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A new concept to harness bubble dynamics in bubbling fluidization of Geldart D particles was proposed. Various
geometrical declinations of a cold-prototype corrugated-wall bubbling fluidized bed were compared at different flow rates
(Ug) to conventional flat-wall fluidized bed using high-speed digital image analysis. Hydrodynamic studies were carried out
to appraise the effect of triangular-shaped wall corrugation on incipient fluidization, bubble coalescence (size and
frequency), bubble rise velocity, and pressure drop. Bubble size and rise velocity in corrugated-wall beds were appreciably
lower, at given Uy/U,,, than in flat-wall beds with equal flow cross-sectional areas and initial bed heights. The decrease
(increase) in size (frequency) of bubbles during their rise was sustained by their periodic breakups while protruding through
the necks between corrugated plates. Euler-Euler transient full three-dimensional computational fluid dynamic simulations
helped shape an understanding of the impact of corrugation geometry on lowering the minimum bubbling fluidization and
improving gas distribution. © 2011 American Institute of Chemical Engineers AIChE J, 58: 2045-2057, 2012
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Introduction

Anticipating shortages in fossil energy supplies over the
next decades is mobilizing sustained efforts in industry and
academia to develop efficient renewable energy-based tech-
nologies. Residual (nonedible) biomass, owing to its carbon-
neutral appeal in relieving greenhouse gas emissions, is
explored as an alternative energy source to put a restraint on
fossil-energy reliance. Gasification technology for biomass
conversion is being brought into focus to convert residual
biomass into biofuels or bioproducts.' However, significant
R&D efforts are still required to come up with innovative
gasifier designs. Gasification technology must ideally be
bestowed with the following traits: auto/allothermal process,
nondiluted biosyngas abolishing downstream N, separation
or upstream O, enrichment, thermal coupling via microseg-
mentation between endothermic and exothermic steps to
improve heat exchanges and enhance thermal efficiency, and
high yield and heating value of biosyngas. These attributes
represent the foremost challenges next-generation biomass
steam gasifiers must cope with. With the endeavor of
approaching such ideal configuration, Iliuta et al.” proposed
a reactor concept of allothermal cyclic multicompartment
bubbling fluidized beds. Thermochemical conversion of bio-
mass in periodic time and space sequences of steam biomass
gasification and char/biomass combustion was envisioned in
which combustion compartments cyclically provide heat into
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an array of interspersed steam gasification compartments
(Figure 1). This concept could enhance unit heat integration
and thermal efficiency while procuring N,-free syngas
requiring no addition of oxygen (or air) to steam gasification
compartments or contact between flue and synthesis gases.

Most of the studies on indirectly heated fluidized-bed gas-
ifiers agreed on the challenging difficulties to achieve allo-
thermicity. These arise mainly because of significant heat
losses and poor heat transfer through the walls that separate
the combustion and gasification enclosures.” While the for-
mer concern can be resolved via the numbering-up of micro-
segmentation between the endothermic and exothermic
enclosures as illustrated in Figure SI1 (Supporting Informa-
tion), the latter needs further investigations as it is related to
the quality of fluidization. Hence, a further step to move on
with such a concept requires information-gathering about
cold-prototype hydrodynamic studies to ascertain bubble
structure, dynamics and distribution in non-cylindrical bub-
bling fluidization enclosures consisting of flat or corrugated
walls for heat transfer enhancement.

The efficiency of contacting between gas and particles in
bubbling fluidized beds is dictated to a large extent by the
bubble dynamics which impacts on heat (fluid-particle and/
or wall-to-bed) and mass transfers.'* As bubble breakup
and coalescence are directly controlling bubble growth and
frequency, and rise velocity,'>' a bubbling fluidized bed
achieving evenly distributed smaller-size bubbles is expected
to operate more efficiently.

Several strategies toward improving the efficiency of fluid-
ized beds have targeted renewal of the bubble surface to
interchange fluid between bubbles and interstitial gas in the
emulsion phase. Various researchers have realized the
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Figure 1. Concept of allothermal cyclic multicompartment fluidized bed for biomass steam gasification.

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

significance of bubbles in gas—solid fluidized beds and used
various internals, e.g., baffles, tubes, packings, and inserted
bodies, and other configurations to generate evenly distrib-
uted smaller bubbles to improve the quality of fluidization.
Their main features and inherited limitations have been thor-
oughly discussed by Jin et al.,** the core issues of which are
briefly summarized here, along with more recent find-
ings.>>® Most transverse baffles in fluidized beds effec-
tively increase gas residence time and reduce solids entrain-
ment. However, this is achieved at the expense of formation
at high gas velocities of unwanted gas cushions underneath
baffles.”>?” These dilute gas—solid environments hinder sol-
ids motion and favor axial particles segregation and large
pressure drops. Horizontal or vertical tube banks have been
used for bubble breakup and heat exchange purposes. While
vertical arrangements promote better heat transfer, horizontal
ones favor bubbles breakup. For an effective use, these have
to be placed closer to each other;*’ though closer spacing
can promote channeling and gushing both lowering gas—solid
exchange and heat transfer performances.”? Fluidized beds
have also been filled with stationary (regular or irregular)
and floating packings to break large bubbles for accomplish-
ing even gas distribution. However, when compared with
internals-free fluidized beds, their utilization is limited by
excessive pressure drop, dead spots, channeling—prompting
environment, segregation of particles, and lower effective
thermal conductivi‘[y.22 Other innovative designs have
recently emerged to reduce bubble sizes and to enhance gas—
solid contacting, such as the rotating fluidized bed and its
static variant with tangential gas injection,”** and electri-
cally stimulated fluidized beds applying electrical fields on
uncharged polarizable particles.30

