Lifting off a solid sphere from a flat bottom by laminar fluid flow

Chao Wand®¢ Hanbin Wand®, Kun Zhand"", Zhipeng Li**", Zhengming Gad"", J.J. Derkseh
Beijing Advanced Innovation Center for Soft MatBmience and Engineering, Beijing University of
Chemical Technology, Beijing 100029, China
® State Key Laboratory of Chemical Resource Engingechool of Chemical Engineering, Beijing

University of Chemical Technology, Beijing 1000Z%hina

“School of Engineering, University of Aberdeen, Adman, AB24 3UE, UK

Correspondence concerning this article should lokeesded to Zhipeng Li at lizp@mail.buct.edu.cn

or Zhengming Gao at gaozm@buct.edu.cn

Abstract

We perform quantitative visualization experimentstbe vertical Z-direction) motion of a
spherical solid particle being lifted off a horizahflat bottom due to laminar fluid flow
generated by a revolving impeller. Describing theayved motion of the particle in terms of
a constant vertical hydrodynamic force overcomimgvigy and the lubrication force has
limited success. For this reason we hypothesizetktieahydrodynamic force on the particle
quickly increases with its distance from the bottdrhis hypothesis is supported by detailed
numerical simulations of the flow around the paetidntegrating the equation of motion of
the sphere with the vertical hydrodynamic forceaa$inear function ofz derived from
simulations provides an adequate description oettperimentally observed vertical motion
of the particle.
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I ntroduction

Suspending solid particles in a liquid stream ithatheart of a number of applications
in (chemical) engineering. It is a way of transpatlarge amounts of solids through pipeline
systems as in dredging; it is a way of achievingsnimansfer between solids and a liquid
phase as in crystallization or dissolution procesaad in catalytic slurry reactors. Designing
the particulates as well as the fluid flow so tpatticles stay suspended with minimum
energy requirements is thus a relevant topic adaeh and development. In this respect it is
important to describe and understand how a pama&es the transition from resting on a
solid (bottom) surface to being entrained by fldfiiow. This requires knowledge of the
hydrodynamic forces — and possibly moments — otighes resting on, or closely above a
solid surface.

There are many papers on spherical particle matidine vicinity of a wall in a viscous
fluid. Results have been summarized by te&euilleboi§ and Michaelidesin review
papers. As for the translation of a sphere parafied smooth plane wall, Goldman et*al.
provided asymptotic lubrication solutions for these such that the gap between the sphere
and the plane approaches zero. Brehpéneered an analytical approach for solving the
guasi-steady Stokes equations for a sphere (witistant velocity) moving in the wall-
normal direction towards or away from a plane walklow, viscous flow in the form of a
series solution. In order to deal with divergenmesmall distances between sphere and wall,
Cox and Brennérdeveloped lubrication theory for the force on fphere in this limiting
case.

Incipient motion of solids and particle resuspensia liquid has also attracted
extensive attention. Rabinovich and Kalrhastudied the incipient motion of particles
experiencing shear flow in horizontal pipeline syss. The force and moment balances were

used to obtain empirical models based on expermheesults. The mechanisms of incipient



motion for the single particle were determined hyalgzing under what conditions
encouraging forces (drag and lift forces) overcam&isting ones (gravity, adhesion and
friction forcesy. The motion of the particle starts by rolling,dtig or lifting. The rolling
mechanism occurs once the moments due to drag itinfbrte overcome the resisting
moments. If the drag force equals the friction &nhe initial particle motion is sliding. The
particle is lifted off the bottom wall when thetlibrce becomes equal to the sum of adhesive
and gravity force in the vertical direction. Soepya al® have reviewed numerous studies on
incipient motion as presented in the literatureceoning the parameter ranges, forces, and
mechanisms. The paper evaluated various modelsingemkt research and suggested ways
for their improvement. As for the studies of resrsgpon, mechanisms were given by
coupling between three major physical interactidhat is, particle-fluid, particle-surface,
and patrticle-particle interactions, which were swuamgzed by Henry and Minier in their
review papef’. Recently, by referring the published experimenita, several mechanistic
models for particle-substrates/surfaces resuspengtoe introduced and validated by Nasr et
al*. The surface roughness and shape of particle &figet on the predictive capability of
the model. Shnapp and LiberZ6studied the effect of surface roughness on ressape in

a vortex-like flow.

The entrainment of solid particles in a stirrectoiss flow is a common phenomenon in
various engineering applications. Particles colleatlue to settling — on the bottom of a
container filled with liquid. Agitating the liquidith an impeller generates a fluid flow that —
once strong enough — suspends the particles our previous studié$’® we dealt with the
suspension process for a single particle and alsmuahber of particles; the particles’
trajectories and velocities in different stagesevereasured. Interpretation of the results led
to the notion that the suspending force is propodi to the impeller speed to the power 1.4,

which is intermediate between viscous and inesitaling. In addition, it was shown through



detailed simulation that the pressure field arothedparticles plays an important role during
lift-off.

