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Abstract

A rheometric method based on velocity profiling by optical coherence
tomography (OCT) was used in the analysis of rheological and boundary layer
flow properties of a 0.5% microfibrillated cellulose (MFC) suspension. The
suspension showed typical shear thinning behaviour of MFC in the interior
part of the tube, but the measured shear viscosities followed interestingly two
successive power laws with an identical flow index (exponent) and a different
consistency index. This kind of viscous behaviour, which has not been
reported earlier for MFC, is likely related to a sudden structural change of the
suspension. The near-wall flow showed existence of a slip layer of 2—-12 um
thickness depending on the flow rate. Both the velocity profile measurement
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and the amplitude data obtained with OCT indicated that the slip layer was
related to a concentration gradient appearing near the tube wall. Close to the
wall the fluid appeared nearly Newtonian with high shear rates, and the
viscosity approached almost that of pure water with decreasing distance from
the wall. The flow rates given by a simple model that included the measured
yield stress, viscous behavior, and slip behavior, was found to give the
measured flow rates with a good accuracy.
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Introduction

Recently, there has been a growing interest towards disintegrating pulp fibres to
their elementary fibrils, thereby producing a renewable, recyclable and
biodegradable raw stock for novel cellulosic materials. The disintegration can be
performed using a combination of mechanical grinders, together with chemical
or enzymatic treatments that typically yield an aqueous suspension of fibrils.

The dimensions of the produced fibrils, called micro (nano) fibrillated cellulose
fibres (MFC), can be diverse: the length can vary from hundreds of nanometers
to tens of micrometers (Jonoobi et al. 2015). Thus, the mechanical properties of
MEFC fibres and fibre suspensions are quite different from cellulosic pulp
suspensions, which consist of macroscopic fibres. MFC fibres have a very high
specific surface area, and ability to form a highly porous network. Due to a high
aspect ratio of fibres and strong interfibrillar forces, MFC forms a highly
entangled network already in very dilute aqueous suspensions. Furthermore,
chemical properties of the MFC may vary greatly depending on the applied
methods of disintegration and the source of the raw material (Kalia et al. 2014;
Missoum et al. 2013).

The unique characteristics of MFC, combined with environmental friendliness,
make MFC an interesting target for research. MFC has been found to have a
potential in a wide spectrum of applications, such as strength agents in
papermaking (Osong et al. 2016), barriers in cellulosic products (Lavoine et al.
2012), transparent and conductive composites for printed electronics (Hoeng et
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al. 2016), rheology modifiers and stabilizers (Dimic-Misic et al. 2013),
nanocomposites (Sir6 and Plackett 2010), and 3D printing (Markstedt et al.
2015; Shao et al. 2015).

A frequently noted issue in processing of MFC suspensions is their complex
rheological behaviour. Rheological information is critical in the design and
operation of e¢.g. pumping, mixing, storage, and extrusion processes. Thus, bulk
rheology of MFC suspensions has been a popular subject of discussion (Naderi
and Lindstrom 2015; Nazari et al. 2016; Kumar et al. 2016). Furthermore, much
rheological research has been dedicated to characterization of MFC suspensions
produced by diverse disintegration methods, as well as by using different sources
of cellulosic fibres (Agoda-Tandjawa et al. 2010; Chen et al. 2013; lotti et al.
2011; Lasseuguette et al. 2008; Padkko et al. 2007). The results have shown that
MFC suspensions tend to form a strong gel, which shows yield stress, shear
thinning, hysteresis, and thixotropy already in very low mass concentrations. In
addition to the mass consistency, a strong relation between rheological
parameters and pH of the suspension, together with presence of some additives
has been reported (Paiakko et al. 2007; Sorvari et al. 2014; Vesterinen et al.
2010). A recent study has shown that the dimensions of cellulosic elements as
well as their surface character are important parameters, which affect the
rheological behaviour of MFC significantly (Moberg et al. 2017).

