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Abstract:

Rheological behaviour of fluids in mixing systemasastudied using a simplified approach in
shear rate calculation. The efficiency of this @ggh is investigated from Newtonian and
non-Newtonian fluids, exploring also the geometirynixing systems. Results are favourably
compared with those obtained from previous pubtisiverks. It is shown that this approach
does not require the calculation of a virtual inmadius nor a priori assumption of the
rheological behaviour of the fluid mixed.
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1. Introduction

Industrial processes often require mixing, blendinglispersing systems to produce complex
materials. These fluids are agitated in vessels fiapellers of different geometries: anchors
(Anne-Archard et al., 2006), helical ribbons (ChopR000 ; Wang et al., 2000), small or
large paddles (Thakur et al., 2004 ; Roos et D62, scraper blades (Benkhelifa et al., 2008).
Such systems are also used to evaluate or foll@wrlleological properties of the mixed
material, in particular during phase change andchiaktreatment. The main problem lies then
on the calculation of the shear stress — shearretdgonship from the torque and rotational
speed of mixing probe. Different methods have b#®reloped for estimating the shear rate
in the impeller zone (Steffe, 1992). From the poa@msumption method in laminar regime,
the shear rate is related to the rotational vefooft the impeller with a mixer viscometer
constant (Metzner and Otto, 1957). This constadetermined using the slope method or the
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matching viscosity method. The matching viscosigtimd needs at least two measurements
and depends also on the type of shear thinning fised. A more recent method is based on
the so-called Couette analogy (Choplin, 2000 ;keadi et al., 2004) based on the approach
developed by Bousmina et al. (1999). It consistgd@termining an internal radius of an
equivalent virtual Couette geometry which gives tloe same rotational velocity the same
torque in mixer system. These methods, which haea lbargely improved, require however a
priori assumption on the rheological behaviourhaf fluid — generally assumed to be a power
law fluid — as well as the calibration of the mixgrstem. The evaluation of the internal
virtual radius of an equivalent Couette geometrpnsliminary carried out with Newtonian
fluids of known viscosity.

The aim of this paper is to show the efficiencyaakcent procedure in processing the Couette
rheometry data (Estellé et al. (2008 a ; 2008 d))ampute the rotational shear flow data of
fluids in mixing systems. The main objective isoicercome the limitations mentioned above.
With this goal, we have considered previously mi#d data of Newtonian and power law
fluids in various mixing system. Influence of rhegical behaviour and geometry system are
also investigated. Before this, and to make momaprehensive this paper, some of the
theoretical development reported in Estellé ef2008 a ; 2008 b) are briefly detailed in the
next section.

2. Theory

The data of Couette viscometer are put in the fofm shear stress — shear rate relationships
from a Bingham approximation in shear rate calootatThe shear rate of a Bingham fluid is
a combination of two expressions following the floandition in the annulus. It is related to
the Couette geometry and set of torque velocita dist ; Q) from the following equations,
respectively when the cylindrical gap is partiaheared (eq. 1) and fully sheared (eq. 2).
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Where R, h and Rrespectively denotes the radius and height oirther cylinder, the radius
of the cup.

In this procedure, the use of the maximization dfe tdissipation of energy
allows discriminating between the partially sheagag solution and the fully sheared one.
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This avoids a previous knowledge of the yield streSo, from a series of increasing or
decreasing rotational velocit®; , the shear rate is computed as well as the camelspg

M
shear stress defined a's:l(rj +rj_1), with 7, = . It should be noted that the
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derivative 22 is simply reduced tegﬂ
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This procedure was successfully tested for computiegshear flow curve of simulated and
real fluids in Couette viscometer, independentlyh&iological behaviour and gap size (Estellé
et al.,, 2008a). It was extended to vane geometry Newtonian silicon oil, CMC
(carboxymethylcellulose) solution and Carbopol eddystress fluid. The results were found
to agree well with those obtained using torsionebrgetry (Estellé et al., 2008b). It is
presently used in the next section for procesdegtorque-velocity data of fluids obtained
with mixing systems. Results are compared to tholswined from the currently used
techniques in determining the shear flow curvéngst systems.

