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Verification

Validation (in progress)

Goals: Verification and Validation

To gain confidence & increase adoption
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DEM Theory

Newton’s Laws
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Fd = drag
Fc = contact forces
W = angular velocity; V = translational velocity
X = position
I = inertia = miDi^2/10
Equation (6) = translational motion
Equation (7) = (rotational motion) ; torque
In equation 7 if there is no friction then nothing happens, but some DEM papers include another term for rolling friction (different form than that in 7).



r, =10cm,

Case 1: Freely Falling Particle B e

g
h, =50cm
* A smooth particle freely falling L —> Contact Stage:
under gravity from its initial _ ’\\O y=F+F +F,
position bounces upon collision F ——g
with a fixed wall vy |h - K (y_r)
: : : _ (= =\
* Motion described in three stages:  ¥?2 m m, = F

free fall, contact, rebound
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The translational motion of the particle can be described in three stages: free fall, contact and rebound.

Comparison between the analytic solution from the soft-sphere model and the DEM results
Left figure has particle position and velocity for kn=5x10^7 dyne/cm and en=0.9.
  Solid vertical line refers to time of collision.  Dotted vertical line refers to time of rebound
Right figure has relative percent error between the analytic and DEM results for four different systems

In all the verification studies of the free fall system the following values are used: rp = 10 cm, particle material density ½p = 2.6 g/cm3 , ho = 50 cm and g = 980.0 cm/s2 . 
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Case 1: Comparison with Hard-Sphere Model

* No contact stage :

instantaneous collision

e— _[Vpost ]
Vpre
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Error essentially reflects

difference in hard-sphere vs.

soft-sphere treatment
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Comparison between the analytic solution from a hard sphere model and the DEM results

Evolution of hmax,k (the maximum height attained after k collisions with a wall.  A constant value of spring constant is used in the left 5x10&7 dyne/cm

The relative percent error between the analytic and DEM results for different values of the normal restitution coefficient and spring constant


r, =0.05cm,

Case 2: Two Stacked Particles e

Ppz =10g/cm?
k, =10%dyne/cr
g =980cm/s?

e A system of two stacked particles compressed
between two fixed walls under gravity

e Equal size particles

e Top particle is twice as dense as upper particle
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The particles and the walls will remain in contact at all times so contact spring force will always be in compression.

Comparison between analytic solution and DEM results.  The y position for the center of the particle is given.  Figure is for en=1.0

In all the verification studies of the two stacked particle system the following values are used: rp = 0.05 cm, ½p1 = 20 g/cm3, ½p2 = 10 g/cm3,
kn = knw = 1 × 106 dyne/cm, and g = 980.665 cm/s2. Thus, the lower particle is twice as dense as the upper particle (m1 = 2m2).
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Case 2: Results
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Relative percent error in particle position between the numeric/analytic solution and DEM results.  Left figure corresponds to en=1.0, right figure to en=0.8.



Case 3: Ball Slipping on a Rough Surface

 Aballisreleased on a rough surface with finite
translational velocity (v,) but zero angular velocity

e Sliding friction will create an angular velocity and reduce
v, until there is zero slip at point of contact (v,=®R at t=t)
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As a result of finite slip at the point of contact between the ball and rough surface, sliding friction is invoked. 
This sliding friction will reduce the translational velocity and, at the same time, generate an angular velocity until there is zero slip at the point of contact, i.e., v = wR.  After the zero slip condition is reached, sliding friction will cease to act and the solid ball keeps on moving with fixed translational and angular velocities.

Comparison of t’=mu*g*ts/vo (left axis) and {vx’,w’}at t=ts (right axis) obtained for four different values of the coefficient of friction.

R=0.05 cm, rowp=10 g/cm^3, vo=20 cm/s, g=490.0cm/s2, I=2/5mR^2


CDM: MFIX-DEM Coupling

For next
Fluid time
step

In every
solid time
step

Drag on solids due to the gas (F

es)

Drag on the gas due to solids (-F)

Gas velocity
Pressure

In every
fluid time
step
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Possibly remove.


