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ABSTRACT:

An experimental and numerical investigation of the rotational rheometry of yield-stress materials is performed, using water-
based Carbopol dispersions. The flow and fluid characterization in different rheometer geometries, namely the smooth Cou-
ette, the grooved Couette, and the vane-in-cup are analysed. The bi-dimensional flow governing equations are solved numer-
ically, using the finite volume method and Fluent software (Ansys Inc.). The viscoplastic behavior of Carbopol dispersions is
modeled using the Generalized Newtonian constitutive equation with the regularized viscoplastic viscosity function proposed
by de Souza Mendes and Dutra [1], herein called SMD function. The flow pattern and the presence of apparent wall slip in rheo-
metric measurements of yield-stress materials are investigated and discussed.
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1 INTRODUCTION

Structured materials are generally formed by discrete
components dispersed in a homogeneous and contin-
uous phase [2]. Usually, these materials present a
threshold stress, known as yield stress, below which
they feature a solid-like behavior, with no noticeable
deformation. Above the yield stress there is a steep vis-
cosity decay followed by a pseudoplastic or Newtonian
behavior, and the material is able to flow like a liquid.
For some of these materials there is measurable, albeit
very slow, irreversible flow below the threshold stress
[3, 4], in this case called the apparent yield stress.
Recently, Boisly et al. [5] introduced a new terminology,
defining solids, liquids and yield stress fluids as distinct
materials. Such materials can be found in our daily life,
as well as in several industrial applications. Therefore,
itisimportanttoobtaintheirrheological propertiesand
to predict their mechanical behavior. Recently, the
rheometry of such materials has received a lot of atten-
tion in the literature [6-8], especially with regard to
the development of techniques, designed to mitigate
possible sources of error in rheological measurements.
Someofthe main challengesreportedintherheological

characterization of structured materials are: evapora-
tion, sedimentation, thixotropy, shear banding, and
apparent wall slip.

As reviewed by Barnes [9] in detail, apparent wall
slip or wall depletion effects can occur in flows of struc-
tured materials and is mainly observed when low shear
rates, large components in the disperse phase, smooth
walls, and small dimensions are present. Apparent wall
slip is caused by the creation of a thin layer of the con-
tinuous phase alone at the solid boundaries, where the
strain rates are maximum. This lower-viscosity deplet-
ed layer plays a lubricating role, facilitating the flow.
Due to this fact, one can obtain distinct viscosity values
with different rheometric geometries, as shown in
Barnes [9], where lower viscosities are obtained for
smaller-gap geometries. In addition, unreal Newtonian
plateaus at stresses below the yield stress and kinks in
the flow curve may be obtained [9—11].

To circumvent apparent slip problems in the rheo-
logical characterization of structured materials, two
strategies are usually employed: (i) the use of different
gaps to obtain enough data to perform mathematical
manipulations to end up with the bulk flow properties
[12, 13], or (ii) modifications of the wall surface to elimi-
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Figure 14: Dimensionless inner and outer shear stress for the
three geometries.

formed using sandpaper at the walls [34], a slender
gauze basket inserted inside the outer cylinder [35], or
a serrated or profiled cylindrical cup [20] to prevent
apparent wall slip at the outer wall.

For all the reasons mentioned above, it becomes
clear that, in rheological measurements of yield-stress
materials, more attention should be given tothe appar-
ent wall slip at the outer cylinder wall, where the shear
stresses are lower. In addition, it can be noted that the
grooved Couette geometry was successful in eliminat-
ing apparent wall slip during the rheological measure-
ments carried out in this work, while the vane-in-cup
did not present a good performance. Thus, care needs
to be taken before selecting the vane geometry as a
good option to preventapparentwall slipin rheological
measurements.

6 FINAL REMARKS

In this paper, a numerical and experimental investiga-
tion was performed to analyze the flow pattern and
apparent wall slip in rheological measurements of
yield-stress materials in rotational rheometers. Three
different geometries were used in the study: the
smooth Couette, the vane-in-cup and the grooved Cou-
ette. Rheometrical data of Carbopol dispersions were
presented, and an analysis was performed regarding
the conditions needed to obtain valuable data for the
flow curve of yield stress materials. If on one hand
ratherlongtimesareneededinthelowshearraterange
to reach the steady state from rest, on the other hand
these times can be considerably shortened if the sam-
pleis pre-sheared. This behaviorisinaccordance tothat
presented in Ovarlez et al. [6].

