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ABSTRACT

In the present work, the squeeze flow geometrgésito investigate the properties of concentrategensions.
The suspensions consist on hard glass spheridadlpadispersed in a viscoplastic fluid. With sachaterial,
following the solid volume fraction, the materilkeological behaviour ranges from purely viscoptaitiid to
granular media. During the squeezing action, theer@d structure evolves with energy variation do@article
displacement and interaction. The goal of our siady identify the effect of energy evolution dretflow

properties of suspensions and detect granular cioevalution.
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The proposed study consists on an energy apprasedion the analysis of the global squeeze fordesample
height with time. The squeeze force is decompaseddombination of an average force component and a
fluctuating one. This local fluctuating componentrivestigated from Fourier analysis as a functibsolid
volume fraction and compression velocity. Resuissthe evolution of the energy distribution during

compression and allow the flow regime modificatiorbe evaluated.

KEYWORDS: Suspensions, squeezing flow, energy agprparticles

1. Introduction

Suspensions containing solid particles, such asdjbspherical and non-spherical elements,
are commonly encountered in industrial processdgpapducts. So, the suspension properties
have to be investigated as a function of solid n@iraction, particle shape or deformability,
particle size distribution, specific surface arefa particle, as well as suspended fluid
properties. As shown in [1], the flow of concengdtsuspensions or granular media is
complex and largely influenced by the physical rtips of particles, the interaction variety
between particles and shear rate. This may induteraht flow regimes. The behaviour of
concentrated suspensions and granular mixturegnserglly investigated from simulations
and rheological measurements. It appears thatqheeging flow is a practical geometry to
determine the material properties of a wide ranfyenaterials, from soft fluids to highly
concentrated pastes [2]. In such a flow, matedalleformed between two circular parallel
plates, as shown Fig.1, and squeezed out radialth Wwoth extensional and shear
deformations. There is an extensive body of litewaton the use of squeeze flow for
rheological characterization of materials. Thergehbeen many studies of the response of
squeezing force depending on fluid rheological bgha and material-plate boundary
condition [3-10]. So, squeeze flow has been preshowsed to study spherical particles
suspended in Newtonian [11] and shear-thinninglyiL2]. It was found in these works that
two main flow regimes appear. At low strain ratesceus flow is predominant. At higher
strain rate, solid-fluid separation is induced #relparticles skeleton behaves as a deformable
porous media. The relative liquid-solid motion afspes with squeeze flow geometry has also
been investigated from numerical analysis [13] bath theoretical and experimental point of
view [14,15]. The frictional behavior of cement-bdsmaterials has been highlighted from
squeezing experiments [16], showing also fluid mlkge through the granular skeleton and

sample hardening at low strain rate.



The squeezing flow is presently used to investighéebehavior of an idealized system of
smooth hard spheres dispersed in a yield stredsidail gel. Due to the spherical glass
particle addition in the gel, the rheological bebav of the suspension evolves according to
the solid volume fraction of particles. Also, thaterial rheological behaviour ranges from
purely viscoplastic fluid to lubricated granular areeand purely granular media. The increase
of particle concentration leads to a frictional &e@bur of the suspensions. During the
squeezing action, the material structure evolveth wnergy variations due to particle
displacement, interaction and fracture. Also, weutbhere on the energy approach based on
the analysis of the global squeeze force of susperisat is decomposed in a combination of
an average force component and a fluctuating oasul® are discussed in terms of evolution
of the power spectral density of fluctuating focmnmponent which is obtained from Fourier
analysis. Fourier analysis was previously usedhgology, in particular to investigate the
viscoelastic properties of fluids in oscillatory aserements [17-19]. As mentioned in [20],
the behaviour of granular media consists in thetel@and plastic deformation of particles and
their rearrangement during the flow with frictiorallisional contribution. The solid volume
fraction of suspensions considered ranges from 48.%0 packing value. Squeeze flow
experiments are performed using a texture analystr different compression speeds.
Attention is here concentrated on the effects aingmng the volume fraction of particles and
compression speed with an attempt to detect floginte transition and concentration

evolution of the flowing suspension.

