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Abstract: A turbulence gas-solid model that combines Eulerian approach and l_agrangian approach is for- 
mulated, which takes inter-particle interaction into consideration on the base of kinetic theory. The numerical 
algorithm is included. Comparison of the model results with the experimental results of Miller and Gidaspow 
(1992) showed good agreement. 
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INTRODUCTION 

The modeling methods of gas-solid flow are 
known to include the Eulerian/Eulerian approach 
and the Eulerian/Lagrangian one. The Eulerian/ 
Eulerian approach treats both phases as separate 
interpenetrating continuum, while the Eulerian/ 
Lagrangian approach treats the gas phase as a 
continuum but deals with the dispersed phase by 
solving Lagrangian equations for the trajectory of 
a statistically significant amount of particles or " 
parceld' (groups of particles of identical size, 
mass, position). 

The advantage of the Eulerian/Lagrangian 
approach is that it can yield detailed information 
on the dispersed phase, but may be time-con- 
suming when applied to relatively dense particu- 
late two-phase flow. The Eulerian/Eulerian ap- 
proach has advantages of easy programming and 
understanding and is thought to be especially 
reasonable when applied to dense two-phase 
flow, but was found to be incompetent when 
confronted with two-phase flow of various parti- 
cles character, such as size, density. 

A really good numerical model for two-phase 
flow modeling must include several important in- 
teractions. For modeling of turbulence diffusion 
of particles, Fan et a l (1997) ,  introduced a new 
FSRT ( Fluctuation-spectrum-random-trajectory ) 
model into the Eulerian/Lagrangian method and 
achieved good result for relatively dilute two- 
phase jet flow. Jenkins and Savage(1983),  Lun 

and Savage(1987) introduced a kinetic theory to 
account for inter-particles interaction, then glo- 
bal models were developed by Sinclair and Jack- 
son( 1989),  Ding and Gidaspow(1990).  

A major concern in this work was to set up a 
model using a combination of Eulerian and La- 
grangian approach. At the end of this paper, we 
will compare our simulation results with the re- 
sults of Miller and Gidaspow(1992).  

MATHEMATICAL MODEL 

Our model is composed of two parts: the Eu- 
lerian part and the Lagrangian one. 

1. The Eulerian part 

In this part, we adopted the model that was 
first derived on the basis of molecules kinetic 
theory by Ding and Gidaspow(1990) ,  later re- 
vised by Nieuwland et al. (1996) .  

The basic equation is the Boltzmann 
equation: 

3 3__f_+ 3_~(Ff)= (33_~t (1)  
a--t -4- IP ~X collision 

Mass Continuity equation: 

3 a ( r pm) + V (Emp Vm) = 0 ( 2 )  

The subscript m refers to fluid and solid in 
turn, representing gas phase and solid phase re- 
speetively. 
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Momentum equation: 

_ _  3 
( Empm V m ) + -~x ( EmPm V m V m ) 9t 

3 P  3rm 
= p ( V n  --  V , . )  - -  + 3----s 

+ e~p.ug (3)  

In Eq. (3)  above, the subscript n is the op- 
posite of m and refers to s (sol id) ,  f (fluid) in 
turn, representing the solid phase and gas phase 
respectively. 

Chapman and Cowling(1970) recommended 
progression approximation to the velocity distri- 
bution function f (  v,  x ,  m,  t ) in gas kinetic the- 
ory, so as to integrate the Boltzmann equation. 
When deriving the momentum equation of the 

to integrate terms such as j f p  solid-phase, 

or collision source term , Dip4g and 
collisison 

Gidaspow(1990) adopted the zero-order solution 
to the velocity distribution function, or Maxwell 
distribution function. Chapman and Cowling 
(1970) pointed out that for slightly not uniform 
compact gas, on which the derivation of the sol- 
id-phase equation is based, the first, order solu- 
tion to the velocity distribution function is more 
reasonable. In this work, we use the results of 
Nieuwland who revised the gas kinetic theory 
model by integration with the first-order solution 
of the velocity distribution function. 
For the gas phase: 

2 . 
"c s = -- - ~ f d l v v ~ i  j + 2/_9%. (4)  

For the solid phase: 

r / 2 
v, = [ - p~ + ~ ' , -  - ~ - / z ~ d i v v , ) +  2fits~ij 

= 

c *ij + 2(/2~ + ~s ) ij (5) 

W h e r e  

k c p, = p, + p ,  (6)  

is the "solid pressure" composed of a kinetic part 
and a collision part. 

