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Recent measurements by electric capacitance tomography reveal that, under certain
operating conditions, the solids concentration distribution in the dense and accelera-
tion regimes of gas—solid riser flows exhibits a strong heterogeneous structure, with
the solids concentration near the centerline much higher than that in the annular sur-
rounding flows (except in the wall region) within the same cross-section. This core—
annulus—wall heterogeneous structure, significantly different from the commonly known
“core—annulus (wall)” two-zone structure in riser flows, becomes unstable with the
increase in solids loading, which eventually leads to the occurrence of choking. In this
study, we propose a mechanistic model to investigate the formation and distribution of
these interesting heterogeneous structures in riser flows. The intrinsic mechanisms
include (1) counterflow between back mixing solids and upward moving solids from
entrance, (2) the radial migration of solid flow from the wall toward the centerline of
riser, and (3) the nonuniform acceleration of solids across the cross-section in the
dense and acceleration regimes. The model, assuming one-dimensional two-phase flow
in each zone along the riser, consists of a set of coupled ordinary-differential equa-
tions developed from the conservation laws of mass, momentum, and energy of both
gas and solids phases. The solving algorithm is based on the Runge-Kutta method.
Our model calculations show that the commonly known “core—annulus (wall)” flow
structure occurs at low solids loadings and/or high gas velocities, whereas the core—
annulus—wall flow structure is formed at moderate solids loading and/or at low gas
velocities. With a high solids loading at low gas velocity, severe backflow results in a
solid concentration peak formed in the core, which not only causes the flow instability
but also possibly triggers the choking. Model simulations are validated by direct com-
parisons against measurements in solids concentrations as well as in the pressure drop
along the riser, which shows a fairly good agreement. © 2008 American Institute of
Chemical Engineers AIChE J, 54: 1459-1469, 2008
Keywords: heterogeneous structure, gas—solid riser flow, dense phase, acceleration

Introduction

Gas—solids riser flows can be found in many industrial

applications, including fluidized catalytic cracking, circulat-
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ing fluidized bed combustion, polymerization, chemical syn-
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Figure 1. Wall-annulus-core structure in CFB."°

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

thesis, and vertical pneumatic transport of solids.! In a gas—
solids riser flow, the hydrodynamic flow characteristics of
both gas and solids phases can be strongly heterogeneous,
represented by the nonuniform distributions of solids concen-
tration and phase velocities in both the axial and radial direc-
tions. The axial nonuniformity is due to the phase accelera-
tion, whereas the radial uniformity is mainly caused by the
wall boundary effect.

The heterogeneous flow structure has been poorly under-
stood, mainly because of the lack of appropriate measurement
techniques applicable to gas—solid riser flows at moderate or
high solids loadings, especially in the riser bottom where the
dense and acceleration regimes are located. The cross-section
averaged distribution of solids holdup along the riser is com-
monly estimated from the pressure drop measurements by
assuming the solids in a fully developed suspension state with-
out acceleration, which is probably true for gas—solid flows in
the dilute transport regime in the upper part of riser yet away
from the riser exit. The local solids holdup can be estimated
either from the intrusive probe measurements (e.g., optical
fiber probez; capacitance probe3’4) or from the nonintrusive
measurements (e.g., X-ray imaging’; y-ray imaging®; laser-
sheet imaging’; tomography8’9). Most of these techniques fail
to yield accurate and instantaneous measurements for a precise
description of the flow structure in a gas—solids riser flow,
especially near the wall region or in the riser bottom. The
recently developed electrical capacitance tomography (ECT)
appears to be the most promising tomography technique for
the flow structure diagnosis of gas—solid riser flows, with a
much improved spatial and temporal imaging resolution.’
Despite the lack of accurate measurements, it has become a
common understanding that the heterogeneous flow structure
in a cross section of riser can be, in general, described by a
core—annular structure, in which the upwards moving solids
are in the core, whereas a dense layer of solids, mostly likely
downwards moving, is in the wall (or annular) region. The
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solids concentration decreases monotonically toward the cen-
ter of the cross-section, whereas the solids velocity increases
monotonically toward the center. The solid concentration
monotonically decreases along the riser, typically in an S-
shape, where the transition from dense phase to dilute phase is
due to the solids acceleration. This core—annular cross-section
structure with an S-shaped axial distribution, however, does
not give a clear explanation of the flow structure in the bottom
of riser, where the downwards moving solids from the wall is
conceptually mixed with the upwards moving solids from the
riser entrance. Neither can the core—annular structure model
explain the choking—a critical transition of flow structure (and
solids transport) that occurs typically in relatively small-sized
risers at low transport velocities with moderate solids loadings.

