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Abstract

The shear rheology of two mechanically manufactured microfibrillated cellulose (MFC) suspensions

was studied in a consistency range of 0.2 - 2.0% with a pipe rheometer combined with ultrasound

velocity profiling. The MFC suspensions behaved at all consistencies as shear thinning power law

fluids. Despite their significantly different particle size, the viscous behavior of the suspensions was

quantitatively similar. For both suspensions, the dependence of yield stress and the consistency index

on  consistency  was  a  power  law  with  an  exponent  of  2.4,  similar  to  some  pulp  suspensions.  The

dependence of flow index on consistency was also a power law, with an exponent of -0.36. The slip

flow was very strong for both MFCs and contributed up to 95% to the flow rate. When wall shear

stress exceeded two times the yield stress, slip flow caused drag reduction with consistencies higher

than 0.8%. When inspecting the slip velocities of both suspensions as a function of wall shear stress

scaled with the yield stress, a good data collapse was obtained. The observed similarities in the shear

rheology of both the MFC suspensions and the similar behavior of some pulp fiber suspensions

suggests that the shear rheology of MFC suspensions might be more universal than has previously

been realized.



Introduction

Micro/nanofibrillated cellulose (MNFC) is currently a material of high interest due to its sustainability

and biodegradability, and its unique properties such as mechanical robustness, barrier properties, high

specific surface area, lightness, and complex rheology. MNFCs can be isolated from wood or plant

cell walls, and have lateral dimensions in the nanometer scale and length up to several micrometers.

The fibrils may differ in physical properties depending on the production method and/or the raw

material source. The MNFC suspensions produced using only mechanical treatment differ in size and

morphology from MNFC suspensions produced using chemical, enzymatic, or carboxymethylation

pretreatments followed by mechanical treatment (Desmaisons, Boutonnet, Rueff, Dufresne, & Bras,

2017). Over the past decade, there has been an explosive growth in MNFC research, including

improved MNFC production technologies, surface functionalization, characterization techniques,

composites processing, self-assembly, optical properties, and barrier properties. The applications of

MNFC are already numerous, varying now from a rheology modifier in cements, inks, drilling fluids

and cosmetics, to a wide spectrum of products such as supercapacitors, transparent-flexible

electronics, batteries, barrier/separation membranes, and antimicrobial films. (Klemm et al.,

2011)(Isogai, 2013) (Moon, Schueneman, & Simonsen, 2016)(Naderi, 2017)

The rheological characteristics of various MNFC suspensions have become a widely discussed topic.

Although  knowledge  of  the  rheological  behavior  is  naturally  important  in  the  use  of  MNFC  as  a

rheology modifier (Dimic-Misic, Gane, & Paltakari, 2013)(Shao, Chaussy, Grosseau, & Beneventi,

2015)(Li, Wu, Song, Qing, & Wu, 2015) and stabilizer (Andresen & Stenius, 2007)(Winuprasith &

Suphantharika, 2013), such information is also needed for MNFC production (Pääkkönen et al.,

2016)(Delisée, Lux, & Malvestio, 2010)(Colson, Bauer, Mayr, Fischer, & Gindl-Altmutter, 2016)

and for other MNFC-related processes (Saarikoski, Rissanen, & Seppälä, 2015)(Hoeng, Denneulin,

Reverdy-Bruas, Krosnicki, & Bras, 2017) (Shao et al., 2015)(Kumar, Ottesen, Syverud, Gregersen,

& Toivakka, 2017).

Due to the high aspect ratio of MNFC fibrils, their high surface area, and strong interfibrillar

interactions,  MNFC tends  to  form a  gel  even  at  low mass  concentrations.  MFCN gels  can  exhibit

many complex phenomena, such as strong flocculation, yield stress, thixotropy, shear banding,

complex, long-lasting transient flows, and shear thinning (Iotti, Gregersen, Moe, & Lenes,

2011)(Saarikoski, Saarinen, Salmela, & Seppälä, 2012)(Karppinen et al., 2012)(Oleksandr

Nechyporchuk, Belgacem, & Pignon, 2014)(Martoia et al., 2015). Below the critical gelling



concentration the behavior of the suspension can be close to Newtonian (Lowys, Desbrières, &

Rinaudo, 2001), (Lasseuguette, Roux, & Nishiyama, 2008).

There are many variables that can influence the rheological behavior of MNFC suspensions. These

include consistency (Jowkarderis & van de Ven, 2014)(Jowkarderis & Van De Ven, 2015) (Charani,

Dehghani-Firouzabadi, Afra, & Shakeri, 2013), size distribution and morphology (Colson et al.,

2016)(Zhang et al., 2012)(Saarikoski et al., 2012)(Agoda-Tandjawa et al., 2010)(Dimic-Misic,

Puisto, et al., 2013)(Gourlay, van der Zwan, Shourav, & Saddler, 2018), composition (Pääkkönen et

al., 2016), modifications to the cellulose surface (Samyn & Taheri, 2016)(Lasseuguette et al., 2008),

ionic strength (Lowys et al., 2001)(Saarikoski et al., 2012), and effects of various polymers

(Karppinen, Vesterinen, Saarinen, Pietikäinen, & Seppälä, 2011)(Agoda-Tandjawa, Durand,

Gaillard, Garnier, & Doublier, 2012) (Naderi & Lindström, 2014). Recent reviews on MNFC

rheology can be found in (Colson et al., 2016) (O. Nechyporchuk, Belgacem, & Pignon, 2016) (Hubbe

et al., 2017).