In the present paper we characterize the initfgloff of a solid particle through a
combination of experiments, modeling, and simulatidVe take the seemingly simple
situation of a single spherical particle on a Hatizontal bottom of a square container filled
with a viscous liquid. To build fundamental undargting of the way forces acting on a
particle develop during lift-off, we consider laram flow. In addition, the direct
hydrodynamic environment of small particles (snrallean eddy size) in turbulence is
laminar in nature. To have undistorted optical asde order to accurately measure particle
trajectories we use a tank with planar walls. Wendb expect a fundamental difference in
lift-off mechanisms as compared to a cylindricatktaas long as particle sizes are much
smaller than the tank size which they are in oudgt The vertical motion of the particle very
close to the wall has our particular interest. Byetully filming the lift-off process we gain
information about the dynamics of the particle #mas the forces acting on the particle. This
information we try to match with how the verticaydnodynamic force on the particles
depends on its location on and closely above théotmowall as derived from detailed
numerical simulations.

Our aim thus is to interpret the experimentally evlged vertical particle motion in
terms of the forces acting on the particle theneleyntifying the lift-off mechanism(s). In the
first place, highly-resolved visualization expermeare used to obtain detailed information
on the initial lift-off of the particle. In the send place, based on experimental observations
as well as numerical simulations, a hydrodynamicdanodel has been devised to accurately
reproduce the measured initial lift-off. In therthplace, these fundamental results will be a
starting point and reference for more complex fleygtems involving multiple particles in

laminar as well as in turbulent flow.



This paper is organized in the following mannerthe next section, the experimental
flow systems are introduced: particle propertiegrking fluid, and the way the flow is
generated. Thereafter, experimental details andhtdative visualization during the initial
lift-off of a particle are presented. The subsedq@extion gives a brief outline of the particle-
resolved simulations based on the lattice-Boltzmamethod (LBM). TheResults and
Discussion section is divided in two parts. First, impressiar lift-off experiments are given,
such as trajectories for two different particles/ein by the flow generated by two types of
impeller. At first a simple lubrication force modslused to represent the lift-off trajectories.
Second, results of simulations with fixed particlase presented, and the pressure
distributions around the particles are inspectechdke detailed force model derived from the
simulation results is then used to refine thedfftmodel. Finally, the main conclusions and

the future plans are listed.
Flow system

The layout of the flow system is given in Figurdtlconsists of a cubic container with

side lengthT = 220 mm. The tank is filled with a Newtonian liquigth kinematic viscosity

v (in m?/s) and density (in kg/nt) up to a levelH =T where there is a free surface.
Figure 1 defines the coordinate system that wilapplied throughout this paper. Two types
of impeller have been used to generate fluid flovthe tank: a round disk and a Rushton
turbine (see Figure 1, right panel). They both hawdiameterD = 0.5T and an off-bottom
clearanceC = 0.25T . The Reynolds number of this system is define®Ras- ND?/v with N

the angular velocity of the impeller (in rev/s). Wised a 6SL3210 frequency converter
(Siemens, Germany) to control the impeller speebefVswitched on, the impeller linearly
ramps up its rotational speed at a rate of 100 spmtil a certain target rotational speed is

reached. We control the target speed within 0. rp



In the experiment, a spherical particle with diaenet, is placed on the bottom in the

centre of the tank (0.0, 0@3d,). In order to assure this location of the partiele initial,

low impeller speedN, (to be specified below) was maintained for abdus &t the beginning
of an experiment. The resulting slow flow moves plaeticle to the centre of the bottom and
keeps it there. After these initial 30 s we rampthg impeller speed and monitor lift-off of
the particle (more details in the next section).

Two particles have been considered. Both have damg=10.0 mm; they have
different densities. The polymethyl methacrylat®{®A) particle hasp, = 1189 kg/rd, the
glass particle hag, = 2520 kg/mi. The presence of a particle gives rise to addifion

dimensionless numbers characterizing the flow systeor this the density ratipp/p and
the inertial Shields number= pN2D2/<gApdp) have been chosen, wheyés gravitational

acceleration (in mf$ and Ap = p, —p (in kg/nT). The inertial Shields number is a measure

for the ratio of inertial fluid stress (lifting othe particle) and net gravity (pulling the pasicl
towards the bottom of the tank).

The working fluid is a silicone oil (provided fro®hanghai Lubao Company,= 977
kg/m®); it was chosen for its good stability and tramspay. The dynamic viscosity has been
measured with a MARS40 rheometer (Haake, Germaty)Xepends on temperature

according tog =3.1790- 0.0438, (with viscosity # in Pds andT,, in °C) in the range

17°C<T, < 27 C. In the experiments the liquid temperature wasilggty monitored at two
locations in the container (see Figure 1). The ayertemperature of the two locations was
controlled at 25.7+0.1C over the experimental campaign. This implies magyic viscosity

of ©=2.053 P& (within a 0.2% variation) and a kinematic visepsif ¥ =2.101x10° m?s.

