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ABSTRACT

Fiber additions can improve the performance of well construction fluids, such as drilling
fluids and completion fluids, by reducing fluid loss to permeable formations and improving
hole cleaning. Fibers can also impart ductility to hardened cements, and improve its re-
sistance to tensile crack propagation. Polyvinyl alcohol (PVA) fibers have been identified
as an interesting addition for well cement slurries, but its impact on the rheological prop-
erties of the suspension has not been studied before. To this end, we study the viscosity
and friction pressure of Newtonian and non-Newtonian fiber suspensions with increasing
concentration of PVA fibers. We report viscosity measurements of the suspensions using
an eight-speed viscometer equipped with a narrow gap and a wide gap Couette geometry,
and fit measurements to constitutive viscosity models. Subsequently, friction pressure
measurements for the fiber suspensions are acquired from a pipe flow loop and compared
to predictions based on the viscosity characterization. We find a small viscosifying effect
of increasing fiber concentrations. Friction pressure measurements for the non-Newtonian
fiber suspension are in excellent agreement with theoretical predictions for generalized
Reynolds numbers over three orders of magnitude.

INTRODUCTION

The rheology of fiber suspensions is of great importance for the paper-making industry
and for the production of fiber reinforced polymeric materials. Fibers are also routinely
used as additives in well construction fluids to improve hole cleaning and to reduce fluid
loss to permeable formations. As the shape of fiber particles is often rod-like, with a high
length to diameter ratio, fiber particle interaction and flocculation become prominent at
low fiber concentrations. Indeed, concentrations of less than 0.1% of high-aspect ratio
fibers have been found highly effective in improving hole cleaning in deviated wellbores
due to the formation of a fiber mat network in the suspending fluid.!

For effective application of fibers in well construction fluids, it is important to under-
stand how fiber additives affect the rheological behavior of the suspension, and whether
fiber particles flocculate or remain dispersed. Previous work focusing on the impact of
fibers on rheological properties has found that the concentration and shape of fiber par-
ticles affect both the viscosity of the suspension®?® and also the velocity profile and the
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particle distribution in Poiseuille flow.*5 Similar to shear-induced migration of spherical
particles,® fiber particles tend to concentrate in regions of low shear rate in Poiseuille
flow,* i.e. toward the center of the duct. When sheared between parallel plates, recent
research has shown that flexible fiber particles migrate toward the center of the gap.”
Thus, the local fiber concentration is likely lower adjacent to bounding walls, and this
local depletion may impact e.g. viscosity measurement through an apparent wall slip.
Further, as the length of common fiber particles is often similar to the gap width in con-
ventional cylindrical Couette viscometers, the measurement geometry may also constrain
the fiber particle orientation to a near-parallel alignment with the walls. Constraining
the fiber orientation is considered to reduce the viscosity compared to a fiber suspension
with random particle orientations.’

The present study focuses on the impact of different concentrations of polyvinyl alcohol
(PVA) fibers on the viscosity and friction pressure of a Newtonian and a non-Newtonian
suspending fluid. This type of fiber has been shown to enhance the performance of
hardened well cement,® but its impact on rheological properties is still unexplored. In
preparation of tests with actual cement systems, we report results acquired with model
non-hardening fluids with different concentrations PVA. We measure the fiber suspension
viscosity using both a narrow gap and a wide gap viscometer geometry to probe any gap
width dependency on the viscosity. The results are then compared to measurements of
laminar friction pressure when the fiber suspensions are circulated through a pipe.

EQUIPMENT AND METHODS

We study fiber influence on viscosity and friction pressure gradient in a Newtonian fluid
and in a polymeric, shear thinning fluid. The Newtonian fluid was prepared by mixing
glycerol and tap water at a fraction of 9:1 by volume. The xanthan gum solution was
mixed by adding concentrated, liquid xanthan gum to water to achieve a 3% volume
fraction of liquid xanthan gum. As fiber addition, we have studied different volume
fractions of Kuralon RMS702 PVA fibers, manufactured by Kuraray. The nominal length
of the fibers is 6 mm, and the nominal diameter is 27 pm, producing a considerable aspect
ratio of approximately 222. The fiber contents used in our study were 0.25% and 0.5%,
which is in the semi-dilute to concentrated fiber suspension regime.? Although xanthan
gum solutions are normally considered shear thinning fluids, we anticipate that increasing
fiber concentrations can promote yield stress behavior in the fiber suspension. To this end,
we will base the analysis below on the Herschel-Bulkley model, n(¥) = 7,/% + K",
where 7 = 7/% is the shear date-dependent viscosity of the fluid, and 7 and 4 denote
the shear stress and the shear rate, respectively. Further, 7,, K and n are yield stress,
consistency index and the flow behavior index, respectively.

