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posed for cocurrent upward flow according to experimental data or empirical correlations with homogeneous
assumption. The energy-minimization multiscale (EMMS) model has shown the capability of capturing meso-
scale structure in generalized fluidization, so EMMS-based phase diagrams of generalized fluidization were pro-
posed in this article, which describe more reasonable global hydrodynamics over all regimes including the
important engineering phenomena of choking and flooding. These characteristics were also found in discrete par-
ticle simulation under various conditions. For wider range of application, the typical hydrodynamic parameters of
the phase diagrams were correlated to non-dimensional numbers reflecting the effects of material properties and
operation conditions. This study thus shows a possible route to develop a unified phase diagram in the future.
© 2020 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights

reserved.

1. Introduction

Gas-solid fluidization systems are widely found in industrial pro-
cesses. Classical fluidization refers to the particle-fluid systems in
which the fluid flows upwards and suspends the particles with negligi-
ble entrainment. Kwauk [1] extended the classical concept of fluidiza-
tion to generalized fluidization which operates in three modes
identified by the moving directions of the gas and the solids: cocurrent
upward, cocurrent downward and counter-current downward flows.

No matter in which mode, both axial and radial heterogeneities are
always displayed [2-4]. In the cocurrent upward flow, there are typical
regime transitions such as bubbling, turbulent and fast fluidization cor-
responding to different gas velocities [5,6]. At a particular gas velocity, a
bottom dense region coexists with a top dilute region and a transition
zone in between, which is called choking [6,7]. While in the counter-
current downward flow, flooding is observed when the downward par-
ticle movement is prevented by the upward gas flow to form a dense
suspension [1,8-10]. The hydrodynamic features are dependent on op-
erating conditions as well as gas and particle properties, which can be
characterized by the phase diagrams of fluidization. For instance, the
variation of voidage (¢) or pressure drop gradient (dp/d,) with
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superficial gas velocity (Uy) or slip velocity (Us) for specific particle
properties in gas-solid risers was plotted by many researchers [11-
14]. Grace [5] introduced non-dimensional numbers to consider the ef-
fects of gas and particle properties in the phase diagram of cocurrent up-
ward flow. Bi et al. [15] further incorporated pneumatic transport
regime in the phase diagram of classical fluidization. Sun et al. [16]
reclassified fast fluidization as high- and low-density circulating fluidi-
zation regimes and consolidated the phase diagram for cocurrent up-
ward flow. According to experimental data, Rabinovich et al. [17]
proposed a phase diagram with modified Archimedes and Reynolds
numbers. Based on the Richardson-Zaki correlation, Kwauk [1] pro-
posed a generalized fluidization phase diagram and defined the flooding
gas velocity in the counter-current downward flow. However, these
phase diagrams are mainly based on empirical correlations or experi-
mental data and few of them can predict choking as the homogeneity
of the flow is assumed.

Taking into account the particle clustering phenomenon in gas-solid
flow, the energy-minimization multiscale (EMMS) model was
established to predict the axial and radial heterogeneous distributions
as well as regime transitions in the cocurrent upward gas-solid flow
[6,7]. This global EMMS model was further improved by introducing
particle acceleration and avoiding the limit of empirical correlation of
cluster diameter [18,19], and then extended to predict global hydrody-
namics in bubbling fluidization [20] and downer fluidization systems
[9,21]. In this work, therefore, a phase diagram of similar to Kwauk's
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chart [1] was redrawn by using the EMMS model and its extensions. As a
result, both choking and flooding are located in the phase diagram.

To validate this phase diagram, an EMMS-based coarse-grain dis-
crete particle method (EMMS-DPM) [22,23] was employed to simulate
typical flow regimes in the phase diagram. The DPM can facilitate fol-
lowing the trajectory of each particle, but the particles should be
coarse-grained to acquire well balance between calculation accuracy
and efficiency in the simulation of industrial-scale reactors [22]. In this
study, the particles were coarse-grained by using the EMMS model. Rec-
ognizing the significant effect of mesoscale structure on gas-solid inter-
action in the EMMS-DPM, the structure-dependent drag coefficient was
calculated with the method proposed by Hu et al. [19,24].