Similarly, to pulp fibres or particle suspensions in general, MFC suspensions are
also prone to wall depletion (Barnes 1995). The fibrils tend to migrate away
from the walls of the conduit due to geometric effects and hydrodynamic lift
forces. This phenomenon is not just of academic interest; it has also a significant
practical relevance (Cloitre and Bonnecaze 2017). For example, in a pipe flow,
the water-rich layer thus formed may lead to a significant apparent wall slip,
which increases the volumetric flow rate of the MFC suspensions considerably
(Haavisto et al. 2015). (Notice that in the literature, and in this paper, ‘apparent
(wall) slip’ 1s for practical reasons usually called simply ‘(wall) slip’. When
using a velocity profiling technology with too low spatial resolution, the velocity
profile may apparently slip at the wall although the no-slip boundary condition
still holds in a microscopic level. Moreover, in numerical analysis slip models
are often used for describing the effect of wall depletion on macroscopic flow
behaviour.) Furthermore, wall depletion affects the interpretation of rheometer
data, as the measured result depends not only on the actual ‘bulk’ rheological
properties, but also on the sometimes intricate boundary layer behaviour of the
flow in the particular device being used (Haavisto et al. 2015; Karppinen et al.
2012; Kumar et al. 2016; Nazari et al. 2016). Especially low shear rates are
prone to slip flow that can introduce a significant error in the rheological
measurements (Nechyporchuk et al. 2014; Saarinen et al. 2014). When
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performing rheological measurements with MFC, observations of apparent wall
slip, and another complex rheological phenomenon, shear banding (Martoia et al.
2015; Olmsted 2008), have, however, been discussed in relatively few studies.

Nowadays a quite established technique, optical coherence tomography (OCT)
(Huang et al. 1991), has been demonstrated to accurately measure flow velocity
of turbid and opaque fluid at the vicinity of the wall of the conduit (Wang et al.
1995). The opaque fluids have included e.g. Intralipid (Wang et al. 2004b; Yang
et al. 2003), blood (Bukowska et al. 2013; Moger et al. 2004), and polymer and
colloidal suspensions (Jia et al. 2009; Wang et al. 2004a). Recently, it has been
shown that the OCT is a great tool to be used in rheological measurements
(Harvey and Waigh 2011; Jaradat et al. 2012; Lauri et al. 2011a) and well suited
to study the complex rheology of MFC suspensions (Haavisto et al. 2015;
Saarinen et al. 2014; Salmela et al. 2013). The latest developments in OCT
technique have combined a one-micron axial resolution with a high measurement
speed and a sensitivity (Robles et al. 2011; Yadav et al. 2011), which enable very
detailed studies of boundary layer dynamics of complex suspensions.

There are few studies where the dynamics of the depletion layer has been
measured explicitly for MFC suspensions, and all of them have utilized OCT.
(Saarinen et al. 2014) applied OCT in combination with a rheometer, but only
for imaging purposes. (Salmela et al. 2013) measured the velocity profile close
to the wall in a pipe flow, but quantitative analysis of rheology remained in a
preliminary level. The emphasize of (Haavisto et al. 2015) was in demonstrating
the use of OCT and pulsed ultrasound velocimetry for rheological
characterization of MFC.

In this study, we use a combination of pipe flow and pressure loss measurement
with a high-speed, sub-micron resolution OCT device for investigating the
rheology and structure of a 0.5% MFC suspension. The goal is to fully utilize the
capabilities of OCT in measuring high-resolution velocity profiles and to
perform the rheological analysis rigorously. In addition to analysing the bulk
rheology (yield stress and viscous behaviour), the wall layer dynamics of the
suspension is studied in detail. The benefit of performing the rheological
experiments in a real process geometry in a combination with an apparent slip
measurement is demonstrated by comparing the results with earlier rheometer
studies, and by introducing a simple flow model, that predicts the volumetric
flow rate of the MFC suspension with a good accuracy.

Materials and methods

Microfibrillated cellulose
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The microfibrillated cellulose samples were prepared from never dried bleached
kraft birch pulp via grinding three times in a supermasscolloider (Masuko
Sangyo, Japan). Prior to grinding, the pulp was changed to its sodium form and
washed with deionized water to obtain an electrical conductivity less than

10 S/cm, according to a procedure introduced by (Swerin et al. 1990). The dry
matter content after grinding was 2 wt%. For the rheological experiments, MFC
samples were diluted with deionized water to mass concentration of 0.5 wt%. An
image of the MFC fibers is shown in Fig. 1.

Fig. 1

An image of the microfibrillated cellulose used in this study. The distributions of

length and width are very broad

Optical coherence tomography

OCT is a light-based imaging method, which enables accurate non-contact
measurement of a scattering material (Huang et al. 1991). OCT uses interference
of a low coherence light to record depth-dependent reflectivity profile (A-scan).
By lateral scanning and combining A-scans, 2D cross-sectional and 3D
volumetric images can be generated. In addition to structural imaging, velocity
information can be retrieved simultaneously—this imaging mode is often referred
as Doppler OCT (Wang et al. 1995; Zhao et al. 2000). Doppler OCT enables a
high-resolution measurement of velocity profiles close to a conduit’s wall.
Therefore, it is well suited to accurately study the boundary layer flow behaviour
of complex fluids with appropriate optical properties (Bonesi et al. 2007; Lauri
et al. 2011b; Wang 2004). In the case of flow measurements, a commonly used
method is the so-called M-mode, in which the probing beam is held at the same
location and data is acquired over a certain period with a constant sampling rate.
In M-mode, faster transients can be observed and signal-to-noise-ratio is
improved due to averaging. When OCT 1s combined with pressure loss (e.g. pipe
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flow) or shear stress (e.g. rotational rheometers) measurements, velocity
profiling (i.e. calculation of local viscosities of the studied fluid) becomes
possible.