In this study, Reynolds numbers are in the rang& 8o that the flow conditions in the



stirred tank are considered laminar. No waves @pesl on the free surface. Laminar flow
was also observed &e= 26.0<in previous work®, based on the liquid velocity field. In
addition, literatur®*® considers that the flow is laminar if the impellersed Reynolds
number is up to 100.
Experimental method and visualization

The procedure for measuring the lift-off of a pediis as follows: the flow driven by

the initial speed\, accurately places the particle in the center ef ltbttom of the tank.
After 30 s of agitation at speed,, the impeller speedhmps up at a rate of 100 rpm/s until it

reaches a target spe@dt (this takes a few seconds at most). If the pariginot lifted off in
one minute from the moment the target speed isheshave stop the impeller and repeat the
process with an increased target speed, until tiselift-off within one minute. The critical
impeller speed for which the particle gets liftéfl within one minute we calN . It is for
practical reasons that we limit the lift-off time@ dne minute. In computational research, such
time span is still feasible for particle-resolvadchglations of solids suspension processes,
longer times become unfeasible. Each experimeeiisated at least two times. The value for
N,, has an accuracy — based on reproducibility andtidye size with which we increase the
target speed — of approximately 3%. The initial @éhgr speed enhances the reproducibility
of the experiments as it makes sure the partitte dff from the center of the bottom of the

tank. The lift-off process is not sensitive to thecise value oN,. Therefore, the initial
impeller speed\, typically has been set to N5,. The time measured from the moment we
reach the target impeller speed until the pariigléfted off by 1 mm (which i€0.1d ) we
call t,,.

The vertical lift-off trajectory was filmed with ligh-speed camera (Dantec Dynamics

A/S, Denmark) with a 180 mm macro lens (Nikon, Jap#& strong light source with the



light first passing through a scatter plate (segifg 2) was used to obtain clear images of the
particles. The emphasis in recording the partict#gion is on spatial resolution, less so on
speed of filming. A rate of 192 frames per secdpd)(is sufficient to capture the temporal
evolution. This relatively low frame rate allows filming with a resolution of 2320x1726

pixel’ with 7 pm per pixel. A particle diameter thus esEnts approximately 1430 pixels and

we are able to measure particle displacement witesalution of the order dIfO'?’dp. A

typical camera image is given in Figure 3a.

The initial lift-off of the particle can be quanétl by detecting the edge and centroid of
the particle in an image processing procedure. ifteges were processed in the Matlab
environment (version R2017a, Mathworks, USA). Tligee detection operator based on
Canny® was used for the computation of edge points obfitere in each camera frame (see

Figure 3b). Thereafter, the centroid of particlesvgaven in the following expression (see

Figure 3c):X = ﬂ xda/”da andz = ﬂ zda/”dawhereais the field of integration with
(o) () () (o)

upper (X,, z,(x)) and lower &, z(x)) limits®®>. The uncertainty of the estimate of the
centroid of the sphere corresponds to one pixellansito 7 um.
Numerical Approach

In order to estimate hydrodynamic forces actingaapherical particle on and closely
above the bottom of the container, numerical sitraria of the flow in the mixing tank
containing the particle have been performed. Thanar flow in the mixing tank allows us
to do direct simulations for which the lattice-Boitann method (LBM) has been applied.
The specific scheme we use is due to Sotharsd Eggef€. We have extensive experience
with applying this method to stirred tank fl&ivas well as to solid-liquid suspensibhs 24
The method operates with a uniform, cubic grid tesolution of which is such that the

particle diameter is spanned by 12 lattice spac{uigs=12A). Earlier work® has shown —



by grid convergence studies — that such resolusosufficient for correctly predicting
hydrodynamic forces on the particle if particleddReynolds numbers are not larger than
0O(30). Also in this paper we have verified grid eergence by refining the grid to

d, =20A for a few cases. At the default resolutiondgf=12A the tank volume (a cube

with side lengthT =220 mm) is discretized by a grid of Z6zells, and the impeller diameter
D =132A.

The simulations resolve the flow around the paetick. the computational grid is finer
than the size of the particle so that the no-sbpdition can be imposed explicitly at its
surface and that forces (as well as torques) opdhticle are a direct result of the simulations
as implemented by the immersed boundary méfffddin this method, set of off-lattice,
closely spaced marker points are defined on thiécfesurface. Interpolated velocity of fluid
is forced to the local velocity of solid surfacesbd on a control algorithm in order to achieve
the no-slip condition. Integration of forces maintag no-slip over the particle surface gives
the total hydrodynamic forces and torques on thitighe A calibration stefy 33 at low
Reynolds number has been implemented to corregridreffects.

Also the rotational motion of the impeller was amated for through the immersed
boundary method. The no-slip boundary conditionthattank walls were applied by means
of a halfway bounce-back rife A halfway specular reflection rule was imposedathieve
the free-slip conditioft at the top surface.

Only situations with the particle on the centerlofehe tank at fixed vertical locations
will be considered in this paper. This is because explained in thBesults and Discussion
section — accelerations in the experiments are si@hduring the lift-off process inertia
forces are 2 orders of magnitude smaller thanuhedation force involved.

To achieve incompressible flow conditions in ourglsly compressible LBM

simulations, the speed of the fILM (in lattice units) is required to be much loweanhthe



speed of sound which is of order 1 in lattice Ffiitor this reason, the tip speed of the
impeller (which is a good measure for the maximyees occurring in the tank) has been set

to 0.1 in lattice units. This then implies that,aasexample, it takes 5400 time steps for the
case of the glass particle with the Rushton turbineake one revolutiorlN =1/(540QAt).
As a result, the kinematic viscosity is determiasd = 0.1139 (in lattice units) which then
gives a Reynolds numberRe= ND?/v = 28.3¢) in accordance to the experiments with
N, o, =296 rpm.