FIGURE 1

2. Material and experiments

Suspensions:The suspensions consisted of hard glass sphepa#dlicles dispersed in
translucent colloidal gel. For each test, we prega suspension by adding a given volume of
spheres to the gel. The suspension was mixed by dlaambient temperature (~ 20 °C). The
glass particles have a smooth surface and the elmadian diameter of particles ranges
from 0.85 to 1 mm. The particle size distributidrspheres is given in Figure 2. The patrticle
density is approximatively 2670 kg:inThe mass fraction of particles according to geled
between 200 and 1000%. The volume fraction of glagiin the suspensions investigated
varied between 48.5% to packing value. The theaaemaximum packing volume fraction

of monodisperse spheres is 74%. Experimental odgens have shown that dense random



packing is close to 64% [21]. Here, experimentsl l@aobtain theoretical packing value for a
mass fraction of particles according to gel eqt@mB00%. Mixture analysed with higher mass
fraction keep packing value, but gel does notdlll the voids between particles and the

probability of direct sphere contact is enhanced.

FIGURE 2

The composition of the colloidal gel mainly inclgdewvater, PVP/VA copolymer,
polyquaternium-11, acrylates C10-30, alkyl acrylat®sspolymer, niacinamide, DMDM
hydantoin, aminomethyl propanol. It density is 1X§0mi>. The rheological behaviour of the
colloidal gel in terms of the evolution of its shetress as a function of shear rate is described
on Fig.2. The rheological behaviour was determingidg a Gemini 150 Malvern rheometer
equipped with smooth plate-plate geometry of 40 imeiameter and 2 mm in gap. As shown
Fig. 2, the gel is a viscoplastic fluid throughtle whole shear rate investigated. So, in the

shear rate range considered, the fluid can be reada$ a general Herschel-Bulkley fluid:
T=r,+uy" forr >r, (1)

where the shear-thinning index n is 0.45, the estyy is 38.6 Pa%™ and the yield stress
7, is 58.3 Pa.

FIGURE3

Squeezing flowThe suspensions are squeezed out in constanaatoatea between the
sample and two circular parallel rough plates, éduce slippage, mounted on a texture
analyser [22]. Plates are made of steel and rowgghiseobtained from concentric grooves of
1mm in height and gap, manufactured at the platasel In our squeeze flow geometry,
described in Fig.1, the squeezing action is redlisg moving the upper plate at constant
velocity, with the lower one remaining motionle€onsequently, the squeeze force and the
sample gap vary with time and are recorded forfiwed velocities, 0.1 and 8 mmswith a
sampling rate of 400 Hz. The initial height of gueezed volume is 15 mm. The radius of
the plates is 25 mm. The squeeze flow experimastp@formed at ambient temperature and
stopped when the load of the texture analyser ezhc60 N to avoid a significant
deformation of the particles. Tests are carriediotivo replicates.

With heterogeneous fluids, the height sample vianatluring compression reduces distance
between particles. Consequently, particle contact ateraction increase during test and
squeeze force measurement may be used to investigafphenomenon.



As example, Figure 4 represents the evolution efgtjueeze force as a function of sample
gap on plate radius ratio, h/R, for different surgien concentrations in the case of a 8 rifm.s
compression velocity. This result shows firstly tthas expected, the squeezed sample
thickness for a 250 N compression load dependsotuime fraction of particles. Figure 4
shows also that highly concentrated suspensiors tenbehave similarly, with a fluctuating
squeeze force at low sample gap due to particlelatisment and interaction, in which a
significant relative solid-fluid motion is presetit.is also shown that the lower concentrated
suspension (48.5%) behaves as the suspended Tihisl.leads to envisage that the 48.5%
concentrated suspension behaves as a homogenmsrilwhich particles do not interact at
high sample thickness.

The transition between these two flow conditiorsnbgeneous and heterogeneous flow, is
obtained for the 65.3% concentrated suspensiothdrfollowing section, we investigate the
flow behaviour of suspensions from an energy apgroaEnergy dissipation during

compression is deduced from Fourier analysis oéege force signal.

FIGURE4

3. Energy dissipation in the squeezed volume: spectral

density approach

As mentioned above, in order to evaluate energiatvan due to particle displacement and
interaction, we have considered the following applo The global squeeze force signal is
decomposed in n successive windowed signals otidara. It is assumed that each of these
windowed signals of the squeeze force is a lineartgnation of an average force component

and a fluctuating one, as shown equation (1).
FO)=FO+F'®) (2

where F is the squeeze forc&, is the average force component between t and whidh is

assumed to be a time linear functionfg) = at+b, and F'denotes the fluctuating part of

.
the force during the time T, witR'= %J' F'dt=0.

