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Motivation : Accurately Simulate Gas-Particle Flow

Two-Fluid Model (TFM)

e Widely studied, developed and applied.

@ Its hydrodynamic assumption has been proven
invalid, especially when particles are dilute.

4

Quadrature-Based Moment Methods (QBMM)

@ Direct numerical reconstruction, less modeling.

@ Its explicit nature makes it inefficient when particles
are dense.

Objective

| A\

@ A solution algorithm that combines the best features
of TEM and QBMM solvers, which can accurately
simulate across all flow regimes.
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Gas-Particle Flow Governing Equations

Gas phase: Continuity and momentum transport equations

Ipgex
ag AV pgagUg =0
OpgaU
% + V- (pgagUeg @ Ug + pol — pgorg0g) = pecreg — ppopMpg
1 1 P
My, = — (Ug — Uy) — —Vp, + 22V - a0
e = - oy PET sT¢

Particle phase: Kinetic equation for velocity NDF f (v)

o), FW 0

or ox Tay f(MA=S

where A represents acceleration due to forces acting on each particle, S
represents other possible source terms, e.g. particle collisions
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Gas-Particle Flow Governing Equations : Velocity Moments

Moments Transport Equation:

oM o
M ivF=s M= /v’lv’zvgf(v) dv
0 M]ioo Mgoo Milo Mim
Mooy = o, M(flo = Uy, M1210 M(2)20 Mgll = apU, Q U, + P,
My, M, Mg, Mg,

Particle Continuity Equation:

0
pgo‘f’ +V - ppal, =0
Particle Momentum Equation:
%ol | G 0, (U, © U, + P, + Gy + 2 M,
T + V- ppay (U, @Up + Py + Gy + Zy) = ppopg + ppapMpg

Particle Pressure-Tensor Equation:

AppopPp
ot

+ V- ppay (Up @Pp + Qp + Hp) + ppayp [(Pp +Gp) - VU, + (VU)" - (P, + Gp)]

= PrEpg + ppapCy
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Particle Kinetic, Collisional and Frictional Flux

Kinetic Flux:

Uu,@U,+P,
P,=06,1-0,=0,1-21,,S,
1 2
Sp = B} VU, + (VUP)T 3 (V-Up)1

Collisional Flux: »
G,="21-2v,.8
P Pr0tp P,cOp
Frictional Flux: P
7, =" 1-20 .8
p P PfOp

Heat Fluxes:

2
Up®Pp+Qp+Hp:Up@Pp_gk@v®P])
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Flux-Splitting Scheme

oM

hy=1—hy

p
]’l p;-,(«' +ppd‘
2 p—
Ppk +DpetPpste

Ppe=2(1+ e)ppozlz,go@p

oM
-hiF =
ot +V-h 0
oM
E"i‘V'(hZF‘FG‘FZ):S
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Hydrodynamic Solver: OM /0t + V - (hF + G +Z) =S
Particle Volume Fraction:

[

ot +V- hzOépUp —0

Particle Velocity:

da,U, ,
ap A AR v (hzapUp U, + *I 209y, Sp> = apg—l-% (U, - U,,)—a—‘Vpg—i—apngagag
ot Pr Tp Pr
- 8napgo 3
Py =hoppitppctppy v, = {1+ 5 hovp ket SV + oy

Particle Granular Temperature:

2

3 /00,0 pl 11— 1
( aapt L v hza,,@,,Up) =V (epkl,VO,) — (pll - 2a,,ulfsp> : VU, -3 ( + T—) a0,

P 27 P

8na 3 12na 3
17,1; = hopp k+pp,c V,j = (1 + %) hZVp,k+§Vp,b kg = (1 + %) h2k®,k+§7/p,b
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Free Transport Solver: OM /0t + V - yF = 0

Anisotropic Gaussian Velocity Distribution:

) = et e | <30 - Up) By - 0)

(27T|Pp‘

Granular Stress Tensor Transport

0 2
% +V- PpQp <h2Up Koy — gkgv ® Up> = PpQp (Szﬂux — Sz)
219; 1 T 2
S2fux = ——8, =20 |8, - VU, + (VU,)" - S, — g(Sp : VU,)I
PpQp

Tp 27,

S, — [2 +(3—6><1+€>],,p
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Wall Boundary Conditions

Hydrodynamic solver:

ou,,; ppftang,, U
, = —hy ¢ WUy, — F—
b 2w e ppap  |Upl
00, 3
kgax =hyy [@V 14 tlz—f(l—e ) YOy

Vy = (1/6) /30,

Free transport solver:
F, = hl,w/ G,(v) (v-n,)dsS,
v, >0

fr(v) = ¢sfr,d(v) + (1 - d)s)fr,x(v)
frsW) =fi(v — (1 +ey)(v-ny,)n,)
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Solution Procedure

@ Initialize all variables M, {c,,U,,©,,0,}, and {c,, Uy, p, }.
@ Calculate /; and h,.
© Explicit Free Transport Solver:

Compute kinetic-based moment fluxes to transport the moments

Update {¢,,U,, ©,, 0, } using moments M.