In a simulation, the particle is first placed afixed location in a zero-velocity flow
field. The impeller motion is started and the flal®velops into a quasi-steady state at a

prescribed impeller-based Reynolds number. Theeforcthe particle reported in this paper

is the force averaged over a full impeller revalotafter steady state has been reached.
Results and Discussion
Analysis of experimental particle trajectories

First we determined the lift-off impeller speel () for the four base-case situations
(two impellers, two particles). In addition to exipeents atN, ,, we also report on trajectory
visualization experiments at slightly higher impelspeeds. An overview of the in total 12
experimental cases considered in this paper isngineTable 1. The denser glass particle
needs a stronger flow to be lifted off so thatNtg, is significantly larger than that of the
PMMA particle. Clearly the Rushton turbine creadestronger flow than the disk which leads
to lower N, values for the former. An increased impeller spgieds rise to a much shorter
lift-off time t,,.

The position of a particle in the horizontabirection has been measured during its
departure from the bottom wall (see Figure 4). Timed corresponds to the moment when

the impeller has accelerated to target spiedThis definition oft =0 will be used in the

10



subsequent discussion. As we can see in Figurédedparticle’s location only slightly
deviates fromx=0 att =0. Such deviations are caused by weak perturba@sssciated

with the impeller accelerating froN,to N . Before the sphere lifts off the bottom wall, the

maximum displacement of the horizontal locatiortred particle is about 0.31 mm with the
Rushton turbine and 0.26 mm with the spinning digkese are relatively small horizontal
displacements so that we can state that to a gpprbmation the particle moves in the
vertical (z) direction only.

Experimental particle trajectories in the form bétdistance from the lowest point of
the sphere to the container bottoh) @s a function of timé are given in Figure 5. We show
two realizations of each experiment and obtain ‘negroducible results. At=0, the
particle is in contact with the bottom of tank. Withe development of the flow field, the
vertical hydrodynamic force on the particle overesnits net gravity, and the particle slowly
accelerates away from the bottom wall. For the esgrarticle under the critical lift-off
conditions, the flow generated by the spinning digkelops slower than for the Rushton
turbine. Taking the critical cases of the PMMA paet as example, more time is needed to

lift the particle by 1mm for the spinning disl(, =93 rpm), which means the trajectory of

the particle shifts to longer times.
In an elementary description of lift-off and vedienotion of the particle, we assume a

hydrodynamic force, , acting in the positive-direction that is larger than the net gravity
force on the particleF,, ,=F,,—gd,*(p,—p)/6>0. The lubrication force on the
particle when it moves away from the flat bottomllwaith a vertical velocityu, is

F,=—3mpvdu,/h ® * In a quasi-steady formulatiorf;,, , balances the lubrication

force. Since alsa, = dh/dt it can be derived that

In(h/hy)=2F t/(mprd,’) (1)

11



with h, the spacing between particle and bottorh-at0. This initial spacing is an uncertain

and unpredictable factor in our analysis as ittesldo the roughness of the surfaces of the
particle and the container bottom and the preaisgali placement of the particle. It is

interesting to note that roughness — and thereforen-zeroh, — is an essential feature of the

lift-off process. In the hypothetical situation pérfectly smooth surfaces (of particle and
bottom plate) lift-off will not be possible. The maassumptions — quasi steady formulation
and constant hydrodynamic force — will be revisibetbw.

Inspired by Eq. 1, the same information as in Fedalis plotted in a logarithmic-linear
way in Figure 6. In this figure the finite resoluti (pixilation) of the imaging system shows
as step changes (by 7 um) for the lower valueh.oBeyond these steps — starting from
approximatelyh=0.03 mm — we see an approximately linear regiotoup=1 mm for the
PMMA patrticle, in qualitative agreement with Eq.dnd a strong positive departure from
linearity for the glass patrticle.

From fitting straight lines through the data, exdéaspof which are shown in Figure 6,

can be derived. The fitting range for the PMMA tmde is

z

values forh, and F
0.03 mm< h< 1.0 mr. For the glass particle the data in Figure 6 lyastiiow linearity and
we have limited the fitting range ©.03 mm<h< 0.2 mn. Estimates foh, andF, , are

derived from the intercept and the slope of fitied respectively. Although the contact point

between the sphere and the bottom wall is randosa@h experiment, the order of magnitude

of the fitted initial spacindy, (that we termh, ., , from now on to distinguish it from other
fitting procedures later in this paper) is consitliethe same: values fdy, ¢, , associated to

the glass and PMMA sphere are in the range of 2 jion. The slope of the fitted line (in

1/s) is positively correlated to the rotational ep@f impeller, and the order of magnitude of

12



the estimated-

net,z

(given thatk =2F /(ﬂ'pydpz)) in the 12 experimental cases is of the

3 " net,z

order of 10* N.

As mentioned before, we hypothesize that the esgidnla, ., ,values are related to

surface roughness. This is supported by experaheata on the surface roughness of three
samples as measured by means of atomic force mapes(AFM) in a 70x7(Qum? area
(DMFASTSCANZ2-SYS, Bruker, Germany). As we can sed-igure 7, the surfaces of the
glass and PMMA patrticle are rougher than the sbégiass used as the bottom wall. The
absolute values for arithmetic average roughriess are 1.58um 1.27um, and 0.22um for

the PMMA particle, the glass particle, and the shek glass respectively. These are
roughness values comparable hgp., , as obtained from the fitting procedure and thus
supportive of our hypothesis.

The departures from linearity as witnessed in F@gbir— most strongly for the glass
particle — show that the analysis based on a foatence resulting in the trajectory equation
(Eq. 1) is not capturing the essential physics wegll. In the next section we will be
analysing the lift-off process in more detail byatving results obtained from particle-

resolved numerical simulations.