The viscous (shear-thinning) behavior of MFCN suspensions is usually well represented by the

Herschel-Bulkley equation

n
y Kt t g= + .  (1)

Above, t is shear stress, yt  is yield stress, g is shear rate, K is consistency index, and n is flow index.

Yield stress is often omitted from Eq. (1), as it is typically small compared to the applied stress. One

can then alternatively write

1nKm g -= , (2)

where m is the shear viscosity of the suspension. The mechanism behind the shear-thinning behavior

of MNFC suspensions, which is also seen with other fibrous materials (Derakhshandeh, Kerekes,

Hatzikiriakos, & Bennington, 2011), is generally believed to be caused by adhesive interactions

between the fibers. When shear rate increases, hydrodynamic shear forces are more effective in

breaking the fiber-fiber contacts; this is reflected in a decreasing floc size and increasing orientation

of the fibers. As a result, the efficiency of momentum transport in the suspension declines and the

viscosity decreases  (Iotti et al., 2011)(Petrich, Koch, & Cohen, 2000) (Bounoua, Lemaire, Férec,

Ausias, & Kuzhir, 2016). Note that the structural changes due to increasing shear forces are not

always gradual; MNFC suspensions can also encounter abrupt structural changes, which are

manifested by a sudden drop in viscosity (Lauri et. al. 2017).



MNFC suspensions have a high flocculation tendency, and they often exhibit strong apparent wall

slip due to wall depletion close to solid walls.  The width of the wall depletion layer can vary between

a few micrometers and a few hundred micrometers, depending on the MNFC grade, MNFC

consistency, and flow conditions (S. Haavisto, Salmela, & Koponen, 2015)(Lauri, Koponen,

Haavisto, Czajkowski, & Fabritius, 2017)(Kataja, Haavisto, Salmela, Lehto, & Koponen, 2017).  The

slip flow makes it challenging to produce reliable information on shear rheology of MNFC using

standard rotational rheometer geometries such as plate-plate, cone and plate, and cylinder cup

geometries (Saarinen et al. 2014)(Martoia et al., 2015) (Vadodaria, Onyianta, & Sun, 2018). This is

specifically the case with small rheometer gaps and low shear rates, when the floc size may become

comparable with the system size (Karppinen et al., 2012)(Saarinen, Haavisto, Sorvari, Salmela, &

Seppälä, 2014).

Figure 1. Rheograms for a mechanically disintegrated MFC (for a light microscopy image of the

MFC see Figure 2b) for consistencies of 0.5% (spheres) and 1.0% (triangles) obtained with a cylinder

cup rheometer with a 1 mm gap. Solid lines are fits of Eq. (2) to the measurement points (obtained

fitting values of n are also shown). There are only a couple of measurement points that reflect the

true rheological behavior of the MFC suspensions with reasonable accuracy. Most points are below

the yield stress, and above the yield stress errors in viscosity values are in most cases high. The data

is from (Saarinen et al., 2014) and (S. Haavisto, Salmela, Jäsberg, et al., 2015).

Figure 1 shows an example of two rheograms (viscosity-shear-rate curves) obtained with a cylinder

cup rheometer for an a mechanically disintegrated MFC. We can see that even though the curves look

reasonable, there are only a few legitimate measurement points that reflect the true viscous behavior

of the suspensions with reasonable accuracy. When the shear rate is below 20 1/s, shear stress is



below the yield stress of the suspensions. The apparent flow is in this case only due to slip flow at the

solid walls. Moreover, even above the yield stress, such slip flow generally introduces high errors to

the measured viscosity. According to (Vadodaria et al., 2018),  scientific literature on the rheological

properties of MNFC is replete with such erroneous viscosity data. Two shear thinning regions have

been reported by many authors e.g. for MNFC suspensions under low and high shear conditions with

a transition region between them. As we can see in Figure 1, such curves do not necessarily reflect

the real rheological behavior of the MFCN; the flow behavior may have been dominated by the slip

flow and shearing may be (apparently) observed even below the yield stress. Unfortunately, yield

stress values of MFCN are often unreported in the literature, making it difficult to assess which part

of the rheogram is relevant for the analysis of the bulk viscosity. Values close to zero for exponent n

in Eq. (2) are, however, a clear warning sign.  The shear stress is then approximately constant, which

is a strong indication of slip taking place.