The above survey reveals that the existing geometrical con-
figurations are not easily adaptable to the slim, parallelepipe-
dic and juxtaposed multicompartments depicted in Figure 1 to
control bubble structure and dynamics under bubbling fluid-
ization regime as in our proposed setup. Hence, we propose to
explore in this study a new concept to harness bubble dynam-
ics in bubbling fluidization by investigating different arrange-
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ments of walls with corrugated geometries. To the best of our
knowledge, no study is presently available in the literature to
address hydrodynamics in corrugated-wall bubbling fluidized
beds (CWBFB). In this regard, the proposed research work
encompassed cold-prototype experiments to study the effect of
corrugations (corrugation angle, interwall clearance, flat ver-
sus corrugated, face-to-face opposite or parallel corrugations,
horizontal or inclined channel) on minimum bubbling veloc-
ity, and bubble size, frequency, and rise velocity. The various
geometrical declinations of the cold-prototype CWBFB were
compared to the classical flat-wall bubbling fluidized bed
(FWBFB) using high-speed digital image analysis (DIA).
Euler-Euler transient full three-dimensional (3D) computa-
tional fluid dynamic (CFD) simulations were implemented to
help understanding the hydrodynamic behavior of CWBFB
and to elucidate the origins of fluidization inception as related
to corrugation geometrical features.

Experimental

The experiments were carried out in FWBFB and CWBFB
made of 2-mm-thick transparent polycarbonate sheets having
dimensions as shown in Figure 2a—c and Table 1 (other
arrangements are also sketched in Figure SI2, Supporting In-
formation). The seven geometries tested in this work were
differentiated using the following nomenclature. F_A and
F_B refer to the flat wall geometry for two different initial
bed heights, respectively, shallow (F_A, rest height, H; =
0.15 m) and deep (F_B, rest height, H; = 0.3 m). Two clear-
ances (C = 0.028 m and 0.038 m, Figure 2a) were tested for
the FWBFB. The corrugated-wall geometries were labeled as
C0_X with C standing for corrugated, 0 for the corrugation
angle (90° and 120°) and X for distinguishing the horizontal
(X = A, B), the opposite inclined (X = C, D), and the paral-
lel inclined (X = E, F) flow channels, Figure 2c. The chan-
nels in the opposite and parallel inclined setups were always
inclined at 45°. Geometries with X = A, C, and E refer to
the shallow beds (H; = 0.15 m) whereas X = B, D, and F
correspond to the deep beds (H; = 0.3 m). The interwall gap
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Figure 2. Details of (a) flat wall, (b) corrugated wall, and (c) geometrical arrangements of corrugated wall beds
(horizontal, parallel inclined, and opposite inclined).

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

between the viewing corrugated sheets was adjusted to yield
a neck clearance, Cy, of 0.015 m (small gap) or 0.025 m
(wide gap) for the CWBFB (Figure 2b). A constant corruga-
tion depth, d., equal to 0.013 m was kept for both 6 = 90°
and 120° corrugations, resulting in neck-to-neck vertical dis-
tance, d,, of 0.03 m for C90_A,B, 0.043 m for C90_C, D, E,
F, 0.052 m for C120_A,B, and 0.073 m for C120_C, D, E, F
in the fabricated setups (Figure 2b). The average free cross
section of the corrugated sheet was estimated from the neck
clearance, C, the hip clearance, C», i.e., the largest passage,
and the sheet width, W, as W(C,+C,)/2 where the width for
all the configurations was kept constant at W = 0.3 m.

Air was used at ambient conditions as the fluidizing agent.
A schematic representation of the experimental setup is
given in Figure 3. Geldart D particles were selected as these
are difficult to fluidize and show poor quality of fluidization
with slugging and spouting in conventional fluidized beds,*

so the designs of flat- and corrugated-wall beds will address
the quality of fluidization. Our working hypothesis is that
improvements, if any, brought by corrugated geometries on
the fluidization quality of Geldart D particles, a fortiori,
would translate for particles of other Geldart classes in an as
good, if not better, fluidization quality. The selected glass
beads had density and diameter of 2500 kg/m® and 1.2 mm,
respectively. A pressure transmitter having a span of 1 psi
was used to register the pressure difference by a data acqui-
sition card (National Instrument, USB-6009). Ten equidistant
taps, 0.025 m apart (Figure 3), were used to register the
pressure drop readings. The first pressure tap was located
0.055 m above the bed distributor. To estimate bubble prop-
erties in both FWBFB and CWBFB, images of the whole
bed were taken by a high-speed digital camera (HS-200 TSI,
640 x 480 resolution, software Insight 3G) over 30 s long-
time spans at fps = 205 frames per second.