Our recent measurements using ECT reveal that, under cer-
tain operating conditions, a radial symmetry of the time-aver-
aged solids holdup distribution, and shows that there exists a
double ring structure in solids concentration in a circulating
fluidized bed riser.'® As shown in Figure 1, in the dense and
acceleration regimes (represented by Planes 1 or 2), the solids
concentration is much denser than that in the annulus (except
in the wall region). This core—annulus—wall heterogeneous
structure, significantly different from the commonly known
“core—annulus (wall)” two-zone structure in riser flows,
becomes unstable with the increase in solids loading, which
eventually leads to the occurrence of chokingm. In the dilute
transport regime (represented by Planes 3 or 4), the solids con-
centrations, however, follow very much the “core—annulus
(wall)” two-zone structure. Such findings are very interesting,
because they indicate that the radial profile for some dense
phase riser flows could be of a core—annulus—wall three-region
structure rather than the widely accepted core—annulus (wall)
two-region structure.

Most models of heterogeneous flow structure are based on
the core—annulus (wall) flows,''™" which typically consider a
dilute uniform core flow, and a dense wall flow along the riser.
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These models fail to provide the detailed mechanisms in the
bottom region of riser where the flows can be very dense and
complex. A primitive model was lately proposed to interpret
the reported core—annulus—wall structure, ' using a simplified
kinetic theory model to account for the solids acceleration in
collision dominated dense flow regimes near the bottom of
riser. It is apparent, however, that the most traditional momen-
tum-based models with the assistance of a kinetic theory mod-
eling approach may be insufficient to describe some basic
physics of collision-induced energy dissipation in fluidization,
such as energy dissipations from tangential slip and rotational
slip. This deficiency may be represented by the inability to
correctly predict the pressure distribution in the dense flow
regime near the bottom of a circulating fluidized bed (CFB)
riser. The importance of correct account of energy transport and
dissipation in the momentum equation may be analogous to that
of k-¢ model in the turbulent momentum transport equations in
turbulence flows. Hence, an additional term due to energy dissi-
pation should be introduced into the solid momentum transport
equation in the collision and acceleration dominated regime.'”

This paper aims to present a complete study on the forma-
tion mechanisms of the heterogeneous structure (especially
the core—annulus—wall structure) in gas—solids risers using
both experimental and theoretical approaches. First we will
propose the physical mechanisms for the formation of vari-
ous heterogeneous structures in riser flows, including the
mechanisms leading to choking. Then we will outline a
mechanistic three-zone model, which is developed based on
various conservation equations as well as constitutive corre-
lations from the proposed mechanisms. By further assuming
a one-way coupling of phase interactions between the wall
and core—annulus regions, a simplified model simulation is
performed over a wide range of operating conditions. The
modeling predictions are then verified against ECT measure-
ments, in which the solids concentration distributions and
pressure drop distributions are directly compared. Parametri-
cal effects of solids loadings and gas transport velocities are
discussed to illustrate the characteristic differences of hetero-
geneous flow structures among the core—annular (wall) two-
zone structure, the core—annulus—wall three-zone structure,
and the unstable structures leading to choking.

Formation Mechanisms of Hetereous
Flow Structure

Let us examine the phenomenological structures of gas—sol-
ids riser flows with uniform inlet flow conditions, as shown in
Figure 2. The commonly understood parts of the heterogene-
ous flow structure consist a dilute phase transport in the core—
annulus region near the top of the riser, a dense phase trans-
port in the core—annulus region near the bottom of the riser, a
layer of downwards moving solids near the wall for most part
of the riser except for the entrance region, and a uniform
upwards moving gas—solids flow at the riser inlet. The parts of
the heterogeneous flow structure that require further explana-
tion include the detailed flow structural and behavioral infor-
mation right after the flow entrance, the counterflow mixing
between the downwards moving solids and the upwards mov-
ing solids in the wall region near the entrance, the structural
transition in the solids acceleration region, and the flow struc-
ture dependency of the pressure drop distribution.
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(a) Core-annulus (wall) model (b) Core-annulus-wall model

Figure 2. Heterogeneous flow structures in risers.