Thus, a challenge in MNFC rheology is to prevent the slip flow from influencing the data that are

gathered. Rough walls can help, but do not necessarily eliminate this problem (Oleksandr

Nechyporchuk et al., 2014). On the other hand, vane in cup geometry with a wide gap is known to

decrease slip effects for many non-Newtonian fluids such as wood fiber suspensions (Mosse, Boger,

& Garnier, 2012) and MNFC suspensions (Mohtaschemi, Dimic-Misic, et al., 2014). Schenker et al.

(Schenker, Schoelkopf, Gane, & Mangin, 2018) studied shear viscosity of mechanically disintegrated

MFC in the consistency range of 0.5 -  2%. According to their  observations,  the effect  of slip was

strong in a cylinder cup geometry with smooth walls, and rough walls decreased the slip only slightly.

However, a vane in cup geometry with a wide gap and rough walls was found to give more reliable

results. The difference between the measured viscosities was almost a factor four at the shear rate of

100 1/s. Note that a wide gap is not always problem-free. It may introduce heterogeneous flow in the

vane geometry, which must be properly addressed in order to obtain correct results. A wide gap may

also cause the system to be susceptible to secondary flows (Mohtaschemi, Dimic-Misic, et al., 2014).

An alternative method for measuring shear rheology is to use a pipe with a diameter much higher

than a typical structural element (fiber, fibril or floc) of the suspension. With this setup, it is possible

to obtain information on the flow behavior of MNFC suspensions in realistic process-like conditions,

as the suspension behaves inside the pipe like a continuum medium and many artefacts seen in

traditional rotational rheometers are eliminated. However, the slip flow may also distort the results

here, as slip may increase the total pipe flow rate of MNFC suspensions considerably (S. Haavisto,

Salmela, & Koponen, 2015) (B. Nazari, Kumar, Bousfield, & Toivakka, 2016)(Lauri et al., 2017).



An  attractive  option  to  eliminate  the  effect  of  slip  in  the  rheological  analysis  is  to  use  velocity

profiling, i.e. to measure the flow profile of the MFCN suspension in the research geometry explicitly

(Salmela, Haavisto, Koponen, Jäsberg, & Kataja, 2013)(S. Haavisto, Salmela, Jäsberg, et al.,

2015)(Lauri et al., 2017)(Sanna Haavisto et al., 2017) (Kataja et al., 2017). When combined with

pressure loss (e.g. capillary/pipe flow) or torque (e.g. rotational rheometers) measurements, this data

can be used to characterize the rheological properties of the suspension. Although the use of Magnetic

Resonance Imaging (MRI) and Optical Coherence Tomography (OCT) is increasing (Sanna Haavisto

et al., 2017),  Ultrasound Velocity Profiling (UVP) is the most popular (non-invasive) flow

measurement technique used in velocity profiling. It facilitates velocity measurements at relatively

low cost and sets minimal requirements for the measurement setup  (Powell 2008) (S. Haavisto et al.,

2011).

In this paper, we analyse and compare the shear rheology of two MFC suspensions (see Figure 2) in

the consistency ranges of 0.2% to 1.5% and 0.5% to 2.0%. The particle size of these two materials

was estimated to differ by an order of magnitude. We used a vertical pipe rheometer combined with

ultrasound velocity profiling, and a horizontal pipe rheometer combined with OCT velocity profiling.

Some of the presented data has been published earlier in two conference papers (S. Haavisto et al.,

2011) (Salmela et al., 2013). In this paper we combine this data with some novel data and go much

deeper in our analysis. In addition to yield stress and shear viscosity, we study the slip behavior of

the MFC suspensions, as this topic has hitherto been mostly neglected in the existing literature.

Figure 2.  Light microscopy images of a) MFC1, and b) MFC2. (Kinnunen-Raudaskoski, Lehmonen,

Beletski, Jetsu, & Hjelt, 2013)



Materials and methods

Microfibrillated cellulose

Two microfibrillated celluloses were used in this study. The first one (MFC1) was a commercial

product Celish KY-100G (Daicel Chemical Industries, Japan), made mechanically from purified

softwood pulp (see Figure 2a). The size distribution of these fibrils is very wide, ranging from

microscale to nanoscale. According to (Tatsumi, Ishioka, & Matsumoto, 2002) the average width and

length of the Celish fibers are 15 µm and 350 μm, respectively. The finest 20% mass fraction,

however, has the average width of  50 nm and the average length of 8 μm (Varanasi, He, & Batchelor,

2013). The surfaces of Celish fibrils are very strongly fibrillated. For this study, seven measurement

sets of MFC were prepared, with mass consistencies varying from 0.17% to 1.53%. According to

(Raj et al., 2016) the gel point of the suspension is 0.24% and surface charge is 43 μeq/g. With the

lowest consistencies 0.17% and 0.28% the gel was indeed quite weak, and the qualitative behavior of

the suspensions was liquid-like.