Analysis of lift-off process

In order to justify a quasi-steady approach, theeksration term in the particle’s
vertical equation of motion is compared to the ésron the particle. As representative for the
forces on the particle, the lubrication force imsidered. It has been estimated based on the
vertical velocityu, = dh/dt where for calculating the time derivative we usd"aorder
central difference formula that is less sensitivendise in the position data compared % 2

order central differences. Further, the accelematig(t) of the particle is estimated by taking

13



the first derivative of the measuregl(t) versust curves (with 2 order central differences).

For the three sample experiments of the glassgbafthat has higher inertia than the PMMA
particle) with the Rushton turbine, the verticaloo#ty as well as the inertial force as a
function of the distance of particle are given igufe 8. Taking the critical case of the glass

particle with N, , =296 rpm as example, a vertical velocity of the omfeu, =0.4 mm/s at a

distanceh =0.5 mm implies a lubrication force of 8x4M. This is more than two orders of

magnitude larger than the inertial forces showhRigure 8 (right panel). Also, the estimated

Fe.. in Eq. 1 from the fits in Figure 6 are larger @aso orders of magnitude) than the inertia

force ma,. We acknowledge the limited accuracy of the expental particle acceleration

data but note that we use them only in an ordenadmnitude sense.

The assumption of a constant hydrodynamic force léd to Eq. 1 has been tested
through numerical simulations according to the radthogy briefly described in Section 4.
In the simulations we place the particle at fixeddtions — in line with the quasi-steady
assumption — and “measure” the vertical force enpiwrticle due to the flow generated by the

revolving impeller. Particles are placed on thektaentreline with four distancesh& 0,

0.36A, 0.72A, and1.2A ), i.e. a height range 00<h<0.1d, . According to the
experiences in our previous numerical wotkg a Shields numbed,, . in simulations which
is 7% higher than in experiments,  assured that the hydrodynamic force hat0

overcomes net gravity of the particle; 7% in Shsehdimber corresponds to 3.4% in impeller
speed. For a typical situation the flow field unteath the impeller and around the particle is
shown in Figure 9. During the initial lift-off press, a region with higher flow velocity above
the particle compared with a flow below the paeticksults in the negativ@P / 90z around

the particle. Consequently, the pressure distmoutontributes to the initial lift-off. The

14



bottom panels of Figure 9 suggest that the effégressure gradient on the lift-off is more
significant for these cases that have lower Reysoldnber.

To understand (non) linearity df versust in Figure 6, the vertical hydrodynamic
forces at the four distances considered in the lsitiom are shown in Figure 10. For the case
with Re= 28.3¢ (corresponding td\N =296 rpm in the experiment) a finer grid (= 20A)
was used to evaluate the influence of grid refinetnos the results. As we can see in Figure

10, refinement of grid has hardly any effectqn; the difference between the hydrodynamic
force obtained on the fine and standard grid, £12A) at h=0 is less than 0.5%.
Therefore, the numerical simulations with) =12A resolve the hydrodynamic force on the

particle adequately.
In Figure 10 we observe an approximately lineardase of the hydrodynamic forces
with the height, which provides inspiration for ama refined lift-off model. In this model,

F«.=F,+ah, wherea is the slope of lines given in Figure 10, aRgdis the difference

ni

between the hydrodynamic fordg ,, at h=0 and the net gravity force on the particle. The

steep changes of net force with the distance frbenkottom wall relate to the evolving
pressure distribution around the particle in Fig@re- once the particle has lifted off the
bottom.

An analysis based on the linear force model leadlé following trajectory equation:

=2 Fot/(ﬁpyd pz) (2)

In [ﬂ—( Fo +ahy)
hy (FO + ah)

A user-defined function for nonlinear fitting proid by toolbox “cftool®® in the
Matlab environment (version R2017a, Mathworks, US#gs used to estimate the three

coefficients ,,F, anda) in Eqg. 2 based on the experimentalersust data. In the fitting

process, the initial value df, is equal toh, ¢, , and the initial values foF, anda are based

15



on the relationship between the hydrodynamic faand the distance as observed in the
simulations and as shown in Figure 10. As showfigure 11, Eq. 2 is very well able to
represent the experimental height versus time @@tarly the upward curvature in the lin-
log plots as observed in the visualization expenit®éas the result of an increase of the
vertical hydrodynamic force with height. Figure 4& well as Table 2 provide data for the

coefficientsh, , F, and o contained in Eq. 2 and shows how they relate t \thrious

experimental conditions. The experimental data #redefore the fitting parameters come
with uncertainties. Uncertainties in the fittingrpaeters have been estimated through the
prediction bounds procedure for the fitted curvdiiol is provided by a Matlab function

137

“predint™’. In an absolute sense uncertaintiesairare in the range 0.02 — 0.11 N/m,

uncertainties inF, are of the order of H0° N, and inh, they are approximately 4 pm.

Given thata associated with the PMMA particle experiments e @rder of magnitude
smaller thana for glass particle experiments, the relative utaety in o for PMMA s
much higher than for glass (at most 30% and 10%PfIMA and glass respectively). In
what follows the data in Table 2 will be interpebtquantitatively in light of the force
estimates of the numerical simulations as well ata dn the surface roughness of the
particles.