The laboratory-built spectral domain OCT device described in Refs.
(Czajkowski et al. 2012; Lauri et al. 2015) was used in this study. This device
has an axial resolution of 0.9 pm in water. A maximum scanning depth is

365 um in water and consists of 1024 pixels resulting in a native pixel resolution
of 0.36 um. The experiments were done in M-mode and Doppler phase was
calculated from a phase difference of adjacent A-scans (Yang et al. 2003; Zhao
et al. 2000). An axial scan rate was set according to the current flow rate in order
to avoid the 2w ambiguity in Doppler phase calculation. The set scan rates varied
between 31 and 123 kHz (the maximum of the device). The Doppler phase, used
in velocity calculation, was determined by calculating a histogram from 50,000
phases for each depth separately. The obtained histogram was fitted with a
Gaussian distribution of which peak location indicated the value of the Doppler
phase. The goodness of this fit can vary quite a lot but the fitting enables
recovery of the centroid Doppler phase with a very good accuracy even in such
cases where the signal-to-noise ratio is low. The obtained phases along the OCT
beam were converted to axial velocities according to the normal procedure

(Yang et al. 2003).

Pipe rheometer

The pipe rheometer configuration was similar to the one presented in (Haavisto
ct al. 2015; Salmela et al. 2013). The MFC sample was fed through an optical
grade glass pipe with a length of 1440 mm, an inner diameter of D = 8.6 mm and
a wall thickness of 2.5 mm (see Fig. 2). A plastic container with an inner
diameter of 8.6 cm and volume of 1.3 1, filled with a sample, was connected to
the glass pipe with a rubber hose having an inner diameter of 11.5 mm. The
container was connected to a compressed air source via a pressure regulator. A
steady and pulsation-free flow was induced by keeping a constant overpressure
in the container. The flow rate was controlled and adjusted with both a manual
valve after the glass pipe and the set overpressure. The highest applied
overpressure equalled 1 bar. The mass flow rate was acquired with a computer
controlled laboratory-scale and the corresponding pressure drop, was measured
with a differential pressure sensor (2051, Emerson Process Management). The
pressure sensor was connected with hoses into two holes (L1 and L3, see Fig. 2)
having a diameter of 2 mm. The holes were drilled at a distance L = 840 mm
apart and the first one was located at 450 mm from the inlet. The experiments
were performed at the room temperature of 22 degrees (water viscosity was thus
0.95 mPas).
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Fig. 2

A schematic of the pipe rheometer
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The OCT imaging was performed at the distance of 950 mm (L2, see Fig. 2)
from the pipe inlet. The Doppler angle 8 was 85.6 degrees. A flat window was
grind to the pipe surface to reduce specular reflections from the outer surface of
the pipe and to improve the dynamic range of the image. This also reduced the
degradation of the axial resolution due to strong dispersion caused by the glass
wall. The residual dispersion mismatch between the interferometer arms was
compensated by placing a glass slide within the reference arm. For each flow
rate, 50,000 A-scans were acquired using OCT in less than 1.7 s (depending on
the scanning frequency). The time to record the mass flow rate and the pressure
drop varied between 5 and 20 s. At the highest flow rate, the container was
emptied during a single measurement.

Results

Pressure loss

Figure 3 shows the pressure gradient of the 0.5% MFC suspension as the
function of the flow rate in the pipe. At low flow rates (below 30 ml/min, see the
inset picture) the MFC suspension behaves like a Bingham fluid: it remains
stationary until the pressure gradient exceeds 500 Pa/m, above which the
pressure gradient depends linearly on the flow rate. With higher flow rates, the
slope of the flow rate-pressure gradient curve decreases rapidly with increasing
flow rate indicating that the rheological behaviour of the MFC suspension is
shear thinning.