To generalize the application of the phase diagrams, the main hydro-
dynamic parameters in the phase diagram were correlated to both the
operating parameters and material properties in the form of non-di-
mensional numbers. These non-dimensional correlations were vali-
dated by the experimental and simulation results in a wide range of
material properties and operating conditions.

2. EMMS-based Modeling Method of Generalized Fluidization

For cocurrent-up gas-solid flow with different fluidization regimes
such as bubbling, turbulent and fast fluidization, the original EMMS
model [6] based on particle clusters and the EMMS bubbling model
[20] based on gas bubbles are regime-specific. Two critical velocities
(e.g., terminal velocity U; and choking velocity Uy;) can demarcate the
above-mentioned three flow regimes successively. With increasing su-
perficial gas velocity (Ug) from minimum fluidization velocity (Upm)
gradually, the EMMS bubbling model (Table A1) is applicable for bub-
bling fluidization at U, < Uy, whereas the original EMMS model (Table
A2) can be applied to fast fluidization at Ug > Uy,. When Uy varies from
Ut to Uy, the gas—solid flow experiences the transition from bubbling
to turbulent fluidization, which can be further defined as another tran-
sition velocity U, for Geldart A particles, corresponding to the intersec-
tion point of the two curves of voidage vs. gas velocity calculated by
the original EMMS and EMMS bubbling models respectively. However,
as shown in Table 1, increasing particle sizes (e.g., for Geldart A/B parti-
cles), the EMMS bubbling model can be used at U < Ug < Uy, as gas bub-
bles form readily in these two flow regimes. For Geldart B particles, the
simulation results of the both models tend to be consistent with each
other at U; < Ug < Uy, so either of them can be used approximately in
the two flow regimes. [20,25].

Table 1
Modeling of cocurrent-up flow regimes for different particle types

Particle type U< Ug < Up U Uy U Uc 2 Ug 2 Uy Ug 2 Uy

Geldart A EMMS bubbling EMMS bubbling original EMMS original EMMS
Geldart A/B EMMS bubbling EMMS bubbling original EMMS
Geldart B EMMS bubbling EMMS bubbling or original original EMMS

EMMS

To simulate the axial flow structure in the cocurrent and counter-
current downward gas-solid flow, the EMMS model, as summarized
in Tables A3 and A4 in Appendix A, was further extended to downward
fluidization systems by improving stability condition and cluster de-
scription [9,21]. The hydrodynamic parameters in the fully developed
section of downer reactor, which are dominated by operating parame-
ters such as superficial gas and solids velocities (U and Up), can be pre-
dicted well by the extension models, but the axial distribution in the
entrance region can only be determined at the specified entrance
voidage in the downer reactor.

However, neither of the two extension models works at Us = 0 since
the total energy consumption in this case is zero. Therefore, as indicated
in Fig. 1, the hydrodynamic parameters (e.g., voidage &gy) in the fully
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Fig. 1. Variation of &g with Uy in gas-solid downer systems.

developed sections of cocurrent and counter-current downers were cal-
culated by the EMMS extension models for cocurrent and counter-cur-
rent downward flow, respectively. When U, approaches zero from
either a positive or negative direction, the variation of &g, with gas ve-
locity can be determined by smoothly connecting the two &gy vs. Ug
curves obtained from the two extension models respectively.

An important but unsolved engineering problem about the counter-
current downward gas-solid flow is the accurate prediction of flooding.
Liu et al. [9] investigated the variation of &y with Ug and found its gen-
eral tendency. As illustrated in Fig. 1, with the increase of Ug, the de-
creasing of &g is not noticeable initially but then becomes significant
because flooding may happen. Finally, &g, remains nearly invariable
until the particles begin to be carried out of the downer bed. That is,
flooding is not an abrupt, but a gradual process. Therefore, increasing
U, from zero, the gas velocity corresponding to the point at which &y
remains nearly constant beyond the inflection point of the gy vs. Ug
curve was defined as the start of flooding (Ugss), while the point at
which the particle entrainment occurs was taken as the end of flooding
(Ugte) [9]. In order to determine Ugts accurately in practical operation, as
indicated by the dashed line in Fig. 1, the second-derivative curve of the
grn VS. Ug curve is plotted, and the gas velocity corresponding to the
maximum derivative value can thus be defined as Ugs.

