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Abstract

Calibration of powder mixing simulation using Discrete-Element-Method is still an issue. Achieving
good agreement with experimental results is difficult because time-efficient use of DEM involves strong
assumptions. This work presents a methodology to calibrate DEM parameters using Efficient Global
Optimization (EGO) algorithm based on Kriging interpolation method. Classical shear test experiments
are used as calibration experiments. The calibration is made on two parameters - Young modulus and
friction coefficient. The determination of the minimal number of grains that has to be used is a critical step.
Simulations of a too small amount of grains would indeed not represent the realistic behavior of powder when
using huge amout of grains will be strongly time consuming. The optimization goal is the minimization of
the objective function which is the distance between simulated and measured behaviors. The EGO algorithm
uses the maximization of the Expected Improvement criterion to find next point that has to be simulated.
This stochastic criterion handles with the two interpolations made by the Kriging method : prediction of
the objective function and estimation of the error made. It is thus able to quantify the improvement in the

minimization that new simulations at specified DEM parameters would lead to.

I. INTRODUCTION

Mixing of powders is an important process
unit in several industries e.g. pharmaceuyti-
cal, food and nuclear industry. The Discrete-
Element-Method (DEM) [1] can simulate such
processes and help their understanding and
optimization. However the calibration of mi-
cromechanical parameters remains the most
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sensitive issue of the modeling process.

There is currently no clear link between mi-
cromecanical parameters used in DEM and
macromechanical measured ones. It appears
that mixing behaviors of different powders can
be related to different behaviors in shear testers
as the Freeman Technology FT4 rheometer. The
choice of shear test as calibration experiment
seems thus suitable. It appears that DEM sim-
ulations of shear testers are mainly influenced
by the Young’s modulus and the static friction
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coefficient [2, 3] 4].

The aim of this paper is to present a calibra-
tion methodology using Efficient Global Op-
timization (EGO) algorithm based on Kriging
interpolation method. The methodology is ap-
plied on the couple of DEM parameters Young
’s Modulus and static friction coefficient.

Particular importance is given in this work
to determine the number of particles to be used
in the DEM simulation of the shear tester.

II. THEORETICAL BACKGROUND &
METHODOLOGY

i. Discrete element modeling method

DEM describes the motion of spherical par-
ticles by integrating classical Newton’s law
in consecutive time steps. Positions, veloci-
ties and forces are updated at each time step.
Contact-force models have been largely de-
scribed in literature [? [5, [6]. Here we use the
most classical ones : the non-linear damped
Hertz-Mindlin model for normal and tangen-
tial forces. Model of rolling friction [7] is
used to represent the non-sphericity of parti-
cles. Viscous damping part of torque produced
by rolling friction is negected. No cohesive
forces are considered, but gravity is taken into
account. Simulations were conducted with the
open source software LIGGGHTS.

Choice of suitable time-step to integrate the
motions is critical. The Rayleigh time step is
often used when DEM simulations of dense
regime are made. It represents the propaga-
tion time of a Rayleigh surface wave around a
particle. As it is impossible in DEM paradigm
to model such wave - the surface of an unique
particle does not exist - we consider here that
the validity of such a time step is a question-
able. We thus use the critical time step given

in (T).
N 1
Atgit = R (3) 3 pUO_EEt% (1)

E = E/(1 —v?) being the reduced Young’s
modulus. The other symbols meaning can be
found in table(l} Calculation of this time step is

based on [§]. It represents the time needed for
a perturbation of force propagating through a
chain of identical particles in - Hertz - contact
to cross a single one. It has the advantage
of showing dependence on the compression oy
[Pa] of the chain. The resolution time step used
here is about 5% of this critical time step.

