Chapter 4

Analysis of the mixing efficiency
In rotors design

To explain how our dispersive models can be used to analyxmgefficiency of
different batch mixers, let us now compare dispersive ngigifficiency of two existing
tangential rotors respectively called : ZZ2 rotor and Otdr8lard rotor (Figure 4.1).
Distributive mixing efficiency of these rotors is also e\atled to obtain a global vision
of their mixing performance.

4.1 Flow in batch mixer

Large number of contributions in literature demonstrate ttumerical simulation is

a useful tool to evaluate mixing efficiency of devices as tagnew extruder or batch
mixers. Different one-dimensional and bidimensional niedeve been proposed
(Booy,1980) (Lozano et al,2002) (Szydlowski et al,198 P& et al,1987)

(Potente et al,1997). But, we have to perform three dimaasitme dependent cal-
culation to catch all information on the flow generated bysthetors. Flow pattern
generated by each couple of rotor in mixer chamber is caledlaith constrained

finite element formulation for non-conforming meshes.
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(a) 3D view and front view of Old-Standard rotor

(b) 3D view and front view of ZZ2 rotor

Figure 4.1: Two kinds of four wings rotor are compared : (aj-Standard rotor and
(b) ZZ2 rotor.

Firstly, we recall the governing partial differential egjoa of isothermal and incom-
pressible flow of generalized Newtonian fluid:

Dv
ot —Op+0-t+pg
(4.2)

Ov = 0

whereD/Dt is the material derivativey is the velocity,p is the pressurep is the
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density,g is the gravity and is the extra-stress tensor defined by:

T=2n(y)d

with the strain rate tensat and the kinematic viscosity. Shear ratey is defined as
the square root of the second invariant of strain rate tensor

y=v2d:d

As we consider flows in a batch mixer with a rotational spee®@®fpm, we are
dealing withRe~ 10-° andRe/Fr ~ 1073, In other words, we consider creeping
flow assumption and neglect gravity effects.

To build a mathematical model of rubber mixing process irchanixer, several

geometrical assumptions and simplified constitutive mdolethe fluid are selected
(Meijer,1997). Correct balance between the complexithhefgeometrical model and
the complexity of the rheological model has to be identifiche use of complex
rheological model with relatively coarse geometrical tisization is not relevant as
to consider irrelevant geometrical details with very pdogalogical model. Suitable
compromise between numerical and modeling errors has teetserdined in taking

into account the cost of large time-dependent three-diineakcalculation and the
numerical accuracy that can be obtained. In view of the gédraéassumptions
that we have to introduce, it seems reasonable to reproclgete shear thinning
behavior of the mix rubber-carbon black by Bird-Carreau eidBarnes et al,1989)
(Macosko et al,1994) :

1) = o+ (00— 1) (14 09?) " @2)

whereng = 1 1P Pasis the zero shear rate viscosity= 10sis a natural timef)e, =
10Pasis the infinite shear rate viscosity and= 0.23 is the power law index. Those
parameters have been selected to fit the experimental negasots at a temperature
of 140°C of a reference mix rubber-carbon black used by Michelin. $itgrof this
mix is equal to 106&g/n.

In a first approach, we consider that the flow is isothermalamémpose full sticking
condition along the wall of the mixer chamber and along thierso Obviously, these
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Figure 4.2: Geometrical parameters that define the shageabtors and the mixer
chamber.

are two strong assumptions. In such a mixing process, floftéas aon-isothermal but
sometimes thermal regulation is adjusted to obtain anésothl flow during a short
period of time. In other words, we here assume that we arasrsfgiecific condition.
With this assumption, we obtain a periodic flow pattern aftdy one revolution of the
rotors. We can then calculate the evolution of the mixing amethan one revolution
by repeating several time this flow pattern. Most people olespartial slipping of
rubber along the rotors and the mixer chamber. As the amduthecslipping along
the mixer chamber is still an open question deserving a fhdlysis, it seems to be
fair to restrict ourselves to a stick condition. Finallyetimixer chamber is assumed to
be fully-filled because numerical simulation of a partidilled domain requires both
extremely sophisticated algorithms and prohibitive cost.