In order to verify and display the typical gas-solid flow structures
described by the phase diagram, the EMMS-DPM simulations were
firstly compared with experimental data to test its applicability for gen-
eralized fluidization. In the EMMS-DPM, the coarse-graining ratio (k)
and internal voidage (ecgp) of the coarse-graining particles (CGP) are
two basic parameters. According to Lu et al. [22], for fast fluidization k
should be large enough to reduce computational cost but less than min-
imum cluster diameter to describe mesoscale structure, which was de-
termined by taking into account the calculation accuracy and
efficiency in this study. The parameter &ccp was set as minimum fluidi-
zation voidage (e.g., = 0.5 in this study). It is to specify gas velocity (Ug)
and solids inventory (I) to predict solids flux (Gs) or axial voidage profile
for cocurrent upward flow. To maintain I invariable, the particles blown
out of the reactor top were recirculated to the bottom with the same
particle number in the cocurrent upward flow. While specifying Ug
and G; to predict axial voidage profiles in the cocurrent and counter-
current downward flow, a certain number of particles equivalent to G
were fed from the reactor top entrance and allowed to leave freely
from reactor bottom in the downer reactor simulations. The statistical
results were conducted for 10 s physical time.

Fig. 2 indicates the comparison between the EMMS-DPM simula-
tions and the experimental results of choking [6], turbulent fluidization
[26] and cocurrent downward flow [27]. The value of k in the above
three cases is respectively 30, 8 and 20 in the simulations. It can be
seen from Fig. 2(a) that a bottom dense region coexists with a top dilute
region, and the axial voidage displays an S-shaped profile in choking.
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Fig. 2. Comparison between calculated and experimental axial voidage profiles in (a)
choking, (b) turbulent fluidization and (c) cocurrent downward flow.

With the increase of I, the inflection point of axial voidage profile is
gradually moving upward. For turbulent fluidization and cocurrent
downward flow, as shown in Fig. 2(b) and (c), the axial voidage profiles
calculated by the EMMS-DPM are generally in accordance with the ex-
perimental results.

To support the calculation results of the global EMMS models, the
EMMS-DPM simulations were further performed for Geldart B (d, =
300 um, p, = 2500 kg-m~?) and Geldart A particles (d, = 100 pm, p,,
= 1500 kg-m™3) in a fluidized bed of H; = 5 m and D, = 0.1 m.
Tables 2 and 3 indicate the operating conditions and the calculation re-
sults for generalized fluidization. The value of k for choking, pneumatic
transport, cocurrent and counter-current downward flow is respec-
tively 5, 3, 3 and 4 for Geldart B particles, while the value for Geldart A
particles is 12, 8, 8 and 10 respectively. It is to compare G for cocurrent
upward flow and &gy for cocurrent and counter-current downward
flow. As shown in Tables 2 and 3, both Gs and &gy calculated by utilizing
the two methods are consistent under the various operating conditions,
since mesoscale interaction is taken into account in the both methods.

Table 2
Simulation results for cocurrent upward flow
Particle Case Ug/m-s~' I/kg Gs Gs
type (emms)/kg m~2-s™ (ppypy/kg-m s~
Geldart B Choking 2.8 7.7 5.6 59
Transport 6.3 0.14 16.8 13.7
Geldart A Choking 1.2 4.6 2.7 24
Transport 2.0 012 54 35
Table 3
Simulation results for cocurrent and counter-current downward flow
Particle Case Ug/m-s™' Gy/kg-m 2-s™1 & £l
type (EMMS) (DPM)
Geldart B Cocurrent —34 —56 0.9955 0.9962
Counter-current 0.5 —56 0.9854 0.9898
Geldart A Cocurrent —1.1 —1038 0.9945 0.9949
Counter-current 0.1 —54 0.9846 0.9873

3. EMMS-based Phase Diagram of Generalized Fluidization

As discussed above, for generalized fluidization, the cocurrent up-
ward flow was simulated by incorporating the original EMMS model
and the EMMS bubbling model, while the cocurrent and counter-cur-
rent downward flow were modeled by using the EMMS extension
models for cocurrent and counter-current downward flow, respectively.
Integrating the simulation results under various operating conditions, a
so-called EMMS-based phase diagram is thereby possible to be pro-
posed for generalized fluidization.

