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Abstract

Meso-scale structure existing in the form of particle clusters or strands in concurrent-up gas—solid two-phase flow has been extensively
corroborated in experimental research. However, its significant effects on interfacial drag coefficient are seldom taken into account in
current computational fluid dynamic (CFD) simulations by using the two-fluid models. The energy-minimization multi-scale (EMMS)
approach, in which the heterogeneous structure is described by the so-called multi-scale resolution and energy-minimization method, is
adapted in this study for investigating the dependence of drag coefficient on structure parameters. The structure-dependent drag coefficients
calculated from the EMMS approach are then incorporated into the two-fluid model to simulate the behavior of the concurrent-up gas—solid
flow in a riser. Simulation results indicate that the simulated solid concentration with the Wen and Yu/Ergun drag correlations is rather
dilute, leading to a more homogenous structure; while the dynamic formation and dissolution of clusters can be captured with the drag
correlations derived from the EMMS approach, and the simulated outlet solid flux and voidage profile in both radial and axial directions
are in reasonable agreement with experimental results, suggesting the feasibility for the EMMS approach to be used as a sub-grid closure
law for drag coefficient.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction to describe the hydrodynamics of gas—solid two-phase flow
[2-4]. Among others, the most important and arguable are
Most chemical processes involving gas—solid two-phase the constitutive correlations for the solid stress and the in-
flow, such as fluid catalytic cracking (FCC) and circulating terfacial drag coefficient. If the stress—strain relationship for
fluidized bed combustion (CFBC), are essentially non-linear solid phase is represented by a Newtonian form as that
and non-equilibrium with the so-callechulti-scale struc- for gas phase, correlations should be established for the
ture as their common naturfd]. For example, the CFB  so-called solid “pressure” and “viscosity”. In some previous
systems usually operate under the regime of fast fluidiza- works[3-5], various forms of empirical correlations for the
tion with higher flow rate of gas and solid, and lower solid pressure were proposed based on the data from pow-
diameter and density of particles, leading to more intensive der compaction experiments, and the solid viscosity was ig-
gas—particle interaction and therefore more heterogeneougiored, or assumed to be a constant or some simple functions
flow structure characterized by dynamic formation and of the solid volume fraction. In recent years, a first princi-
dissolution of strands or clusters on the meso-scale, and aple method called kinetic theory for granular flow (KTGF),
dilute-top/dense-bottom and dilute-core/dense-wall struc- originating from the theory for the non-uniform dense gases
ture in a macro sense. described by Chapman and Cowlifi, has been developed
Apart from experimental investigation, recent years have to establish the constitutive correlations for solid pressure
seen a rapid growth of computer simulation of gas—solid and viscosity[7,8].
two-phase flow. Most of these simulations are based on the While much attention has been focused on establishing
two-fluid approach in which gas and solid are assumed to the appropriate correlations for solid stress, little effort is
be continuous and fully interpenetrating in each control vol- made to the interfacial drag coefficient, which is usually
ume, so the conservative equations of mass and momentummodified from single particle drag coefficient by a correc-
originally derived from single-phase flow can be extended tion factor proposed by Wen and Y9] or Ergun [10].
These correlations were originally derived from the experi-
* Corresponding author. Fax:86-10-62558065. mental results for homogeneous systems such as particulate
E-mail addressnyang@home.ipe.ac.cn (N. Yang). fluidized beds or fixed beds. However, the flow structure is
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Nomenclature

acceleration of particles (n8)

drag coefficient for a particle in dense
phase (-)

drag coefficient for a particle in dilute
phase (-)

drag coefficient for a cluster (-)

standard drag coefficient for a particle (-)
cluster diameter (m)

particle diameter (m)

volume fraction of dense phase (-)

gravity acceleration (M%)

solid flow rate (kgnt2s~1)

mass specific total energy consumption for
particles (Wkg?)

mass specific energy consumption for
suspending and transporting particles (Wkp
k = g, p, gas or solid velocity tensor (n78)
superficial fluid velocity in dense phase
(ms™?