The second microfibrillated cellulose (MFC2) was prepared from never-dried bleached Kraft birch

pulp by 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%. As we see in Figure 2b, while there are still some long fibers

present in MFC2, the fibril size of MFC2 is on the average clearly smaller than for MFC1. This is

reflected also in the wall depletion layer of  MFC2 which is an order of magnitude thinner than for

MFC1 (Salmela et al., 2013)(Lauri et al., 2017). The gel point of MFC2 was estimated to be 0.2-

0.3%. The gel point and surface charge of this type of MFC made with 5 homogenization passes are

51 μeq/g and 0.1%, respectively (Raj et al., 2016). For MFC2, which had 3 homogenization passes,

surface charge is slightly smaller, 45-50 μeq/g. The gel point, on the other hand, is slightly higher,

0.2-0.3%. The surface charges of MFC1 and MFC2 are thus very similar and charge should have only

minor effect when comparing their rheology. For the rheological experiments, MFC2 samples were

diluted with deionized water to consistencies of 0.5%, 1.0% and 2.0%.

Ultrasound velocity profiling

Ultrasound Velocity Profiling (UVP) is a well-established experimental technique in applications of

fluid dynamics and engineering involving flow measurements  (Takeda, 2012). It is based on using

an emitter-receiver probe to send a series of short ultrasound bursts into the flow, and detecting the



echoes issuing from the target particles moving along with the flow. The spatial location of the

particles is acquired with the time-of-flight method using the known velocity of sound in the flowing

medium. The determination of fluid velocity is  based on the estimation of the mean phase shift  of

consecutive echoes originating from the defined depth.

Optical coherence tomography

Optical Coherence Tomography (OCT) is a light-based imaging method, which enables non-contact,

micron-scale spatial resolution measurement of scattering opaque materials (Drexler & Fujimoto,

2008). OCT uses interference of a low coherence light to record depth-dependent reflectivity and

velocity profile. A standard OCT setup includes a low-time coherence light source, such as a

superluminescent diode and a Michelson interferometer. Depending on the OCT technology, axial

scanning rates can vary over a range of tens to hundreds of kHz. The actual imaging depth depends

significantly on the optical properties of the material and can vary from micrometers to a few

millimeters.

Pipe rheometers

The vertical pipe rheometer consisted of two chambers connected by a smooth acrylic pipe with an

inner  diameter  of  16  mm.  Velocity  profiles  of  the  flow  across  the  pipe  were  obtained  with  UVP

together with pressure difference and mass flow measurements. The flow in the measurement pipe

was  driven  by  gravity  and  by  optional  overpressure  in  the  upper  chamber.  The  flow  rate  was

controlled by a valve in case of pure gravity-driven flow or by a pressure regulator when the

overpressure was used. The pressure difference in the measurement pipe was measured over a

distance of 0.90 m, and the first pressure measurement point was located 300 mm from the pipe inlet.

A DOP2000 device equipped with an 8 MHz ultrasound probe was used for the UVP measurements.

The position of the UVP measurement was located 77 pipe diameters from the pipe inlet. For more

details on the measurement setup see (S. Haavisto et al., 2011).  The pipe rheometer data was used

for the analysis of yield stress, viscosity and slip flow of the MFC suspensions.

The horizontal pipe rheometer consisted of a chamber connected with a hose to a 1500 mm long

optical  grade  glass  pipe  with  an  inner  diameter  of  8.6  mm.  The  flow  was  driven  by  gravity  and

pressurized air. The pressure difference in the measurement pipe was measured over a distance of 1.0

m,  and  the  first  pressure  measurement  point  was  located  450  mm  from  the  pipe  inlet.   The  OCT

measurement was located 113 diameters from the inlet. A Telesto Spectral Domain OCT instrument



was used for the OCT measurements. For more details on the measurement setup see (Salmela et al.,

2013). The pipe rheometer data was used to obtain extra insight for the wall slip behavior of MFC1.

Determination of yield stress from the pipe rheometer data

The advantages of a pipe rheometer in the determination of yield stress are the size of the flow

geometry and flow conditions that are relevant for real-life processes. We present two options for the

yield stress analysis using a pipe rheometer.

The yield stress can be approximated by the value of the total shear stress at the boundary of the fiber

plug as ( )01y w R Rt t= - , where R0 is the distance from the pipe wall at which the fiber plug breaks.

The edge of the fiber plug was determined directly from the velocity profiles using their first

derivative. While representing the true shear rate of the flow in the pipe rheometer, the first derivative

becomes zero at the position where the shear stress reaches the yield stress value. However, as the

measurement time is finite, there are always variations in the shear rate caused by both UVP noise

and consistency fluctuations. The location of the fiber plug edge was determined by fitting straight

lines to the velocity profile half. The number of data points included in the fit was decreased starting

from the wall. The removal of the profile data points in the sheared layer resulted in a decreasing fit

error, which saturated when the plug region was reached. The yield stress was approximated from

such a point of saturation.

In the second approach for determining the yield stress, the fluctuations of the shear rate were utilized.

The magnitude of the fluctuations was approximately constant below the yield stress, whereas above

the yield stress the fluctuations increased rapidly with increasing shear stress. To calculate the yield

stress, the shear rates from all velocity profiles were binned such that all the shear rates related to the

same shear stress region were in the same bin. Next, the standard deviation of the shear rate for each

bin was calculated and the data was plotted on a loglog-scale. The yield stress was obtained from the

cross point of two power law curves (straight lines on the loglog-scale) that were fitted to the data.