Fig. 3
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Pressure gradient as a function of flow rate. The dashed line is the power-law fit
VP = KQ" (with coefficients K = 470, n = 0.36). The solid line is a linear fit to
the 6 lowest flow rates
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During the flow of suspension, the wall shear stress is 7,, = DVP/4, where D is
the diameter of pipe and VP is the pressure gradient in the pipe. The maximum
is defined as the threshold value of the

wall shear stress, above which the contact between the tube wall and the

wall shear stress of a suspension, 7.,
suspension bulk is lost. In these experiments, the maximum wall shear stress was
determined from the intercept of the pressure gradient axis with a linear fit to the
6 lowest flow rates (see the inset in Fig. 3). The obtained value 7,, = 1.1 Pa
coincides with earlier measurements in a vane-in-cup rheometer with a
polymethyl methacrylate (PMMA) surface for an identical MFC suspension
(Saarinen et al. 2014).

Measured velocity and amplitude signals

Figure 4 shows an example of the measured velocity and amplitude signals at the
flow rate of 503 ml/min. Velocity data could be obtained, in the best case, up to
200 um from the pipe wall, excluding the immediate vicinity of the wall. The
closest point relative to the pipe wall having reliable velocity data was estimated
to be 2 um, below which the profiles were affected by the signal originating
from the wall. This distance is approximately two times the axial resolution of
the used OCT. The loss of resolution at the wall is most likely due to the residual
dispersion mismatch between the interferometer arms.

Fig. 4

An example of a measured flow velocity profile (Q = 503 ml/min) together with a
corresponding OCT amplitude signal
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Figure 5 shows the velocity profiles at various flow rates, as measured by the
OCT. Close-up graphs of the profiles in the close proximity to the wall are also
shown. For the lowest flow rate of 9 ml/min, the velocity profile corresponds to
a pure plug flow in the whole pipe, excluding a yielding marginal wall layer of a
few microns in thickness. At higher flow rates, the yielding area widens and the
velocity profiles consist of three distinctive parts. In the outer (bulk) region, at
the distances greater than 15 um, the slope of the profile (shear rate) is small. In
the region of 2—15 pum the velocity profile is rather steep and approaches zero
towards the wall. In the immediate vicinity of the wall (distance 0—2 pm) the
velocity drops abruptly to zero. The most natural explanation for the observed
behaviour of the velocity profile is a development of a consistency profile in the
pipe when the distance from the wall 1s smaller than 15 pm.

Fig. S
Examples of the flow velocity profiles (a) and a close-up at the wall (b)
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Parametrization of the velocity profiles

The measured velocity profiles were fitted by the empirical formula

Y

u(y) = Yoy + us (l—e_m) + ug,

where y is distance from the wall and 42 , ug, u, and ), are free parameters
(see Fig. 6). Parameter 4¢ is the apparent shear rate at wall, u¢ and v, are the
apparent slip velocities, and )\, is the characteristic thickness of the apparent
slip layer. The fitting was carried out in the profile region starting from 2 um.
The width of the fitting region varied between 125 and 185 um, being wider at
the higher flow rates. At further distances from the wall, poor signal-to-noise-
ratios (due to the attenuation of the optical signal) and aliasing led to disturbed
velocity profiles. This caused the velocity and amplitude profiles to turn
downwards (see flow rates 9 and 35 ml/min in Fig. 5a, and the amplitude curve
in Fig. 4). The fitted parameters together with the corresponding flow rates and
wall shear stresses are shown in the Table 1.
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Table 1

Q

(ml/min)
6

9
17
24
25
29
35
37
37
42
93
122
158
170
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Tw
(Pa)

1.5
2.0
2.4
3.0
2.9
3.3
3.4
3.6
3.8
3.8
53
6.0
6.3
6.2

0 40
¥ [um]

o
(1/s)

0

0
0
0

N o A

10
14
17
17

B0

ug
(mm/s)

0.6
0.3
2.1
2.2
2.4
2.2
4.4
4.0
3.5
43
9.9
16.1
15.8
28.7

Flow rates, wall shear stresses, and corresponding fitting parameters for Eq. (1)

us
(mm/s)

1.3
2.0
2.4
4.0
3.6
4.4
3.6
5.1
4.3
4.5
9.5
7.5
11.8
1.3

Example of a fitted velocity profile Eq. (1) to the measured velocity values at
Q = 2118 ml/min (solid curve). Also shown are the four free fitting parameters

w
(pm)
3.0
6.5
6.6
9.4
6.6
5.1
4.0
8.6
6.3
6.1
6.9
5.7
5.2
4.6
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(le/min) (Pa) (1/s) (mm/s) (mm/s) (pm)
503 9.5 58 54.2 6.4 7.5
528 9.8 69 54.7 3.7 6.4
745 10.5 177 60.4 5.7 6.4
870 11.2 228 67.4 1.0 5.4
872 11.9 320 70.8 0.7 5.2
1026 11.9 249 69.5 8.7 7.2
1170 12.4 296 73.8 4.5 5.8
2118 15.2 508 86.1 13.3 7.8