Table 1. Summary of CWBFB and FWBFB Geometries Tested in This Study

CWBFB H; (m) 0 ) 10° x C; (m) 10° x d, (m)
C90_A Horizontal 0.15 90 15, 25 30
C90_B Horizontal 0.3 90 15, 25 30
CI120_A Horizontal 0.15 120 15, 25 52
C120_B Horizontal 0.3 120 15, 25 52
C90_C Opposite inclined 0.15 90 15, 25 43
C90_D Opposite inclined 0.3 90 15, 25 43
C120_C Opposite inclined 0.15 120 15, 25 73
C120_D Opposite inclined 0.3 120 15, 25 73
C90_E Parallel inclined 0.15 90 15, 25 43
C90_F Parallel inclined 0.3 90 15, 25 43
CI120_E Parallel inclined 0.15 120 15, 25 73
C120_F Parallel inclined 0.3 120 15, 25 73

FWBFB H; (m) 10® x C (m)
F_A Flat 0.15 28, 38
F_ B Flat 0.3 28, 38
Mass of particles (kg)

CO_A,C, E 2.21 2.99
CO_B, D, F 4.41 5.99
F_A 2.21 (C = 0.028 m) 2.99 (C = 0.038 m)
F_B 4.41 (C = 0.028 m) 5.99 (C = 0.038 m)
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Figure 3. Schematic diagram of experimental setup
using digital image analysis technique.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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The incipient fluidization condition was determined exper-
imentally for each configuration of FWBFB and CWBFB by
using pressure drop—gas superficial velocity (AP — U,)
plots. For Geldart D particles, an increase in U,, albeit small,
immediately prompts formation of rising bubbles after onset
of fluidization in cylindrical or flat-wall fluidized beds, i.e.,
U ~ Umb.8 Gas flow was progressively increased from
fixed to fully fluidized bed before it was decreased again to
reach the initial rest state. The minimum bubbling velocity
was determined by taking the mean of two values obtained
from these increasing and decreasing trends. It is designated
as URW and US)Y for the FWBFB and CWBFB, respectively.

Xu et al.3ln estimations indicate that a small portion
(15-20%) of steam fed to a fluidized bed gasifier participates
in the reaction—the rest serving to maintain fluidization. Air
in fluidized bed combustors is apportioned in a similar way
to fluidize coal and inert particles.8 Provided efficiency is
not jeopardized, the design of beds operating at lower gas
flow rates while ensuring fluidization is preferable. Hence, in
this study’s context, the degree of fluidization captured via
the Uy/Upp, ratio would be a better descriptor than the excess
gas velocity U, — Uy, when comparing the various bed
designs at iso Uy/Uy,, ratio values.

Note that the values for the FWBFB clearance C were
adjusted to be, correspondingly, equal with the average
clearance values (C;+C,)/2 in the CWBFB geometries. In
addition, an identical mass of the solids inventory was used
for the F_A, CO_A, C6_C, and CO_E geometries to achieve
exactly the same bed heights at rest, H; = 0.15 m (Table 1).
A similar care was used in packing the beds for the F_B,
C6_B, CO_D, and CO_F geometries to yield a matching
height, H; = 0.3 m. Constraining the values of the clearances
enabled comparison between flat and corrugated beds under
equal average superficial velocities and U,/Uy, ratios,
whereas forcing equal rest bed heights for flat and corru-
gated enclosures allowed assessing the gas-particle frictional
behavior (same number of solid particles in vessels) as
affected by the constraining wall tortuosity, especially near
the onset of incipient fluidization.

Using a DIA, images were captured from the widest front
side of the bed while the bed backside was exposed to a
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powerful light source (2 kW total lighting power). The field
of view interrogated by the camera was 0.3 m in width and
0.27 m and 0.12 m in height for the deep and shallow
options, respectively. The first 0.03 m above the distributor
was excluded because of fabrication constraints. Then a se-
ries of image processing steps were carried out which used
pixel intensity to discriminate between bubble and emulsion
phases.>”* Figure SI3 (Supporting Information) shows the
workflow algorithm used to estimate bubble properties (bub-
ble sizes, velocity, and frequency). Based on this algorithm,
a computer program was written in MATLAB. The accu-
racy of image analysis method was tested by measuring
calibrated circular, triangular, and rectangular transparent
discs having areas from 177 to 11,304 mm?. These phan-
toms were placed at various locations in the flat and corru-
gated beds. In particular, to check for the optical bias
resulting from the corrugated geometries, the phantoms
were located at both necks and hips. Examples of calibra-
tions for flat (F), 90° (C90), and 120° (C120) corrugated
walls using circular and rectangular shaped disks of various
sizes are shown in Figure SI4 (Supporting Information).
This figure is a parity plot in which the actual phantoms’
projected areas are compared to those reconstructed from
our image analysis procedure. It can be concluded that the
bubble geometry will be properly captured by our proce-
dure.

All the experiments were carried out at 1.1, 1.25, 1.4, and
1.55 times the U, to achieve incipient fluidization conditions,
i.e., at Upy, for the two different initial bed heights. U, in
the case of CWBFB was calculated based on the average
cross section of the bed. The experimental setup was placed
in a dark room (except a halogen backlight) where the data-
acquisition computer was isolated from the experimental
setup with the help of a black curtain to minimize the effect
of background light.

Bubble size evolutions were expressed as area-weighted
mean bubble diameters instead of the arithmetic-mean or
equivalent-diameter from mean area.”” The first step of
image postprocessing consisted in determining the surface
area and centroid of each bubble. A bubble was associated
with a given elevation when the bubble centroid coincides
with the respective vertical position, regardless of lateral
position. Up to 900 bubble occurrences were counted at a
given elevation over a period of 30 s. The bubble frequency,
fB, at a particular elevation was calculated by dividing the
total number of bubbles by 30 s. In a subsequent step, the
area weighted mean bubble diameter, Dy, was estimated at
each elevation from the ith bubble equivalent diameter, D;,
and surface area, A;, defined as:

Dy — 24 )
T
A;D;
Dy = = )

YA

A bubble rise velocity, Uy, was calculated with respect to
the centroid vertical displacement, J., between two consecu-
tive images:

dc

Uy=—"7—
° fps~!' + .