@ Iterative Hydrodynamic Solver:
Solve {o,, U,, ©,} hydrodynamic transport equations
Solve gas phase velocity and pressure, {U,, p,} , equations.
© Solve o, transport equation.
@ Update moment set M using {ca,, U,, ©,,0,}.

@ Advance in time by repeating from Step 2 until simulation is complete.
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Example Simulations : Models in Hydrodynamic Solver

Drag :

4ppd; agdy U1
T, = P7p Repz edp|Ug 17|’

0.687 —2.65
3peveCoRey” Cp —max[ (1+ Re)®™), 044}

Vg
Particle Collision :

1-1a d N
77:%(1-’!‘8), go:ﬁ, TC_W, A :772@p[+(1—’l7)2Pp

Particle Pressure :

Qp—Qp fr min "
Pk = Pp0pOp,  Ppe = 4pp77a12780@p = PppVppV - Up,  ppy = F"M

s
apymax—o‘p)

Particle Viscosity :

8napgodp+/©p 1 1 n(2—77) ! 8
Voo = —3m 0 Vnk = 29 |5, o [1 + 51060 - Z)Ong()]
_ 87701)&’0 3 R
Vpe = =5 Vpkt 5Vpps  Vps = ppapHSpH Sm¢

Particle Conductivity :

—1
ke = %@p [% + 4n(41;33n)} [1 4L |2 n*(4n — 3)apgo] ko = lzn?pg()k@!k + %Vp,b

c
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Example Simulations : 2D Fluidized Bed, p = 4

Qp ha Upy O, Op.xy
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alphap.swf
Media File (application/x-shockwave-flash)


h2.swf
Media File (application/x-shockwave-flash)


Upy.swf
Media File (application/x-shockwave-flash)


thetap.swf
Media File (application/x-shockwave-flash)


sigmaxy.swf
Media File (application/x-shockwave-flash)


3D Wall-bound Vertical Channel : Instantaneous Fields

d, = 100um , p, = 1000 kg/m* , p, = 1 kg/m?® , v, = 1.8 x 107> m?/s ,
e=09,e,=09,6p=025,¢0,=0.1,¢, =025p=4

@, = 0.01 @, =04

cocopooooon
cococococooo

Qp O Qp O Qp O
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Wall-bound Vertical Channel : Statistical results

(Q)s (Upy)p/ Vi <@I’>P/Vt2 P

I
g
N
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Extension to Polydisperse Systems

Joint size-velocity NDF :

n(&v) = f(&) gv[¢)

Free transport solver:
Size distribution f(€) : {M(())oomM80017M80027M8003} — {wi, w2, &1, &6}

Size conditioned velocity distribution g(v|¢) : Uy, ©,, 0.

Hydrodynamic solver:
Direct QMOM, i.e. treat quadrature node as particle phase

ow,
ot

+ V- (hzwnUn) =0

+ V- (hap,a,U,) =0

1
PnCy = Wp&p = Wn(Pngﬂ'ds)
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Conclusions

A solution algorithm is proposed to accurately treat all fluid-particle
regimes occurring simultaneously.

This algorithm is based on splitting the free-transport flux solver
dynamically and locally in the flow. Hydrodynamic solver is employed
in close-packed to moderately dense regions, while in dilute to very
dilute regions a kinetic-based finite-volume solver is used in conjunction
with QBMM.

To illustrate the accuracy and robustness of the proposed solution
algorithm, it is implemented for particle velocity moments up to second
order.

By varying the average particle volume fraction in the flow domain, it is
demonstrated that the flow solver can handle seamlessly all flow regimes
present in fluid-particle flows.
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Future Work

e Enable MFIX-QBMM to handle complex geometries by using Cutcell
technique in MFIX.

e Implement Hyperbolic Quadrature Method of Moments (HQMOM) to
better capture particle trajectory crossing (PTC).

o Implement and validate gas-particle turbulence model in MFIX.

e Consolidate previous QBMM implementations into current
MFIX-QBMM module: DQMOM and QMOMK.
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