(a) Core—annulus (wall) model; (b) core—annulus—wall model.

From the phenomenological consideration, a wall region of
dense solids concentration has to be developed from the riser
bottom, because the averaged gas velocity in the wall region
becomes too low to support upward moving solids due to the
friction between riser wall and gas—solids flow. At a certain
bed height, the solids in the wall region have to exhaust all
their initial upward momentum and begin to fall due to grav-
ity. At this location, the averaged solids velocity in the wall
region is null. Thus, in the bed section near this height, all
solids from the upper wall region or from the lower wall
region are forced to migrate inwardly towards the riser col-
umn center.'” In a high convection riser flow (i.e., at a high
fluidization velocity and low solids loading) with little or
moderate backflow of solids, the inwardly migrating solids
are all entrained into the flow with few residual solids reach-
ing the center of the riser. In this case, the flow pattern is
commonly known as “core—annulus” two-region flow, where
the radial solids concentration gradually decreases toward the
centerline of riser, as illustrated in Figure 2a.

In other cases, especially with low fluidization velocities,
part of the inwardly migrating solids may reach the central
axis of riser. Because of the axial symmetry of a cylindrical
riser, a dense core region must be formed, as shown in Fig-
ure 2b. Required by a nearly equal axial pressure gradient in
all regions at the same bed height, the gas velocity in the
core tends to be lower than that in the annulus where the sol-
ids concentration is relatively leaner. The slower moving gas
in the core results in a lower acceleration of solids in the
core region, and hence preserves this core—annulus—wall
structure with a relatively higher solids concentration at the
core along the riser. In the mean time, based on the mass
balance of solids, the downwards moving solids in the wall
region in the upper part of a riser must come from those sol-
ids in the annulus and core. Hence, in the upper part of the
riser, the solids migration into the wall yields depletion in
solids concentration, which is severer in the core than in the
annulus. Therefore, near the top of a riser, a core—annulus—
wall structure technically still exists, yet it resembles the
commonly known core—annulus two-zone structure. Thus,
the formation mechanisms of the core—annulus and core—
annulus—wall structures can be fully explained.

Figure 3 shows the schematic radial distributions of solids
concentrations and solids velocities at an imaginary A-A
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Figure 3. Radial distributions of solids phase (in A - A plane).

(a) Solids concentration (core—annulus). (b) Solids concentration (wall-core—annulus). (c) Solids velocity (core—annulus). (d) Solids

velocity (wall-core—annulus).

plane in Figure 2. The core—annulus structure has a typical
paraboloidal distribution of solids concentration at any cross
section, with the solid concentration in the wall region much
higher than that in the core, as shown in Figure 3a. Whereas,
for the new revealed wall-core—annulus structure, there is a
peak in solid concentration in the core region. Even with the
peak in the core, the solids concentration in the wall may
still be the highest in the cross section, as shown in Figure
3b. Accordingly, the radial distributions solids velocities are
illustrated in Figures 3c, d, respectively, for cases of core—
annular structure and core—annulus—wall structure. It is noted
that, because of the wall friction and effect of boundary
layers, the solid velocity close to the wall in both structures
is not only much lower than that in central of the riser, but
also downwards moving under gravity. In a flow with the
core—annulus structure, the highest solid velocity is located
in the center of the riser flow, whereas for a flow with the
wall—core—annulus structure, solid velocities in both wall and
core region are lower than that in the annulus region.

Three-Zone Modeling
In reality the solids concentration distributions in both
radial and axial directions should be continuous, which
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indicates that a set of partial differential equations of variants
with respect to both radial and axial coordinates must be
dealt with in a complete hydrodynamic modeling of gas—
solid riser flows. A typical radial profile of solids concentra-
tion based on the optical probe measurements is shown in
Figure 4, which demonstrates that, although the actual radial
distribution is continuous, the profile can also be approxi-
mated, for the sake of simplicity, by a simple piecewise-uni-
form distribution in a three-zone structure. On the basis of
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Figure 4. Three-zone representation of solids concen-
tration distribution.™
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this approximation as well as observations from ECT mea-
surements, we further assume that the basic form of piece-
wise-uniform radial distribution is not only applicable to the
entire riser but also applicable to all gas—solid flow proper-
ties, so that the hydrodynamic model can be approximated
by a set of ordinary differential equations that depend only
upon the axial coordinate of riser.