The two rotors (ZZ2 and Old-Standard) have a counter-rayatiotion at 3&pm in
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the mixer chamber. Material is introduced by the top of th&enichamber and is
pushed to the bottom of the mixer by the rotors. In the same,timaterial is dis-
tributed in the whole volume of the mixer chamber. Old-Stmdotors is composed
of two short and two long wings that are respectively locatetie middle of the rotor
and at the extremeties of the rotors. ZZ2 rotor is also comgas two long wings
and two small wings, but long wings are located in the middithe rotor and small
wings are located at the extremities of the rotor. Typicatelisions of these rotors
and dimensions of the mixer chamber are given in Table 4.lilarstrated in Figure
4.2.

Mixer chamber dimensionsnm

LengthL 208
RadiusR 80
CenterlineC_ 160

Rotors dimensionaifm)

ZZ2 | Old-Standard
LengthLgr 198 198
RadiusRr 785 78.25
Clearance size 15 175
Fluid volume @n?)
272 35
Old-Standard 3.9

Table 4.1: Dimensions of the mixer chamber, of the ZZ2 rotwmd of the Old-
Standard rotors.

4.2 FEM flow calculation

To calculate the flow pattern generated by the motion of thersan the mixer cham-
ber, we use a finite element software dedicated to highlyuvsdlows: POLYFLOW
(Debbaut et al,1991). In order to get reliable results, adiesign of the mesh and a
suitable selection of the mixed interpolations remairicalt

Time dependent fields can be calculated with different tepghes. In 2000, Yoshi-
naga and Ishikiwa et al. performed three-dimensional titegendent simulation of
the mixing in twin-screw extruders by generating a new meshefich position of
the screws at each time step. Interpolation between mef#ibes abtaining the time
dependent fields. Unfortunately, this simple techniquesiy ¥ime consuming. Rios
et al. (2000) have proposed to use boundary element methmetHiorm such a sim-
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ulation. This technique offers an alternative to the megtafiort but incorporating
non-linearity of rheological model is a very tedious issda.our work, we use a
penalty technique that allows us to avoid the complex tasi@dhing the flow do-
main. Flow domain is the volume of the mixer chamber that isfiied by rotors. In
this so-calledmesh superposition technig(#&valosse et al,2000), we independently
build the mesh of the mixer chamber and the mesh of each iMtshes of the mixer
chamber and the rotors are then superimposed as illustiratéigure 4.3. Position
of the rotors is automatically updated at each time step.eBoh node of the mixer
chamber mesh, we have to detect if node is included in onetbfrotors or in actual
"fluid" region. Outside the rotors, the velocity of the nodecalculated by satisfying
the weak formulation of Navier-Stokes equations. Othesvlie velocity of the node
is constrained at the rotors velocity. This technique cadibectly compared to the
fictitious domain methodsed by Bertrand et al. They impose kinematic constrains by
means of Lagrange multipliers and not by a penalty technique

Mesh superposition technique presents two major advast&istly, only two meshes
without complex intermeshing regions have to be built tdqren a transient simula-
tion. Secondly, the method is efficient and robust thankkécatsence of remeshing
algorithm. Nevertheless, the accuracy of this method igtawan the accuracy of a
classical method and requires a mesh refinement. Obvialiig, mesh becomes too
coarse in some areas, very poor numerical results can baettaTypically, mass
conservation cannot be always guaranteed; fluid leakagemaear in some critical
parts of the flow domain. Such a bad behavior comes from thaltyeiormulation
used in the mesh superposition technique that is not foyraalbnservative numerical
technique: we have thus to maintain mass conservation wodérol. The local mass
loss can modify in a significant way the flow features and tloeecthe quality of the
mixing analysis.