0
The energy distribution included in the squeezecdosignal during the compression is
identified using the power spectral density, dedd®SD later, and obtained from Fourier
analysis. The PSD is calculated via the magnitugelulus of the FFT of the windowed
fluctuating force signal, as follows:



Jat

FFT(F') = ] F'(he dt  (3)

PSD=|FFT(F")| (4)

with « = 27f and the frequency =1/T .

The Fourier transform technique is a commonly usethod to obtain a quantitative measure
of fluctuations in a periodic curve. It is presgrdpplied to the fluctuating force component in
the time domain to convert it to the frequency diomd@he PSD is used to characterise the
nature of the energy distribution in the frequendoynain. The Fourier analysis allows the
evaluation of properties that are otherwise diftidw be appreciated with time domain

analysis.

3.1 Preliminary results

To apply the energy approach and evaluate howribegg in the signal is distributed among
frequency, the input data have to be windowed pgoahe FFT computation. The main role
of the window T is to evaluate the sample gap grilte on PSD evolution. There is a natural
tendency to use a large value of T in order toioldgage and suitable frequency range. It also
exists a compromise between the number of pointeannvestigated file and the sampling

rate that is the rate at which the data pointstemiag measured during experiments. The

condition F'=0 and the accuracy of the regression coefficieked to the linear evolution of
the average force component have also be ensurednkequence, we have envisaged three
values of T: 50, 100 and 256 points. Influencehladsen window value is illustrated by Figure
5 (a,b,c) considering a 48.5% concentrated suspersjueezed at 0.1 mnl.sFor these
figures, it was found that the choice of windowesdoes not greatly affect the shape of the
resulting spectrum. PSD evolution is similar witte tdifferent T values, but the frequency
range is extended up to low frequencies with thigelawindow value. It can be noted that
increasing the window size induces higher PSD waldes a consequence, results will be

expressed using T = 256 points.

FIGURES

Figure 6 represents the fluctuating force comporané 48.5% concentrated suspension
squeezed at 0.1 mrit.sThis figure clearly shows the periodic signaltiois component. At
high sample gap, the magnitude of fluctuating fozoenponent is quite constant due to the

rearrangement of particles only, but integrates alperimental noisy due to texture analyser.
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It can be seen that at low sample gap, when plateglose, magnitude of fluctuating force

evolves and increases due to particle interactnahcallision with the plates.

FIGURE 6

In such a study, it is also necessary to distirgthe energy contribution of the flow and the
instrument. The energy contribution linked to thstiument is due to the drive motor and
includes the compression speed effect [22]. Acpudie upper plate displacement, without
sample contact, induces noises. Figure 7 desctite®SD evolution of a test run with no
sample. This shows that the equipment used foexperiments produces rays pattern with
several high energy peaks at approximately 40,r80120 HZ for both compression speeds
investigated. This result allows the following rekto be made. Similar energy peaks appear
when suspensions are squeezed out (see figure B)aisb, it can be deduced that energy
peaks due to particle displacement and interacigpear at low frequencies as it will be

shown.

FIGURE 7

Comparison of figures 8 (a) and (b) shows that auspension is flowing, PSD increases
during time with ray pattern. At the compressiost tend, squeeze force increases and the
PSD value is enlarged, see figure 8(b). It is ndbked PSD evolution becomes complex with
an energy contribution at low frequencies. Thistgbation is attributed to particle contact
and interaction. As shown before, increasing seldume fraction leads to PSD value
increasing. It is finally noted that our approachrebt distinguish the energy contribution due
to extensional flow in the symmetry axis of thetptgaand shear flow close to the plates.

FIGURE 8 (A)

FIGURE 8 (B)

3.2 Experimental results and discussion

In this section, we investigate the influence atigbe concentration and compression velocity
on the energy evolution during the squeezing ofpensions. Results are expressed
considering a mean value of PSD, noted P&Be equation 5) which is obtained as the area

of PSD curve for the frequency range divided Ry {fmax = 200 Hz, one half of sampling
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rate). It is represented in function of an averagjadle point value of sample height, for each

window T, denoted h

1 fmax

PSD, = j PSD(f)df (5)

max
Figure 9 reports the PQ[2volution of the suspension as a function gfdr the different
particle concentration and the 8 mrh.sompression velocity. An increase of RS@r
decreasing averaged sample heightdn be seen for each suspension. This behavidichw