Based on the core—annulus—wall flow structure with
piecewise-uniform radial distributions, independent govern-
ing equations can now be established for gas velocities,
solid velocities, and solid volume fractions in the entire
region of riser. A summary of these equations are given
as follows. Notations are referred to the section of list of
symbols.

Geometric relations and equation of state

A=A.+A,+ Ay (D
P

=— 2

P=%T (2)

a0 +o; =1, i=a,c,w 3)

Mass balance of solids

Overall balance:
GsA = Ps%sc US(‘AC + P50sa UsaAa + Ps%sw UswAw (4)

Core region:

d .
E (fxscps US('AL') = My (5)
Annulus region:
d . .
P (tsapsUsafAa) = Mgy — Mg (6)
Wall region:
d .
(Z(asprUSWAW) = —My, (7)

Mass balance of gas
GA = pa UA: + pa,UAg + poUyA,, (8)

Gas momentum balance

Overall:

d d
E( 3 apr?A,) =—La- Y P

i=a,c,w

- Z %ipgAi—Fpme  (9)

i=a,c,w

Core region:

d d
—(apUZA) = d—’Z’AC — FpcAc — tepgAe — Frae  (10)
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Annulus region:

d d,
—(aapUlAs) = **pAA — FpaAp — 0apgAs + Frae — Fraw
dz dz
(1)
Wall region:
d d,
E (“wpUa,Aw) = 7d_IZ7AW - FDWAW - angAw - Fﬁmw + Ffaw

(12)

Momentum balance of solids

jz< > OfsipfoiAi> = Z Fpid = ) aipgA;

i=a,c,w i=a,c,w i=a,c,w

d dei
+ > E(C,,p,-?> — Fpyy (13)

i=a,c,w
Core region:
d d dUs,.
E (O‘srfpsUschc) = FDCAC - ascAcpsg + a (Cppc d—Zﬂ)
+ ’h&‘(' U\'c (14)

Annulus region:

d d dUs,
E (“SapfogAa) = FpaAa — %saAapsg + E <Cppa 7)

— Mg Uxa + Mgy, Usw

(15)
Wall region:

d d dUy,
Z (OﬂsisinAw) = FDWAW - ‘“swAwpsg + E (Cppw %)

- mswUsw - Ffsw (16)

Definition of regional boundaries
Based on the ECT measurements,'* the zone areas appear to
have little variation along the riser, so that we may assume that
dA,,
dz

=0 (17)

.
v constant (18)

In summary, for a complete description of the core—annu-
lus—wall model of gas—solid riser flows, we have 14 inde-
pendent equations [(1)—(3), (5)—(8), (10)—(12), (14)—(16) and
(18)] for 14 independent variables (A¢, Ay, Aa, Uses Usas Usws
Oses Osas Osws Ue, Uay Uy, p, p). Hence, the problem is closed.
However, in order to solve for a specific gas—solid riser flow
application, the detailed flow boundary conditions and flow
operation conditions, as well as intrinsic correlations for
interzone transport (e.g., F¢’s), multiphase interactions (e.g.,
Fp’s) and transport coefficients within the same phase (e.g.,
C,’s), must be specified.

DOI 10.1002/aic 1463



Simplified Three-Zone Model

To further simplify the problem, we adopt the one-way
flow coupling between the wall region and the core—annulus
region. Namely, the gas—solid flows in the wall region are
predetermined from wall boundary conditions and decoupled
from the governing equations of the core and annulus region.
Why do we need to adopt this approach? First, there is no
mature hydrodynamic model to describe the complicated
mechanisms of gas—solid-wall friction and multiphase inter-
actions in the wall boundary layer region, where a dense
layer of moving solids is present. Second, the distribution of
solids backflow in the all region along the riser is difficult to
determine due to the lack of sufficient measurements and lit-
tle understanding about turbulent transport of solids across
the wall boundary layer. Third, little has been modeled on
the hydrodynamics of gas flow in the wall boundary layer
with a dense solids suspension. With such a one-way cou-
pling simplification, the coupled set of ordinary differential
equations becomes associated only with a core—annulus gas—
solid flow and with a given axial distribution of solids migra-
tion from the wall region along the riser. Hence, the com-
plexity of the problem is greatly reduced.