3
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[Color figure can be viewed in the online issue, which is
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where 7. represents the exposure time (= 0.2 ms). Rise
velocities accounted for in the statistics involved exclusively
those bubbles which retained more or less a constant projected
area between two consecutive images so that events resulting
from breakup or coalescence in the interim period were
voluntarily discarded. Bubbles whose projected areas re-
mained constant within £10% were selected.

Computational Aspects

Literature studies showed that CFD simulations can be
relied upon to estimate minimum fluidization or bubbling ve-
locity in flat or cylindrical-wall fluidized beds using Geldart
D particles. Hence, the onset of incipient fluidization was
identified from CFD-generated (AP — U,) or (granular tem-
perature — U,) plots, from noting the abrupt changes in
simulated pressure drop or particle velocity time series or
from analysis of solids granular temperature.*®*°

In this work, Euler-Euler full 3D unsteady CFD simula-
tions were carried out to predict the effect of corrugation on
minimum bubbling velocity with the aid of FLUENT 6.3.26.
Parallel processing on a core-2-Duo CPU associating eight
processors was used to perform the simulations. Examples of
grid structures of FWBFB and CWBFB generated with
GAMBIT are shown in Figure 4 with mesh extrusion con-
ducted along X-direction (vessel width, X ¢ [0,W]). A com-
prehensive grid-independence study was also performed by
considering various cell sizes as summarized in Table 2.

Simulations were performed with the 3D pressure-based
solver in a second-order implicit unsteady formulation and
gradients were estimated by the Green-Gauss cell based
method. Momentum balance and granular temperature equa-
tions were solved using third-order MUSCL discretization
scheme, and volume fraction using Quick scheme. Pressure—
velocity coupling was made by the phase coupled SIMPLE
algorithm. All the simulations used a small value of under-
relaxation factors for pressure, momentum, volume fraction,
and granular temperature in the first few seconds, which
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were then increased to 0.4 for pressure and momentum and
to 0.2-0.3 for volume fraction and granular temperature.
Convergence was assumed for each time step as all residuals
fell below 1077,

Air was the continuous primary phase, while solid par-
ticles were the secondary discrete phase. At inlet the mass
flowrate of continuous phase (air) was used as boundary con-
dition with a range from 0.003 to 0.023 kg/s and a volume
fraction of one. Particle velocities (and solids volume frac-
tion) were set to zero at the inlet. The pressure boundary
condition at bed outlet was assigned the atmospheric pres-
sure (pressure outlet). The bed walls were treated as no-slip
for gas and free-slip for solids phase with granular tempera-
ture flux equal zero. Initially, both phases were assigned
zero velocities in all directions. Granular temperature and
bed solids volume fraction were initialized with 10~'" m%s~>
and the measured value of 0.62, respectively. A value of
107° for solids volume fraction was used in the free board
region to achieve convergence during numerical simulations.

Table SI1 (Supporting information) summarizes the two-
fluid Euler-Euler conservation equations implemented in Flu-
ent. A value of the coefficient of restitution for particle colli-
sions equal to 0.93 was used to estimate the solids pressure
and the solids stress—strain tensor components.*' The Gidas-
pow model for granular viscosity and conductivity, the Lun
et al. model for granular bulk viscosity, solids pressure, and
radial distribution were selected to estimate the secondary
phase properties, such as, granular temperature.41

Initially, a time step of 10> s was used and then was
gradually increased to 10™* s. Time-averaged results were
obtained over periods 25-30 times the mean residence time
of gas phase in the bed. To achieve representative time aver-
ages, the first 10- to 15-s history was not included in the
time averaging.

Results and Discussion
Effect of corrugation on minimum bubbling velocity

CWBFB and FWBFB geometries can be mutually com-
pared on the basis of U, as their average-enclosure cross sec-
tions are equal. Gas, injected from the bottom of the corru-
gated bed, passes upward through a series of converging and
diverging sections. Hence, two additional local superficial gas
velocities, U; and U,, are also defined by dividing the volu-
metric flow rate, respectively, by the neck and the hip cross-
sectional areas for the corrugated enclosures (Figure 5).

Figure 6 illustrates the evolution of bed pressure drop as a
function of superficial gas velocity for F_B (C = 0.028 m) and
C120_B (C; = 0.015 m) arrangements with equal average
cross-sectional areas and rest bed heights. It can be seen that a

Table 2. Grid Independence Study (d, = 1.2 mm)

Directions Grid size
X (width) F_B: 3d, (selected), 4.2d,, 5d,,
C120_B: 2d,, 3.7d,, (selected), 5d,,
C120_D: 2d,, 3.9d,, (selected), 5d,
C120_F: 2d,, 3.2d,, (selected), 5d,,
Y (vertical) F_B: 3d, (selected), 4.2d,, 5d,,

C120_B: 2.7d,, (selected), 3.7d,,
C120_ D &F: same as X (width)
Z (horizontal) F_B: 3.3d, (C = 0.028 m)
C120_B (C, = 0.015m): 1.25d,, (neck), 3.4d,, (hip)
C120_D&F (Cy = 0.015m): 1.6d,, (neck), 4.3d,, (hip)
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ing-diverging walls and mechanistic interpre-
tation of minimum bubbling fluidization con-
dition in CWBFB (side view).