Notice that Eq. (1) is almost identical to the one proposed for a more coarse
MEFC suspension in (Salmela et al. 2013). However, here an additional (slip)
parameter g, is needed. Parameter ¢, accounts for the very high slope of the
velocity curves (see Fig. 5b) in the immediate vicinity of the pipe wall (distance
from the wall below 2 um). It seems that the whole wall depletion area consists
in this case of two regions: when going from the bulk region to the wall there is
first a region where the consistency decreases gradually. This is reflected in the
smoothly increasing slope of the velocity profile. Then, when the distance from
the wall is below 2 um, the consistency drops very quickly. With the current
axial resolution of the used OCT setup, the best approximation for the velocity
profile there 1s a linear profile v(y), for which v(0) = 0 and v(2 pm) = u(2 pm).
With higher wall shear rates, this area became almost particle free, which was
reflected in the fluid viscosity that reached that of pure water (see Fig. 10).

Yield stress

Static yield stress, 7y 5, is a material property of viscoplastic fluids defined as
the stress at which the material begins to deform plastically. Prior to the yield
point, the material deforms elastically returning to its original shape, when the
(applied) stress is relaxed. Above the yield point, some structural changes are
permanent and non-reversible. Dynamic yield stress, 1y 4, is the minimum stress
required for maintaining the flow. The static yield stress is most applicable when
looking at initiating flow in a material, for example, in pumping. Dynamic yield
stress values are often smaller than static, and more applicable in applications
for maintaining or stopping flow after initiation. Static yield stress is measured
in a rheometer either by a start-up of a steady shear experiment or by gradually
increasing the stress as a function of time and observing at which point the
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suspension starts to yield (Cheng 1986; Derakhshandeh et al. 2010). Dynamic
yield stress values can be determined from rheometric measurements by fitting a

model to the measured shear stress—shear rate data points. (Dimic-Misic et al.
2016)

In a pipe geometry, the dynamic yield stress can be estimated directly from the
measured velocity profile by determining the radial position where the
suspension plug breaks (Haavisto et al. 2011; Raiskinmiaki and Kataja 2005;
Wiklund et al. 2006). In our case, this is not feasible, as no velocity data is
available from the interior parts of the pipe. We can instead plot the fitting
parameter 4, (apparent shear rate at wall) as a function of the wall shear stress
7,,, to determine at which wall shear stress parameter 4;, becomes non-zero (see
Fig. 7). However, as we see in Fig. 7, an exact threshold cannot be observed.
There is instead a finite shear stress region of ca. 3—4 Pa where 4, has a large
variation. The static yield stress 7y 3 = 3.4 Pa, measured in (Saarinen et al. 2014)
for an identical suspension in a vane-in-cup rheometer, is in the middle of this
region.

Fig. 7

Dynamic yield stress can be estimated by plotting the fitting parameter 4 (the
slope of the velocity profile in the bulk region) as a function of the wall shear
stress. The dashed lines depict the stress region where yielding ends/begins.
(Notice that in the case marked with the open square the apparent shear rate
was for an unexplained reason clearly bigger than expected, although the pressure
loss and the velocity profile close to the wall were consistent with the other
measurement points)
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The lack of a distinct yield stress threshold in Fig. 7 is probably due to
fluctuations around a yield point through continuous break-up and recovery of
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the network structure combined with a limited measurement time. Such
fluctuations may be caused by small variations in shear history and a non-
homogencous floc structure of the sample suspension. Their effect could be
minimized by using longer measurement times and/or repeating the measurement
several times.

As discussed above, the dynamic yield stress, 7y 4, of the suspension can often
be determined by analyzing its shear stress behavior with a rheological model.
Here the most natural candidate for such an analysis is the Herschel-Bulkley
model, 7 = 7y 4 + K+". However, a fit of this model to the measurement points
4 Pa< T, <10 Pa gives 7, 4 = 0. Another commonly used viscosity model for

viscoplastic fluids is the Casson model, 795 = ’7'}9'(? + a4%° (Barnes et al. 1989).

A fit with this model gives 7, 4 = 3.4 Pa, which is remarkably equal to the static
yield stress measured by (Saarinen et al. 2014). As the dynamic and static yield
stresses are here equal, we will talk simply about yield stress, 7, below.