As the size of the mixer - used in the tar-
get simulation - is fixed and as the com-
puter/software performances limit the num-
ber of particles as about a million, the particle
radius is fixed. This means that it is not con-
ceivable to simulate one single real grain by
one single numerical particle. Thus, the main
challenge is to represent the rheology of a set
of small grains with a set of larger numerical
particles. It so is a critical point of first deter-
mine how many particles are needed to catch a
powder behavior. Hence calibration experiments
simulations are made with different number of
particles, keeping constant the ratio between
height and diameter of the shear cell and all
DEM micromechanical parameters. From a
certain number of particles, the result of the
simulation no longer varies. The minimum
number of particules to be used is therefore
reached.

ii. The standard shear test using the
FT4 Freeman Technology rheometer

The standard shear cell technique for pow-
der is based on the Jenike ring shear tester[9].
However unlike [3} 4], it is the cylindrical shape
that is used here - as represented on figure[1|-
particularly because the Freeman Technology
FT4 rheometer is largely used in industrial ap-
plication. Powder is placed into the shear cell
and before shear a vertical stress ¢ is applied
by the shear head to pre-compress the material
sample. The shear head rotate at constant ve-
locity, maintaining normal stress constant, and
the shear stress T is measured. Four shear steps
are made with four differents vertical stresses
: successively 9 kPa, 8kPa, 7 kPa and 6kPa.
Before each shear step, a preshear step is made
at ¢ =15 kPa.

The effective measure is the yield locus of
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(a) FT4 rheometer (b) DEM simulation

Figure 1: Shear tester used as calibration experiment

the powder, associated with the level of pre-
compression. Indeed, each shear step should
exhibit a clear maximum of measured shear
stress before a strong collapse. This so called
incipient faillure point corresponds to the criti-
cal point when the powder starts to flow under
the shear stress applied. These four maximum
shear stresses form the so called yield locus.
Plot of these values versus the corresponding
normal stress applied shows usually a linear
trend. The slope is known as the angle of in-
ternal friction (AIF [°]) and the Y-intercept is
reffered at cohesion C [Pa]. This last number is
the extrapolated shear stress resitance that the
powder should produce when sheared at zero
normal stress. These two numbers describing
the yield locus are then used to identify the
appropriate couple of DEM parameters previ-
ously mentionned.

iii. Efficient Global Optimization us-
ing Kriging

The goal of the calibration process is to find
the couple of DEM parameters - Young’s modu-
lus and static coefficient of friction - that would
minimize the distance between the simulated
yield locus and the measured one. This dis-
tance can be viewed easily in the 2D-space C
vs AIF as shown below on figure ] As DEM
simulations can be strongly time consuming, it
is of great importance to have to do the least
possible simulations to converge to the opti-
mum.

The Efficient Global Optimization [10] is an
optimization technique that is capable of choos-

ing accuratelly new simulation points - new
couples (E,us) - to converge rapidly to the best
solution. It can be viewed as a method to build
progressively efficent design of experiments
(DOE). The core of the method is to use Krig-
ing interpolation [11] to predict the value of the
objective function that has to be minimized -
here the distance between simulated and exper-
imental yield locus - and also the error made
on this prediction. The smaller the prediction
of this distance for a couple of DEM parame-
ters and the the error on this prediction are, the
bigger the chance of this couple to be choosen
by the EGO algorithm to be the next point to
be simulated is. In fact, it is the maximizatio
of the Expected Improvment (EI) criterion (eq.
that allows the EGO algorithm to find this
point.

min(Y) — mg(x)

EI(x) = (min(Y) — mg(x))® (

sk (x)
min(Y) — mg(x)
+ SK(X)(P ( SK(X) >(2)

In equation (), x is the couple (E,us) on
which the EI is calculated, Y is the vector of all
the distances between simulations and experi-
ment that have already been calculated, m (x)
and sk (x) are respectivelly the prediction of
the distance for the point x and the error on
this prediction and @ and ¢ are respectivelly
the standard normal distribution function and
its probability density function.

In fact, the EGO algorithm used here works
on the minimization of the 2-points-EI crite-
rion. This criterion is similar to the one pre-
sented above but it allows the selection of two
new points to be calculated simulateously. It
is thus possible to take advantage of using a
cluster of computers to conduct the calibra-
tion/optimization. The algorithm used is im-
plemented in the R-package DiceOptim [12].
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III. RESULTS AND DISCUSSION

i. How many grains in powder?