In previous work, we studied the mixing efficiency of twirrew extruders with the
same technique (Alsteens et al,2005) and we determinealgned to build an effi-
cient mesh for such simulations. High shear rates, thatjiraglecreasing of viscos-
ity, are usually observed in clearance zones (zones bettheetip of the wings of
the rotors and the wall of the mixer chamber). Such an effeoniy captured if the
mesh is at least composed of three bricks in these zonesrvskethe variation of
velocity field due to the decreasing of shear rate is not elkeserin order to obtain
accurate evolution of flow pattern in time, we divide one tiotaof the rotor in 45
time steps. Rotors then rotate of & each time step. But small time steps are use-
less if the circumference of each mixer chamber is not dividlea minimum of 45
segments. If the size of these segments is too large, thesmotation will not be accu-
rately detected with mesh superposition technique. Binthie mesh has to be refined
in radial and axial directions at proximity of the wall of thexer chamber to capture
the shear rate evolution in these zones. From these guidelinmesh that is a good
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Figure 4.3: Superposition of the meshes of the mixer chambethe rotors.

compromise between the number of degrees of freedom anddbeed accuracy has
been built. Number of bricks in the different directions gieen in Table 4.2. This

mesh is composed of 308 bricks.

For Stokes problem, it is well known that the interpolatidrvelocity and pressure
has to satisfy the Brezzi-Babuska condition (Brezzi etd®@1) for a usual Galerkin
formulation as used in the software. Otherwise, a stahilfpessure Petrov Galerkin
formulation could be used with an equal-order approxinmatidoreover, in our spe-
cific application, penalty technique applied on flow brickstjally superimposed by
rotors, requires special care because locally the ratiwdssi velocities and pressure
unknowns is modified in the wrong way for stability issue. Vém choose between
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Mesh refinement of the mixer chamber

Circumference| Axial direction | Radial direction

46 28 10

Table 4.2: Mesh refinement along the circumference of thenmikamber and in the
axial and radial directions.

three mixed interpolations defined in Figure 4.4.

e Q; — Qo : hexahedral linear velocity and constant pressure intatipon. Such
an element is widely used in a large number of applicatioes évit does not
formally satisfy the Brezzi-Babuska condition.

e Q] — Qo : mini-element velocity and constant pressure interpotatielocity
interpolation is a usual hexahedral linear element at whictalar degree of
freedom is added in each face.

e Q" — Q1 : enriched mini-element velocity and linear pressure péation.
An additional bubble function enriches the velocity fieldiefineQ; * element
from Q] element.

Choice of the relevant interpolation is a tedious task. Eghper on the mixing ef-
ficiency of twin-screw extruder (Alsteens et al,2005), weehatudied the effect of
these interpolations on pressure profile along the extrutiappears tha®; * — Q:
andQ; — Qg interpolations provide similar results, but some localrigus oscilla-
tions have been observed in pressure profile obtained@ﬁfh— Q1. Q1 —Qq ele-
ment underestimates the pressure drop. Best compromisedrehumerical cost and
accuracy was to be addressed by@je— Qo element for a given mesh in these simu-
lations. But present simulations are most expensive andenaited to use; — Qg
interpolation. The cost of such a simulation with the mestcdbed in Table 4.2 re-
mains important. Transient simulation takes around 12 fiaryd45 times steps and
requires 1578 Mbytes of memory on a DEC Alpha server (600WBb-of memory)
when the power law index of Bird-Carreau law is equal 1230
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Figure 4.4: Enriched mini-elemen®{ ), mini-element Q;), linear element ;)

and constant elemen®(). Black dots mean that all components of a vector field are
considered as degree of freedom. White dots mean that ordgnaah scalar degree of
freedom is defined for the considered field.

4.3 Comparison of the mixing efficiency of ZZ2 and
Old-Standard rotors.

Calculation of flow pattern in the mixer chamber shows thainter-rotating motion
of the rotors drags the fluid from ram door to drop door in ainéerential motion. If
the drop door is closed, the fluid flows in right and left regiofithe mixer and comes
back progressively to the top of the mixer as illustratediguFe 4.5.

In the same time, the fluid moves in the mixer alongaxis due to the wings shape.
This axial motion of the fluid is totally different with ZZ2 drOld-Standard rotors.
We show in Figure 4.6 and Figure 4.7 the evolution of axiabu#y v, in a horizontal
plane located in the middle of the mixer chamber for Old-8tad and ZZ2 rotors
respectively.