Apparent slip velocity

As seen in Fig. Sa, the measured velocity profiles include a narrow near-wall
region of the order of 15 um, where the velocity profile is very steep and
decreases rapidly to zero. When measured with a lower resolution technology,
such as ultrasound or NMRI, the velocity profile would appear to slip at the wall
with the slip velocity of v, = u% + u, thus apparently breaking the no-slip
boundary condition.

We see in Table 1, that y and u¢ behave differently as a function of wall shear
stress. The slip velocity 42, which is caused by the gradually decreasing MFC
concentration profile when going from the bulk region to a 2 um distance from
the

wall, increases approximately monotonously when the wall shear stress
increases. The slip velocity u,, which 1s caused by the 2 um thick low-
consistency layer in the very vicinity of the wall, increases approximately
monotonically as a function of wall shear stress until it exceeds 6 Pa. With
higher wall shear stress values of v, appears to fluctuate around 6 mm/s—
probably due to sensitivity of fitting to small deviations of the measured velocity
profile. The contribution of y,and u? to the total slip velocity are comparable
when the wall shear stress is below 6 Pa. With higher wall shear stress %
dominates the slip behaviour of the MFC suspensions.

Figure 8a shows the total slip velocity v, as a function of the wall shear stress.
As expected (Cloitre and Bonnecaze 2017), the slip velocity follows a power law
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Vs = STy

with coefficients S = 8.3 x 107™* and m = 1.84. The contribution of the slip
velocity to the total volumetric flow is shown in Fig. 8b. The slip flow is seen to
dominate the volumetric flow with small wall shear stress and it is significant
also with the highest shear stresses. As a comparison, the relative slip for an
identical MFC suspension on a stationary wall of a cylindrical rheometer
geometry (Saarinen et al. 2014) is also shown 1n Fig. 8b. The relative slip in the
pipe and the rheometer are qualitatively rather similar: the relative slip, e.g.,
drops in both cases abruptly, when the yield stress of the MFC suspension is
exceeded.

Fig. 8

a) The slip velocity v, = u, + u? as a function of wall shear stress. A fit of a
power-law vy, = St (with coefficients S = 8.3 x10~* and m = 1.84) is shown
with a solid line. b) The contribution of slip velocity to the total volumetric flow as
a function of the wall shear stress. As a comparison, the relative slip for an
identical MFC suspension on a stationary wall of a cylindrical rheometer geometry
is shown (Saarinen et al. 2014). The dashed line shows the yield stress T, = 3.4 Pa
of the suspension
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The thickness of the apparent slip layer

, 4., fluctuates

We see in Table 1 that the width of the fitted apparent slip layer
quite a lot especially below the yield stress. The fluctuations are likely caused by
the sensitivity of fitting to small deviations of the measured velocity profile. It is
likely, that 4, is approximately constant—of the order of 6 um. This conclusion is
substantiated by the fact that when working on (Salmela et al. 2013) we found
that the width of the fitted slip layer, A, was approximately constant for a 0.4%
suspension of a commercial MFC (Celish® KY-100G, Daicel Chemical
Industries).

However, the quantitative effect of the wall boundary layer on the slip flow and
the flow rate depends also on the intensity of the depletion. The thickness of a
water-rich layer that has real contribution to the apparent slip can be estimated
e.g. by calculating the distance from the wall, below which the velocity profile
v(v) deviates more than a fraction § from the bulk velocity profile

v (y) = vs + y¥o. The results for = 0.2 are shown in Fig. 9. We see, that
increases from 2 to 12 um with increasing wall shear stress. This suggests, that
the slip layer is indeed due to wall depletion caused by hydrodynamic lift forces
and is not e.g. due to geometrical restrictions on MFC flocs.

Fig. 9

The thickness of the water-rich layer that has real contribution to the slip as a
function of wall shear rate (squares). The dashed line shows a linear fit to the
plotted points
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An often-used method for estimating the thickness of the apparent slip layer is to
assume that all the slip takes place in a layer of pure water (Cloitre and
Bonnecaze 2017). In such a case, the thickness of the pure water effective slip
layer is
oV
Sopp = 120 3

Tw

where gy 1s the viscosity of water. By substituting Eqgs. (2)—(3) one gets
Jett = po ST, 4

where S = 8.3 x 107*. The thickness of the effective slip layer depends thus
approximately linearly on the wall shear stress, and varies between 1 and 8§ um.
Equation (4) can also be written in the form

5eff = Mo 8/02.46, 5

where S’ = 0.021.The comparison of our results with those found in literature is
not straightforward as the MFC type, consistency, and the flow rate/shear rate
regions vary. (Kumar et al. 2016) studied flow of a 1% MFC suspension in a

2 mm pipe. They obtained §.¢ = 10 um with their lowest slip velocity of

130 mm/s, which 1s only slightly outside of our measurement range. Equation (5)
gives for this slip velocity d.g = 8 pm. (Nazari et al. 2016) studied 1% MFC
with a parallel plate geometry. They obtained with the shear rates 200 and 500
1/s the values 6 and 16 um for §.; our corresponding values are 6 and 8 um.
The order of our slip measurements agrees thus well with earlier results.