The values forh, associated to the glass and PMMA sphere are ¢endisin the

range of 2 um to 5 um. The asperities on the serédahe glass particle are given in the
middle panel of Figure 7; the bottom middle pankelFmure 7 shows that the roughness
structures on the surface cover a range of appmeiyn 5 pm so that it is reasonable to
associate thdy, ~3 pum for glass with its surface roughness. Simiksults have also

presented in AFM measurement of PMMA particle; tigth, ~4 pm for PMMA is

reasonable.

16



When it comes tax, in the first place we see it does not stronglpedwl on the
impeller speed for each of the four impeller/pdgticombinations; for Rushton turbine-
PMMA, disk-PMMA, Rushton turbine-glass, and disksg fitteda values of approximately
0.14, 0.15, 1.4 and 1.3 N/m are found respectiv@lge three impeller speeds per
impeller/particle combination are relatively claseone another so that the flow in the tank
and thereforex is not expected to show much variation. The esasdora based on the
fits in Figure 11 are in line with what was obsehia the numerical simulations. For the
Rushton-glass combination we have the most extenset of data for the vertical
hydrodynamic force. At impeller speeds 296, 316} 886 rpm values of of 1.61, 1.70,
and 1.79 have been derived from the simulationss&tvalues are about 1.2 times the values
from fitting the height versus time curve; theirriaéion with impeller speed is small, as
expected. A similar picture emerges for the datglass particle with the spinning disk. It is,
however, notable that simulated valueshofor the PMMA patrticle are approximately twice
their fitted results. One should realize the lamgative uncertainties in the fitted valuescof
in the experiments involving a PMMA particle (30%$ well as a slight but systematic
mismatch between simulation and experiment thatusdio simulate with a 7% higher
Shields number{) as compared to the experiméfits

For interpretation of,, we include the total hydrodynamic forcelat= 0 from fitting
and from the simulationss, ,, = FO—|-7Tg<pp—p>dp3/6 in Table 2. The fitted, ,, agrees

with simulated results within 15%. We plot the€f forceF, ,, against the impeller speed

in Figure 12 on double logarithmic scales. Givee limited ranges of impeller speeds per
impeller-particle combination we cannot be thataosive with respect the way the force

depends on the impeller speed. Clearly Figure Hecates that the force increases with

impeller speed tentatively showing a dependeNcywith 3 between 0.6 and 2.
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Summary & conclusions

Suspending solid particles in a liquid is an impottway of enhancing solid-liquid
mass transfer, for instance in catalytic chemieattors with solid particles impregnated by a
catalyst. In reactors, stirring is a common wagrefating a fluid flow that is strong enough to
lift particles off the bottom of the reactor. In deding the initial stages of the solids
suspension process, lubrication force models awvsedul concept. This paper explores —
through highly-resolved visualization experiments the accuracy and usefulness of
lubrication force models for describing lift-off gpherical solid particles in the vicinity of a
solid surface due to a flow generated by a revglumnpeller. Since lubrication forces diverge
for zero spacing between the reactor bottom suréackthe particle, surface roughness and
thus an initial finite spacing is an important paeder in the lift-off process.

From the visualization experiments, time seriethefspacing between the particle and

the bottom surface (symbdl) were derived. The very initial stages of lift-cfhow the

expected linear behavior between time érm(h/h)) with h, the initial spacing, confirming

that lubrication is a dominant phenomenon at lift-Bitting the time series with a straight
line then provides quantitative information of thertical hydrodynamic force on the particle
as well as on the initial spacing. The latter cooddrelated to the surface roughness of the
particle, which was measured independently.

Dependent on the particle density, upward deviatiibom linearity in the time versus
graphs were observed (e.g. the particle with highertia), starting at spacing as small as
about 0.02 times the particle diameter. This in@isahat the vertical hydrodynamic force on
the particle increased strongly over a small vattiisplacement of the particle. The extent of
this effect was investigated by means of numergalulations fully resolving the flow
generated through agitation as well as the flowadothe particle. The simulations revealed

that the hydrodynamic force indeed increased withdpacing between particle and bottom
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wall, approximately in a linear fashion. It was simothat the pressure distribution around the
particle plays an important role in this effectn&lly, the relationship between force and
spacing (h) as derived from the simulations allowed us to njatively predict the
experimental lift-off observations by solving thelimary differential equation describing the
vertical component of the equation of motion of plagticle and involving a linear increase of
hydrodynamic force withh.

The results and interpretations presented in tagep have significance for designing
and assessing simulations of solids suspensionegpses. We conclude that small-scale
variations of forces on patrticles play an importeoié in the suspension process. According
to the “base-case” results obtained in this pajotuye research will focus on more complex
systems, including different types of impellersatieg different types of flow, most notably
systems involving multiple particles where interactbetween particles will have impact on

the way the solids get suspended in the liquid.
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List of Figure and Table Captions

Figure 1. Flow geometry: square-based mixing tank with kbl@vel equal to the tank’s side
lengthH =T =220 mm. The flow is driven by a disk or by a Rushtorbine (right). The
liquid temperature is monitored at two points ia flow. The origin of the coordinate system

is at the centre on the tank bottom.

Figure 2. Arrangement for visualization: a camera was usegktord the initial lift-off of a

sphere from the side; strong light entered intotéimé across a scatter plate.