pC, = 2e2ppgo(1 + e)T,  (7)  

k 
p ,  = s , p , T ,  (8) 

2 1 
where, ~ Tm= -2 VV (9) 

Tm is the pseudo-temperature ( m  means 
gas, solid in turn) and V is Brown moving ve- 
locity of gas molecules for gas, and of particles 
for solid. For gas Tf is the real thermal tempera- 
ture, while for the solid-phase T~ reflects only 
Brown moving fluctuation tendency but not its re- 
al temperature which is the kinetic fluctuation 
energy of the molecules inside the particle. So, 
it is called "pseudo-thermal temperature" for sol- 
id-phase. 
Solid bul K viscosity coefficient is: 

~, = ~e,p ,  dpgo(1 + e) (10) 

Solid viscosity coefficient is: 

8 8 (1 + e ) e ,g0 ) (1  ~ e , g 0 )  1 + 5  2 + c k 
Its = ,us + #~ esgo 

(11) 

(12) /~, = 1.01600 1-6 d~ N ~r 

c 4 bt, = -~esp, dpgo(1 + e) (13) 

Fluctuation equation of solid 
The pseudo thermal energy equation of the solid 
phase: 

3 a ~---~(e~p~T, vs)] + 

,gV ,9 k c 
= - ( P :  + P ~ )  8 x  - a--~ ( q '  + %) 

+ 9' + fl( VfY, - 3T,)  (14) 

in which, 

q k _  
- - r  x l  + -~e,goJ--~-~x ( 1 5 )  

75 m%/-~ (16) ~ = 1.02513 aS-~. 

OT u___k k 6(1 + e)  
qC = _ e , A ~ x x  - g o  5 - 

e , g o ( 1  + ~ e , g o )  aT'  (17) 3x 

a r = 2e,p, dpgo(1 + e ) % / ~  (18) 
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u = - 3 ( 1  - e 2 ) e 2 p ,  g o V  " v,  (19)  

VfV, 4d~/3(  u,: - u, )2 = I/2 ,~u2 (20) 
~gs Ov I s  

as recommended by Louge et al( 1991 ) .  
The drag coefficient is the one introduced by 

Ding and Gidaspow(1990).  

( 1  - e)2kec 
es < 0 . 8  t 9 = 1 5 0  

+ 1.75 pc (1  - e )  l u c  - VpI  
d. 

(21)  

(22)  
3 e O p c l u c  -- Vp I -2.65 

e,___0.8 /3 = Cd d. 

where, for 

2 4  )0.678 
Rep < 1000, Cd = ~e-~ep [1 + 0 .15 (Rep  ] 

(23)  

Rep _> 1000, Cp = 0 . 4 4  (24)  

Reynolds number of solid is: 

epc(1  - e )  I u c  - Vp I (25)  
Rep = bec 

go in the equations above is a radial distri- 
bution function used account for the influence of 
the solid concentration on the collision frequen- 
cy.  In this work, we adopted the expression rec- 
ommended by Ma and Ahamidi (1986) .  

1 + 2 . 5 e  + 4 . 5 9 0 4 ( e )  2 + 4 . 5 1 5 4 3 9 ( e )  3 
go = 3 0.678021 

1 
(26)  

When the volume fraction of the solid phase 
is reduced to zero, go is reduced to zero. The 
equations above are for gas only; at the packing 
l imi t  epaeking = 0. 64356, go will be infinity. That 
will make the particle in the two-phase flow im- 
movable. 

Gas turbulence equation 
In this paper we introduced a revised k - e 

two-equation model inspired by Bolio et al 
(1995) .  

+ c - - p ( 2 k  - ) 

(27)  

in which G is the fluctuation production term, 
briefly written as: 

c = 

V "(~f~f~f E) = V "  [ (l'l-m 

E E 2 
+ <c- : : -  

E 
- c 3 f l ( 2 k  - V:V,)~ 

�9 u: )  2 (28 )  

V "(efE)] 

(29)  