This evolution allows us to distinguish two kinds of axiaMias illustrated in Figure
4.8. With Old-Standard rotor, the fluid is dragged from thenfrto the back of the
mixer chamber along right rotor and from the back to the fafrthe mixer chamber
along left rotor during the first quarter of revolution. Moxer the axial velocity; is

very small in the middle of the chamber, but a transfer of fhetiveen both rotors is
observed. With ZZ2 rotors, the fluid flows from the front to bk of the chamber in
the middle of the mixer and the fluid is dragged from the badkédront of the mixer
along left and right rotors. As for Old-Standard rotors,ansfer of fluid is observed
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The ram

The drop door

Figure 4.5: Counter-rotating motion of ZZ2 and Old-Stanldators gives a rotational
motion to the fluid.

between both rotors. In the third quarter of revolution, Z4®@ Old-Standard rotors
generate respectively the same kind of flows than in the firattgr of revolution but
reversed. A period of transition is finally observed in setand fourth quarter of
revolution. Let us now evaluate the distributive mixing egficy of these flows.
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Figure 4.6: Evolution of axial velocity, during one revolution of Old-Standard rotors
in a horizontal plane located in the middle of the mixer.
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Figure 4.7: Evolution of axial velocity, during one revolution of ZZ2 rotors in a
horizontal plane located in the middle of the mixer.



Comparison of the mixing efficiency of ZZ2 and Old-Standard otors. 97

Back

E———_
o &
Transition

Front

1 . 1 . 1 .
7 rotation 7 rotation 7 rotation
(a) Old-Standard rotors

Back

L ——-.
_—
Transition

Front

% rotation % rotation % rotation
(b) ZZ2 rotors

Figure 4.8: Axial flow generated by the motion of ZZ2 and Otds&lard rotors in the
mixer chamber.
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4.3.1 Distributive mixing efficiency

Distributive mixing efficiency of these rotors is evaluateg calculating during 20
seconds the trajectory of one thousand particles initlattgted in a small box
(40mm x40mm x40mn) below the ram as illustrated in Figure 4.9. The distriboitdd
these particles in mixer chamber is compared to an optimsirildlition correspond-
ing to a random distribution of one thousand particles invthele flow domain. For
any timet, we evaluate the frequency to find a pair of neighboring fsailigtant from
d in both distributions. These frequencies are respectineted fy and fé’pt for the
actual and the optimum distributions. The deviation betwsath distributions can be
evaluated as following :

&) = 5 [ [fat)— 170)] d

Smaller this deviation, better the distributive mixing.iJ teviation is called distribu-
tive index.

We can observe in Figure 4.10 the evolution of the distrilmuitndex for both config-
urations. Material points distribution in the whole flow daimis slightly faster with
ZZ2 rotors than with Old-Standard rotors. After 20 seconfdmixing, distributive
index is equal to A2 and 023 for ZZ2 and Old-Standard rotors respectively. It seems
therefore that ZZ2 rotors is most efficient than Old-Staddators to generate a good
distributive mixing.

Let us now analyze the axial distribution of the materialnt®iin the flow domain.
This distribution is calculated by collecting the axial cdioate of all particles at dif-
ferent timest. These material points are initially located in the same than pre-
viously with a z-coordinates betweenrBthand 124nm We can observe in Figure
4.11a and 4.11b the evolution in time of the axial distribotof the material points
for Old-Standard and ZZ2 rotors. Solid red curve represtatsxial distribution ob-
tained after 20 seconds of mixing and black curves reprékemvolution of the axial
distribution from 0 second to 4 seconds. Distribution wittbreases progressively
in time in both cases but the axial distribution obtainechw@tld-Standard rotors is
always symetric. With ZZ2 rotors, the axial distribution ves on the left at the start
of the mixing and is finally symetric after 20 seconds.

The comparison of these axial distributions with an optimaxtal distribution, ob-

tained by collecting the axial coordinate of all particlelsem they are randomly dis-
tributed in the whole flow domain, allows us to evaluate tHieiehcy of these rotors
to axially distribute the particles. The dotted red curyeresents this optimum axial
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Box position 0.5 second 1 second

‘3*

1.5 second 2 seconds

2.5 seconds 5 seconds
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20 seconds Optimum

Figure 4.9: Distribution of one thousand particles in thxanichamber with ZZ2
rotors.
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Figure 4.10: Evolution of the distributive index for Olda®dard and ZZ2 rotors ver-
sus the time of mixing.

distribution. The deviation between the optimum and adfisdtibutions is given by
1/
&(t) = —/ |,(t,2) — 12P'(2)| dz
2 Jo

wheref, and 27" are the frequencies to find a particle in a given axial coaigimn
the actual and optimum distribution respectively. The etioh of this deviation, illus-
trated in Figure 4.11c, shows that the axial distributiothef material points is faster
with the ZZ2 rotors than with the Old-Standard rotors. Bug tifference between
both curves reduces when the mixing time increases.