The phase diagram of fluidization can be drawn in various styles for
different flow regimes and purposes. In this article, the style of Kwauk
[1] was still used to redraw the phase diagram of generalized fluidiza-
tion according to the calculated results of the EMMS model and its ex-
tensions. In the EMMS-based phase diagram, the system voidage was
plotted as the function of normalized superficial gas velocity (U*y =
Ug/Uy) at various normalized superficial solids velocity (Uq = Up/Uy). It
should be noted that the voidage in the fully developed section instead
of the average voidage in the whole system was used in the cocurrent
and counter-current downward flow in order to exclude the effect of
entrance condition.

As areference, Kwauk's phase diagram [1] was also plotted in this ar-
ticle. Based on the Richardson-Zaki correlation for homogeneous partic-
ulate fluidization, Kwauk [1] proposed

U, U, ¢
n_~-8__~P
a Ut Ui 1—¢ (1)
for generalized fluidization, where n is a function of the terminal Reyn-

olds number [1]. That is, if only U, and G; are given at the specific fluid-
ization system, the system voidage can be calculated by Eq. (1) in the
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overall fluidization regime under all operation modes. Based on this
generalized empirical correlation, the flooding gas velocity was further
defined as

[0Ug/0¢]; =0 2)

implying that the superficial gas velocity reaches its maximum at a
given solids circulation rate in a free fluidized system.

Figs. 3 and 4 (a) show the Kwauk's and EMMS-based phase diagrams
of generalized fluidization for Geldart B particles (d, = 300 pm, pp, =
2500 kg-m™>) in a fluidized bed of H; = 5 m and D, = 0.1 m. It can
be seen that the voidage in the EMMS-based phase diagram is always
lower than that in the Kwauk's phase diagram under the same operating
conditions, especially in the cocurrent upward flow. This is because the
formation of particle clusters in the cocurrent upward flow leads to the
reduction of the interphase drag between the gas and solids phases [19].
However, although the clustering phenomenon still exists in the
cocurrent and counter-current downward flow, its influence on the in-
terphase drag becomes less important than that in the cocurrent up-
ward flow due to the unstable and loose structures of particle clusters
[28,29].

1.0

0.8
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0.6

Fig. 3. Kwauk's phase diagram for Geldart B particles.

In Kwauk's phase diagram (Fig. 3), the bold dotted line marked as
the flooding line was obtained by connecting all points defined by Eq.
(2) under the simulated operating conditions. It is clear that at the
flooding point the voidage shows an abrupt decrease with increasing
Uy, indicating that the downer reactor is instantaneously blown out.
Corresponding to the flooding line in Kwauk's phase diagram, a flooding
zone formed in the EMMS-based phase diagram (Fig. 4(a)), where the
top and bottom boundary lines represent the onset and end gas veloci-
ties of flooding respectively. That is, the downward movement of parti-
cles was prevented partly at the flooding onset velocity, while
prevented completely and even blown out of the reactor at the flooding
end velocity [9].

Different from the Kwauk's phase diagram, the bubbling/turbulent
transition line and the choking zone were also plotted in the EMMS-
based phase diagram (Fig. 4(a)). It can be found that the transition ve-
locity U, increases with the increase of Ug, but is always less than U,
for Geldart B particles, which is consistent with the experimental results
[30]. The top and bottom choking lines represent the top dilute phase
voidage and the bottom dense phase voidage at the choking state re-
spectively. It is clear that the EMMS-based phase diagram characterizes
well the detailed hydrodynamics of gas-solid generalized fluidization,
thus providing a reference for engineering design and scale-up.
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(a) EMMS-based phase diagram for Geldart B particles
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Fig. 4. (a) EMMS-based phase diagram and (b) typical flow structures for Geldart B
particles.