Flow characteristics in the wall region

Schematic distributions of the solids flow in the wall
region along a riser are depicted in Figure 5, with (a) for the
cross-section areca of wall zone, (b) for the solids volume
fraction, (c) for the solids mass flux across the wall-annulus
boundary, (d) for the solids velocity, and (e) for the wall-
entrance region. The characteristic heights of Z., Z;, Z,, and
Z3 denote, respectively, the end location of entrance regime,
the end location of upwards moving solids in the wall region,
the end location of radial-inwards migrating solids in the
wall region, and the height of riser.

Ay
Osw A
Z. 7 Z; Z3 a0 T
Usva Z. Z) 7 Z3
My U
0
. Z. 7 z 25 2
Z. 7, PN/ «d
Z
4
iz,

--------- [t

Ksabiiiii

R

/
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R

T

Ggo . 50 . Ugm Py

(e) wall-entrance region

Figure 5. Schematic profiles of solids flow in the wall
region.
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Based on the mass continuity and flow characteristics, the
distributions of solids mass flux across the wall-annulus
boundary must satisfy the following conditions:

7 73
/ My, dz = / Mg, dz (19)
Z) Zn

z 21
/l’;/lm (z) dz = [ Mg, (z) dz = G - Ay, (20)

20 Ze

22 Zoo

/n'1w dz :/ Mgy dz = GggA,, (21)

41 53

The distribution of solids velocity must satisfy the follow-
ing conditions:

dU,,

Ugl.—z,=0 and dz” . <0 (22)
z=Z;

Mg |.—g= Msw|.—z, = Mw|.z,= O (23)

drg,, drmg,,

@owl S0 and T <0 24)

dz =2, dz =2

It is noted that the distributions of cross-section area of
wall zone, solids concentration, solids velocity, and solids
mass flux across the wall-annulus boundary are not inde-
pendent of each other. Once three of them are determined,
the remaining one can be deduced from the mass conserva-
tion of solids. In this study, we choose to predefine the distri-
butions of cross-section area of wall zone, solids velocity,
and solids mass flux across the wall-annulus boundary,
whereas the distribution of the solid concentration is derived
from the other three. This kind of selection has the advantage
that the derived solids concentration distribution with the
available experimental data (such as from ECT measure-
ments) can be checked and validated or determined through
common sense at the bulk range.

The distributions of solids velocity and solids mass flux
across the wall-annulus boundary are assumed as follows,
which satisfy the integral or boundary conditions of Eqs. 19-24.

v (A
Uso |:—1+e U“"’( - I)i| 0<z<7;

Usw = i (25)
Uy |:71+97US” (277]):| 7 <z<Z3
HGoe—G0)Avez 0<z< %
4(Gone =G Ane (Z.~2) L.z,
2Gowe.0)An(z—7.) s ey
Mou(2)4 216 i 1) o (26)
W Z1<z< 2,
4(G—Gy)Aw(z—2Z2) (2,+23)
a2 ?2 S)Z c
s8—Gs0)Aw(Z3—2 n+z3
(23_22)2 2 S z S Z?

Now we need to determine the gas velocity distribution
in the wall region. In the wall-entrance region where
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0 < z < Z., the following boundary conditions can be
imposed:

au,
Uplig, =Use —— =0 (27)

Uw|r:R = 07 d
' 1r=R,

which defines a second-order polynomial for the radial
distribution of gas velocity as

~ U«R(R—2R,)
(R —R,)*

2UaL'Rw Uzl(f 2
R-R.)’  (R-R)

Uy (28)

The averaged interstitial gas velocity in the wall region
can thus be obtained as

R(R—2R,) 4 UuR,
, = YaRRZ2R) | 4 UscRe 1o | pp 1 g2)
(R—Ry,) 3(R-R,)
- ﬁ (R*+R%) (29)

In the wall region above the entrance, we ignore any mass
transfer of gas between the wall and core—annulus regions.

Intrinsic correlations

As mentioned earlier, the intrinsic correlations for inter-
zone transport (e.g., Fy¢’s), multiphase interactions (e.g., Fp’s)
and transport coefficients within the same phase (e.g., C,,’s),
must be specified in order to solve the coupled set of govern-
ing equations. For simplicity, in the consideration of inter-
zone momentum transfer, we only consider the cross-bound-
ary momentum transfer that results from the radial migration
of solids whereas the other interfacial momentum transports
(such as Fy’s) are ignored. Such simplification may be par-
tially justified by the fact that the actual radial distributions
of solids phase momentum are continuous.