2. The t trt 

We try to combine the gas phase and solid 
phase together in the same equations because we 
want to emphasize there is compatibility between 
gas molecules and particles. This was useful in 
our setting up the mathematical model of the La- 
grangian part. In fact, in the original equation of 
motion of a single particle or "parcel"(a group of 
particles of identical size, velocity and posi- 
t ion) ,  the momentum exchange between the two 
phases is due to the collisions between gas mole- 
cules and particles. If we consider the solid~ 
phase as a different kind of fluid that exists si- 
multaneously with gas fluid in every point of the 
controlled volume, as we do in Eulerian/Euleri- 
an models, there are two kinds of continua: "gas 
fluid" and "solid fluid", both having the charac- 
ter of continuum such as shear viscosity, bulk 
viscosity, pressure, etc. ; those of the "solid flu- 
id' reflect the kinetics and collision mechanism 
between particles. Then if one single particle or 
"parcel" is traced in the mixture of the two kinds 
of continua, force will be exerted on it from both 
"fluids". Drag force and pressure force from the " 
gas fluid" are due to collisions between gas mole- 
cules and particles, while drag force and pres- 
sure force from the "solid fluid" are due to colli- 
sions between the whole particles of the "solid 
fluid" and particles in the dispersed "parcel". If 
all dispersed "particles" or "parcels" are traced in 
this way finally, then put back into the Eulerian/ 
Eulerian equations to get their "fluid character" 
again, we will account for inter-phase interaction 
and inter-particle interaction in every detail, 
even with highly dispersed particle size or densi- 
ty distribution. That is the base on which we set 
up our new model. 

The new equation of motion of particles and " 
parcels" is: 
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mp d% dP dp, 
s-u ) 

+ F,p + mpg (30) 

The momentum equation of solid continuum is 
the sum of the equations of motion of all parti- 
cles. 
To model the new di~g force of "solid fluid" on 
dispersed "particle", we introduce : 

Fsp = ( u f -  up)/r~ (31) 

where rc is the mean inter-particle collision time 

interval. 

1 
rc = (32) 

6 

In Eq. ( 2 7 ) ,  when solid volume fraction es is 

zero, the second and fourth term at the fight of 
the equation will be zero; when e, is the maxi- 

mum (for round stochastic distribution particle, it 
is 0 .64356) ,  the second and fourth term at the 
right of the equation will be infinity. 

In this part, the turbulence diffusion of par- 
ticles is considered in such a way as recommend- 
ed by Fan et al(1997).  

The instantaneous gas phase velocity is: 

uf = Uf = u' f  (33) 

where, Uf is the average velocity obtained from 

the mean velocity field. The fluctuating velocity 
in an eddy is simulated by a random Fourier se- 
ries: 

n =  10 

u~f = ~ R I U . c o s ( ~ . t  - R2a)  (34) 
n f f i l  

in which, R~, R2 are random numbers between 

zero and unity, a is the initial fluctuating 
phase, ~ .  is sampled from a Gaussian distribu- 

tion with a standard deviation of unity: For in- 
compressible, isotropie turbulence flow field, 
the fluctuation amplitude is: 

U m = ( i E ( g ) d g )  112 (35) 

E ( K )  is the energy spectrum, K is the wave 
/ l u m b e r .  

E ( K )  = 1 6 ( 2 ) l / 2 K 4 e  -2td (36) 

SIMULATION ALGORITHMS 

The main purpose of this work was to formu- 
late a new method that will have the advantages 
of both the Eulerian approach and the Lagrangian 
approach. 

We first rewrite our basic equations in order 
to use our CEL approach. 

The gas-phase momentum equation: 

~t  ( 3 O P ) + ~ ( 6fpfVfVf ) = Minterphase -- 6 f  ~ X 6 ff) f l~ f 

3 r f  
+ 6fpfg + 3 x 

(37) 

The solid-phase momentum equation: 

a 3 3 p  
ff-t (6stOsvs) +-'~X (6stOsvsvs) = Minterphase -- 6s ~ X  

0 Z" s 
+ esp, g + 3 x  

(38) 

The procedure of our simulation method is as 
follows. 

1. Set an initial field of 68, uf ,  v f ,  us ,  vs,  
k,  e separately representing solid volume frac- 
tion, gas velocity of x ,  y coordinate, solid ve- 
locity of x ,  y coordinate, gas fluctuation energy 
and dissipation. 

2. Solve Eqs. ( 3 7 ) ,  (38)  and gas turbu- 
lence equations to get 6,  us ,  v , ,  u f  , vf , k ,  e as 
the Eulerian part. 

3. Solve Eq. (14) to get "solid pseudo ther- 
mal energy", then solve for " solid viscosity", 
"solid pressure" "solid bulk viscosity", "solid ef- 
fective viscosity" in the eorresponding equation. 

4. Put the above "solid fluid characteristics" 
parameters into Eq. (30) ; then trace the statis- 
tically large number of "parcels" until they leave 
the computational volume. Then the statistically 
calculate source term can be obtained by sum- 
ming up all "parcels" on every cell: 

Sp,i = ~amp(Up,in - up,out) (39) 
n 

In this part, the turbulent diffusion of parti- 
cles is taken into consideration. 