Figure 3. Image of the particle and image analysis for detieing the particle position: (a)
raw camera frame; (b) the camera frame after Calatgction; (c) image with fitted edge

(green circle) and calculated centroid (red stahe left and right boundariesx(and x,),

vertical position g (x) and z,(x) ), and field of integratiorr as indicated in the panel b.

Figure 4. Location of a particle in horizontadtdirection as a function of time. In the left
panel the flow is generated by the Rushton turlfthe “RT” is abbreviation of Rushton
turbine). In the right panel the flow is generateg the spinning disk. The end of data
corresponds to the moment when the distance fr@mldwest point of the sphere to the

container bottom is 1 mm.

Figure 5. The spacing between the lowest point of a sphadetfze bottom wall as a function

of time on a linear scale. The ‘R’ in the panel meanother realization of the experiment.

Figure 6. The spacing between the lowest point of a sphadetfze bottom wall as a function

of time with a logarithmic scale on the verticalsaxThe data between two pink dashed lines

23



are used to perform a linear fit by Eq. 1. For ¢hses of a glass particle, the fitted range of
spacing is 0.03 mm to 0.2 mm; for PMMA, it is 0.@8n to 1.0 mm. The black dashed lines
are fitted lines. TheK’ in the panel is the slope of the fitted line. Tpi@k points are the

intercept of the fitted lines, from which an esttewinitial spacingh, ¢, , can be obtained.

Figure 7. Surface characteristics measured by AFM in a 70p@#8 area. Top row:
illuminated AFM images; bottom row: height distritan. Left column: the 10 mm PMMA
particle; middle column: the 10 mm glass partigight column: glass sheet as used as

bottom wall.

Figure 8. Vertical velocity (left) and total vertical for¢eght) of a glass sphere with Rushton

turbine as a function dfi. The velocityu,(t) is obtained by taking the derivative bft)
with a 4" order central difference formula. Then(t) is calculated by taking the derivative

of u,(t) with a 2 order central difference scheme.

Figure 9. Dimensionless velocity vector and pressure diffeesaround a particle with the

Rushton turbine. Top rowRe= 28.34 andé,,= 2.03; bottom row:Re= 8.14 and
0,,, =1.22. The spacing between the lowest position ®fsiphere and the bottom wall in the

left, the middle, and the right columns &&6A, 0.72A, and1.2A respectively. Two tip

=1.70 m/s andr

speeds of the impeller, iz = 0-49 m/s as indicated.

ipl

Figure 10. Symbols: simulated hydrodynamic force on a splsra function of height at the

specified Reynolds number. Lines: linear fit of #yenbols with intercepE, ,, and slopex.
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The resolution of each simulation is indicated hg thumber of lattice spacings per

particle diameter.

Figure 11. The spacing of the particle as a function of twith a logarithmic scale on the

vertical axis, wherey, F;, andh, are fitted by Eq. 2. The data (from= 0.03 mm to 1.0

mm) between two pink dashed lines are used to perfbe nonlinear fitting. The pink point

representsdy,.

Figure 12. Vertical hydrodynamic forcds ,, as a function of impeller speed as obtained

through fitting height versus time. Black symbdiT-glass; red symbols: Disk-glass; blue:

RT-PMMA; green: Disk-PMMA.

Table 1. Experimental parameters and results for the fifthmpeller speedN, , and the
impeller speed which is larger thaw .
* After the target impeller speel is achievedt,, is defined as the moment that the particle

is lifted off by 1 mm (which i€0.1d ).

Table 2. Parameters and results used in experiments gfitiacess, and simulations.
* The finer resolution of 20 grid spacings ovempaeare diameter is used in the simulations of
the fixed glass particle witRRe=28.34

The value forh, ¢ , is estimated by Eq. 1

The value forh, is nonlinearly fitted by Eq. 2

Oy = 1.076,,,
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Figurel
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Figure 1. Flow geometry: square-based mixing tank with kbl@ével equal to the tank’s side
lengthH =T =220 mm. The flow is driven by a disk or by a Rushtorbine (right). The
liquid temperature is monitored at two points ia flow. The origin of the coordinate system

is at the centre on the tank bottom.
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Figure?2

(

Camera
Figure 2. Arrangement for visualization: a camera was usecktord the initial lift-off of a

sphere from the side; strong light entered intotémi across a scatter plate.
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Figure3
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Figure 3. Image of the particle and image analysis for aeteing the particle position: (a)
raw camera frame; (b) the camera frame after Calatgction; (c) image with fitted edge

(green circle) and calculated centroid (red stahje left and right boundariesx(and x,),

vertical position g (x) and z,(x) ), and field of integratiorr as indicated in the panel b.
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Figure4
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Figure 4. Location of a particle in horizontaddirection as a function of time. In the left

t(s)

panel the flow is generated by the Rushton turlfthe “RT” is abbreviation of Rushton

turbine). In the right panel the flow is generatad the spinning disk. The end of data

corresponds to the moment when the distance framlawest point of the sphere to the

container bottom is 1 mm.
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Figure5
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Figure 5. The spacing between the lowest point of a sphadetfze bottom wall as a function

of time on a linear scale. The ‘R’ in the panel meanother realization of the experiment.
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Figure6
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Figure 6. The spacing between the lowest point of a sphadetfze bottom wall as a function
of time with a logarithmic scale on the verticalsaxThe data between two pink dashed lines
are used to perform a linear fit by Eq. 1. For ¢hses of a glass particle, the fitted range of
spacing is 0.03 mm to 0.2 mm; for PMMA, it is 0.@8n to 1.0 mm. The black dashed lines
are fitted lines. TheK’ in the panel is the slope of the fitted line. Tpi@k points are the

intercept of the fitted lines, from which an esttewinitial spacingh, ¢, , can be obtained.