The momentum transfer between the gas and solids phases
in each zone is modeled based on the Richard-Zaki equa-
tion,18 so that
Foi :BT“ x — 5 X (U - Uy) (30)
dsi (1 - fxsi)

To account for the effect of the interphase frictional and
interparticle collision, an additional term must be included in
the momentum equation of solids for solids flows in the
dense and acceleration region, which is estimated by'”

d(,. dU\ _Ai(. . [ dP
4 (0) - (- 0-o(2)) o

The energy dissipation function I'; can be further ex-
pressed in terms of the solids flow characteristics at minimum
transport':

N
T~y ket (32)
j=0

Simplified three-zone model
After the implementation of the wall flow model (Flow
Characteristics in the Wall Region section) and the intrinsic
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correlations (Intrinsic Correlations section) into the Three-
Zone Model (Three-Zone Modeling section), we can obtain a
simplified three-zone model that is summarized as follows:
Mass Balance of Solids
Core-region:

d Mgge
E (achsc) - P ZC (33)
Annulus region:
d ”hswa - ";1sc
— (t5qUsq) = —— 34
dz (O‘sa sa) pSAa ( )
Mass Balance of Gas
GA — po,, U,A,, = poUA: + po,UgA, (35)
Momentum Balance of Gas
Core region:
d 1| dp
aTZ(acU(Z,») = {—E—FDC —fxcpg] (36)
Annulus region:
d 1| 4
E(%Uﬁ) :; {—d—Z—FDA — ocapg} (37)
Momentum Balance of Solids
Core region:
d 1], My Use
= (o5.U2) = P JeFpc — dsepyg + A— (38)
Annulus region:
d 1 Mg, Uy — Mg U
7 (aUy,) = o | AeFpa = uapyg I (39)

Hence we have seven independent equations [(33)-(39)]
for seven independent variables (Us, Usa, Oses Ogar Uy Uay P)
in the annulus and core regions.

Experimental Approach

The experimental study provides the experimental data
base for validating the proposed three-zone model. Specifi-
cally, measurements are made for distributions of solids con-
centration in all three zones along the tested riser as well as
the associated pressure drop distribution along the riser. The
solids concentrations are determined from the ECT measure-
ments (with a double-check by optical probe measurements),
whereas the pressure drops are measured by a set of differen-
tial pressure transducers along the riser.

The riser is an integrated part of a circulating fluidized
bed system used in our previous studies,'® as shown in Fig-
ure 6, with an I.D. of 0.1 m and a height of 6.32 m. The sol-
ids circulation rate is measured by timing the falling distance
of tracer particles in the standpipe. The superficial air veloc-
ity is measured by a flow meter. The fluidized particles are
FCC catalysts.
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Figure 6. Schematic diagram of the riser system (CFB).

Results and Discussions
Model predictions vs. measurements

To validate our model, the model predictions of solids
concentration distributions and pressure distributions are
directly compared against the ECT measurements and the
pressure drop measurements under the same flow conditions.
In this part, two cases of different solids loadings at the
same gas velocity are investigated. Specifically, the solids
circulation rate is controlled at 1.32 kg/(m2 s) or 2.30 kg/(m2
s), whereas the inlet gas velocity is maintained at 0.97 m/s.
The averaged solids concentrations in the three zones were
measured at five different heights along the riser.

As shown in Figures 7a, b, both measurements and model
predictions suggest that the core—annulus—wall structure is
built up at the bottom part of the riser and kept stable along
the riser. The solid concentrations in each zone at the same
height of riser are not only significantly different but also
quite different in their distributions along the riser, indicating
a fundamental change in hydrodynamic characteristics of
solids in different zones. The solid concentrations in the core
and annulus regions decrease much faster than that in the
wall region in the lower part of the riser. It is interesting to
notice that, in the wall region, our model suggests that there
exists a peak in solids concentration before it decreases
quickly, possibly because of the collision effect between the
downwards moving solids from back flow and upwards mov-
ing solids from the entrance. Comparison of solids concentra-
tion distributions between measurements and model predic-
tions shows the model is quite successful, not only giving
excellent qualitative solids distributions of all regions but
also yielding very reasonable quantitative results in most of
these regions. Figure 8 illustrates the comparison of axial
distributions of pressure between the measurements and
model predictions, which also shows a very good quantitative
agreement.
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[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

June 2008 Vol. 54, No. 6 AIChE Journal



Effect of solids mass flow rate on flow structure

As mentioned earlier, in the riser flow with a low solids
mass flow rate, the inwardly migrating solids are all
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Figure 9. Effect of solid mass flow rate on flow structure.