Viscosity

Figure 10 shows the viscosity of the MFC suspension as a function of shear
stress at various distances from the wall. The viscosities have been calculated for
y>2 um from the formula

where y is the distance from the wall,
T(y)=m(R-y)/R 7

is the local shear stress, and 4 (y) is the shear rate, which is obtained by
substituting the fitting parameters of Eq. (1) to the formula
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The average viscosity in the region of 0—2 um has been calculated using the
formula
Y
M = Ty . ’ )
U (Yu)

where 7, 1s the wall shear stress, y =2 pum is the distance from the wall, and
u(y,,) is obtained from Eq. (1).

Fig. 10

Viscosity as a function of shear stress at various distances from the wall. The
viscosities have been calculated with Eqgs. (6) and (9). The dashed line shows the
viscosity of pure water 0.95 mPas at the measurement temperature of 22 °C
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Figure 10 shows that the MFC suspension is a shear thinning fluid at most
distances from the wall. This behaviour is typical for fibre suspensions but the
root cause of the shear thinning of these materials is not yet fully understood. It
has been found that mechanical contacts without or with friction are not enough
to lead to a shear rate dependent viscosity—shear thinning is probably related to
adhesive contacts between the fibres that are broken by the shear forces when
the shear rate increases (Bounoua et al. 2016; Petrich et al. 2000).

In Fig. 10, at the given shear stress, the viscosity is always smaller closer to the
wall. This is obviously due to the development of a MFC concentration gradient
at the wall. Closer examination of the wall layer shows that towards the wall,
with highest shear rates, the value of viscosity becomes independent of shear
rate and approaches a constant value close to that of water, i.e. u—1 mPas. Wall
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depletion is then strong enough to remove all fibrils from the vicinity of the
wall.

Figure 11 shows the bulk viscosity of the MFC suspension as a function of shear
rate. Only those data points have been included, where the wall shear stress
clearly exceeds the yield stress. As a comparison, data for an identical
suspension obtained from a cylindrical rheometer geometry with a 1.0 mm gap is
also shown (Saarinen et al. 2014). We see in Fig. 11 that the pipe and rheometer
data agree very well when shear rate exceeds 100 1/s. With smaller shear rates,
the viscosities are 30-50% bigger in the pipe than in the rheometer. This is likely
due to slip flow at the walls of the rheometer cylinders, which, unlike in our
case, was not eliminated in the rheological analysis.

Fig. 11

The bulk viscosity of the MFC suspension as a function of shear rate. The
rheometer data for an identical MFC suspension has been taken from Ref.
(Saarinen et al. 2014). The dashed lines show fits of the power law p = K 4" to
the two sets of the pipe flow data
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As we see from Fig. 11, the bulk viscosity of the MFC suspension can be written
as

b= {2.5 x 470 <, 10
1.9 x 7_0‘67, T > Tiy .

Figure 10 shows that the transition region between the two power laws is rather
narrow; it takes place when the wall shear stress 1s between 9.8 and 10.4 Pa (we
use below the value 7,. = 10 Pa). To our knowledge, this kind of viscosity
behavior has not been reported earlier for MFC suspensions. Such abrupt change
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in the rheological behavior of the MFC suspension must be related with a sudden
structural change in the suspension, e.g. in fibre orientation (Mykhaylyk et al.
2016) and/or flocculation (Bounoua et al. 2016). However, more data is needed
to be able to conclude an exact cause for the abrupt change.

Calculating the flow rate

For a pipe flow of a power-law fluid one can calculate the (Metzner-Reed)
Reynolds number with the formula presented in (Metzner and Reed 1955). As
input parameters, the formula needs the yield stress of the fluid and the
parameters of the power law. With the highest flow rate of 2118 ml/min, the
Reynolds number is 40. The hydrodynamic entrance length of the suspension,
L;,/D = 0.05Re (Bergman and Incropera 2011), is then two pipe diameters. The
flow 1s thus laminar and fully developed in the whole measurement section.