31



Figure7
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Figure 7. Surface characteristics measured by AFM in a 708 area. Top row:
illuminated AFM images; bottom row: height distriton. Left column: the 10 mm PMMA

particle; middle column: the 10 mm glass partigight column: glass sheet as used as

bottom wall.
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Figure8
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Figure 8. Vertical velocity (left) and total vertical for¢eight) of a glass sphere with Rushton

turbine as a function dfi. The velocityu,(t) is obtained by taking the derivative bft)
with a 4" order central difference formula. Then(t) is calculated by taking the derivative

of u,(t) with a 2" order central difference scheme.
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Figure9
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Figure 9. Dimensionless velocity vector and pressure diffeesaround a particle with the

Rushton turbine. Top rowRe= 28.34 andéf,_,= 2.03; bottom row:Re= 8.14 and
0,,, =1.22. The spacing between the lowest position ®fsiphere and the bottom wall in the

left, the middle, and the right columns &&6A, 0.72A, and1.2A respectively. Two tip

=1.70 m/s andr

speeds of the impeller, iz = 0-49 m/s as indicated.
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Figure 10
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Figure 10. Symbols: simulated hydrodynamic force on a splsra function of height at the

specified Reynolds number. Lines: linear fit of #yenbols with intercepE, ,, and slopex .

The resolution of each simulation is indicated hg thumber of lattice spacings per

particle diameter.
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Figure 11
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Figure 11. The spacing of the particle as a function of twith a logarithmic scale on the

vertical axis, wherey, F;, andh, are fitted by Eq. 2. The data (from= 0.03 mm to 1.0
mm) between two pink dashed lines are used to perfbe nonlinear fitting. The pink point

representdy,.
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Figure 12
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Figure 12. Vertical hydrodynamic forcé-, ,, as a function of impeller spedd as obtained

through fitting height versus time. Black symbdRT-glass; red symbols: Disk-glass; blue:

RT-PMMA; green: Disk-PMMA.
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Tablel

Table 1. Experimental parameters and results for the fifthmpeller speedN, , and the

impeller speed which is larger thaw .

Combination N [rpm] Re[[]  Ouoll  t,*[s]
RT-glass 296 (N,) 28.34 1.90 25.45

316 30.32 2.17 10.44
336 32.24 2.45 6.36
RT-PMMA 85 (N,,) 8.14 1.14 29.60
90 8.65 1.28 16.24
95 9.14 1.43 11.90
Disk-glass 361 (N,,) 34.71 2.83 26.81
381 36.56 3.15 9.59
401 38.56 3.49 7.32
Disk-PMMA 93 (N,,) 8.92 1.37 35.92
98 9.40 1.52 21.01
103 9.86 1.68 14.39

* After the target impeller speel is achievedt, , is defined as the moment that the particle

is lifted off by 1 mm (which i€0.1d ).
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Table2

Table 2. Parameters and results used in experimentsgfitiacess, and simulations.

Gret hO,Eq.ik ho* o (fit) Fo(fit) Fno (fit)

C b i N R - eexp-
ombinationN [rpm] Re [ fosl- [10°N] [um] [um] [N/m] [10%N] [10° N]

sim

a (sim) Fo (sim) Fn0 (Sim)

[N/m] [10*N] [10™N]

RT-glass 296 28.341.90 79.26 239 4.001.23 120 80.46

296* 28.34 1.90 239 400 1.23 1.20 80.46
316 30.32 2.17 259 252 151 414 8340
336 32.24 2.45 246 2.19 140 7.76 87.02
RT-PMMA 85 8.14 114 10.83 3.75 5.610.15 147 12.30
90 8.65 1.28 3.38 456 0.13 3.00 13.83
95 9.14 143 247 343 014 438 1521
Disk-glass 361 34.712.83 79.26 223 520128 0.96 80.22
381 36.56 3.15 250 330 1.24 443 83.69
401 38.56 3.49 264 260 135 6.37 85.63
Disk-PMMA 93 892 137 10.83 3.14 5.220.16 1.19 12.02
98 9.40 1.52 291 409 017 228 1311
103 9.86 1.68 229 338 0.13 3.63 14.46

2.03
2.03
2.32
2.62
1.22
1.37
1.53
3.03
3.37
3.73
1.46
1.63
1.80

1.61
1.61
1.70
1.79
0.26
0.29
0.32
1.56
1.63
1.69
0.25
0.28
0.30

2.60
2.30
6.74
10.73
3.22
4.78
6.37
0.43
3.72
6.45
2.81
4.15
5.52

81.86
81.56
86.00
89.99
14.05
15.61
17.20
79.69
82.98
85.71
13.64
14.98
16.35

* The finer resolution of 20 grid spacings ovempaare diameter is used in the simulations of tkedfiglass particle witlRe=28.34

The value forh, ¢, , is estimated by Eq. 1
The value forh, is nonlinearly fitted by Eq. 2
Ogm= 1.070,,,
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