Finally, it is also important to observe a good transfer @f prrticles from one rotor
to the other one. Let us imagine that we have initially whitel &lue components
located respectively in the left and in the right parts of thizker chamber. If the
transfer between both parts is not efficient, we never reaod level of distribution
of the blue component in the white component. In order to tjfyathis transfer, we
evaluate the percentage of particles of the optimum digich, for any timet, that
is exchanged between both rotors. Larger this number, ritbtetransfer. We can
observe in Table 4.3 that this transfer is more efficient wlith Old-Standard rotors
than with the ZZ2 rotors.
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Figure 4.11: Evolution of the axial distribution of matépaints in the mixer chamber
for ZZ2 and Old-Standard rotors and the evolution of the al@wn J,(t) for both
rotors.

4.3.2 Dispersive mixing efficiency

To evaluate the dispersive mixing efficiency of ZZ2 and Otdr8lard rotors, we firstly
estimate the shear rate distribution in the flow domain. Astitated in Figure 4.12,
the maximum shear rate is always observed in the gap betWedop of the wings
and the walls of the mixer chamber. The maximum of shear saipper than 861
with each kind of rotor. Highest shear rates are observetkirciearance zones of the
mixer with ZZ2 rotors due to the smaller gap observed in thisem Nevertheless, the
histogram given in Figure 4.12 show us that the percentagleofvhole fluid mass
with a shear rate larger thars5! is always higher in the flow generated with Old-
Standard rotors than in the flow generated with ZZ2 rotorscivetherefore conclude
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Time (seconds)
Rotors

0 5 10 15 20

Old-Standard| 0% 42% 61% 71% 76%

772 0% 26% 44% 55% 62%

Table 4.3: Percentage of particles transfered betweertharid the right parts of the
mixer chamber in time.

that the flow generated by Old-Standard rotors is charae@tyy the highest shear
rate outside the clearance zones. This difference on ttee shie evolution affects the

dispersive mixing efficiency because the decreasing ofdglgéoanerates size depends
directly on the shear rate history.

We now compare the evolution of a given mass density distabalong the trajectory

of five hundred particles randomly launched in the mixer vifita ZZ2 rotors and

with the Old-Standard rotors respectively. Each trajgctercalculated during 40

seconds. The initial mass density distribution is the ahithass distribution used in
the numerical simulation of the Mooney experiments andpsagented in blue in the
following plots (Figure 4.13). Its evolution in time alongeh trajectory is calculated
with the volume model where we assume that the paranredety depends on shear
rate,

K(y)=1.210"%y

wherey is the shear rate measured along the trajectory addQL* is the constant
value that provides the best fit between the results obtairtbé Mooney experiments
at 2rpm(y = 1) and the numerical results.

We can observe in Figure 4.13a and Figure 4.13b that the nesisstyl distributions
obtained at the end of each trajectory with Old-Standardzttirotors are quite sim-
ilar. The number of mass density distributions that have gimam of mass density
lower than 007 or upper than 08 is almost identical with both rotors (Table 4.4).
Nevertheless, only Old-Standard rotors provide two massitiedistributions where
all agglomerates have a size lower tham3 These very small differences between
the dispersive mixing efficiency of both rotors can be expdiby studying the evo-
lution of the shear rate along each trajectory in the mixanaber.
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Figure 4.12: Shear rate field in the mixer and percentage iof fhass with a shear
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104 Analysis of the mixing efficiency in rotors design

o
=3
>

o
o
@
=3
o
5}

o
=)
R
o
o
=

o
o
@
=3
9
@

Mass density distribution
Mass density distribution

0.02 0.02-

0 8 16 24 32 40 48 56 64 72 0 8 16 24 32 40 48 56 64 72
Size of agglomerates [].LT3 mm] Size of agglomerates [1(}’3 mm]

(a) Old-Standard rotors (b) ZZ2 rotors

Figure 4.13: Set of mass density distributions and meanityatistributions obtained
after 40 seconds of mixing with Old-Standard and ZZ2 rotors.