3. Experimental applications
3.1 Influence of rheological behaviour

Recently, Guillemin et al. (2008) have developediging-type rheometer called “RheoXF”
which consists of a mixing complex impeller rotgtim a large cylindrical cup. This mixing
system was used to characterize the rheologicglepties of shear-thinning concentrated
energetic suspensions of melt-cast intensive ex@esThe procedure used by Guillemin et
al. (2008) to process the torque — rotational vglodata is based on Couette analogy. To
relate the shear stress and shear rate, the authwes considered a priori that energetic
suspensions behave as a power law fluids. The cuastéthis system as well as the virtual
internal radius of the equivalent Couette geométaye been obtained from measurements
carried out with Newtonian fluids in both Couetienger radius B=18.96mm, outer radius.R
=19.99mm, height h=23.49mm) and mixing (upper rad=14.26mm, lower radius
R:1=19mm, height H=17.7mm) geometries. To improve thality of calibration of their
system, they have used several Newtonian matewitthslarge viscosity scale. Guillemin et
al. (2008) have finally determined a virtual inmadius of 17.17mm. Three of these fluids are
here studied: an hydroxyl terminated polybutadea#ed liquifex H, an urethane H-200-AT
(Vosschemie) and a silicon oil Rhodorsil 47V500réjaedue to the geometry of the shearing
spindle (see figure 1(a)), the radius considereabincalculation is the one which corresponds
to the barycentre of the triangle of H in bottondd-R, in height. Its value is 17.42mm.
This is close to the virtual radius obtained by (uilin et al. (2008). In Figure 2 we report
the shear flow curves of Newtonian fluids obtairfiein our procedure in both Couette and
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mixing geometries. The performance of our approachere estimated by computing the
percentage deviation of the viscosity obtained vatlr approach from the true viscosity
which was known from the Newtonian fluid used, ataded in Table 1. It is shown that the
curves of the two geometries agree well, and thatfluids behave as Newtonian materials.
The maximum percentage deviation in calculated gisg@ompared to the real value is less
than 6.6% with the Couette geometry, respectivdBb lwith the mixing system.

The shear flow curves of energetic suspensionsecéisply denoted E1 and E4 in Guillemin
et al. (2008), are shown in Figure 3. As expecthdse materials behave well as shear-
thinning fluids. Table 2 contains values of consititel parameters fitted from the flow curves
with a power law equation. Results given by Tablesh@w that the constitutive parameters
evaluated by Guillemin et al. (2008) and those W&o are in quite good agreement. The
maximum deviation is 10.9% for the flow index valed 9.3% for the consistency value. It
should be mentioned that Guillemin and co-work@@08) have only used the Rheo-FX to
evaluate the rheological properties of the suspassiAs a consequence, the constitutive
parameters they obtain are considered being referealues.

It should be noted that with such materials, Newaonand shear-thinning fluids, it was
checked that only equation (2) is used in the d¢atmn of shear rate, as the material is fully
sheared within the gap.