5. Put back the "source term" in the Euleri- 
an equation, then repeat step 2. again until con- 
vergence is obtained. 
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In fact, the "source term" is composed of two 
parts: 

S p ,  i = Mgas_particle + Msolid-particle ( 4 0 )  

The "source term" considers inter-phase interac- 
tion of "parcels and gas" and inter-particles inter- 
action. 
After taking account of all particles or "parcels" 
and after convergence is obtained, theoretically: 

Mgas-particle = f l (  u f  - U s ) (41) 

Msaid-p,aiae = 0 (41) 

In the end, after the convergence has been 
obtained, the mean velocity and mean solid frac- 
tion on a cell given by the dispersed partiele mo- 
tion equation will be nearly the same as that giv- 
en by the continuum equation. 

Near wall, gas velocity and turbulenee ki- 
netie energy are zero. For the solid-phase, we 
adopted the condition recommended by Sinclair 
and Jackson(1989). 
For momentum: 

3 vy _ p,a-vy~ 

-- ~ s ~ s  ~ X  2 c~[~paeking (Epaek~/2/3 ] 

Es \ Es / 

For "pseudo temperature": 

t = 

~s ~s / 

in which 

4~pszr(1 - ew ) T~ 3 

~s ~s / J 

(43) 

(44) 

( 1 2 ( l + e ) ) (  ~ ) 
1 + e ,g0  1 + e ,g0  

As =A~+Ak ~ 5 2 
esgo 

(45) 

In this paper, the inter-particle collision restitu- 
tion coefficient e is 0. 985, inter-particle colli- 
sion restitution coefficient ew is O. 92, speculari- 

ty factor ~ is 0 . 5 .  

RESULT AND DISCUSSION 

The results presented here were obtained us- 

ing 150 • 40 non-uniform nodes to cover the two- 
dimension flow domain. No less than 10 000 par- 
ticle parcels were considered. 

We compared our numerical prediction with 
the experimental results of Miller and Gidaspow 
(1992) who measured the overall characteristic 
of dense gas-solid flow in riser. In order to cover 
as much as ground as possible in our discussion, 
we chose six different situations for comparison 
and discussion even though there were no experi- 
ment results available for all cases ; that is, cas- 
es with inlet solid flux being 12 .0  kg/(m 2" s) 
and 2 0 . 4  kg/ (m2"s) ,  superficial gas velocity 
being 2 .89 m/s and 3.48 m/s,  and location be- 
ing 1.86 m and 4 . 1 8  m away from inlet, re- 
spectively. 

At the inlet, uniform particle velocity was 
deduced from the needed inlet solid mass flux, a 
constant solid volume fraction of O. 1 was taken, 
"pseudo temperature" was set to be zero. At 
first, identical 75 tan particles with density of 
1600 kg/m 3 were used, then three groups of 40 
pan, 70 tan, 100 tan particles with initial vol- 
ume fraction of 0. 033, O. 033, O. 033 were 
used. 

l~ig. 1 ( a )  on the velocities of both phases 
shows that due to the free velocity wall condition 
for the solid-phase, downwards movement of 
particles is predicted (also found in the experi- 
ment of Miller and Gidaspow), which implies 
the test height in this case was in "dilute region" 
composed of "core region", and "annular region" 
in FBC technology. The gas velocity was higher 
than solid velocity. Velocities of both phases 
maximized in the core, and decayed towards the 
wall due to the wall effect. The turbulent fluctu- 
ation energy is shown in Fig. 1 ( b ) ;  the turbu- 
lent fluctuation energy is represented by turbu- 
lence intensity for gas-phase while it is the pseu- 
do temperature for solid-phase. The fluctuation 
energy of the gas phase was found to be higher 
than that of the solid phase because the gas- 
phase was the carrier phase. The relatively 
stronger inter-particles collision in the core de- 
creases the solid phase fluctuation energy. To- 
ward the wall, it increases due to the gradually 
dominating kinetic mechanism. The competition 
between the kinetic transport and inter-particles 
collision is the mechanism of inter-particle inter- 
action. Gas-phase turbulence fluctuation energy 
is also reduced by the increased solid loading ra- 
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tio. Fig. 1 ( c )  shows that the prediction is in 
good agreement with the experiment result even 
though somewhat overestimated in the core, 
probably because of the difference between the 
inlet condition used in simulation and that used 
in the experiment. And due to the asymmetry in 
the experiment, it is also underestimated at the 

right side. The somewhat higher value of volume 
fraction near the wall is due to the higher down- 
ward velocity from the above annular region. In 
the core, particles are accelerated upwards at 
relatively high velocity. Fig. 1 ( d )  also shows 
the results, which is not reported in the experi- 
ment of Miller and Gidaspow(1992).  
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Fig. 1 Profiles of velocity (a)  ; fluctuation energy (b)  ; solid volume fraction (c) ; solid flux (d) for 
inlet flux = 12.0 kg/m2-s, inlet superlidal gas velocity 2.89 m/s,  1.86 m away from the inlet. 