We should emphasize that this approach is purely heuristic, and we do not currently have any

theoretical justification for it. It worked rather well for the MFC suspensions used in this study, but

more measurement data is needed before final conclusions can be drawn.

Determination of viscosity and slip velocity from the pipe rheometer data

Before analysis, a procedure of normalization was applied to the UVP data in order to eliminate the

systematic uncertainties related to the absolute velocity values in the measured velocities, e.g. due to



the inclination angle between the ultrasound beam and the direction of flow. The time-averaged

velocity profiles were normalized with the independently measured flow rate as

REF
norm UVP

UVP

Qv v
Q

= (3)

where QREF is the measured flow rate and QUVP is the flow rate integrated using the UVP profile. The

measured and normalized UVP velocity profiles were then used to calculate the fluid viscosity locally

by

( )( )
( )
rr
r

tm
g

=
&

. (4)

Here, ( )rg& is the local shear rate

( )( ) dv rr
dr

g =& , (5)

which is obtained directly from the measured velocity profile ( )v r , and

( ) w
rr
R

t t= (6)

is the local shear stress at a distance  from the center of the pipe having a radius R. Above, wt  is the

wall shear stress

2w
R Pt = Ñ , (7)

where PÑ is the pressure gradient.  Each measured velocity profile thus gives viscosity values in the

range of shear rates (and shear stresses) present in the measured velocity profile.

The  power  law  behavior  of  MFC  suspensions  also  makes  it  possible  to  calculate  the  suspension

viscosity by fitting to the UVP data the analytical power law velocity profile (for simplicity we neglect

yield stress, yt )

( ) = + ∇ − . (8)



Above, n, K, and  (slip velocity) are fitting parameters. In the fitting, we assumed the parameters n

and K to be constant for all profiles with the same consistency, and the profile fitting was performed

in two phases. First, the individual profiles were fitted to each measured profile, and the original

profile data was scaled with the ratio of mean velocity from the mass flow to the fitted profile integral.

Then the profiles of the same consistency were fitted simultaneously, keeping the parameters  and

 the same for all fitted profiles, whereas  was unique for each profile. Figure 3 shows an example

of such a fit.

Figure 3. A measured UVP velocity profile for MFC1 (dashed line), velocity profile given by the fitted

model (solid line), and the radial positions where the shear stress equals yield stress (vertical dotted

lines). The fitted slip velocity vs is also shown. The S-shaped distortions seen close to the walls are

caused by the averaging effects across the finite measurement sample volume in the flowing fluid

(Kotze et al. 2013).



Figure 4. Example of a fitted velocity profile Eq. (9) to a measured OCT velocity profile for MFC1.

Also shown are graphical interpretations of the three free fitting parameters  ̇ , sv and .

Based on our earlier experience (Haavisto et al. 2015), the OCT velocity profiles were assumed to be

sufficiently accurate as such. The measured OCT velocity profiles (see Figure 4) were fitted by the

empirical formula (S. Haavisto et al., 2013)

( ) = ̇ + 1 − , (9)

where y is distance from the wall and ̇ , , and  are free parameters (see Figure 4). Parameter ̇

is the apparent shear rate at wall,  is (apparent) slip velocity, and  is the characteristic thickness

of the apparent slip layer. We can see in Figure 4 that in a narrow near-wall region, the velocity profile

is very steep and rapidly approaches zero with decreasing distance from the wall with no actual wall

slip. The (apparent) wall slip is due to velocity deficit in a narrow slip layer where the consistency is

smaller than the bulk consistency.



Figure 5. Mean velocity vs. pressure loss for a) MFC1 in the vertical pipe, b) MFC1 in the horizontal

pipe (the variations are probably due to the sensitivity of the slip velocity in this geometry) and c)

MFC2 in the vertical pipe. The dashed line shows the pressure loss for water.

Results

Pressure loss

Figure 5 shows the measured pressure loss as a function of mean velocity for MFC1 and MFC2. As

a comparison, the theoretical curve for water is also shown. The pressure drop curves resemble typical

behavior of pseudoplastic (shear thinning) fluids. For MFC1, pressure loss temporarily levels or even

drops for consistencies of 0.8 - 1.7% in both rheometer geometries, when the mean velocity exceeds

0.06 m/s. This phenomenon, drag reduction, is caused by wall slip; similar behavior is also observed

with other fiber suspensions, such as pine pulp (Jäsberg, 2007). The effect appears to be stronger in

the  vertical  pipe.  The  pressure  loss  of  MFC1  has  more  variation  in  Figure  5b  when  compared  to

Figure 5a, especially when mean velocity exceeds 0.05 m/s. This is probably related to the dynamics

of the slip boundary layer.

Figure 6. a) Examples of yield stress values calculated for MFC1 at the plug boundary for different
flow rates. b) Estimating the yield stress of MFC2 from shear rate fluctuations.