superficial fluid velocity in dilute phase (m¥)
superficial fluid velocity (m3?t)

superficial fluid velocity at minimum
fluidization (ms 1)

superficial particle velocity (mg)
superficial particle velocity in dense phase
(ms™h)

superficial particle velocity in dilute phase
(ms™t)

superficial slip velocity (mst)

superficial slip velocity in dense phase (m¥
superficial slip velocity in dilute phase (Mm%
superficial slip velocity in inter-phase (m%

Greek symbols

B drag coefficient for a control volume
(kgm=3s1

Bo  seeEq. (13)for definition (kgnT3s~1)

&c voidage of dense phase (-)

&f voidage of dilute phase (-)

emax Maximum voidage for particle aggregating
(0.9997) (-)

emi  voidage at minimum fluidization (-)

&k k = g, p, gas or solid volume fraction (-)

Wk k = g, p, gas or solid viscosity (Pas)

pg fluid density (kg nm3)

pp  solid density (kg m3)

T k = g, p, gas or solid stress tensor (N®)

1) seeEq. (14)for definition (-)

Subscripts

g gas phase

p solid phase

(a) Cp=0.032Cpy

(b) Cno

(a) CD: 1 5~4CDO

Fig. 1. Effects of simplified flow structure on drag coefficient with the same
amount of particles and the same gas flow rate (FCCgir= 54um,
pp =930kgnT3, Ug=0.01ms?, ec = 0.48, ¢&f = 0.96, f = 0.5).

definitely heterogeneous in gas—solid fluidization even at a
scale as small as the control volume of computational fluid
dynamics (CFD)[11]. In fact, the clustering nature of the
CFB system, as evidenced by the tendency of particles to
aggregate while interacting with gas, has been utilized to
explain the large gas—solid slip velocity found in experimen-
tal research. Therefore, the validity of these correlations for
heterogeneous gas—solid systems is quite questionable.

Itis noticed that some researchers have found that the drag
coefficient was a key parameter for the simulation of CFB
systems. Li et al[12] pointed out that the drag coefficients
based on average approaches were inadequate to represent
the gas—solid contacting in CFB systems, and their further
investigation on three cases of simplified flow structure, as
shown inFig. 1, revealed the significant dependence of drag
coefficient on structural changgg3]. O’Brien and Syamlal
[14] found that the drag correlations must be corrected to
account for cluster formation for fine particles, and claimed
that the unphysical adjustment of the solid stress was not the
correct approach. Qi et 4lL5] reported that the particles fed
into the riser got elutriated immediately, and the simulated
flow became rather dilute as a whole if the drag correlation
derived from Ergun equation was employed. They claimed
that the current drag correlations were only suitable for low
gas velocity and coarse particles, in which case the terminal
velocity was equal or close to the superficial gas velocity.
Agrawal et al.[16] further reported that the contribution of
solid stress obtained from KTGF was negligible, and the
effect of particle clusters played a dominant role in their
simulation.

These questions imply that the drag coefficient for a con-
trol volume is strongly dependent on the meso-scale struc-
ture, leading us to investigate the relationship between drag
coefficient and the meso-scale structure parameters. In our
previous work[17], the energy-minimization multi-scale
(EMMS) approach was modified to investigate the variation
of structure parameters with solid concentration, showing
the tendency for particles to aggregate to form clusters
and for fluid to pass around clusters. The objective of this
study is to extend our previous wofi8] and to further
employ this approach to calculate the drag coefficient from
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structure parameters, and incorporate it into the two-fluid
model. Comparisons of the simulation results between this
new approach and the Wen and Yu/Ergun drag correlations
are carried out to demonstrate its effectiveness.

2. Calculation of structure-dependent drag coefficient
2.1. Mathematical model

The original model proposed by Li and Kwa{9] was
for describing the flow structure of a global fluidized bed
system, and we now extend its principle to the control vol-
ume of the two-fluid model. In each control volume, gas
and particles are considered to be either in the particle-rich
dense phase or in the gas-rich dilute phase. The mecha-
nisms of gas—solid interactions should be analyzed for dif-
ferent scales: the interaction between a single particle and
the nearby fluid inside both the dense and dilute phases
(micro-scale), and the interaction between clusters and the
surrounding dilute broth (meso-scale). Eight phase-specific
parameters are proposed to describe the flow structure and
the mechanisms of gas—solid interactions, isg,,Us and
Upr for the dilute phase, anet, Ue, Upc, f, anddg for the
dense phase. In order to establish the mathematical model,
the following assumptions are adopted:

e The dense phase exists as spherical clusters and its mini-
mum voidage i$mf.
e Only drag and gravity are considered, and other forces

whereg represents the drag coefficient for a control vol-
ume (type A, sed8]), andUs represents the superficial
slip velocity:

(4)

Pressure balance between the dense phase and the dilute
phase:

1—¢ f 1 1- )
Cot d—png 1— fCDI da /OgUS| Coc—— dp PgUsc
®)
Mass balance of gas and particles:
Ug="1Uc+ (1 - NHUt (6)
Up = fUpc+ (L — HUpt (7)

e Cluster diametef19]:

dp[Up/(1 — emax) — (Umt + Upemt/(1 — emf))]g
Nstop/(op — Pg) — (Umt + Upémi /(1 — emf))g
(8)

dei=

e Overall voidage:

eg=ctcf +er(l— ) ©)

The relevant parameters in these equations are summa-

are neglected.

rized in the nomenclature. There are totally 10 variablis (

The distribution of particles inside the dense phase and Upt, Uc, Upg, &c, &1, T, dei, B, @) and eight independent equa-
dilute phase, and the distribution of clusters in a control tions, i.e.,Egs. (1)—(3) and (5)—(9n the model, calling for
volume are homogeneous, so the correlation of Wen andevoking the stability condition to close the equations, i.e.,
Yu can be used for particles inside each phase and forthe minimization of the portion for energy consumptigg
clusters in the so-called inter-phase, i.e., the “phase” be-with respect to the total enerdyr, as shown below:

tween the dense clusters and the dilute broth.

N_st . Ug(1— gg) — fUs (e —eg)(1 — /) — min (10)
Compared with the original modgl9] in which the drag Nt Ug(1 — &g) o ‘
force is assumed to be balanced with gravity, the model in
this paper takes the average acceleration for particles in awhere
control volume into consideration. The mathematical model Pp — Py
can then be formulated as the following set of non-linear Nst = [Ug f(l f)Uf} (g+a) (11)
equations: Pp
e Momentum equation for particles in the dense phase: Ny = ppp— Pg Ug(g + a) (12)
§c (i)} U2+3C L p
4 dp Pgsc 40 ng si The definition of energy terms and stability condition was
= f(1— £c)(pp — pg) (g + @) 1) proposed in the work of Li and Kwayk9]. Here the stabil-

Momentum equation for particles in the dilute phase:

3. 1-
260 —— % X pgUZ = (L= o) (pp — pg)(g + @) 2
e Momentum equation for all the particles:
U
LY _ 1 epop— pp)ig+a ©)

€g &g

ity condition is used to search for the right solution of struc-
ture parameters by minimizing the energy consumption. In
summary, with the specified operating conditioklg,(Gs),

the overall voidagesg), and the material propertiepd, op,

dp, 1g), the eight structure parametetds( Ups, Uc, Upc,

&c, &, T, dgp), the acceleration terna) and the drag coeffi-
cient for a control volumegd) can be obtained by solving
the above non-linear optimization problem.
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2.2. Calculation of drag coefficient gradually, then rises abruptly at some turning point to ap-
proach the correction factor of Ergun equation. The turn-
It can be observed that the drag coefficient is correlated ing point, as discussed in detail in our previous wiK],
with the structure parameters by the non-linear equations,corresponds to the abrupt change of structure parameters,
implying that it can be regarded as an implicit function reflecting the tendency for gas—solid systems to turn to be
of structure parameters. In this manner, the relationship homogeneous. At the right side of the curve, with increas-
between structure parameters and drag coefficient is estabing voidage, the correction factor first decreases gradually,
lished in our model. We denofig, as the standard drag co- then increases and approach to unity, i.e., the correction fac-
efficient without consideration of the effect of neighboring tor for individual particles. This variation trend is similar to

particles, i.e.: the discussion of Matsd22] by summarizing experimental
31—¢ results: the slip velocity is very nearly the terminal velocity
Bo= 1 4 g,OgUsCDO (13) of a single particle when voidage is greater than the maxi-
p

mum voidage (0.9997), rises to a maximum with decreasing
whereCpg denotes the standard drag coefficient for an indi- voidage, and then decreases steadily with further decreas-
vidual particle. Then, we denote as the correction factor  ing voidage. These results show the reasonableness of the

for drag coefficient: EMMS approach in describing the relationship between the
B drag coefficient and structure parameters. Recently an at-