Comparison with Fig. 2 shows that its pro- 
files of velocities are similar to those of Fig. 1 
( a ) ,  except that gas velocities in Fig. 2 ( a )  are 
somewhat steeper and a marked downwards flow 
is predicted. The flattened velocity profile is 
supposed to be due to the decrease of solid flux 
as shown in Fig. 2 ( d ) .  At the same time, high- 
er slip velocity is also observed due to the rela- 
tively dilute concentration. Fluctuation of gas is 
higher than that at the position 1 . 8 6  m away 
from the inlet. Difference between fluctuation of 
the two phases is more marked; the fluctuation 
energy of solid is flattened and lower due to the 
dilute mass flux. 

Fig. 3 ( a ) ,  ( b )  show that the slip velocity 
and fluctuation difference of solid flux (20 .4  kg/ 
m 2 "s) are all lower than that of solid flux ( 12 .0  

kg/m 2" s ) ,  which is due to the inter-phase mo- 
mentum and energy exchange. Moreover, stron- 
ger random collisions also steepened the profile 
of the solid energy distribution. Because of the 
increased solid inlet flux, both solid volume 
fraction and solid flux are higher when compared 
with that in Fig. 1 as shown in Fig 3 ( c ) ,  ( d ) .  
The same reason can be used to explain the re- 
lated differences between Fig. 2 and Fig. 4 .  

In Fig. 5,  the superficial gas velocity is 
raised to 3 . 4 8  m/s .  Compared to Fig. 3, one 
can find that the gas velocity is raised too, and 
raised too is the slip velocity due to the inertia 
effect of solid. No downward velocity is found in 
the profiles of gas velocity. Because of the raised 
Reynolds number, the phase exchange increa- 
ses, and phase fluctuation is higher. But since 
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more particles are taken upwards, the resulting 
solid volume fraction in Fig. 5 ( c )  is lower than 
that in Fig. 3 ( c ) .  The same reason also explains 
why the solid flux is decreased is Fig. 3 ( d )  and 
Fig. 5 ( d ) .  These conclusions are all in agree- 
ment with the experimental results of Ding and 

Gidaspow(1990) .  In Fig. 6 ,  due to the raised 
height, more downward gas and particles are 
predicted as shown in the profiles of velocity and 
solid flux. Lower and flattened solid fluctuation 
profile and lower solid volume fraction are 
s h o w n .  
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We can see that the above results agree rea- 
sonably well with the experiment results, esp. at 
the height of h = 4 . 1 8  m,  because of the well- 
developed flow there. 

In the original Eulerian/Eulerian approach, 

only the mean identical size particles can be 
considered. Our new model is more convenient 
and can take into account a wide range of parti- 
cle characteristics, e . g .  varied size. 

Fig. 7 shows velocities of varied size particles 
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at the same position. One can see that at lower 
position, due to the dominating effect of the inlet 
condition, difference between the three groups is 
not marked,  but raised to the height of 4 . 1 8  m,  
difference is more marked due to the different 
acceleration process. 

Fig. 8 shows the solid volume fraction of dif- 
ferent particles. Larger particles need more drag 
force to accelerate so they are almost left behind 
and so, have extremely lower concentration at 
height of 4 . 1 8  m. 
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Profiles of  solid volume fraction (a )  at 1 .86  m away from the inlet; ( b )  4 . 1 8  m away from 
the inlet; total flux = 2 0 . 4  kg/m2-s ,  inlet superficial gas velocity 3 .48  m / s .  

CONCLUSION 

In this paper,  we set up a new model that 
combines Eulerian and Lagriangian approach so 
as to make best use of the advantages of both. In 
our model,  inter-particle interaction is treated on 
the base of kinetic theory, so that it can be ap- 
plied to relatively dense particulate two-phase 
flow. In the end,  for dense gas-solid upward 
flow in riser, good agreement was reached be- 
tween the prediction results and the experimental 
results of Ding and Gidaspow(1990) .  
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