Case 4: Advection of a Circle in an Oscillating Vortex Field

e Particles of zero mass are arranged in a circle (2D) or
sphere (3D) and subject to an off-centered oscillating

vortex field u = 2sin®(7x) sin(27y) cos(wt/T)).

v = —sin(27rx) sin?(ry) cos(wt/T).

Particlesinacircle  u = &
off-centered to thee *
vortex core : *

A
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The objective of this test case is to quantify the accuracy of interpolating gas-phase velocity field at the particle location
This case serves to isolate the error arising from the gas velocity interpolation routines in arbitrary directions from other possible errors introduced during the drag calculation 

The particles are seeded in a circle of radius 0.15 off-centered at (0.5, 0.75) in a unit square box. The gas-phase vortex field is created by setting the x and y components of the gas velocity as ..  The degree of deformation will depend on the value of T, the oscillation period/cycle. The particles become distorted from their original arrangement but then return after one cycle .  In this test case T is set to 0.25 so that the particles will undergo small deformations.

For all coupled cases the default method, a second-order accurate Lagrange polynomial is used to interpolate the gas-phase velocity to the particle location.






Case 4: Results
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Case 5: Particle Motion in Vortex o

e Particles with finite mass are subject to a 2D vortex gas
field

gy = —cos(kyx)sin(k,y),

vy = sin(kyx) cos(ky,y),

 The extent of gas-solids interaction is quantified by the
particle Stokes number

—

L ppdpg particle response/ i L fluid time-

Al
St — flj — . . JE,- —_
o 184, relaxation time = U scale

]‘v

-]

St <<1 ~ particles become flow tracers (drag
dominates)

St ~ O(1) ~ particles follow local pathlines that circulate
around large scale vortices

St >>1 ~ particles move with their initial trajectories
(inertia dominates)

=0.01cm,
=1.8g/cm3
=0.05
=varied
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In the absence of gravity, the extent of gas-solids interaction is quantified by the particle Stokes number St, which is defined as the ratio of the particle response/relaxation time to the fluid flow time scale


Particles are uniformly seeded with zero initial domains throughout a unit square square domain with periodic boundaries. Particles have diameter and density of 100 μm and 1800 kg/m3, respectively. The initial solid volume fraction is equal to 0.05. Different particle Stokes numbers are obtained by varying the gas viscosity,


Results =

St=0.2

- increasing T,
- decreasing
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St=2 st=20
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Snapshot of particles in taylor-green vortex for different stokes number
Solid lines represent gas flow streamlines and dots represent solid particles

For Stokes >> 1, particles will continue in a straight line as the fluid turns around the obstacle therefore impacting on the obstacle. For Stokes << 1 particles will follow the fluid streamlines closely.
A very small particle Stokes number implies a very small particle response time and drag plays a dominant role
A very large particle Stokes number implies highly inertial particles and the drag force does not affect the particles trajectories




Case 6: Particle Terminal Velocity

 Terminal velocity of a single small particle freely

falling under gravity through a gas phase

F drag

Particle motion:

de _ g(pp _ -Og)
dt [
Cy=—

4 Re(

Schiller & Naumann (1933)

4
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4 _
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=
=
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p, =2.0g/cm3
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M, =1.8x107°Pa.s
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| 1 ]
0.2 04
Time (s)

N=TL


Presenter
Presentation Notes
Comparison of the particle velocity evolution from MFIX-DEM and numerical solution.

the particle diameter (dp) is 100 μm, the density ½p is 2000 kg/m3 and the initial particle velocity is set equal to zero


Summary of Verification Study

e Cases 1and 2 involving a freely falling particle and two stacked particles
targeted the implementation of the normal collision model and the time
stepping algorithm

e Case 3 (ball slipping) targeted implementation of the tangential force
model

e Cases 4 and 5 (advection & vortex flow) targeted the interpolation
routines

e Case 6 (terminal velocity) served as a relatively simple test of the drag
force

e All of these cases demonstrate fairly good agreement with the
corresponding analytical solution (when available) or yielded the
anticipated behavior