®= B0 (14) tempt has also been made to improve the drag correlation
0

by using the EMMS approach by Xiao et {3].
Upon some simple manipulations, the correction factor of I this approach were directly applied to each local con-

Wen and Yu’s correlation can be obtained as trol volume, the computational process involving two lay-
w = g=27 (15) ers of iteration would require enormous computational cost
9 beyond the current computer capacity. In order to facili-

In a similar manner, we can calculate the correction factors tate the application of this approach to the two-fluid model,
based on the EMMS approach and that based on Ergunwe assumed that the voidage of dense phase is a constant,
equation. and the functions of correction factor vs. voidage correlated
Fig. 2illustrates the variation of correction factors with from the calculation results of the whole bed can be ap-
voidage. It can be observed that the correction factors cal- proximately extended to each local control volume, so the
culated from the EMMS approach are much lower than that drag coefficient for each control volume can be calculated
from Ergun/Wen and Yu correlations, which is in reasonable from the correction factor, the local voidage and the local
agreement with the conclusions from experimental results slip velocity byEgs. (13) and (14)it should be pointed out
such as those of Gunn and MaJ®0] and Mueller and Reh  that such simplification produces a steeper curve than that
[21], i.e., the drag coefficient decreases dramatically due toin Fig. 2, leading to a much more reduction in drag coeffi-
the formation of clusterszig. 2shows further that, at the left  cient when voidage is greater than 0.8. For the case of our
side of the curve calculated from the EMMS model, with de- simulation g = 1.52ms?, Gs = 143kgm2s7?1), the
creasing voidage, the correction factor curve first increasesfunctions of correction factors vs. voidage were correlated as

follows:
10
: w = —0.5760+ 0'02124
[ EMMS 4(eg — 0.74632 + 0.0044
~ . - - - Ergun/Wen & Yu (0.74< 69 <082 (16)
= 0.0038
g = -0.0101
g © T 4(eq — 0.77892 1 0.0040
IS (0.82<¢9 <097 (17)
©
£ o = —318295+4 32.829%y (gg > 0.97) (18)
8 1
3. Integration of the two-fluid model with the EMM S
approach
0.5 0.6 0.7 0.8 0.9 1.0 31 G . ]
Voidage .1. Governing equations

Fig. 2. Comparison of correction factors for drag coefficients (FCC/air; ~ The governing equations employed in the two-fluid
dp = 54pm, pp = 930kgnT3, Ug = 152ms?, Gs = 143kgm2s71). model include the conservative equations and constitutive
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correlations for solid stress and interfacial drag coefficient,

as shown below: Solid Outlet ™
1 I
e Mass conservative equations for phases-(g, p): i i
1 I
0 _ ! !
E(Skpk) + V- (expruix) =0 (19) i E
1 |
| |
e Momentum conservative equations for phases-(g, p; i i
I'=p,9): | |
; | |
E(Skpkﬂk) + V- (expruruix) i i 105 m
= —&xVpr + V- Tk — Bl — Wx) + €cokg (20) ' o.00m i
1 : ]
e Gas phase stress: N
— ! |
Tg = egugl[Viig + (Viig) ] — 2(V - ig)T) (21) i
]
1
e Solid phase stress: i i
I
—_— = = ! !
Tp = ppl + epupl[Vitp + (Vip) '] — 3(V - up) I} (22) ; an
| |
e Solid pressure i U855 m
]
pp = 107 868G¢ 16385y (23) Solid Inlet Ly YY
e Solid viscosity: Gas Inlet
tp = 0.5ep (24) Fig. 3. Schematic drawing of 2D riser.
e Drag coefficient (model A):
Table 1
1- gg)ZMg Parameter settings for the simulation
Ergun: =15 ggdg Particle diametery(m) 54
: . 3
(1— 89)pg|ﬁg _ ﬂp| Particle de_nsny (I;g m°) 930
+1.75 (Sg < 0.80) Gas velocity (ms?) 1.52
dp Time interval (s) 5.0x 1074
(25) Grid size, Ax (m) 2.25x 1073
Grid size, Ay (m) 35x 102
Voidage at minimum fluidization 0.4
3(1- gg)gg _ _ 97 Maximum voidage for particle aggregating 0.9997
WenandYu: g= Zd—loghlg - up|CDOSg i Voidage of dense phase 0.69
p
(eg = 0.80) (26)
120
e Drag coefficient (model B):
100
1—gq)2 1—¢ Uo — T, Drag Model A
Ergun : ﬂ:lSM—l—l?E( o)glitg — Tl —_ I
Sgdp dp N; 80
(eg < 0.74) 27) E
=< 60
3
3 (11— eg)eg z
EMMS : _-—_— = = Ua — UnlC = 40}
p 4 dp Palitg — itp|Cooe ,0_.9; Drag Model B Experimental
(eg = 0.74) (28) g
The empirical correlations are used to compute the solid