Viscometer

A Fann 35 oilfield viscometer has been used to measure the viscosity of all suspensions.
The viscometer consists of a rotating, outer cylinder and a static inner bob that is attached
to a torsional spring (F1), and that enables measurement of the torque on the bob. The
most common rotor-stator combination for this viscometer is denoted R1-B1, consisting of
a stator (B1) with radius @ = 17.245 mm and rotor (R1) with radius b = 18.415 mm. This
combination produces a narrow measurement gap of 1.17 mm. While the R1-B1 geometry
is suitable for most conventional well construction fluids, such as drilling fluids and cement
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slurries, the relatively narrow gap may restrict the orientation of the slender PVA fibers
utilized in this study. Consequently, we have also utilized a wide gap geometry where
the standard stator (B1) is exchanged with a smaller stator (B2) of radius of a = 12.276
mm. The resulting R1-B2 geometry produces a measurement gap width of 6.139 mm,
which is similar to the nominal fiber length. We note that the fiber orientation may still
be restricted, even if the gap is now larger than the nominal fiber length. Further details
for the measurement geometry is sketched in Fig. 1la. The B1 and B2 stators both have
a flat bottom surface, a measurement gap of height h = 38 mm, and a coned top surface
that makes an angle 30° to the horizontal direction.

38 mm

B1: 17.245 mm
B2: 12.276 mm

(a) Dimensions of the R1-B2
measurement, geometry. (b) Fluid tank and progressive cavity pump

FIGURE 1: The Fann 35 viscometer with the R1-B2 wide gap measurement cell is used for characterizing
the non-Newtonian fiber suspensions.

Non-Newtonian corrections to shear stress and shear rate

The viscometer used in this study to characterize fiber suspension viscosity is a direct
reading apparatus, where the torque on the stator is measured at different, fixed angular
velocities of the outer cylinder. Conventional conversion factors for converting the torque
and the angular velocity to corresponding shear stress and shear rate at the wall of the
bob are normally based on the assumption that the test liquid is Newtonian. As discussed
by e.g. Lac and Parry® and Skadsem and Saasen,'® the conventional conversion factors
are not always suitable for non-Newtonian test liquids, since now the shear rate in the gap
and the stress over the ends of the stator both depend on the liquid viscosity. Specifically,
the measured torque 7T is due to the wall shear stress acting over the submerged surfaces of
the stator, i.e. over the main cylindrical body, the flat bottom surface and the coned top
surface (neglecting the topmost, thin shaft), as illustrated in Fig. 1la. Now, T' is normally
converted to an equivalent wall shear stress 7, acting over the cylindrical part of the
stator as 7, = T'/(2ma?h) (14 ¢) ™!, where ¢ is a numerical correction factor that accounts
for the end effects, i.e. the shear stress acting over the bottom flat surface and over the
coned top surface. A factor of ¢ = 0.064 is normally assumed for the standard R1-B1
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measurement geometry.? As shown by Lac and Parry in their computational study, ¢ will
generally also depend on the flow behavior index, n, and on a Couette-Bingham number,
B = 71,/(KQ"), with Q the angular velocity of the rotor. For the current study, we use
the geometry-dependent fitting functions for ¢(n, B) as provided in the supplementary
material to Ref. 9.

The second consideration when testing non-Newtonian liquids in viscometers is the
determination of the true wall shear rate. When sheared in the gap, the wall shear rate
at the stator is to be determined by the velocity profile of the liquid. For Newtonian
fluids, the wall shear rate is simply determined by 2 and the aspect ratio k = a/b, i.e.
Awn = 202/(1 — k?). For non-Newtonian fluids, the gap-wise velocity profile depends on
the viscosity of the fluid. Thus, the actual wall shear rate is, as per the end correction
discussed above, unknown at the time of measurement. In the following, we have corrected
the wall shear rate by assuming a priori that the test liquids are Herschel-Bulkley fluids,
and calculate the non-Newtonian wall shear rates according to Ref. 10.

The two non-Newtonian corrections described above make the problem of identifying
the flow curve non-trivial. In this study, we utilize the Levenberg-Marquardt algorithm
to iteratively search for the Herschel-Bulkley parameter combination that minimizes the
residual sum of squares of the shear stress. The algorithm is initialized with a first guess
for each of the model parameters, which in turn are used to convert 7" and €2 to shear
stress and shear rate, as described above. The algorithm next uses the Gauss-Newton
and gradient descent methods to obtain improved model parameter values that reduce
the residual sum of squares. This procedure is repeated until convergence.