CWBFB requires a lesser superficial velocity to reach mini-
mum bubbling state than a FWBFB does, i.e., USY <UY.

A fixed-bed state in the corrugated geometry can be main-
tained at a given U, only if the corresponding U; does not
exceed the minimum fluidization velocity, U&‘,’JV, of the flat-
wall vessel. However, due to wall corrugation, fluidization
betides earlier for a given U, when compared with flat geome-
try (Figure 6). The differing gas velocity profiles from neck to
next hip in the corrugated enclosure prompt large disparities in
particle drag forces causing the fixed-bed pressure drop in the
corrugated-wall setup to exceed that in the flat-wall one for
the same U,. In view of the increased wallwise tortuosity of
the porous medium, CWBFB higher pressure drops in the
packed bed state (U, < Uyyp) is expectable. However, once the
incipient fluidization barrier is crossed to enter the bubbling
fluidization regime (U, > Uy,,) the pressure drop in the corru-
gated beds becomes even lower than that accomplished in the
flat wall geometry at the same U, (Figure 6). This state has to
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Figure 6. Estimation of incipient bubbling condition by
—AP vs. Ug through CWBFB (C120_B, C; =
0.015 m) and FWBFB (F_B, C = 0.028 m), based
on equal average-enclosure cross section.
In CWBFB, the condition has been achieved at low flow-
rate when compared with the FWBFB. [Color figure can

be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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be emphasized as ultimately the application concerns fluidiza-
tion and not fixed beds. Even if the corrugated-wall fixed bed
is more dissipative than its flat-wall analog, the extra dissipa-
tion due to corrugation does not exceed 20%. This is not ex-
cessive for the gain in pressure dissipation achieved in the flu-
idization state with the corrugated walls (about —20%).

While increasing Uy, a point is reached where U, ~ ULV
even though U, for the C120_B geometry is still less than U;Vg
(Figure 6). Any further increase in gas flow-rate beyond this
point leads to the formation of short-lived bubbles within the
converging (conyLP) and diverging (p;,LP) low pressure zones
depicted in Figure 5. However, these leadoff bubbles do not
bear enough momentum to protrude through the adjacent con-
verging (conyHP) and diverging (p;yHP) high pressure zones
(Figure 5). An unstable flow pattern hence arises in CWBFB in
which the low-pressure zones, barely agitated by the short-lived
bubbles, are trapped between almost motionless high pressure
zones. This makes delineation of a minimum fluidization veloc-
ity, Une, in CWBFB geometries venturesome. After further
increase in gas flow-rate, bubbles acquire sufficient size/mo-
mentum to cross the whole bed lengthwise. When this occurs
for the first time, the gas superficial velocity, U, is referred to
as the minimum bubbling velocity, USY (Figure 6).

These findings regarding the incidence of corrugation on
U, are more or less generalizable for the corrugated config-
urations studied here, see Figure 7. Additionally, it was
found that, unlike USXJV, UngV was less sensitive to initial bed
height. Also, at the incipient bubbling point, i.e., U, = Ur(fl‘;’
the neck-based velocity U, was always greater than U,
see Figure SIS (Supporting Information); however, the hip-
based velocity, U,, never exceeded Um (results not shown).

The percent decrease in U, to achieve minimum bubbling
conditions was 22% (C120_B, C; = 0.015 m) and 43%
(C90_B, C; = 0.015 m) with respect to F_B (C = 0.028 m),
and 6% (C120_B, C; = 0.025 m) and 26% (C90_B, C, =
0.025 m) with respect to F_B (C = 0.038 m), respectively.
Thus, the narrower the neck the stronger the retreat of mini-
mum bubbling velocity, everything else being kept identical.

Referring to the same vessel geometries as in Figure 6,
the CFD-simulated time-averaged fields of gas velocity (col-
ored with gas holdup value), and (F,, F,, and F.) drag force
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Figure 8. Time-averaged gas velocity field in FWBFB
(Umb = 0.93 m/s) and CWBFB (U,, = 0.73 m/s)
at Uy = Uy, (side view). Insets show enlarged
view between Y = 0.135 and 0.18 m, slice
taken at X = 0.152 m for F_B (C = 0.028 m) and
for C120_B (Cy = 0.015 m, C, = 0.041 m). Con-
tour color parameterized with gas voidage.

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

components at slice position X = 0.152 m in FWBFB (U, =
USW = 0.93 m/s) and CWBFB (U, = USYY = 0.73 m/s) are
portrayed, respectively, in Figures 8 and 9. The two insets in
Figure 8 are enlarged side views of the velocity fields
between elevations ¥ = 0.135 and 0.18 m.

Unlike the FWBFB quasiunidirectional flow, the intersti-
tial gas velocity peaked periodically while gas was funneling
through the necks and then sagged at the approach of the

Drag force (N/m?)
l ' I £.64e+03

i g

x ¥ z

CWBEFB hips (Figure 8). Gas holdup climaxed at the necks
(Figure 8) echoing the periodic pattern of gas velocity. Also,
high-gas holdups were more prominent in the low-pressure
converging zones, conyLP, than in the diverging ones, p;,LP,
(inset in Figure 8). Both, however, incarnated as many sites
propitious to bubble inception as confirmed by visual obser-
vations. Despite a lower superficial gas velocity in CWBFB,
the particles in the con P and p;,LP zones were experienc-
ing much higher drag forces, especially the y- and z-compo-
nents, than in FWBFB (Figure 9). Hence, the peaking phe-
nomena in the necks all concur in explicating the precocity
of incipient bubbling fluidization due to corrugated walls in
accordance with Figures 6 and 7 experimental findings.

