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APPENDIX D

HYDRODYNAMIC MODEL
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TABLE D-1. Governing Equations -- Hydrodynamic Model B
for Gas-Liquid-Solid Flow

In the following equations, the tensor is represented as [ ].

D.1 Continuity Equation for Phase k (= g, [, s).
O (e.0,) +V-(€,0,V;) =0
I kP x PV =

D.2 Momentum Equations.

a) Liquid Phase (Continuous Phase)
_562 (€;p;vy) +V-(€,p;V1V)) =“VP1+919+E,,=9,S Bin(Ve—vy) +V-[7,)
b) Gas / Solid Phases k ( = g, s) (Dispersed Phases)

) €
3t (€xP Vi) +V"(€1P V3 V) = 'Vpk""?:']—; (Px"2pe1,g,5 mex €aPr) G

t2n-1,g.5 mek Bin (Ve Vi) +V-[1,]

D.3 Constitutive Equations for Stress.

a) Fluid Phase Stress. k ( = 1, g).

[t ] =€ [Vwy+ (V) 1 -2 V-(w) [T
3

b) Solid Phase Stress.




D.3

2

[v,] =ps [Vw + (V) T] + (Es-gps) Ve(v,) [T]

D.4.1 Kinetic Theory Model.
a) Fluctuating Energy ©, (= ¥ < C? >) Equation,

%(VVE (.espses) +V- (esp sesv‘) )=—p va,+<I>k-V-q,—ys-3 Blses

b) Collision Energy Dissipation Rate,

ok

e
¥,=3(1-e%) €p sdsgoes(-;—(_s) —V-v,)
A\ T

¢) Flux of Fluctuating Energy,

q,= -stes

d) Conductivity of Fluctuating Energy,

ol

2K, 6 2 9

e) Dilute Phase ("Eddy Type") Granular Conductivity,

_25{x®

1
2
Kgir= 128 psdses

f) Solid Phase Shear Viscosity,

1
2

2pg; 4 2 4 e
I-ls"‘—('ﬁ)is;;[l*g (1+e) goes] +'§€§psds(l+e) gn(-f)

2) Solid Phase Bulk Viscosity,
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h) Dilute Phase Solids Viscosity,

21
p'dil=%? psdses2
i) Solid Phase Pressure
Ds=€.p 0, [1+2 (1+e)€e.g,]

j) Radial Distribution Function,

k) Energy Dissipation Rate
& =[1,]:Vv,
D.4.2 Empirical Solids Viscosity and Stress Model.

Vo, =G(€,) Ve,
£=0
p.=5¢, (poises) (example)

s

D.5 Intra--Phase Drag Coefficients. k ( = g, s)

a) for g < 0.8, (based on Ergun equation)

(e, d ¥ )2 €;d, ¥y

B =B ;=150

b) for €, = 0.8, (based on empirical correlation)
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3, 6PV~ Vil 2.5
B;i=Bi;==Cp——=————E€
1k k1 4 D dk"’k

where,

k

24 0.687

== (1+0.15Rey’ for Re, <1000
o=l Fer (1¥0-15Re™) x

0.44 for Re, 21000

B;

Re,

D.6 Particle--Particle Drag Coefficients. k, m ( = 1, g, s)

Blan k¢m=

1
3 3 € |3 _
2e,.(pdx+p,dn) [( ek+em) 1]

where

[ (dyby) +(1-2) (1-0,) &5 [+ (1-6,) ] ::iw,, for X$%,
(1-a) (&, +(1-) §,] (1-X) +b, for X 2X, ,

a
a=,| —Ci’ (dy 2 dp)

€
€,%€,

X =

$y
Xk, o

"o (1-6p 0,
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D.7 Definitions.
€, ve r€ =1

The gas, liquid and solid phases are assumed to be incompressible and constant
densities are used. The constitutive relations in kinetic theory model were derived by

Gidaspow (1994). The constitutive relations may be easily changed by some program

modification.