Pipe flow loop

For friction pressure measurements of the fiber suspensions, a flow loop consisting of
a pipe test section of D = 21 mm inner diameter has been used. A progressive cavity
pump, shown in Fig. 1b, has been used to produce flow with no measurable pulsing effects.
The friction pressure has been measured using sensors with a measurement range up to
1300 millibar. The two pressure sensors are spaced 150 cm apart, and the first sensor is
positioned 70 cm downstream of the pump to allow flow development. A total volume
of 17 liter of fiber suspension has been prepared for each test. Samples for viscosity
characterization have been collected from the mixing tank connected to the pump.

For fully developed axial flow, the shear stress at the pipe wall, 7, is linked to the
pressure gradient, dp/0z, as follows: 7, = (Op/0dz)D/4. The Darcy friction factor, f =
87,/ (pV?) with p the fluid mass density and V' the bulk velocity, is convenient for hydraulic
analyses, since f = 64/Re in laminar flow of Newtonian fluids. Here, Re = pV D/u the
Newtonian Reynolds number for pipe flow. When considering non-Newtonian fluids, a
generalized Reynolds number is introduced, Re,, that produces the same expression for
f in the laminar regime, i.e. f = 64/Re,. As shown by Madlener et al.,'! the generalized
Reynolds number for a Herschel-Bulkley fluid is:

8pV2

Re, = 1
€g Ty+K(3m+1;wa)n7 ( )

am

with 4,x = 8V/D equal to the Newtonian wall shear rate, and m = nK4] v /(1,+ K70y )-
Thus, if the actual and the predicted friction pressure gradients are in agreement, the
measurements should fall on a single f = 64/Re, curve, where now Re, is calculated
using the flow curves measured with the viscometer.
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Considering the first sensor being 70 cm downstream of the pump, we use the power
law correlation developed by Poole and Ridley!? as guide for development length for
having fully developed flow. That is, we assume Xp/D ~ 0.0567Re, is a reasonable
approximation for the ratio of development length, Xp, to inner pipe diameter at Re, g
100. As this correlation was developed for power law fluids, Re, is as per Eq. (1), but
with 7, — 0. Although the fiber suspensions to be studied in this work may develop
yield stress behavior, we assume the correlation still provides a reasonable approximation
for the development length. Setting Xp = 70 cm, we require Re, 5 588 to have fully
developed flow throughout the measurement section. Most of the tests reported below
satisfy this criterion, although we will also investigate even higher Reynolds number flows.

VISCOSITY CHARACTERIZATION

We consider in Fig. 2 the flow curves for the xanthan gum solutions in the absence of
fiber particles, and compare the narrow gap (R1-B1) and the wide gap (R1-B2) geome-
tries. The open symbols correspond to the conventional conversion factors for torque
(or dial reading) and rotational speed to respectively shear stress and shear rate. The
filled symbols correspond to the non-Newtonian conversion strategy, as explained above.
The measurements suggest a highly shear thinning fluid that may, in fact, exhibit a yield
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FIGURE 2: Comparison of viscosity measurements of 3% liquid xanthan gum using R1-B1 and R1-B2
measurement geometries. The open symbols correspond to conventional conversion factors for torque and
rotational speed. The filled symbols correspond to the non-Newtonian (Herschel-Bulkley) conversion to
shear stress and shear rate.

stress (even if xanthan gum solutions are normally considered shear thinning with no
yield stress). Further, since the xanthan gum solution does not contain fiber particles,
we expect no geometry effects in the properly corrected flow curves. Interestingly, we
observe a considerable difference between the R1-B1 and R1-B2 flow curves when consid-
ering the conventional conversion factors (open symbols, dashed lines), with the R1-B2
showing consistently higher effective viscosity compared to R1-B1. After performing the
non-Newtonian end effect and shear rate corrections, however, we observe a much better
agreement across the geometries (filled symbols, solid lines). As seen in the figure, the
corrections result in larger shear rates and smaller shear stresses compared to the con-
ventional conversion factors at a given rotational speed and dial reading. Although the
fitted Herschel-Bulkley models, shown here as solid lines, deviate at large shear rates, the
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measurements (after correction) are found to be in good agreement. Finally, the wide gap
geometry (R1-B2) involves larger magnitude corrections, both in terms of shear stress and
shear rate. We link this observation to the shear stress variation with radial position, r,
in the measurement geometry, viz. 7 ~ r~2, which results in larger stress variations when
measuring with R1-B2 compared to R1-B1. Thus, accounting for non-Newtonian effects
are increasingly more important for highly non-Newtonian fluids, but also within wider
concentric cylinder geometries.
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FIGURE 3: Fann 35 measurements using R1-B1 (filled symbols) and R1-B2 (open symbols) measurement
geometries. All measurements have been corrected for non-Newtonian shear rates and end effects.