Yield stress

For MFC1, yield stress was determined from the first derivative of the velocity profile (see Figure

6a). This approach did not work so well for MFC2, as no clear threshold could be found between

fluctuating and non-fluctuating regions. For this reason, the yield stress of MFC2 was determined

from the fluctuations of shear rate (see Figure 6b). Figure 7 shows the measured yield stresses as a

function of consistency. We can see that there is a good agreement between the pipe rheometer data

(
)[

1/
s]



and corresponding values found from the literature. Notice that in (Varanasi et al., 2013) Celish was

first filtered through two fabric filters with 100 gm openings and then the filtrate was centrifuged.

After centrifuging, the supernatant was discarded and only the MFC fibrils at the bottom were

collected. The yield of this process was 20 %. It is interesting that despite the significantly different

size distributions the original Celish, MFC1, measured by in this work, and its 20% fines fraction,

measured by (Varanasi et al., 2013), have practically identical yield stresses.

Figure 7. Yield stress as a function of consistency for the MFC suspensions. As a comparison, results

obtained for a fine fraction of MFC1 with a vane geometry (Varanasi et al., 2013) and for MFC2

with a cylinder cup geometry (Saarinen et al., 2014) are also shown. The power law fits have been

applied in our data.

Varanasi et al. and Saarinen et al. (Saarinen et al., 2014) used vane in cup (17 mm gap) and cylinder

cup (1 mm gap) geometries for MFC1 and MFC2, respectively. A one millimeter gap in the vane in

cup geometry, on the other hand, resulted in twofold higher yield stress for MFC1 (S. Haavisto et al.,

2011). It appears that MFC1 was too coarse for the small gap of this geometry. Note that in (Tatsumi

et al., 2002), a plate-plate geometry (1.5 mm gap) was used with an MFC grade similar to MFC1.

The obtained yield stress values were more than an order of magnitude smaller than in this work,

probably due to severe slip flow on the plate walls.

For pulp fiber cellulose suspensions, the yield stress typically correlates with the consistency of the

suspension such that

b
y act = . (10)



According to (Dalpke & Kerekes, 2005), exponent b slowly approaches the value of ca. 2.4 when the

fiber length (or aspect ratio) increases. It is interesting that the exponent b is here very close to this

value for both MFC suspensions (see the power law fits in Figure 7). In (Nazari et al., 2016), the

exponent was 3.2 in the consistency range of 2 - 9% for a mechanically made MFC. In their study

five different methods for measuring the yield stress were analyzed and it was found that the results

could deviate by as much as a factor of 4.  In (Tatsumi et  al.,  2002),  the exponent was 2.0 for five

different cellulose micro- and nanofibrils originating from wood, cotton and bacterial cellulose.

However, as discussed above, these results may have suffered from severe slip in the rheometer

geometry.

Shear viscosity

Figure 8 shows the viscosity of MFC1 and MFC2 as a function of shear rate determined with a local

derivative Eq. (4). The solid lines show power law fits, Eq. (2), to the viscosity data.  The variation

in viscosity values is of the order of a factor of two, but due to the high number of data points, the

power law fits should be quite accurate. Table 1 shows the obtained power law coefficients K and n.

As a comparison, the coefficients obtained by fitting the velocity profile, Eq. (8), are also shown.

Although there is some discrepancy in the results with the two lowest consistencies, profile fitting

appears to be a quite viable alternative for determining viscosity for the used measurement setup. For

further analysis, we use below the parameters obtained with a local derivative.

Figure 8. Viscosity of a) MFC1 and b) MFC2 as a function of shear rate determined with a local

derivative Eq. (4).



Table 1. The coefficients of power law Eq. (2) obtained with a local derivative and with velocity

profile fitting.

Figure 9a shows the flow index n as a function of consistency for both MFC suspensions. A power

law fit for flow index n gives

0.360.27n c-= ´ .  (11)

Note that similar scaling behavior of n has been observed e.g. for another mechanically made MFC

(Schenker et al., 2018) and for an MFC made with TEMPO-oxidization (Mohtaschemi, Sorvari, et

al., 2014).

Figure 9b shows the consistency index K as a function of consistency for both MFC suspensions.

Many studies have shown that the dependence of MNFC viscosity on consistency follows a power

law. Here we get for MFC1

2.377.2K c= ´ .  (12)

We could find only one paper in which the dependence of consistency index on consistency has been

reported explicitly. (Schenker et al., 2018) studied mechanically made MFC in the consistency range

of 0.5 - 2.0%. They obtained 2.8 for the exponent in Eq. (12).  In some papers the consistency indices

have been reported for several consistencies and the exponent in Eq. (12) can be calculated.

(Lasseuguette et al., 2008) and (Mohtaschemi, Dimic-Misic, et al., 2014) studied TEMPO-oxidized

NFC.   For  consistency  ranges  of  0.1-0.5%  (Lasseuguette)  and  0.25  -  1.0%  (Mohtaschemi),  the

exponents were 2.7 and  2.4, respectively. (Behzad Nazari et al., 2016) studied mechanical MFC in

the consistency range of 2 - 7% and obtained an exponent of 2.3.  Eq. (12) is thus well in line with

the results of earlier studies.