N=TL
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Additional comparisons for random packing

of

* various correlations (e.g. Yu & Standish, 1987;

* systematic experiments (e.g. McGreary, 1961;

Case 1: Random Packing of Binary Mixture

e Simulation setup: particles are randomly seeded, spaced far apart, in a

pseudo 2D column and allowed to settle under gravity

(
A

70cm

—

1.5cm\ %

X

binary mixtures possible:
Fedors & Landel, 1979)

Jeschar, et al., 1975)

random packing density [-]

d,; =0.152cm,
d,, =0.249cm,
o =2.52g/cm?3
M, =200g
0.62 | | |
0.615 |- g/‘”f}é“‘%x.x% .
0.61 F . X
o ® o \
0.605 ./ \
X ® e
0.6 F ) i
X
0595 - / 7
.I"Ir .
0.59 |-/ ]
%
0.585 Exp. Goldschmidt* @ ]
0.56@ | | . DEM
0 20 40 60 80 100

Xsmall [']

Similar trends are predicted with relative
error less than 2%
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Article: M.J.V., Link, J.M., Mellema, S. Kuipers, J.A.M, ”Digital image analysis measurements of bed expansion and segregation dynamics in dense gas-fluidized beds”

Goldschmidt reported random packing fractions for mixtures with glass particles of different sized particles at various compositions.  The packing fraction was obtained for a reported well mixed state which was obtained by fluidizing the particles at a velocity somewhat higher than the minimum fluidization of the largest particle for several minutes before switching the gas inflow off.  
The experiments are carried out in a pseudo 2D gas-fluidized bed: 15 cm wide, 70 cm tall, 1.5 cm deep. The particles are glass beads of 1.52mm and 2.49 mm diameter and density of 2.5g/cm^3.  Umf of the larger particle is ~1.25m/s.  In the experiments a monodisperse bed of small particles has ~110,870 particles while a monodisperse bed of large particles has ~23,920 particles and both have a total bed weight of about 494.3 grams.  The simulations use the same bed dimensions and particle properties but the bed mass is a little less than half that used in the experiment.



Q dpl =1.113cm, dpz =1.112cm, dp3 =1.1111cm

Case 2: Angle of Repose T S
p =0.1545
Snapshots of side discharge of glass beads p, =0.1333

e Setup: An inner box
with an outlet at the
bottom-left is moved
vertically in an outer
box where particles
are discharged

General behavior is
predicted

Angle of repose is
slightly under-predicted

N=TL

Li, Xu, & Thornton, Powder Technology, 2005, 160:219-228.
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Article: “A comparison of discrete element simulations and experiments for ‘sandpiles’ composed of spherical particles”

The angle of repose is one of the most important macroscopic parameters of granular material
It can be used to validate DEM

Further parametric studies are necessary 



intermediate/spout-fluidization regime
Case 3: 3D Spout Bed ,, g

 Experimental setup

— Wide range of operating conditions
(Upg: 0-3.5m/s and u,,:40-95m/s) wi
data reported for 3 cases in 3 regim

— Use PEPT & spectral analysis of

. Velocity (cm/s)
pressure fluctuations By
, 15.4cm < EQOO
8.4cm B
Case 1: -
T u,,=60m/s -
N, =44800 Upg =2.5m/ S B
|d, =0.404cm —100
o, =2.526g/cm |
100cm E
spout vel. 0
(u,)
background
vel. (ug,)
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Article: J.M., Deen, N.G., Kuipers, J.A.M., Fan, X., Ingram, A., Parker, D.J., Wood, J., Serville, J.P.K , “PEPT and discrete particle simulation study of spout-fluid bed regimes”

The experiment is schematically represented here.  Air is fed to the bed through different sections, a spout section and a background section to ensure uniform gas distribution.  The bed consisted of about 44800 glass particles of uniform size.  To obtain a comprehensive flow regime map for the system the background velocity as varied from 0 to 3.5 m/s and the spout velocity from 40-95 m/s.  The results for three different cases in three different regimes were reported.  
Used positron emission particle tracking to determine solids motion in the spout fluid bed (produce particle positions in 3D as a function of time, use this with software to determine velocities).  Spectral analysis of pressure drop fluctuations to determine other dynamic information on particle behavior. 