Fig. 5(a) illustrates an EMMS-based phase diagram of generalized
fluidization for Geldart A particles (d, = 100 pm, p, = 1500 kg-m~3)
in a fluidized bed of H = 5 m and D; = 0.1 m. Compared with the
EMMS-based phase diagram for Geldart B particles, U. becomes higher
than Uy, and even the U, line completely moves to the cocurrent upward
regime with a narrow range of gas velocity [30,31]. Correspondingly, the
flooding zone also becomes narrow for Geldart A particles, implying the
difficulty involved in the operation of counter-current downer of
Geldart A particles.

To display the gas-solid flow structure of phase diagram, utilizing
the EMMS-DPM we simulated several typical operation regimes and
some classic engineering phenomena. For Geldart B and A particles,
the simulated voidage contour graphs corresponding to different oper-
ating conditions denoted as a, b, ¢, d, e, f, g in Figs. 4(a) and 5(a) were
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Fig. 5. (a) EMMS-based phase diagram and (b) typical flow structures for Geldart A
particles.

shown in Figs. 4(b) and 5(b), respectively. It can be seen that the
voidage firstly increases along the axial direction and then almost main-
tains invariable in the fully developed region of cocurrent and counter-
current flow. With the increase of Ug or G, the homogeneous gas-solid
flow structure is destroyed and the flooding phenomenon appears in
the counter-current downward flow. The particles move to the periph-
eral location and accumulate at the reactor top. With increasing gas ve-
locity in the cocurrent upward flow, discrete gas bubbles are
surrounded by continuous dense phase in bubbling fluidization,
followed by a phase inversion beyond which discrete particle clusters
are suspended by continuous dilute phase in turbulent fluidization. It
is indicated that the top dilute phase region coexists with the bottom
dense phase region at choking, while particle clusters disappear and

the gas-solid flow is nearly uniform in pneumatic transport. These qual-
itative phenomena for Geldart A and B particles are all consistent with
published data [4,6,8,9], indicating the reasonability of the global
EMMS models and the EMMS-DPM as well as the EMMS-based phase
diagram.

4. EMMS-based Non-dimensional Correlations

The new phase diagrams summarize well the hydrodynamic charac-
teristics of gas-solid generalized fluidization, but only incorporate the
influences of operating conditions. In order to take into account the ef-
fects of material properties further, some typical hydrodynamic param-
eters were correlated in the form of non-dimensional numbers
according to the EMMS-based simulation results. These parameters in-
clude choking gas velocity (U,), flooding onset velocity (Ugss), flooding
end velocity (Ugte), choking bottom voidage (&), choking top voidage
(&), voidage in the fully developed cocurrent downward flow (&gco),
and voidage in the fully developed counter-current downward flow
(Erull-ct)-

Taking length, mass and time as independent physical dimensions,
as listed in Table 4, four dimensionless quantities such as Upg, Ppr, Rep
and Ar can be obtained in gas-solid fluidization systems according to
the dimensional analysis method. It is clear that Upg and ppr represent
operating conditions and material properties respectively, while Re,,
and Ar are essentially Reynolds and Archimedes numbers, respectively.
Therefore, as shown in Table 5, those critical variables were firstly calcu-
lated in the wide ranges of operating conditions and material properties
by using the original EMMS model and/or its extensions, and further
correlated to the preceding dimensionless numbers. The regression cor-
relations were evaluated by the statistical parameter of fit goodness
(R?).