An interesting link to pulp suspension can be found here with the energy dissipation fe  needed for

floc level fluidization of pulps - a phenomenon which is closely related to pulp viscosity. According

to (Bennington & Kerekes, 1996),  this quantity scales as fe µ  ck, with k = 2.5 for softwood Kraft

pulps.  The  exponent  is  thus  close  to  what  was  obtained  here  for  the  consistency  index  of  MFC

suspensions.

Figure 9. a) Flow indices n for MFC1 and MFC2. The solid line shows a power law fit to all data

points.  b) Consistency indices K for MFC1 and MFC2. The solid line shows a power law fit to MFC1

data points. A power law fit to MFC2 data points gives K = 8.6 × c2.68.

We can see from Figure 9 that the overall viscous behavior of both MFCs is very similar, although

they have clearly different particle size. This is not as surprising as it first seems. Dimensional analysis

shows that for low Reynolds number flows of spherical particles, the viscosity of a suspension is a

function of only two factors: carrier fluid viscosity and consistency - the particle size does not affect

it (Mewis & Wagner, 2012). The viscosity of suspensions of elongated particles also depends on the

aspect ratio of particles.   Two fiber suspensions can thus have very similar viscous behavior even

though their particle size differs considerably.

(Lasseuguette et al., 2008) and  (Geng et al., 2017) have shown that below the gel point with a fixed

share rate the slope of  viscosity versus consistency curve is much shallower. (In Geng et al., e.g.,
0.4cm :  below the gel point with the shear rate of 100 1/s). Obviously the same is the case with the

consistency index versus consistency curve. We see from Figure 9b that all the data points of MFC1

fall on the same power law line. The MFC1 measurements have thus been performed in a consistency

range where consistency is at and above the gel point.



Figure 10 shows the consistency index as a function of yield stress. We can see that the relationship

between these two quantities is fully linear for MFC1. For MFC2, there are too few points for any

real conclusions, but the relationship here also appears to be close to linear. We are unaware of earlier

studies in which this relationship has been studied experimentally or theoretically. Obviously, both

the yield stress and viscosity depend on interactions between the fibrils. Under flow conditions,

however, an increase of shear rate tends to enhance both the aggregation and fragmentation of particle

clusters and the (gel-like) structure of MFC should be strongly altered (Hubbe et al., 2017). It is thus

possible that the observed (linear) behavior is not universal and is limited to certain types of MFC

grades.

Figure 10. Consistency index as a function of yield stress for MFC1 and MFC2.

Wall slip

Figure 11 shows the relative slip for some consistencies of MFC1 and MFC2 in the vertical pipe as a

function of mean velocity. We can see in Figure 11 that the relative slip is clearly stronger for MFC1:

its contribution to flow rate is  over 50% in the measured velocity range. We can also see that for

MFC1 the relative slip decreases monotonically until the mean velocity exceeds 0.07 m/s. At this

point, the relative slip increases abruptly, the effect being stronger for higher consistencies. Then the

relative slip starts to decrease again. The behavior of MFC2 is very different - here relative slip

decreases more or less monotonously with increasing mean velocity and the highest slip is seen with

1.0% consistency.



We can see from Figure 11 that the slip behavior of the MFC suspensions can be very complex.

Understanding  the  slip  dynamics  would  require  detailed  measurements  of  the  dynamics  of  the

depletion layer - e.g. the development of wall consistency profile should be measured in situ. This is

a challenging topic of its own, and is outside the scope of this paper. Below we will look at the slip

behavior as a function of wall shear stress, as unlike mean velocity, it is a local quantity.

Figure 11. Relative slip as a function of mean velocity for some consistencies of MFC1 and MFC2 in

the vertical pipe. Some data points have been omitted or combined to make the graph easier to read.

With many flowing materials, the slip velocity is a function of wall shear stress, and the relationship

between  the  two  quantities  is  a  power  law  (Jäsberg,  Selenius,  &  Koponen,  2015)  (Cloitre  &

Bonnecaze, 2017)

m
s wv St= . (13)

This also appears to be the case here, but the parameters of the power law vary with consistency and

MFC  type.  Figure  9a  shows  the  slip  velocity  of  MFC1  as  a  function  of  wall  shear  stress  for  the

horizontal pipe. For consistencies higher than 0.5%, the slip curve can be divided into three sections:

With the smallest wall shear rates the slip velocity follows the power law Eq. (13) with m » 1.6. When

wall shear stress reaches approximately two times the yield stress (we call this drag reduction

threshold stress, DRt ), the slip behavior changes. Here slip velocity increases significantly, and there

is strong drag reduction of the flow - pressure loss levels or even drops (see Figures 5a and 5b). After

the drag reduction region, slip velocity once again increases monotonously. Note that the slip velocity

at DRt is approximately constant, 0.06 m/s. This indicates that hydrodynamic lift forces might be



involved in the development of the wall depletion layer (Jäsberg, Koponen, Kataja, & Timonen,

2000).