is more pronounced for dilute suspensions, was a&deand clearly explained by the
displacement of the particles during the compresaind their interaction at low sample gap.
So, energy dissipation is predominant when theigbest interact and agglomerate due to
upper plate displacement. It is also shown thatrggnesvolution is similar with high
concentrated suspensions (73.9%, 79.3% and 82.5hig. can be explained as follows:
during compression, sample height decreases arattaopsuspension is squeezed out the
plates. A critical sample thickness appears whew-fhduced heterogeneity is predominant.
Squeezed suspension consists also mainly on gramidture, where particle concentration is
not influent, rather than concentrated suspensioaddition, the similar results obtained with
73.9%, 79.3% and 82.5% concentrated suspensiomesiuthat energy activity with 79.3%
and 82.5% suspensions should be obtained fromed fracking value which is close to the
theoretical packing value. Figure 9 shows also thatenergy dissipation is similar for the
48.5% concentrated suspension and the suspendedt gelconcluded in this case, that
particles do not interact because the suspensiogrisdilute. The PSDa evolution is more
important due to the contact of the plates at és¢ énd. As observed from a general point of
view in Figure 2, the transition between granulaxtore and dilute suspension is obtained

with the 65.3% concentrated suspension, whichasecto dense random packing [21].

FIGURE9

Therefore, it can be seen, that for a fixed P8&lue, a critical thickness appears and this
criteria increases with mass concentration increadtnergy dissipation of suspensions may
be similar and obtained for different sample hefghowing the particle concentration.
Influence of compression velocity is investigatedsidering the PSevolution as a function
of h, for the 48.5% and 82.5% particle concentratiorhaitd.1 mm.$ compression velocity.
Results are described by Figure 10. As previouddyaioed, an increase of PgDor
decreasing averaged sample heightdn be seen for both suspensions. The criticekileiss
is also quite identical for both suspensions careid here. It is also shown that energy
8



evolution is more important with the higher concatdd suspension. We noted that RSD
value are lower that in the case of the 8mimcempression velocity. Due to the lower
compression velocity presently used, particles maslewly with lubricated contact rather
than forced contact as with high compression vglotm consequence, energy distribution is

less important.

FIGURE10

4. Conclusions

An experimental investigation of the behaviour ofidealized system of spheres dispersed in
a yield stress fluid in constant velocity squeda®/ fgeometry was presented from an energy
approach. The squeeze force was decomposed ingavaral fluctuating component. The
energy distribution included in the squeeze forgma during the suspension compression
was identified from the power spectral density lattfuating force component. In particular,
we considered the influence of particle concerdraind compression velocity. It was found
that energy dissipation is predominant for both hhigoncentrated suspensions and
compression velocity due to the interaction anadddrcontact between particles. However,
from a critical volume fraction of particles, engrdistribution is quite identical for all the
suspensions investigated. This could be explainedhk fact that packing solid volume
fraction is reached. On the other hand, low congioesspeed has the opposite effect. In this
case, energy evolution is less important duringcthrapression due to the slow movement of
particles and lubricated contact between eachgbarti

An interesting problem, which may be now envisagedhe energy distribution in squeezing

flow of polydisperse suspension of spheres andspbrerical particles in suspension.
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Figure captions

Figure 1. Squeezing flow geometry

Figure 2. Particle size distribution of spheres

Figure 3. Shear flow curve of the colloidal gel

Figure 4. Evolution of the squeeze force F as atfan of sample gap on plate radius ratio for défe

suspension concentrations and colloidal gel — cesgion velocity 8 mm’s

Figure 5. PSD evolution versus frequency for a %8c®ncentrated suspension squeezed at 0.1 am.s
Influence of T value: (a) T=50 points, (b) T = I@dints, (c) T = 256 points. Each line correspomdB$D of
windowed fluctuating force signal ; PSD increasesh@ sample height decreases.

Figure 6. Fluctuating force component evolutioninigithe compression of a 48.5% dilute concentrated
suspension squeezed at 0.1 mim.s

Figure 7. PSD evolution during upper plate disptaeet without sample contact

Figure 8. PSD evolution in function of frequency4® 5% concentrated suspension squeezed at 0.1'mr(es

compression test beginning ; (b) compression ta$t Each line corresponds to PSD of windowed flatihg

force signal ; PSD increases as the sample hegginedses.

Figure 9. PSRevolution versus averaged sample heigtibhdifferent concentrated suspension of spheres

squeezed at 8mnits

Figure 10. PSPevolution versus averaged sample heigtioh48.5% ) and 82.5% ¢) concentrated

suspensions of spheres squeezed at 0.Iinm.s
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Figure 1. Squeezing flow geometry
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Figure 2. Particle size distribution of spheres
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Figure 3. Shear flow curve of the colloidal gel
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