Table 4
Expressions and physical meanings of dimensionless quantities

Dimensionless Mathematical Physical meaning

number expression
Upg G U Ratio of solids to gas velocity
Usgpp — Ug
Ppt % Ratio of particle to fluid
¢ density
Re, Gedy _ PpdpUp Reynolds number
Hg Hy
Ar dapg(Py—py)2 Archimedes number
1
Table 5

Dimensionless correlations of typical hydrodynamic variables

Dimensionless correlations R? Variable range

0 o, Uge(0.1,10) m-s~!
Uge = 111166 & ppf) (Rep) %' (Ar)03418 0.999 Gee(10, 400)
£ = 0.7325(pp)° % (Re,)2017 (Ar) 01 0.956 2.1
b - Ppf, p - kg-m™=-s
&0 = 0.9845(pp1) " (Rep,) ~*%8%(Ar)°00%3 0930 g ¢(50, 300) um
Ppe(500, 3500) kg-m 3
0974 Pre(0.1,10) kg-m 3

5513

Eull—co = 0.9256(Upg) ~0136( ) 0008

(Rep)fo.oooz(Ar)o,oooz te(1,5) x 107°
kg-mf] g1
Erutl—ce = 0.8428(Upg) *%°14(0pr) 9293 (Re,,) ~00257
AF)00141 0963
(an) Gec(10, 500)

(Rep)’1'0576 (Ar05278 0971 kg-m~2-s!

dpe(100, 2000) pm
(Rey) 10488 406192 0.955

Ugss = 023895 (ppr

Ugre = 0.3047 & (ppf)

)1.0457

1.0445

As shown in Fig. 6(a), the prediction of choking gas velocity in this
article is in good agreement with the experiments as well as the calcu-
lation of Bi & Fan [32], while the other two correlations show discrepan-
cies from the experimental data. Fig. 6(b) indicates that the top and
bottom voidage of choking predicted by this article and the
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Fig. 6. Comparison between correlation prediction and experimental data for (a) choking gas velocity, (b) choking top and bottom voidage, (c) cocurrent downward flow and (d) counter-

current downward flow.

experimental data are generally consistent under the various operation
conditions, demonstrating their applicability.

As shown in Fig. 6(c) and (d), the predicted voidage in the fully de-
veloped cocurrent and counter-current downward flow are generally
consistent with the measured data. However, it seems that the experi-
mental data in the counter-current downward flow show a C-shaped
profile. This may because the experimental data were obtained in a
very narrow range of gas velocity (Ugy < 0.34 m-s™!). Since these
regressed correlations were developed in a wide range of operating con-
ditions, they can be used to estimate the hydrodynamic parameters to
facilitate the engineering application of the EMMS-based phase
diagram.

5. Conclusions

The EMMS model and its extensions were used to simulate gas-solid
fluidization systems under different operation modes as well as differ-
ent flow regimes of cocurrent upward flow.

Utilizing the simulation results, the phase diagram of gas-solid gen-
eralized fluidization of Geldart A and B particles was drawn accurately,
since the particle clustering phenomenon was considered in the
EMMS-based simulation. The EMMS-based phase diagram not only

predicts the detailed flooding zone in the counter-current downward
flow, but also illustrates the bubbling/turbulent transition line and the
choking area in the cocurrent upward flow.

For the convenience of engineering design and scale-up of gas-solid
generalized fluidization systems, the simulation results were further
correlated in the form of dimensionless numbers to incorporate the in-
fluences of both operating conditions and material properties on some
critical hydrodynamic parameters. The dimensionless correlations
were also validated by comparing with a large amount of experimental
data in this article.

Nomenclature

Ar Archimedes number

Dy reactor diameter, m

d, particle diameter, m

G gravitational acceleration, m-s—2

Gs solids flux, kg-m™2-s~!

H: reactor height, m

K coarse-grain ratio

Re, Reynolds number

U turbulent transition velocity, m-s~"
Uy normalized superficial solid velocity
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Uy superficial gas velocity, m-s~!

Uz normalized superficial gas velocity

Ugc choking gas velocity, m-s™!

Uyt flooding gas velocity, m-s™!

Ugts gas velocity at the onset of flooding, m-s™!

Usgfe gas velocity at the end of flooding, m-s ™"

Up superficial particle velocity, m-s™!