Figure 12. a) Slip velocity as a function of wall shear stress for MFC1 in the vertical pipe. The solid

lines are fits of the power law Eq. (11) to the measurement data.  b) Slip velocity for MFC1 in the

horizontal pipe. For comparison, slip velocities for the vertical pipe have been shown for two

consistencies. c) Slip velocity of MFC2 in the vertical pipe. The results of (Lauri et al., 2017) were

obtained  for 0.5% MFC2 in a horizontal 8.6 mm pipe.

The slip velocity of MFC1 in the horizontal pipe is shown in Figure 9b. For comparison, slip velocities

for 1.0% and 1.5% MFC1 in a vertical pipe are also shown. We can see that the slip behavior is rather

similar in both pipes, although the pipe diameters are different.  This suggests that the wall slip of

MFC1 was indeed a function of wall shear stress and independent of the exact details of the flow

geometry (see also Figure 9c for 0.5% MFC2).



Figure 9c shows the slip velocity for MFC2. The results of (Lauri et al., 2017) for 0.5% MFC2 in a

horizontal 8.6 mm pipe are shown for comparison. The slip velocities in (Lauri et al., 2017) and in

this study are rather similar. The differences might be due to different MFC2 batches, or to

experimental uncertainties. Slip velocities can also be calculated from s PLv v v= - , where v  is the

mean velocity in the pipe and

1/( 1)

3 1

nn n
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nR Pv

n K

+ Ñæ ö= -ç ÷+ è ø
(14)

is the theoretical flow rate of a power law fluid in a pipe. With the parameters K = 1.7 and n = 0.31,

obtained with velocity field fitting (see Table 1) for 0.5% MFC2, slip velocities are obtained that are

close to those obtained by (Lauri et al., 2017).

Figure 13.  Slip velocity as a function of wall shear stress scaled with yield stress. All measurements

were obtained with the vertical pipe.

Figure 13 shows the slip velocity for higher consistencies of MFC1 and MFC2 as a function of shear

stress, scaled with the yield stress obtained from Eq. (10). We can see that there is a good collapse of

data. This is remarkable, as there is an order of magnitude difference in the thickness of  the wall

depletion layers of MFC1 and  MFC2 (Salmela et al., 2013)(Lauri et al., 2017). The slip curve appears

to consist of three regions: a power law region ( 1.5w yt t < ) where 1.50.014 ( )s w yv t t= ,  a transition

region (1.5 2.5w yt t< < ), and a power law region ( 2.5 w yt t< ) where 2.00.039 ( )s w yv t t= .



Conclusions

We studied the rheology of two mechanically manufactured MFC suspensions in a pipe rheometer in

the consistency range of 0.2 - 2.0%. Despite having significantly different particle sizes, the viscous

behaviors  of  the  suspensions  were  very  similar  -  the  dependences  of  the  flow  index  and  of  the

consistency index on consistency were almost identical. The yield stress of the fine MFC2 was almost

threefold higher than for the coarse MFC1, while a 20% fines fraction of MFC1 measured in

(Varanasi et al., 2013) gave an almost identical yield stress to MFC1.

Interestingly, the dependence of yield stress and the consistency index on consistency was a power

law with an exponent of ca 2.4 for both suspensions. Similar scaling behavior has been seen earlier

for some pulp fiber suspensions. For both suspensions there was a linear relationship between the

yield stress and consistency index. We have currently no theoretical explanation for this behavior.

Both MFC suspensions had strong slip flow on the pipe walls, and slip contributed up to 95% of the

flow rate. When wall shear stress exceeded two times the yield stress, slip caused drag reduction with

consistencies higher than 0.8%. With consistencies higher than 1%, a data collapse was obtained

when the slip velocity of both MFC suspensions was presented as a function of wall shear stress

scaled with the yield stress. This curve consisted of three regions: a power law region for 1.5w yt t <

, a transition region that was centered at 2w yt t : , and a power law region for 2.5 w yt t< . This

result suggests that despite its apparent complexity it might be possible to develop more general

models for slip behavior of MFC, at least for moderate consistencies.

The similarities in the shear rheology of  the MFC suspensions studied here and in some other studies,

and the similar behavior of some pulp fiber suspensions, suggests that the shear rheology of MNFC

suspensions might be more universal than has previously been understood. In their basic form (i.e.

with low ionic strength and without extra polymers or surface modification), MNFCs might be “just”

another group of fibrous materials with a high aspect ratio. Although it is obvious that the MNFC raw

material and the production details (mechanical, chemical or enzymatic) may strongly affect the

absolute values of the rheological parameters, it is possible that the scaling laws are similar for a

wider group of MNFC materials than previously believed. The variability of reported scaling laws of

these materials found in the literature might be due not only to real differences in their physical

behavior, but also to experimental uncertainties and the general difficulty of measuring their

rheological  behavior  rigorously.  The  possible  wider  universality  of  shear  rheology  of  MNFC

materials definitely merits further investigation in the future.
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