Numerical simulations were performed using the
finite volume technique. The results were compared to
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Figure 15: Experimental and numerical results of dimension-
less inner wall shear stress.

the experiments, showing that for Carbopol disper-
sions, apparent wall slip occurs at lower shear stresses.
At this range, the outer wall slip velocity in the smooth
Couette is much higher than the inner one for the Car-
bopol dispersions studied, in contrast to Buscall et al.
[21], who found no slip at the outer cylinder wall for
weakly attracted particle dispersions. For higher shear
stresses, no slip was detected, and all geometries per-
formed reasonably well in rheological measurements.
Itisalsoshown thatflow kinematics is affected special-
ly in the vane-in-cup geometry, which could lead to
experimental errors in viscosity measurements. Finally,
itis important to point out that the performance of the
grooved geometry was much better than the other
ones in the rheological measurements carried out and
that precautions must be taken when using the vane
geometry.

ACKNOWLEDGEMENTS

The authors are indebted to Petrobras, CNPq/MCT,
CAPES, FAPERJ and FINEP for the financial support.

REFERENCES

[1] de Souza Mendes PR, Dutra ESS: Viscosity function for
yield-stress liquids, Appl. Rheol. 14 (2004) 296 —302.

[2] Vauthey S, Milo Ch, Frossard Ph, Garti N, Leser ME,
Watzke HJ: Structured fluids as microreactors for flavor
formation by the maillard reaction, J. Agric. Food Chem.
48 (2000) 4808 —-4816.

[3] BarnesHA:Theyield stress - Areview, ). Non-Newt. Fluid
Mech. 81(1999) 133-178.

[4] de Souza Mendes PR, Thompson RL: A unified approach
to model elasto-viscoplastic thixotropic yield-stress
materials and apparent-yield stress fluids, Rheol Acta 52

(2013) 673-694.

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

© Appl. Rheol. 25 (2015) 53883 | DOI: 10.3933/ApplRheol-25-53883

19 |



[5]

(6]

[7]
(8]

[9]

[10]

]

[12]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

© Appl. Rheol. 25 (2015) 53883 | DOI: 10.3933/ApplRheol-25-53883

Boisly M, Kastner M, Brummund J, Ulbricht V: General
aspectsofyield stressfluids—terminology and definition
of viscosity, Appl. Rheol. 24 (2014) 14578.

Ovarlez G, Cohen-Addad S, Krishan K, Goyon J, Coussot
P:Ontheexistence of asimpleyield stressfluid behavior,
J. Non-Newt. Fluid Mech. 193 (2013) 68 -79.

Coussot P: Yield stress fluid flows: A review of experi-
mental data, J. Non-Newt. Fluid Mech. 211 (2014) 31-49.
Marchesini FH, Alicke AA, de Souza Mendes PR, Ziglio
CM: Rheological characterization of waxy crude oils:
Sample preparation, Energy Fuels 26 (2012) 2566 —2577.
Barnes HA: A review of the slip (wall depletion) of poly-
mer solutions,emulsionsand particle suspensions in vis-
cometers: its cause, character, and cure, J. Non-Newt.
Fluid Mech. 56 (1995) 221-251.

Kalyon DM, Yaras P, Aral B, Yilmazer U: Rheological
behavior of a concentrated suspension: A solid rocket
fuel simulant, J. Rheol. 37 (1993) 35-53.

Moller PFC, Fall A, Bonn D: Origin of apparent viscosity
in yield stress fluids below yielding, Europhys. Lett. 87
(2009) 38004.

Yoshimura A, Prud’homme R: Wall slip corrections for
couette and parallel disk viscometers, J. Rheol. 32 (1988)
53-67.

Yoshimura A, Prud’homme R: Wall slip effects on dynam-
ic oscillatory measurements, J. Rheol. 32 (1988) 575—-584.
Nickerson CS, Kornfield JA: A “cleat” geometry for sup-
pressing wall slip, J. Rheol. 49 (2005) 865—874.

