less affected
by temperature (see below).

Conclusion

1. Cellulose “biofibre” suspensions show shear-thinning
behaviour with a range of intermediate shear thickening
associated with viscoelasticity. The different (shear thin-
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Pressure drop
[mbar/m]

(b)

ning and shear thickening) regimes agree with a power
law model.

The viscosities in the falling ball and Darcy flow tend
to be 1 to 2 orders of magnitude lower than the Couette
equivalents, even at the high shear ends of the shear-
thinning curves.

Increasing fibre concentration affects Couette viscosity
rather more than the application representative viscosity
measurement (i.e., falling ball and Darcy)

The viscoelastic effect is confirmed with elastic effects
predominant at frequencies above 40-70 hz correspond-
ing to the enhancements in steady state Couette flow.
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Fig. 6 Effective viscosity in pressure driven flow at a velocity of 6 cm/s for a a conduit and b capillaries a function of permeability for biofibre at
different mass fractions in water and a cross-linked guar gum reference measurement

5. There is clearer differentiation at different concentra-
tions for conduit rather than capillary flow. This sug-
gests a surface volume effect which could be fruitfully
explored by further increasing concentration.

6. The viscoelastic effects suggest application in highly
fractured reservoirs or fracking in tight reservoirs since
the flow response obviates any need for cross-linkers or
viscosity breakers. (Control of permeable matrix flow
is not possible with this material as it cannot perme-
ate porous matrix—and thus no filter cake is formed as
often happens with polymer materials.)

7. Further work is aimed at assessing temperature effects:
these materials are much less sensitive to increased tem-
perature which make them easier to apply under reser-
voir conditions. This is expected to provide considerable
advantage when ensembles of particles are used.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
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Creative Commons license, and indicate if changes were made.
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