Upg Ratio of solid to gas velocity

Ut particle terminal velocity, m-s "

U fast fluidization transition velocity, m-s~"

€ voidage

& choking bottom voidage

Eccp internal voidage of CGP

Erull voidage in fully developed region of downer

&ulco  Vvoidage in the fully developed region of cocurrent downward
flow

Efullct voidage in the fully developed region of counter-current
downward flow

& choking top voidage

Pr gas density, kg-m™>

Pp particle density, kg-m—3

Ppt Ratio of particle to fluid density

i fluid viscosity, kg-m~*!-s~!
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Equations

Mathematical expression

Force balance for dilute phase
Force balance for dense phase
Pressure balance

Mass balance for the gas
Mass balance for the particles
Cluster equation

Stability condition

3Car g piUG —(1—er) (pp—pr)s = 0
3Cac "5 peURf +3Ca dprUL—f(1—¢0) (pp—pr)g = 0

Car 2 piU% + 155 Cai - pp U3 —Cac g5 pi U = 0

Ug— U1 —f) —Uf=0

Up — Up(1 =) = Upf =0

da = gdp (22 — (Unr +$2222) ) / (Nt 1225 — (Ut + 222 )g)

Ny = Pp*ﬁrg{ug + (fUc_Ug) (er—eo)f*

pr T—ér+(&—ec)f

}Hmin
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Table A2
Constitutive equations for the EMMS bubbling model
Equations Mathematical expression
Force balance for bubble phase 30 %fbufi*fb (Pe*Pg)g -0
Force balance for emulsion phase 3 CDe : (1 Fo)(1—ge)U% +3 3Cp e fb —(1—fp)(1—&) (Pp —pg)g —0
Mass balance for the gas Ug — Uge(1 — fp)) — Upf, =0
Mass balance for the particles Up — Upe(1 —fp) =0
Stability condition N = Pp t’g 1 sz gUge + Pp /g fb gUb 43 e 1 v KgdbUg . min
Table A3
Constitutive equations for the EMMS cocurrent downer model
Equations Mathematical expression
Force balance for dilute phase (—f,)(1-¢;,
futep 3Cor, M%U?ﬂz (1= 1,) (1=¢c2) (Pp—Pg ) (a1, —8) + Tuprz = O
Force balance for dilute phase %CDc,z 2 dp ez p Ugcz +3Cpi, dfi‘zngugiz £ f, 1_,3[1) (Pp —Pg) (Gez—8) *+ Twpez = 0
Pressure balance Cors 1;:&: PUZ%, + 12 f Coiz 7 i peU 2, —Coes 5 Pg 2,=0
Mass balance for the gas Ug — foUcz — (1 = U, =0
Mass balance for the particles Up — foUpe, 2 — (1 — f)Upt, . = 0
. - Uper _ Upes Y
Height clclation ot = (e + vk (- )
Stability condition Ngsoz = 1 +Afz “u[z Uiz _, min

A= (l 78f,z) (af,z 7g) - (1 78c,z)(ac,z 7g) m@%z;)pg)'rwp,z

= (1= £2) (1=12) (Ut —8) + F(1 =) (0ca—8) + 225

Table A4
Constitutive equations for the EMMS counter-current downer model
Equations Mathematical expression
B 1=f,)(1 2
Force balance for dilute phase 3Cor, Mpgusfz (1-f,)(1 7gfz) (pp ) (agz + &) + Twptz =0
Force balance for dilute phase 3 Cpp J20Ee2) ngSCZ +3Cpi, ddng [ fz(l_gcz ( ) ez +8) + Twpez = 0
Pressure balance Corz 5 d ngsz + % Coiz g, PeU 22— Cocz ' <2 pgU. %2 =0
Mass balance for the gas Ug fz ez — (1 —fz Us, =0
Mass balance for the particles Up — foUpe,z — (1 — f)Upr, . =0
Height calculation AH, = (ﬁ + #) (fﬁ’;:f — e ) T +U§
Negoz = 1 +Af,‘<11i;gf,>uf‘z — min
Stability condition —(1— —(- _ (mmem)
v A= (1=61) (arz +8) = (1=6c2) (@cz +8) = 5. =y Twwa

B=(1—f,)(1=¢2) (arz + 8) + fo(1—er)(Acz + &) — 225
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