Four simulations have been conducted with
12k, 31k, 78k and 200k particles, that respectiv-
elly correspond to 25, 34, 46 and 63 particles
per cell diameter. DEM parameter of these
simuations are presented in table Corre-

Table 1: DEM parameters values

Parameter Symbol Value Unit
Young’s Modulus E 25 GPa
Static Friction Coef. Us 0.5 -
Poisson’s Ratio v 0.25 -
Restitution Coef. e 0.3 -
Rolling Friction Coef.  ug 0.5 -
Density o 3000 kg.m3
Particle Radius R 0.9 mm

sponding yield loci shows on figure [2|a clear
convergence. It appears that beyond 31k parti-
cles, the measured behavior does not change.
This can be explained by the difference of com-
pactness induced by wall effet. Compacity be-
fore shear steps are indeed larger for small
number of particles per cell diameter. The
nearer the walls are, the smaller the compacity
is. And a compacter granular medium is more
difficult to be sheared.

Number of particles

(o)}

per shear cell diameter :
025 034
46 63

i~

N

Shear stress T [kPa]

o

0 2 4 6 8 10
Normal stress o [kPa]

Figure 2: Yield loci of simulations with different num-
bers of particles

Figure [3| shows regular and smooth trends
for the shear stresses measured. This is due to
the non-friction wall hypothesis.
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Figure 3: Shear steps for simulation with 78k particles

ii. Comparison with experimental
measurements

Given what has been observed above, cali-
bration of DEM parameters has been started
with 31k particles. Four simulations have been
made to start the EGO algorithm. Figure [4]
shows the result of these four simulations com-
pared to experimental measurements made on
two powders : Al,O3 with mean granulometry
88 "m and B4C with mean granulometry 105
“m. Error bars for experiments are calculated
from 3 repetitions of the full shear test and the
ones for simulations are derived from classical
statistics of linear regression.

To find DEM parameters that lead to
good calibration for B4C, the two news
points choosen by the EGO algorithm are
(E=33GPa,us=0.29) and (E=33GPa,ps=0.21).
This choice can be easily comprehensible re-
garding figure d: B4C point is obviously above
the iso-Young’s modulus line at 25 GPa, and
near the iso-static friction line 0.25. As B4C is
very close to this line, the algorithm tends to
look around.

Figure [5 shows shear stress simulated at 9
kPa normal stress for both these new points
compared to experimental ones. However it
should be noted that these curves are not the re-
sult of a calibration that would have converged.
Order of magnitude are reached, but the shape
of curves are not very similar. Experimental
curves for B4,C and Al,O3 show linear tends
at the beginning, although simulations present
much more concave shape. Experiment with
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Figure 4: Cartography of the optimization

glass beads shows also such a concave shape at
the beginning. The concave shape can thus be
explained by the mono-sized or quasi-mono-
sized nature of the granulometry used. Indeed,
the more extended granulometry of B4C and
Al>,O3 allows much more granular rearrange-
ment, retarding the rise of the shear stress.
Beyond the considerations about the number
of particles made previously, the particle size
distribution (PSD) seems to be a critical point.
Indeed, catching the so called powder behavior
might also need to take into account more pre-
ciselly the PSD. It seems not sufficient to get
enough particles, but it seems also important
to reproduce the realistic partial coordination
numbers of the packing - ie the number of con-
tact between particles of different sizes. The
shear test made for the glass beads - that show
a narrow PSD - is closer to the numerical re-
sults presented here, probably because of this.
Moreover, the clear maximum of shear stress
observed experimentaly is not reproduced by
simulation. Here again this could be due to
the mono-sized granulometry but recent sim-
ulations seems to show that there is a greater
chance that this is due to the hypothesis of
zero-friction at the walls of the shear cell. The
work is currently moving in this direction.

IV. ConNcrusioN

Calibration of DEM parameters using the
EGO algorithm seems promizing. The yield
locus experimentally measured on powder

6 T T T
< /_/___________.,_
~ S
) — e
w4 ¥ N
% Num : E=33GPa y1,=0.2867
g == Num : E=33GPa y;,=0.2133
S 2 |f Num : E=25GPa y5=0.5
8 Exp : AL,O3; 88 "m
% Exp : Glass beads 200 'm

‘ Exp : B4C 105 'm
0 0 2 4 6 8 10
Time [s]

Figure 5: Comparison with experimental data at o = 9
kPa

sample can be approched by simulations.
However, some assumptions made seem to
be too restrictive to allow very good fitting of
experimental curves : no friction at the wall
and mono-sized granulometry. Future works
must tackle these issues before continuing the
proper use of the EGO algorithm.
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