The same mass density distribution predicted by the diygemsodel is obtained from
different evolutions of shear rate so long as the integrad ioftime is kept constant.
It is not only the instantaneous value of shear rate that @omant but its integral
in time along the whole trajectory. This integral is usualglledtotal shear This
property of our models explains that we obtain the sametsesith the Old-Standard
and with the ZZ2 rotors. We show in Figure 4.14a two evolwiofthe shear rate
that have provided the same mass density distribution WwétZ#Z2 and Old-Standard
rotors. The high value of shear rate experienced one timbdparticle with the Old-
Standard rotor is compensated by several peaks at an irdext@e@alue of the shear
rate with the ZZ2 rotors. The distribution of the total shehtained after 40 seconds
of mixing are similar in both configurations as illustratadrigure 4.14b.

With the Old-Standard rotors, the shear rate outside tharatee zones is higher
than with the ZZ2 rotors, but the number of particles thassrihe clearance zones
is smaller. These high values of the shear rate experiengdhebparticles in the
clearance zones with the ZZ2 rotors compensate the smaliee of the shear rate in
the flow domain of this mixer. Let us now focus on the trajeie®along which the
shear rate is at least one time larger thas 8@vith both rotors. These values of the
shear rate are only observed in the clearance zones. Wedspextively 210 and 244
trajectories with such a property in the flow generated byZah2 and Old-Standard
rotors respectively. But we can observe in Table 4.4 thastiear rate is more often
greater than 891 along the trajectories obtained with the ZZ2 rotors tharhlite
Old-Standard rotors. This behavior tends to demonstratethie particles cross more
often the clearance zones with the ZZ2 rotors than with tlie ®&ndard rotors.
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Figure 4.14: (a) Two evolutions of the shear rate that prewithe same mass density
distribution after 40 seconds and (b) the distributionsotédlitshear obtained after 40
seconds of mixing obtained with the ZZ2 and Old-Standarorsot

We finally conclude that the ZZ2 rotor is more efficient thae @ld-Standard rotors
to generate a good distributive and dispersive mixing. Taution of the size of

the agglomerates during the mixing is quite similar withtbiators, but the particles
are better distributed throughout the flow domain with th@ Z@tors. Nevertheless,
only the transfer of particles between the rotors is fasi#r the Old-Standard rotors
than with the ZZ2 rotors. For an energetical point of vievis iimportant to note that
the specific power required for the mixing is higher with tiE2Zotors than with the

Old-Standard rotors. This can be due to the smallest clearzones of the ZZ2 rotors.

Experimentally, Michelin and ThyssenKrupp ElastomerTeclobserve on their pro-
duction site that the ZZ2 rotor is slightly more efficient tistdbute the carbon black
agglomerates in the rubber than the Old-Standard rotors iBhinainly due to the
position of the long wings on the ZZ2 rotor that generate aammamplex flow. The
study on the distributive mixing efficiency of both rotors thye numerical approach
provides the same results. We also observe that the distnibof the particles in the
flow domain is faster with the ZZ2 rotor than with the Old-Stard rotor. For the dis-
persive mixing, the result is different. Experimentallyidielin and ThyssenKrupp
ElastomerTechnic observe that the position of the long wiog the Old-Standard
rotor force the flow to cross the clearance zones at the topeofvings because the
fluid is pushed on against the wall of the mixer chamber byaheimgs. The fluid
cannot avoid the clearance zones by passing beside the asngshe ZZ2 rotor. This
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effect is more important if the speed of the rotors is low antthé mixer chamber

is partially-filled. In our simulation, the dispersive ntig efficiency of the ZZ2 rotor

and the Old-Standard rotor are similar. This small deviaitietween experimental and
numerical results might due to the assumptions performediisimulations to calcu-

late the flow field. We suppose that the flow is isothermal aatttie mixer chamber

is fully-filled. Both assumption modify the flow field and thenaunt of rubber that

crosses the clearance zones might then be overestimated.
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Rotors
Property
7272 Old-Standard
Percentage of distribution 8.4 7.8
with pmax > 0.08
Percentage of distribution 80.2 80.4
with 0.08 > pmax > 0.07
Percentage of distribution 114 118
W|th pmax< 007
Percentage of trajectory 42 488
With Ymax> 80s1
Number of peaks of 3455 1529
.yma)( > 8057:L
Mean value of 2398 2268
the total shear
Power (W) 8325 8187
Mean torque (Nm) 2650 2606
Specific power (kKWih?) 23786 20992