The CWBFB and FWBFB gas holdup and granular temper-
ature profiles (Figure 10a,b) were compared at ¥ = 0.158 m
and 0.18 m at their respective minimum bubbling velocities.
Note that ¥ = 0.169 m is the elevation where the CWBFB is
as wide as the FWBFB which demarcates the converging
high-pressure and low-pressure zones (Figure 5). The FWBFB
gas holdup is bracketed in-between its CWBFB counterparts
at the neck (Y = 0.18 m) and the hip (¥ = 0.158 m). This trend
is consistent with the fact that the FWBFB is running at higher
U, (= 0.94 m/s) than the CWBFB (U, = 0.73 m/s). It is also
sound with regard to the regions prone to bubbles inception as
discussed in connection with Figure 8. The CFD simulations
also suggest that after crossing the p;,HP zone (¥ < 0.158 m),
gas builds up near the walls more than at the centerline where
the conyLLP zone begins (Y = 0.169 m). Though the hip plane
is less prone to particle fluctuating movements than at the
FWBFB corresponding height, particle velocity fluctuations
intensify toward the neck plane (Figure 10b). These fluctua-
tions in the cq, LP area (0.169 < Y < 0.18) even exceed their
FWBFB counterparts. In addition, it is where the gas holdup
tends to accumulate the most, i.e., around neck centerline (Fig-
ure 10a), that the strongest fluctuating particles motion occurs
(Figure 10b). Below Y = 0.158 m, the main motion of particles
in the p;,LP and p;,HP would be due to displacements by the
nose of uprising bubbles, tantamount to a forced drift motion.
After repositioning and collection of gas flow in the ¢y, HP,
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Figure 9. Time-averaged x-, y-, and z-components of drag force for the same conditions as Figure 8 (side view).
CWBFB drags at necks exceed those achieved with FWBFB causing incipient bubbling to occur at lower

gas flow rate.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Representative horizontal profiles (side
view) of (a) gas volume fraction and (b)
granular temperature taken from Figure 8
simulation at vertical positions Y = 0.158,
0.169, and 0.180 m (see Figure 5).

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

the higher gas fraction at ¥ = 0.169 m near the walls causes
more particle motion fluctuations than in the center.

CFD simulation reveals that CWBFB offered better gas
distribution than FWBFB (Figure 11 and Supporting Infor-
mation Figure SI6). To compare gas distribution in corru-
gated beds, Figure. 11a,b contour plots portray the time aver-
aged gas holdup at three bed z-locations (depthwise) in
inclined parallel (Figure 11a, C120_F) and inclined opposite
(Figure 11b, C120_D) CWBFB at minimum bubbling condi-
tions (see Figure 4 and Supporting Information Figure SI2).
The channels’ directional bias led to a higher gas voidage at
the top right corner in C120_F (Figure 11a) coinciding with
uneven bubbles eruption to the freeboard. Experimental
observations also confirmed that this parallel configuration
brought about a clearly discernible biased gas flow direction.
Snapshots in Figure SI7 (Supporting Information) show a
few instances of gas—solid fluidization in the parallel-
inclined C90_F CWBFB at different superficial gas veloc-
ities. The discernible biased gas flow direction was due to
the unidirectional corrugations the channels form between
two neighboring necks. A stronger bias effect of corrugations
on gas flow direction was found in the C90_E and F config-
urations when compared with C120_E and F configurations.
This could be explained by the lesser minimum bubbling
velocities required with corrugation angle 90° than with
120°. For instance, the availability of lesser excess gas in
C90_F (Uyp = 0.63 m/s) than in C120_F (U, = 0.692 m/
s) led to smaller bubbles in the former than in the latter. Op-
posite inclined geometries such as C120_C&D and
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C90_C&D CWBEFB, unlike the parallel inclined geometries,
eliminated completely the biased flow and led to much better
gas distributions (Figure 11b). This time the flowing gas was
facing bidirectional channels on either wall of the bed.
Therefore, the arrangement and angle of corrugation were
very important features of corrugated beds which would
affect the quality of fluidization.

It can finally be concluded that CWBFBs offer an advant-
age with respect to flat-wall beds as the former require lesser
gas flow-rates to achieve minimum bubbling conditions,
though at the expense of a higher bed pressure drop. CFD
simulations identified the necks in CWBFB as being respon-
sible for prompting minimum bubbling fluidization at lower
superficial velocity when compared with FWBFB. This
behavior was corroborated via the peaking gas holdup, gran-
ular temperature, and vertical drag force component at the
neck plane of the corrugated walls.

Effect of corrugation on bubble distribution and size

A trajectography analysis of bubbles displacements in flat-
wall versus corrugated-wall vessels was performed by plot-
ting the time evolution of bubble centroids tracked over 30 s
history as illustrated from the vessels front views in Figure
12a—e and Supporting Information Figure SI8(a,b). In these
figures, each case refers to U, = 1.4Uy,,. These trajectories
look like streaks, especially discernible for F_B vessel (Fig-
ure 12a), and conform to the life-time each captured bubble
resides within the view field.