(a) Two-zone structure [G, = 4 kg/(m? s)]. (b) Three-zone
structure [G5 = 10 kg/(m~ s)]. (c) Solid concentration reversal
in the core region [G, = 50 kg/(m2 s)]. [Color figure can be
viewed in the online issue, which is available at www.inter
science.wiley.com.]
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[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

entrained into the flow without any residual solids reaching
to the center of the riser. In this case, the riser flow has the
familiar “core—annulus” two-zone structure. However, if the
solids mass flow rate is increased to such an extent so that
some inwardly migrating solids can reach to the center of the
riser, the riser flow becomes the “core—annulus—wall” three-
zone structure. In order to illustrate the effect of solid circu-
lation rate on flow structure, various riser flows at the same
gas velocity but with different solid mass flow rates have
been predicted.

Figure 9 shows the flow structures of riser flows at a gas
velocity of 5 m/s and the solids mass flow rate varying from
4 to 50 kg/(m? s). As shown in Figure 9a with a low solids
mass flow rate [4 kg/(m2 s)], the riser flow clearly shows a
“core—annulus” two-zone structure, with little difference in
solids concentration distributions between the core and annu-
lus regions. With a moderate solids mass flow rate [e.g., 10
kg/(m2 s)], however, the riser flow becomes a “core—annu-
lus—wall” three-zone structure, with distinct differences in
solids concentration distributions among the core, annulus
and wall regions, as shown in Figure 9b. The “wall-core—
annulus” three-zone structure starts from the entrance of the
riser and exits throughout the entire riser. In the dilute trans-
port regime, however, the difference in solids concentration
distributions between the core and annulus regions becomes
much insignificant, compared to that in the dense transport
regime at the bottom of the riser. With a significant increase
in solids mass flow rate [e.g., 50 kg/(m? s)], as shown in Fig-
ure 9c, a reversal-hump-shaped distribution of solids concen-
tration occurs in the core region. The initial decrease of sol-
ids concentration is due to the entrance effect on wall bound-
ary layer development, whereas the hump results from a
combined effect of a strong immigration of solids to the core
region and a much reduced acceleration of the solids in the
core region. The formation of the peak solids concentration
in the core region can trigger the instability of the “core—
annulus—wall” three-zone structure. When the peak solids
concentration is high enough, the flow-induced particle—parti-
cle interactions (such as wake-induced collisions) will lead to
the collapse of the stable structure of solids in the core
region, like choking.
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ture [U = 10 m/s]. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley. This article presents a complete mechanistic model to
com] understand the general heterogeneous flow structure in gas—
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solid riser flow, especially the “core—annulus—wall” three-
zone flow structure and the unstable flow structure that leads
to choking. The model prediction results are directly com-
pared with experimental measurement using ECT technology,
which shows a fairly good agreement. The proposed mecha-
nisms and corresponding mathematical modeling yield a rea-
sonable explanation for the formation and flow conditions of
various heterogeneous structures. Effects of critical flow pa-
rameters such as solids mass flow rate and gas inlet velocity
have also been illustrated. Simulation results show that the
well-known “core—annulus” two-zone structure is easily
formed at high gas velocity and/or low solids mass flow rate,
and the “core—annulus—wall” three-zone structure always
happens at low gas inlet velocity and/or high solids mass
flow rate. The formation of reversal solids concentration pro-
files along the riser in the core region may be the underlying
cause of choking.

Notation
List of symbols

A = area
Cppi = transport coefficient
ds = average size of solid particles
Fp; = drag force
F; = friction force
G = flow flux
’”;’ls = solids transfer across interface

N = solid number in unit volume
p = pressure
R =riser radius
R, = wall region radius
U = velocity
z =bed height
o = solid concentration
1L = viscosity
p = density
I' = energy dissipation function
7 = back-mixing ratio (Gpac/Gs)

Subscripts

a = annulus region
¢ = core region

g = gas phase

s = solid phase
w = wall region
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