Nguyen QD, Boger DV: Yield stress measurement for
concentrated suspensions, J. Rheol. 27 (1983) 321-349.
Nguyen QD, Boger DV: Direct yield stress measurement
with the vane method, J. Rheol. 29 (1985) 335-347.
Barnes HA, Carnali JO: The vane-in-cup as a novel
rheometer geometry for shear thinning and thixotropic
materials, J. Rheol. 34 (1990) 841-866.

Liddell PV,BogerDV:Yield stressmeasurements with the
vane, J. Non-Newt. Fluid Mech. 63 (1996) 235—261.
Barnes HA, Nguyen QD: Rotating vane rheometry - A
review, J. Non-Newt. Fluid Mech. 98 (2001) 1-14.
Stokes JR, Telford JH: Measuring the yield behavior of
structured fluids, J. Non-Newt. Fluid Mech. 124 (2004)
137-146.

Buscall R, McGowan JI, Morton-Jones AJ: The rheology of
concentrated dispersions of weakly attracting colloidal
particles with and without wall slip, J. Rheol. 37 (1993)
621-641.

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

(33]

(34]

(35]

Barnes HA: Measuringthe viscosity of large-particle (and
flocculated) suspensions — A note on the necessary gap
size of rotational viscometers, J. Non-Newt. Fluid Mech.
94 (2000) 213-217.

Taylor NW, Bagley EB: Dispersions or solutions? A mech-
anism for certain thickening agents, J. Appl. Polym. Sci.
18 (1974) 2747-2761.

Dontula P, Macosko CW, Scriven LE: Origins of concentric
cylinders viscometry, J. Rheol. 49 (2005a) 807-818.
Dontula P, Macosko CW, Scriven LE: Letter to the editor:
Comment on “Origin of concentric cylinder viscometry”
[). Rheol. 49 (2005) 807-818]. The relevance of the early
days of viscosity, slip at the wall, and stability in concen-
tric cylinder viscometry - Authors’ Response, J. Rheol. 49
(2005) 1551—1551.

Couette M: On a new apparatus for the study of friction
of fluids, Compt. Rend. 107 (1888) 338 -390.

PiauJM, Piau M: Letter to the editor: Comment on “origin
of concentric cylinder viscometry” [J. Rheol. 49 (2005)
807-818]. the relevance of the early days of viscosity,
slip at the wall, and stability in concentric cylinder vis-
cometry, J. Rheol. 49 (2005) 1539 —1550.

de Souza Mendes PR: Dimensionless non-Newtonian fluid
mechanics, J. Non-Newt. Fluid Mech. 147 (2007) 109 -116.
Curran SJ, Hayes RE, Afacan A, Williams MC, Tanguy PA:
Properties of carbopol solutions as models for yield-
stress fluids, J. Food Sci. 67 (2002) 176 —180.

Piau PM: Carbopolgels: Elastoviscoplastic and slippery
glasses made of individual swollen sponges. Meso- and
macroscopic properties, constitutive equationsandscal-
ing laws, J. Non-Newt. Fluid Mech. 144 (2007) 1-29.

de Souza Mendes PR, Naccache MF, Varges PR, March-
esini FH: Flow of viscoplasticliquids through axisymmet-
ric expansions-contractions, J. Non-Newt. Fluid Mech.
142 (2007) 207-217.

Fluent 15.0 User’s Guide: Ansys (2014).

Keentok M, Milthorpe JF, O'Donovan E: On the shearing
zone around rotating vanes in plastic fluids: theory and
experiments, J. Non-Newt. Fluid Mech. 17 (1985) 23 -25.
Uhlherr PHT, GuoJ, Tiu C, Zhang XM, Zhou JZQ, Fang TN:
The shear-induced solid-liquid transition in yield stress
materials with chemically different structures, J. Non-
Newt. FluidMech. 125 (2005) 101-119.

Roberts GP, Barnes HA: New measurements of the flow-
curves for carbopol dispersions without slip artefacts,
Rheol. Acta 40 (2001) 499 —503.

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

| 10 |