Table 4.4: Characteristic values for both configuratiotsraf0 seconds of mixing.






Conclusion

In this thesis, a model that predicts the size evolutioneftirbon black agglomerates
during their mixing in rubber matrix is built. The quality tiis model is evaluated

against experimental results. Finally, this model is usedvaluate the dispersive
mixing efficiency of two present batch mixers.

The literature on the mechanism of dispersion explainsttreatispersion of carbon
black is mainly governed by two mechanisms : erosion andurepE&rosion is a con-
tinuous mechanism that draws some tiny fragments from ttfaciof the agglomer-
ate. Several kinetics laws are proposed to predict the Boalaf a single agglomerate
as a function of both shear rate and hydrodynamics forcéspah the agglomerates.
The variation of agglomerate sizein time obeys to a power law in Rupture is a
discontinuous mechanism that breaks up the agglomeraimiotmore fragments of
various sizes. The mechanism of rupture only occurs if tleashtress acting on the
agglomerate exceeds a threshold value inversely propaitio the agglomerate size.
Even if rupture is often considered as an instantaneous amésth, the break-up of
one agglomerate seems to require a characteristic ruptuee The number of frag-
ments obtained after several ruptures is also a functioneofiine required to observe
one rupture. Both mechanisms depend on the structure oather black and on its
porosity. The infiltration by the rubber matrix modifies thahesion of the agglomer-
ate and therefore its dispersion. The infiltration mecham&inforces the agglomerate
only if the depth at which the matrix is infiltrated in the agglerate is larger than the
depth at which the shear rate field is transmitted within thgl@merate. This effect
is neglected in this work because the typical time of impegigm is very large with
respect to the erosion speed and the critical time of rupture

As the number of agglomerates in a mix rubber-carbon blagsrighigh, it is unimag-
inable to calculate the evolution of the size of each agglateeseparately. A set of
agglomerates located in a small representative volumeigahinx is therefore ap-
proximated by the mass density distribution associatel thiese agglomerates by
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using the typical continuum assumption for the agglomerakbree separation scales
are identified accordingly to the continuum assumption atglomerate scale (lower
than 102 mm), the macroscopical scale (typically @) and an intermediate scale
where the size of the agglomerates can be viewed as a contifieid. A phenomeno-
logical model that estimates the evolution of the mass thedsstribution with time
is built. This model takes into account both mechanisms gpalision. The trans-
fer rate of mass density from a given sizéo a set of other sizesof agglomerates
is calculated from a transfer function. This transfer fumttecomes a transfer ma-
trix when we discretize the size interval of the agglomesatéo several subintervals.
Each entry of this matrix is the transfer rate of mass derigity classi to classj.
The major drawback of this appraoch is the large flexibilitgvaed in the design of
the transfer function. If we increase the number of classeshave a model with a
very large number of parameters and it will be quite diffitalhave experimental data
to identify these parameters. A more elegant and simple wamddel erosion is to
directly incorporate experimental kinetics laws into thathematical model. We then
develop a second model that is denotedtinuous dispersive analytical moddlhe
equations that govern the evolution of the mass densityildlision due to the erosion
is based on the kinetics law defined by Kao and Mason or PowdIMason or Rwei
etal,...According to this approach, we define four modedpeetively denoted point-
wise, surface, volume and energetical model. Each of theskels only depends on
one parametex. This parameter can be easily determined by experiments@nd
responds to the parameter that appears in relevant kidatiss With these models,
only one calculation is needed to obtain the evolution oftizaess density distribution
at any time step if the value ef does not vary with time.