For laminar and fully developed pipe flow of a suspension, quantitative flow rate
prediction necessitates the knowledge of the yield stress of the suspension (see
Fig. 7), its slip behaviour as a function of wall shear stress [see Fig. 8a and

Eq. (2)] and its viscous behaviour as a function of shear rate [see Fig. 11 and

Eq. (10)]. The flow rate of the suspension as a function of the wall shear stress is
then obtained from the integral

11

where

Yy
-
<y < V= _—
when(0 <y < y,;v / Wdy,
0

y
v= | ——du,
J v K1n1 Y

Above 7 is the (local) shear stress obtained from Eq. (7), and y, =R ( — —)

is the distance from the wall, where the shear stress equals the yield stress.
Notice, that because the viscous behaviour is obtained from a combination of
two power laws, n and K depend explicitly on 7 and thus implicitly on y.
Figure 12 compares the flow rates given by Eq. (11) with the flow rate
measurements. We see, that there is a good agreement between them. The
calculated flow rate deviates from the measured flow rate on the average only
12%, even though the span of flow rates is almost three orders of magnitude.
When the rotational rheometer data shown in Fig. 11 was used in the flow rate
calculations the error was on the average two times bigger. This result verifies
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that the observed behaviour of viscosity Eq. (10) is real, and not an irregularity
due to the close presence of the pipe wall in the (rheological) OCT
measurements. As the flow rate measurement is independent from the pressure
loss and OCT measurements, this result also confirms the accuracy of the used
rheometric measurement setup.

Fig. 12

The measured and calculated flow rates for different wall shear stresses. Some
measurement points have been combined for readability
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Conclusions

In this work, a sub-micron resolution optical coherence tomography device was
successfully used together with a pipe rheometer to obtain the flow velocity
profiles at the close vicinity of the pipe wall for rheological analysis of a 0.5%
MFC suspension. The bulk behaviour of the studied MFC suspension showed
typical shear thinning (power-law) behaviour in the interior part of the tube
while the near-wall flow showed the existence of a 2—12 um thick depletion
layer. Both the velocity profile measurement and the amplitude data obtained
with OCT indicated that this apparent slip layer was related to the concentration
gradient appearing near the tube wall. The apparent slip flow due to the
depletion layer was significant: with the lowest wall shear rates, it dominated the
flow rate and its contribution was still 20% even with the highest flow rates used
in this study. Close to the wall, the fluid appeared nearly Newtonian with high
shear rates, and the viscosity of the fluid approached then even that of pure
water with a decreasing distance from the wall.

There appeared to be a transition zone (around the wall shear stress of 10 Pa),
where the quantitative behaviour of the suspension changed. The measured bulk
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viscosities split there into two power laws that had the same flow index
(exponent) but a different consistency index. To our knowledge such behavior,
which must be related with a sudden structural change of the suspension, has not
been reported earlier for MFC suspensions.

Comparison of the present results for yield stress, viscosity, and slip flow were
performed with earlier measurements done with a rotational rheometer for an
identical MFC suspension. It was found that rotational rheometers should not be
used blindly for a quantitative analysis of real life processes. While there was an
excellent agreement between the viscosities given by the pipe and the rheometer
with high shear rates, the rheometer viscosities were 30—-50% too small with low
shear rates. This discrepancy was probably due to apparent slip flow, which was
not eliminated in the analysis of the rheometer data. The slip results agreed
reasonably well with each other, which implies that they could be applied also
for other flow geometries. This possibility should be confirmed with boundary
layer measurements using more complicated flow geometries.

In the literature, the hypothesis of an existence of a pure water slip layer is often
made without direct quantitative measurements. Due to the high resolution of the
used OCT, we were able to measure the velocity profile at the wall explicitly. We
then showed that while the assumption of pure water layer can be useful for
analysis purposes, it could be in reality very thin or even nonexistent.

The flow rates given by a simple model, that included the measured yield stress,
viscous behavior, and slip behavior, was found to give the measured flow rates
with a good accuracy. As well as confirming the reliability of the measurement
setup, this result demonstrated the value of performing rheological experiments
in a real process geometry together with slip flow measurements. The rheometric
data presented in this paper data can also be useful in developing more
fundamental models for the flow of MFC suspensions.

These experiments were performed for a fully developed flow. As a future work,
it would be of interest to investigate the development of the boundary layer in
the hydrodynamic entrance region of the pipe, since some real-world processes
might not operate in a steady state.

We can conclude that a pipe rheometer equipped with an OCT device is a useful
tool for flow and rheology measurements of MFC suspensions. It enables not
only the analysis of the rheological (bulk) behaviour of the suspension in a
realistic flow geometry, but gives also simultaneously information on the wall
layer dynamics, both of which are needed for analysing and solving practical
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fluid flow related problems. This approach would be useful also for rotational
rheometers, to eliminate the effect of slip on the rheological analysis.
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