3.2 Influence of the geometry of mixing system

Roos et al. (2006) have evaluated the capabilitynoding systems for measuring the flow
behaviour of fluid food containing fibres or pakis. Three impellers have been used by these
authors (see figure 1(b): a large six-bladed pa@enm in diameter and 60mm in height), a
small four-bladed paddle (20mm in diameter and 40mnheight), and a helical ribbon
(36mm in diameter and 40mm in height). For all mgsystems, the fluid was sheared in a
cup of 48.8mm in diameter. For more experimentédite the reader is referred to Roos et al.
(2006). As in the previous section, the authorelexploited the mixing system from Couette
analogy, considering also a power law constituégeation. In Figure 4, we report the shear
flow curves of a fruit preparation of Raspberry ghicontains hard particles of 2mm in
averaged diameter. The black symbols are obtainéRldog et al. (2006). The open symbols
correspond to the flow curves determined with owcpdure using the torque velocity data
obtained with the three impellers. It is shown thapropriate flow curves are recovered,
independently of mixing systems. Moreover, the Iteseompare well with the curves
obtained by Roos et al. (2006). With small andd¢apaddles, we have considered the real
diameters of the probes for the determination efghear flow curves. These values are close
to the virtual diameters, respectively 19.8mm aBdi@m, evaluated by Roos et al. (2006)
from Couette analogy. This fairly influenced theules as shown in previous paper with
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power law fluid (Estellé et al., 2008b), in partiuffor shear rate higher than T0aVith
helical ribbon, we have considered the virtual uadbf the probe obtained by Roos and co-
workers (2006). Actually, the use of the real radeads to an error in calculated shear stress.
This means that the fluid is mainly sheared at timeri periphery of the helical ribbon as the
virtual radius is closed to the inner radius oftheometry. The averaged value of consistency
and flow index behaviour we obtain from the mixilhgv curves, are respectively 21.6 Pa.s
and 0.34. This agrees well with the parameter vaksmeuated by Roos et al. (2006),
respectively 21 Pd.sand 0.37. Moreover, figure 4 proves the indepeagl@f the mixing
probe morphology on the rheological behaviour & fluid. As the radius ratio is different
with the three mixing geometries, the shear ratgeaobtained is also quite different, in
particular at low shear rate: higher the radiusoras, lower the shear rate range. A
comparable result was observed by Estellé et al3@0®&ith Newtonian material. It worth
nothing that comparison of equation (1) and (2m&hbere again that the fluid is always fully
sheared, as expected, due to its rheological betavi

4. Conclusions

The feasibility of using a simplified procedure faymputing the shear flow curve of mixing
systems was tested. This was performed with Newtoaral hon-Newtonian shear-thinning
fluids. The influence of mixing impeller geometry svalso investigated. It was shown that
the procedure allows evaluating the appropriateldgecal behaviour of the tested fluid,

independently of the used mixing system. The caristé parameters of Newtonian and
power law models were determined for several fluadsl were found to be close to the
literature values. Moreover, it was shown thatiarpassumption of rheological behaviour of
fluid is not required. As well, the inner virtuahdius calculation with mixing impeller is

avoided, when the fluid is sheared along a surfdose to a cylindrical one. This is of

practical interest and time beneficial in both lettory and industry.
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Figure Captions

Figure 1. Mixing geometries: (a) Rheo-FX developgdsuillemin et al. (2008) ; (b) paddles
(left) and helical ribbon (right) used by Roos ket(2006).

Figure 2. Shear flow curves of Newtonian fluidsomth Couette (black symbols) and mixing
system (open symbols) obtained from Bingham appma#on in Couette geometry. The
symbols refer to different Newtonian liquids: Liquiflex ; O Urethane A 47V500.

Figure 3. Shear flow curves of energetic suspessiomixing system obtained from
Bingham approximation in Couette system.

Figure 4. Shear flow curves of fluid food — blagknbols: data from Roos et al. (2006) ; open
symbols: present work.
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|

(b)

Figure 1. Mixing geometries: (a) left: Rheo-FX fro@uillemin et al. (2008) — right:
schematic side view ; (b) paddles (left) and hélitdoon (right) from Roos et al. (2006).
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Figure 2. Shear flow curves of Newtonian fluidsomth Couette (black symbols) and mixing
systems (open symbols) obtained from Bingham appraton in Couette geometry. The
symbols refer to different Newtonian liquids: Liquiflex ; O Urethane A 47V500.
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Figure 3. Shear flow curves of energetic suspession mixing system obtained from
Bingham approximation in Couette system.
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Figure 4. Shear flow curves of fluid food — blagknbols: data from Roos et al. (2006) ; open

symbols: present work.
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Table 1. Viscosity of Newtonian fluids obtained froegression of the shear flow curves in
Couette and mixing systems.

Newtonian n(Pa.s) from Couettg Deviation | n(Pa.s) from mixing | Deviation
fluid geometry (%) geometry (%)
Liquiflex 4.2 5.8 4.2 5.6
Urethan 1.7 5.1 1.5 14
47V500 0.4 6.6 0.46 8

Table 2. Consistency and flow index behaviour ofrgec suspensions obtained from
regression of the shear flow curves in mixing syste

k (Pa.§) | Deviation (%)| n (-) | Deviation (%)

E1l| 583 4.8 0.47 10.9

E4| 81.2 9.3 0.39 2.1
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