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* In Euler-Lagrange simulations,
particles are approximated as point
masses on a grid spacing that is 3~5
times larger than the particle

- Drag force correlation is essential in] * The Re-number and solid fraction by
modeling interphase momentum default are only available on the

exchange scale of the grid.
diamete

« Can we improve drag force
predictions in point particle methods
by using more precise information
about the state of individual

| :E particles?
X Soft Sphere At~5us

COR=0.98
Author Drag correlation
time =0.005 secs
Di Felice | Fa = Faoe™ (&1 void fraction, equals to (1 — ¢)),
(1994) | x = 3.7 — 0.65exp[~ L2722y,
Fy = Fiso - (78.9693 — 18.63¢% + 9.845¢ + 1)"
_ ] Fiso = 1 + 0.15Re%-687
+ CFD-DEM simulation of Tavanashad . Jor < 10
) T n=1, <

Muller’s fluidized bed etal. (2021) Los Ps/ Py
experiment (2009) o9 = #3x107"Re®*  py/p; =100




Particle Resolved Simulations

Study adopts Immersed Boundary Method + Simulations are performed within domain of 5d,, x
(IBM) to perform Particle Resolved 5d, x 5d, with d,, being the particle diameter
Simulations (PRS) for freely evolving

spherical particle suspensions
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Particle Resolved Simulation Results

* The PRS-derived suspension-mean drag
forces are compared with Tavanashad et al.
(2021) drag correlation proposed for freely
evolving sphere suspensions

+ Simulated time-development of individual
particle drag forces

» Time development of individual particle Author Drag correlation
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Definition of local solid volume fraction (¢;,.)

+ Calculate the volume of Voronoi tessellation for each particle in the suspension at each
instant, defined as 1,

* The local solid volume fraction is defined as:
%
Dy = Vvor = Ploc

« With V, being the particle volume

» Periodic boundary
conditions is
accounted for in

Snapshot of the Voronoi tessellations calculating V-
in suspensions of particles (adapted
from Vooro++, n.d.).
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Effect of suspension heterogeneity on drag force

+ Denoting instantaneous individual particle drag force as F;,, i is the particle ID in the
suspension and t is the time instant
» Suspension-averaged instantaneous drag force can be defined as:

1

0 l_ﬂ'd,t =5 ?':1 F4;; —— N is the total number of particles in the suspension

* Quantify dispersion of instantaneous ¢,,. distribution among all particles in the suspension
using standard deviation (o, ;)

Re =10

* F4, is observed to be positively correlated with

Re =50
Oyt Psfp,=2 Re=100  Pearson correlation
Re = 200 coefficient between
27 Re = 300 Il
Re =10 Ffi’t zlite Oput a.t.
% Re 50 different conditions
005 . Ps
F 25,5 5/p; =10 Re=100
Re =200

« Significant positive
correlation exists at
Re =50, ¢ > 0.2

24 Re =300
Re =10
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Effect of suspension heterogeneity on drag force......more

0.07F  PDF of ¢, attq, t,, t3 and t, are extracted together with particle drag forces
. 95 as function of ¢,,.
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Can we use existing drag force correlations to include effect of ¢;,.?

Author Drag correlation
- Drag forces averaged within ¢, bins among all investigated Fa = Fiso - (78960, = 6393 + 9.845¢, + 1)"
conditions are plotted below with predictions using ¢,, instead of Tavanashad Fiso =1+ 0.15Re
¢ in Tavanashad’s drag force correlation etal. (2021) n=1 ps/pr <10
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* Irrespective of ¢ for ¢, < @, the effect of ¢, on drag force follows the same trend as that of ¢

* As ¢, > ¢, the increase in particle drag becomes less prominent and in most cases levels off
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Use of modified solid fraction with Tavanashad drag force
correlation

_ : » The table below lists the decrease in MAPE when
» With Reynolds number de*fmeil as*: ' implementing ¢, compared to ¢ in Tavanashad’s
Re — prefdp (uf —Up)P drag force correlation

*
Href Re = 10

o Based on our observations, define modified local solid Re = 50 DO/ 7.7%
fraction : Psfp =2 Re=100 35%  7.1% 1323%  7.5%
» P1 - Re=1200 3.3% 219% 16.3% 7.8%

P1 = Oy, O, <@ Re=300 3.5% 6.1% 19.6% 11.9%
0L =0, 0, > @ Re=10 | 0.6% 52% 7.6% 8.6%