Bubbles in FWBFB propagate predominantly according to
a (short-circuiting) vertical pattern (Figure 12a) while being
distributed over the whole bed. However, the parallel hori-
zontal corrugations C120_B (Figure 12b) and C90_B (Figure
12¢) induce a peculiar pattern with densification of bubble
events along the horizontal necks. In the case of C90_B, the
bubbles mainly traveled in the central region of the bed leav-
ing bubble-lean zones on either side of the bed. Similar
behaviors are reproduced with the C120_F (Figure 12d) and
C90_F [Supporting Information Figure SI8(a)] parallel
inclined corrugations where a unidirectional inclined bubbles
flow took place. Finally, the cross flow and zigzag motion of
bubbles in the opposite inclined corrugated configurations was
observed in C120_D (Figure 12e) and C90_D [Supporting In-
formation Figure SI8(b)] resulting in an improved gas distribu-
tion. Necks would increase gas-phase residence time in these
latter geometries. The localized crowd effect resulting from
the trajectory densifications shown in Figure 12b—e is redolent
of a particularly active bubble breakup process. This latter
leads to the formation of more bubble off-springs in the necks
from the fewer and larger parent bubbles that evolved in the
(less-densely populated) interneck spaces. Necks, hence, act
as many internal redistributors, virtually impeding escapement
of large bubbles and perpetually reforming them into smaller
bubbles. This function of necks would support the soaring gas
holdups revealed earlier on the basis of CFD simulations.

The vertical profiles of the area-weighted mean diameter
of bubbles are shown in Figure 13 for the flat bed F_B (C =
0.028 m), the corrugated horizontal (C120_B and C90_B)
and the inclined opposite (C120_D and C90_D) CWBFB
with C; = 0.015 m and all operating at 1.4U,,,. The Hilli-
gardt and Werther'” and the Lim et al." correlations for flat-
wall bubble size evolutions are also shown for illustration.
The latter correlation appears to describe very well the bub-
ble size evolution corresponding to our flat-bed setup.
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Figure 11. Time-averaged gas holdup contours (XY
planes at three z-locations) in CWBFB (C; =
0.015 m) at Uy = Un,, (@) C120_F, (b) C120_D.
C120_D offers better gas-distribution when
compared with C120_F.
Inclined corrugations in parallel promote bubble erup-
tion at same bed corner (encircled region). [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

The periodic oscillations in bubble sizes are noteworthy for
all the four corrugated-wall beds (Figure 13); troughs coincid-
ing with necks and apices with hips. Clearly, necks operate as
pervading bubble breakup artifices whereas hips allow coales-
cence to recoup again. In general and as expected, flat-wall
fluidized beds offer larger bubbles than the corrugated-wall
beds. Exceptions, however, may arise as seen with excursions
in bubble size for the C120_B geometry. Bubbles larger than
of the flat geometry may periodically overshoot nearby the
CWBFB hips presumably because bubble coalescence was
more exacerbated. Conversely, the C90_B configuration led to
the smallest bubble sizes (Figure 13) where bubble coales-
cence was presumably retarded the most. However, based on
the trajectography results of Figure 12c, this configuration suf-
fers severe channeling toward the center and exhibits poor dis-
persion for redistributing laterally the smaller bubbles.

Changing 0 from 90° to 120° did not reflect as signifi-
cantly on bubble sizes for the inclined corrugation as in the
case of horizontal corrugations (Figure 13). For these latter,
d, = 0.052 m for the C120_B unit had a dramatic promoting
effect on bubble growth compared to d,, = 0.03 m for the
C90_B unit. Among the four arrangements of Figure 13, the
C90_D geometry represents the best compromise in terms of
reduction of bubble size and distribution over the fluidizing
medium [Supporting Information Figure SI8(b)]. This can be
ascribed to the fact that in opposite inclined CWBFB, at a
given elevation Y and while sliding widthwise along X, the
C,/C, ratio shrinks and stretches periodically (Figure 2c).
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Figure 12. Trajectography of bubble centroids over 30 s in bubbling regime at Uy = 1.4U,,, vessel front view (a)
F_ B (Unp = 0.93 m/s), (b) C120_B (U,,, = 0.73 m/s), (c) C90_B (U,,, = 0.54 m/s), (d) C120_F (U, = 0.69
m/s), and (e) C120_D (Upp = 0.71 m/s). (H; = 0.3 m, and C = 0.028 m or C; = 0.015 m).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 13. Vertical variation of area-weighted mean
bubble diameter in FWBFB (C = 0.028 m)
and CWBFB (C; = 0.015 m) at Uy = 1.4Up.
CWBFB offer smaller bubbles (except C120_B at hips)

due to continuous breakup phenomena at necks and
lesser excess gas (Uy — Uy,,) than FWBFB.

This is unlike the horizontal corrugations where this ratio
stands still along X axis at any given elevation Y (Figure
2c). Therefore, the inclined opposite CWBFBs are facing
simultaneously more of both bubble coalescence and breakup
phenomena at a given elevation Y than in the case of the
corrugated horizontal CWBFB.