In Fig. 3, we plot flow curves for glycerol (a) and xanthan gum (b), with different con-
centrations of PVA fiber. Now only data points with the non-Newtonian corrections are
shown, and filled symbols correspond to R1-B1 measurement geometry and open symbols
to R1-B2. We first note that addition of fiber to glycerol appears to retain the Newto-
nian characteristic of the suspending liquid; consequently, we have used the conventional
(Newtonian) conversion factors when correlating 7" and 2 to shear stress and shear rate
in Fig. 3a. Focusing first on measurements from R1-B1, we observe practically no viscosi-
fying effect of fibers at 0.25% concentration. Surprisingly, the viscosity in fact decreases
when the fiber content is increased to 0.5% concentration. For R1-B2, shown by the open
symbols, we observe the opposite trend, ¢.e. a consistent increase in viscosity with in-
creasing fiber concentration. The flow curves in Fig. 3b for xanthan gum solutions exhibit
pronounced shear thinning and behavior indicative of non-zero yield stress. For both R1-
B1 and R1-B2 geometries, we observe a slight tendency for higher effective viscosities as
the fiber concentration increases, although the effect is generally small. Surprisingly, the
xanthan gum solution with no fibers, as measured in the R1-B2 geometry (open squares),
produces a flow curve that is significantly lower than the other measurements at shear

rates above approximately 300 s~

FRICTION PRESSURE LOSS MEASUREMENTS

Measurements of friction pressure when circulating glycerol and xanthan gum fiber so-
lutions have been converted to the Darcy friction factor f, and are compared to the
theoretical result f = 64/Re, in Fig. 4, with Re, given in Eq. (1). In all cases, the vis-
cometer measurements in Fig. 3 are used to calculate the generalized Reynolds number
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at a given flow rate. We observe from Fig. 4a that it is generally the viscosity obtained
from the narrow gap geometry (R1-B1, filled symbols) that produce the better agree-
ment for glycerol solutions. Good agreement is observed up to 0.25% PVA for Reynolds
numbers from about 20 and up to approximately 200. We recall from Fig. 3a that the
highest fiber concentration resulted in an apparent drop in viscosity when measured with
the narrow gap geometry. When comparing to the theoretical friction factor curve, the
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FIGURE 4: Darcy friction factor for laminar pipe flow for the glycerol solutions (a) and the xanthan gum
solutions (b). The Reynolds numbers are based on the Fann 35 measurements with either the R1-B1
geometry (filled symbols) or the R1-B2 geometry (open symbols).

Reynolds number appears to be overestimated for measurements with 0.5% PVA fiber.
The opposite trend is observed when basing the Reynolds number on the wide gap (R1-
B2) viscometer measurements; in Fig. 3a a gradual increase in viscosity was observed
with increasing fiber concentration. The friction pressure measurements in Fig. 4a sug-
gest that the corresponding Reynolds numbers are under-estimated. The measurements
taken with the different xanthan gum solutions shown in Fig. 4b are in good agreement
with the theoretical prediction over the full range of Reynolds numbers considered. We
observe a slight deviating trend at the highest Reynolds numbers for the xanthan gum
solutions without fibers when basing the generalized Reynolds number on the wide gap
(R1-B2) viscometer measurements. The deviation is considered linked to the lower effec-
tive viscosity for this sample in Fig. 3b, particularly at high shear rates. Finally, we recall
that the criterion for fully developed flow at the first pressure sensor was estimated to
Rey < 588. The agreement between measured and predicted friction factor for Re, up to
1000 suggests that at least the friction pressure gradient has been largely developed up
to the first pressure transmitter.

CONCLUSION

Our study has shown that increasing concentrations of polyvinyl alcohol (PVA) fibers
result in a slight increase in the viscosity of the suspension when measured with the
narrow gap geometry, and a larger increase when testing the fiber suspension with a
Newtonian suspending liquid in the wide gap geometry. Non-Newtonian corrections for
shear stress end-effects on the stator and for the wall shear rate are essential for obtaining
accurate Herschel-Bulkley parametrizations for the fiber suspensions using xanthan gum
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as suspending liquid. When comparing the viscosity measurements to the laminar pipe
friction pressure measurements, the narrow gap geometry seems to produce the better
match. The friction pressure measurements for the non-Newtonian fiber suspensions were
in excellent agreement with the theoretical friction factor prediction and the viscometer
measurements even at Reynolds numbers up to approximately 1000. Future studies may
assess whether the viscosity measurements are sensitive to wall roughness and whether
the agreement between viscosity and friction pressure measurements also holds in larger
pipe diameters, where particle confinement is reduced. Finally, the impact of PVA on the
rheological behavior of conventional well cement slurries should be studied, along with
the distribution of fibers in hardened cement plugs and annular cement sheaths.
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