Case 3: Time-Average Lateral Profiles in Vertical Particle Velocity

Reported in the central XZ-plane
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Exp. Link et al. 2008
MNum. Link et al. 2008 7
pr?sent

vertical particle velocity [cm/s]
vertical particle velocity [cm/s]

Exp. Link et al. 2008 a

n
!
|

MNum. Link et al. 2008
pr?sent

| | | | | | _ 100 | | | | |
0 2 4 6 .8 10 12 14 0 2 4 6 .8 10 12 14
x-position [cm] x-position [cm]

Fair agreement with both experimental
data and DEM predictions

Additional comparisons possible including frequency spectra data of the pressure drop
fluctuations and data for two additional cases:
 Case 2 - Spouting-with aeration

e Case 3 - Jet-in-fluidized-bed
N=TL
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Profile of time-averaged vertical particle velocity in the central XZ-plane at different heights (Usp=60 m/s) – intermediate/spout fluidization



@ d,; =0.12cm,

Case 4: Bubbling Bed 1 7 g

 Experimental setup

— Small bubbling bed of poppy Rp— .
seeds (kidney shaped) fluidized
at 2 gas velocities

— Use magnetic resonance (MR to

measure time-averaged 15cm
voidage map of bed
e Simulation setup &) | >
— Same but with reduced bed x

U,=0.6m/s & 0.9m/s

height (12cm) and spherical
particles
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Article: C.R., Scott, S.A., Holland, D.J., Clarke, B.C., Sederman, A.J., “Validation of a discrete element model using magnetic resonance measurements”




Case 4: Time-Averaged Lateral Profiles in Void Fraction

T T T 1
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Further parametric studies needed (e.g., friction coefficient, restitution coefficient)
Additional comparisons possible with similar data on solids velocity N=TL
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At different heights and for Ug=0.6 m/s (left) and Ug=0.9 m/s (right) 
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=0.152cm,
Case 5: Bubbling Bed 2 (Binary Segregation) % =zem.
;\(;lt :ig:f3g
* Experimental setup U, =1.2m/s

— A psuedo 2D bubbling fluidized bed (see case 1) of a bidisperse mixture of differing
sized glass particles; various compositions & operating velocities

— Digital image analysis to measure bed expansion and segregation dynamics

MFIX t=9.9s Exp. t=10.0s

MFIX t=5.3s

Qualitative
agreement

Quantitative comparison with experimental data (segregation dynamics) is underway

N=TL
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Article 1: M.J.V., Link, J.M., Mellema, S. Kuipers, J.A.M, “Digital image analysis measurements of bed expansion and segregation dynamics in dense  gas-fluidized beds” & 
Article 2: M., G.A. Bokkers, M.J.V. Goldschmidt, O.O. Olaofe, M.A. van der Hoef, J.A.M. Kuipers, “Development of a multi-fluid model for poly-disperse dense gas-solid fluidized beds Part II: Segregation in binary particle mixtures”



Current Status and Future Plans

Validation
e Finish detailed analysis of existing cases & work on
additional test cases
— Tsuji et al., PT, 1993: 2D Fluidized Bed with a Central Jet
— ANL Experiments (Aranson and Li, ANL): Flower bed
— Granular plane shear flow (Saitoh and Hayakawa, PRE, 2007)
Future Work

e Coarse-graining (MP-PIC, CDEM etc.)
S peed -U p * Parallelization (SMP, DMP, GPGPUs)
* Time-stepping algorithms, MD potentials...

» Test existing constitutive models

e Interpret important experiments (e.g. clustering data from
Frank)

Utility

® Hybrid DECM algorithm
e Path to pilot and commercial-scale reactors

Innovation

¢ Heat and Mass transfer

New Features RBLZELE

¢ This is one area not much is done in the literature N=TL
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