The evolution of a given mass density distribution in a priegd flow is different with
each continuous model because they depend on differertiddnaws. The decrease
in agglomerates size and the amount of fragments genenathd krosion mechanism
in a given time period depends on the model selected. In dodmraluate the quality
of our model, we measure the evolution of a given mass dedisitsibution of carbon
black agglomerates in rubber when they are mixed in a Moonegmether. This ex-
periment is performed at several shear rates and duringrdift mixing times. The
mass density distribution of the carbon black agglomeriatesch a mix is obtained
with the help of a specific optical device. The comparisonvieen these experimen-
tal results and the numerical evolution of the mass densdlyiloution in the same
flow condition shows that our models are able to predict thmplex dynamics of
the mass density distribution. Unfortunately, the valu¢hef parametek extracted
from the experiments performed by the Cemef group on theedéggn of a single ag-
glomerate in rubber matrix provides a too slow erosion. Tleemanism of rupture
and erosion can occur simultaneously in the Mooney rhearaettit is not the case
in the Cemef experiments. Moreover, the mass concentraficarbon black in the
rubber matrix is high and each agglomerate interacts watméighborhood. Colli-
sion between agglomerates can then be observed. All thelselpions increase the



Conclusion 111

speed of the dispersion mechanism and might explain thetieviobserved between
the numerical and experimental results with this valua oBut, we also show that
a good agreement between experimental and numericalsesultbe obtained with
each model if we give the relevant value at the paramet&bviously, the quality of
the results depends on the model considered and we obsatthe¢h/olume model is
the most efficient. In this model, the dispersion mechansmadeled as a mecha-
nism at the boundary between erosion and rupture. Fina#ycan remark that these
models are a good compromise between simplicity and physiahty.

The mixing efficiency of two kinds of rotor calledZ2 rotor and Old-Standard ro-
tor have been evaluated. The flow pattern generated by eachecolipbtor in the
mixer chamber has been calculated with a constrained filgtaent formulation for
non-conforming meshes. From this information, we caleuthe trajectory of 500
particles randomly launched in the flow domain. Along eaefetitory, we calculate
the evolution of a given mass density distribution as a fiemodf the shear rate with
the volume model. The comparison of these results allows esdluate the disper-
sive mixing efficiency of both rotors. It appears that the Z4®l the Old-Standard
rotors have approximately the same efficiency but the spgmifiver consumption is
the smallest with the Old-Standard rotor. At the same titne study of the distribu-
tion of these particles in the flow domain show that the distion of these particles
is faster with the ZZ2 rotors than with the Old-Standard reto

Future developments

A lot of new research ways are still open. On one hand, it wdngldnteresting to
investigate in details why the information on the parametef the kinetics law ob-
tained by the Cemef group cannot be directly used in this wédk this, we could
repeat the experiments performed in the Mooney rheometéffatent levels of con-
centration of carbon black agglomerates to observe thetedffehis parameter on the
evolution of the mass density distribution. We could alsmigtthe protocol used to fix
the sample rubber-carbon black mixed in the Mooney rheamétle mixing time to
prepare this sample is long, the carbon black agglomeratdd be impregnated by
the matrix and this would modify their behavior with resptcthe experiments car-
ried out by the Cemef. On the other hand, we could focus onttlty ©f the rupture
mechanism by experimental and theoretical ways in ordegterchine information on
the typical rupture time required to observe rupture andh@emtumber of fragments
generated by each rupture.

At the end of this thesis, we present a test case in which wiea@esthe mixing effi-
ciency of two kinds of rotor. In this simulation, we assumatttine flow is isothermal
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and that the mixer chamber is fully filled. But, the mixing abber with carbon black
agglomerates is a non-isothermal process and the mixerlramnot fully filled ex-
cept at the start of the mixing. Of course, these conditiffestthe shear rate field and
therefore the evolution of the mass density distributionrdpthe mixing. It would be
interesting to investigate the effect of both parametertherdispersive mixing effi-
ciency of this rotor. This would require the developmentefrtechniques permitting
the flow calculation in a partially field domain. The calcidatof the non-isothermal
flow in the mixer chambers seems less challenging but thedserin temperature due
to the viscous heating in the clearance zones could leaderical issues.
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