Re=50 32% 8.4% 19.6%
Ps/p, =10 Re=100 51% 11.2% 23.4%
Re =200 = 43% 17.0% 18.2%
Re = 300 11.8% 18.5%

Comparison of use of ¢, versus ¢ Re = 10
Mean Absolute Percentage Error (MAPE) defined as: Re = 50

PRS corr (" o
_ 1 ym N Fair—Fair 0 Ps/, =100 Re=100 3.5%  9.7%
MAPE = 70 Die=1 Zi=1 | = ppms | X 100% d Re=200 134% 84% 11.0% 11.0%

d,it
o : _ Re=300| 21% 4.9% 11.2%  23.6%
N and M are total number of particles in the suspension and ~
=01 ¢=0.2 ¢=03 ¢=0.4

number of sampled time instances, respectively

6.5% 15.3% 23.1%

8.4%
18.0%

* The increase in accuracy becomes prominent when Re >
50, ¢ = 0.3, similar as the conditions when F; . and o, ;

exhibit significant positive correlation

Preparing for the future



Drag force prediction using ¢ versus ¢ in Tavanashad correlation
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Drag force prediction using ¢ versus ¢ in Huang correlation

Re =10
Huang et al. (2018) proposed a drag correlation for Re = 50 6.3% 11.6% 4.5%
mobile particle suspensions, utilizing suspension ps/pf —2 Re=100 42% 7.6%  249% 3.0%

averaged granular temperature (T*) to quantify the Re=200 6.0% 249% 133% 4.6%
effect of particle mobility on drag force. T* is defined Re=300 7.5% 10.4% 17.6% 10.8%

as: Re = 10 - 6.0% 8.8% 10.9%
2

= 1 .QT, P Re = 50 7.2% 13.1%

T T, = 1<3N L= xyzzl 1( U, k(t) Pk(t)) ) Ps/p,=10 Re=100 48% 10.2% 15.6%

Where w, (t) is the instantaneous particle velocity Re =200 B5.6% 8 17.7% 125
Re=300 54% 13.7% 12.6%

along k- dlrectlon. A granular temperature based Re— 10 63% 14.8% 22.7%
Reynolds number is derived as: Re = 50 - 8.8%
Re; _ VT dy Ps/p, =100 Re=100, 3.5% | 10.8% - 16.9%

Href Re=200 17.1% 11.1% 10.9% 9.8%
And Huang's drag correlation: Re =300 4.4% 82% 11.8% 20.3%
= = 1.930%40.25¢+0.66)  Re;*’ =01 ¢=02 ¢=03 ¢=0.4
Fy = Fypg + 4.01 ( w(l (p)oqi ) Re08T+100 ® @ @
Table on the left illustrates the decrease in MAPE
when implementing ¢, compared to ¢ in Huang’s
drag force correlation

* The increase in accuracy becomes prominent when Re >
50, ¢ = 0.3, similar as the condition when implementing

Tavanashad'’s drag correlation
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Drag force prediction using ¢ versus ¢ in Huang’s correlation
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Normalzied Drag Force

Normalzied Drag Force
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Summary and Conclusions

0.07

0.06 |-

» Using particle resolved simulations of moving suspensions |
defined a local solid fraction for individual particles in the |
suspension as ¢,, based on Voronoi tessellation iy

0.05F

ot

0.03 18
. . . tl t 7.
* Instantaneous variation of suspension averaged drag S conc et
force F,;, is observed to be positively correlated with the °
. . . . . 60
variation of ¢, measured by its standard deviation (o, ) $
O50
§40
« the dependency of individual particle drag force on ¢, 0
when ¢, < ¢ resembles the correlation between €20 ;
. P-4
suspension-averaged drag force and ¢ 10 ¥ oo i o
L peioi i Re =50 6.6% 152% 7.7%
02 (P0-3 0.4 0.5 Psfp=2 Re=100 | 35% 7.1% [S2EHN 75%
v Re=200 33% 219% 163% 7.8%
« Implementing ¢4( {:‘;1 _:’;”’ ‘Z’ = (p) in the drag EEET
Re =50 32% 8.4% 19.6%
correlations significantly improves drag prediction e e iiﬁ‘; Eﬁfgl e
Re=300 2.8% 11.8% 18.5%

accuracy compared to using ¢. —1- 6%  153% [

8.4%
l’/p =100 Re=100/ 3.5% 9.7% 18.0%

Re=200 134% 84% 11.0% 11.0%

Re=300[21%  49% 11.2% | 23.6%
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