stress in our simulation for its simplicity. Two kinds of o 5 10 15 20 2 30
models are employed to calculate the drag coefficient,
i.e., model A (Ergun/Wen and Yu) and model B (Er-
gun/EMMS), as shown irEqgs. (25)—(28) The correction Fig. 4. Comparison between the calculated outlet solid flux and the
factor inEq. (28)is calculated fronEqgs. (16)—(18¥or the experimental data.

Time (s)
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operating conditions in our calculatiod/§ = 1.52 ms1, 3.2. Simulation parameters

Gs = 143kgm?s1). At the gas holdup of 0.74, the

drag coefficient calculated from the EMMS approach is  Fig. 3 shows the geometry of the riser section of a CFB
just beyond that calculated from Ergun equation, so the used in the present simulation. The inlet and the outlet for
Ergun equation is employed when the gas hold up is lesssolids were located at the two sides of riser in the 2D simula-
than 0.74. tion, neglecting the effect of real geometry in 3D experiment.
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Fig. 5. Snapshot of voidage distribution: (a) drag model A; (b) drag model B.
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At the bottom inlet only the gas velocity was specified. Just 4.2. Simulation of clustering phenomena
as the measurement for solid flow rate in experiments, the
solid flow rate at the outlet was checked dynamically, and  Fig. Sillustrates the simulated snapshot of voidage distri-
then fed back into the inlet by forcing the solid flow rate at bution by drag model A and drag model B, respectively. It
inlet to change into that of outlet. At the initial time, the solid can be observed that, for the Wen and Yu/Ergun approach
was stacked up to 1.855m with voidage set to be 0.5. Since(drag model A), the solid concentration of the whole bed is
we did not simulate the whole loop of the CFB, the initial quite dilute, and the overall flow structure seems rather ho-
height (1.855m) was evaluated from the axial voidage pro- mogeneous; while for the EMMS approach (drag model B),
file of the experimental results. The simulation was carried the gas—solid system exhibits a more heterogeneous struc-
out with the commercial CFD software CFX4.4 (AEA Tech- ture, with particle clusters forming and dissolving dynami-
nology), in which the inter-phase slip algorithm (IPSA) of cally. Clusters can be observed to fall along the wall, stack
Spalding was used to solve the highly coupled partial differ- together and then protrude from the wall, while particles are
ential equations. Uniformly distributed grids were adopted dynamically squeezed out of these clusters and pushed up-
in both the lateral and the axial directions. The wall of the ward by the up-flowing gas, and then these particles further
bed was modeled as a no-slip rigid wall for the gas phase aggregate into strands at an upper section of the bed.
and a partially slip wall for the solid pha§®4]. The detailed This prediction can be further illustrated fig. 6(a) and
simulation parameters are summarizedable 1 (b), showing, respectively, the simulated U-shaped clusters
and the corresponding solid flow field in a vertical section of
the riser (height: 5.0-7.0 m). Clearly observed is the motion

4. Results and discussion of particles into and out of the clusters, viz. descending par-
ticles near wall change their motions toward the radial direc-
4.1. Outlet solid flux tion, and then are entrained upward by the gas, re-gathering

to form strands at an upper section of the riser, as shown in

Fig. 4 illustrates the variation of outlet solid flux with  Fig. §(c) (height: 5.0-10.5m). These predictions are similar
time. The fluctuation of outlet solid flux reaches a steady to experimental results such as those of Rhodes ¢2%].
state in 6 s. It can be observed that, for the Wen and Yu/Ergunthat at the interface between the upper dilute region and the
correlations (drag model A), the average value of outlet lower dense region, the predominant motion is radially in-
solid flux (77.8kgm?s-1) greatly exceeds the measure- wards and consequently solids are fed from the annulus to
ment value of experiments (14.3kghs1), apparently the core.
due to the over-prediction of drag coefficient. While for the It is interesting to see that, by considering the structure
EMMS approach (drag model B), the average value of out- effect on drag coefficient, the cluster behavior at meso-scale
let solid flux (12.1 kg m2s1) approximates to the experi- can be predicted. The mechanisms of the cluster forma-
mental value, indicating the effectiveness of the EMMS ap- tion, which may involve gas—particle, particle—particle

proach in improving the simulation accuracy. and particle—wall interactions, are too complex to be well
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Fig. 6. Sectioned snapshot of cluster formation: (a) voidage profile (no. 20 s, 5.0-7.0 m); (b) solid velocity (no. 20s, 5.0-7.0m); (c) voidag® profile (
20s, 5.0-10.5m).
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Fig. 7. Radial voidage distribution.

understood. Our simulation results demonstrate that the re-

duction in drag coefficient is at least an important factor for
the simulation of cluster formation, although the underlying
mechanisms need further exploration. Since the simulation
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Height (m)

olot.1 M,
0.60.70.80.91.0
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Fig. 8. Axial voidage distribution.

is still carried out with the coarse grid resolution, the simu- 4.5 velocity distribution

lated clusters near wall may represent the group behavior of

real clusters smaller than the grid size. The high-resolution
3D simulation suggested by Zhang and VanderHey@éh
shows also the ability of capturing meso-scale structure in
spite of its enormous computational cost.

4.3. Radial voidage profile

Fig. 7 shows the comparison of voidage profile in the ra-
dial direction between the simulation results (drag model B)
and the experimental correlations proposed by Tung et al.
[27]. Predicted profiles were drawn from the time-averaged

Figs. 9 and 10show the time-averaged value of sim-
ulated solid and gas axial velocities, respectively. At the
height of 3.5m, the core—annulus structure is observed by
showing that the solid and gas velocities in the core re-
gion are upward and much higher than that in the annulus
region, while solid and gas velocities near wall are down-
ward, and this may lead to the so-called backmixing be-
havior found in experimental resear{28]. At the height
of 8.75m, the time-averaged solid and gas velocities near
wall change positive, and the radial profile of gas velocity
seems much flatter due to the less solid concentration in this

values over the period 20-30s. The coexistence of a denseegion.
annulus and dilute core can be easily recognized, and the

radial profile in the top region seems rather flat compared
with that in the bottom region. The computed results are
in good agreement with empirical correlations in the an-
nulus region, but under-predict the voidage in the core
region.

4.4. Axial voidage profile

Fig. 8 shows the comparison of voidage profile in the
axial direction between the simulated (drag model B) and
the experimental results of Li and Kwak9]. Predicted
profiles were again drawn from the time-averaged values
over the period 20-30s. The predicted sigmoid distribution
of voidage in the axial direction is in reasonable agreement
with experimental results, and the deviation may be due to
the inaccurate evaluation of solid inventory in the riser at
the initial time, and the unrealistic setup of inlet and outlet
boundary conditions in the 2D simulation.

Solid velocity (m/s)

-0.5

-1.0 - - - 1 - 1

0.0 1.0

Radial position, r/R

Fig. 9. Solid velocity profiles.
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35 ters protrusion and pushed upward by the up-flowing gas,

I aggregating into strands at the upper section of the riser. The
simulated voidage profiles in radial and axial directions,
and axial velocities of solid and gas show the formation
of core—annulus structure, and are in reasonable agreement
with the correlations from experimental results.

These simulation results demonstrate the reasonableness
of the EMMS approach in resolving the heterogeneous struc-
ture and describing the dependence of drag coefficient on
structure parameters, suggesting the feasibility of this ap-
proach to be used as a sub-grid closure law for drag coeffi-
cient.

Gas velocity, (m/s)
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