Lateral and vertical coalescence were equally active in
flat-wall geometries. Supporting Information Figure SI9(a)
shows the location of three rising bubbles (1a, 2a, and 3a) at
instants ¢ and ¢ + Ar for the flat bed F_B. Bubbles coalesced
laterally (la and 2a yield la + 2a) and vertically (bubble la
+ 2a attracts past bubble 3a in its wake) in flat-wall geome-
tries. Horizontal corrugations in C120_A&B and C90_A&B
forced bubbles to move vertically straight, leading to small
bubbles that were born in the necks to mostly reunite around
hips. Bubble coalescence in C120_A&B units was more
prominent than in C90_A&B because the neck-to-neck dis-
tance, d,, is about 1.7 times larger (Table 1) which increased
the probability of coalescence. The gas superficial velocity
was roughly reduced by a ratio C,/C; from neck to hip
planes. Hence, bubble growth nearby the hip plane was
accomplished through the merger (1d) of slowed-down front
bubbles (1c) near the hip with relatively faster bubbles/jets
(2c) cropping up from below as shown in Supporting Infor-
mation Figure SI9(b) for the C120_B unit. Opposite inclined
corrugations (C90_D) imparted rising bubbles in zigzag
upward motion [Supporting Information Figure SI9(c)].
Small bubbles initially moving upward at time ¢ in one
direction at 45° angle changed direction after a while (at ¢ +
At). Necks would consequently increase gas-phase residence
time in this geometry.

Effect of Uy/U,,;, on bubble size, frequency, and rise
velocity

Figure 14a—c depict the effect of Uy/U, on the vertical
profiles of area-weighted mean bubble diameter and bubble
frequency in FWBFB (F_B, C = 0.028 m) and CWBFB
(C120_D and C90_D, C; = 0.015 m) units. An expected
increase in bubble size with gas velocity was confirmed
regardless of the vessel geometry. In the case of flat-wall ge-
ometry, Figure 14a shows that the quality of fluidization
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begun to deteriorate starting from U, = 1.4U,,, resulting in
the formation of slugs, 0.06 to 0.12 m in size (equivalent di-
ameter), particularly in the upper half section of bed (0.15 m
< Y < 0.3 m). On the contrary, the quality of fluidization in
the (opposite inclined) corrugated vessels improved, and slug
formation was repelled up to 1.55U,,, (smaller bubbles than
achieved in F_B unit) and took place closer to the bed disen-
gagement (0.2 mm < Y < 0.3 mm) as exposed by the bub-
ble size profiles in Figure 14b,c. Hence, it may be concluded
that CWBFB can exhibit a broader operational range than
FWBFB and can be operated up to higher gas flow-rates
while avoiding slug formation.

As far as bubble frequency was concerned, an expected
decrease in frequency along bed height was obtained at all
the flow conditions of the F_B unit (Figure 14a). At the low-
est U, value, bubble frequency barely changed as a function
of Y and bubble coalescence was the least. At elevations pre-
ceding slug formation, the frequency of bubbles increased
with increasing U, as a result of availability of more excess
gas. Ultimately, slugs formed in the bed upper part due to
boosted bubble coalescence.

Very peculiar bubble frequency measurements were
obtained in the case of CWBFB. The use of CWBFB for
given Uy/Up, and elevation contributed to increase bubble
frequency by reducing bubble size even if the beds operated
at lower excess gas than flat walls. For instance, the excess
gas velocity in F_B (U, = 0.93 m/s) amounted to 0.372 m/
s, whereas for C90_D (U, = 0.766 m/s) it attained about
0.31 m/s, nearly 18% less than in F_B. This is due to the
special feature of corrugated walls in opposite inclined walls
as discussed in connection with Figure 13 and Supporting In-
formation Figures SI8(b) and SI9(c) above as they offer
intermeshed bubble coalescence and breakup phenomena
along X directions. Within the same CWBFB, an increase in
gas velocity also resulted in increased bubble frequencies.
Also, bubble frequency was observed to be more sensitive to
gas superficial velocity in the lower-half section of the beds
when compared with the upper-half section (Figure 14b,c).

Figure 14b,c also reveal that the oscillatory behavior of
bubble frequency and bubble diameter are in “phase opposi-
tion””; bubble size is maximum, and bubble frequency is
minimum in the hips and bubble size is minimum and bub-
ble frequency is maximum in the necks of the corrugated
fluidized beds. It may be possible that bubble size reduction
nearby the neck regions presumably could proceed following
shrinkage of the large bubbles via local replenishment of the
emulsion phase with interstitial gas. This in turn could lead
to the formation of small bubbles in the neck regions
explaining the surge in frequency of the smaller bubble
sizes. This mechanism cannot be ruled out and may be con-
current with the simpler mechanism whereby larger bubbles
in the neck regions erode due to the very strong shearing
action manifesting there to yield their smaller bubbles off-
springs. DIA technique registers and counts rising bubbles
(whether deforming their shapes or experiencing coalescence
and breakup) through necks and hips. On the basis of this
counting, the periodic behavior in bubble frequency data in
Figure 14b,c confirms that bubble breakup and coalescence
are active.

Figure 15 shows a typical trend of bubble rise velocities
along the vertical direction for three bed geometries:
FWBFB (F_B, C = 0.028 m) and CWBFB (C120_D and
C90_D, C; = 0.015 m) units. The inclined trajectories of
bubbles, as imposed by the inclined opposite corrugated
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Figure 14. Effect of Uy/Un, ratio on bubble growth and
frequency for (a) F_B, (b) C120_D and (c) C90_D
fluidized bed units. Slug formation dotted line
Uy/Ump = 1.4 (flat wall) and 1.55 (corrugated
wall), empty symbol: D,,, filled symbol: fg.

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

walls, in addition to reducing bubble sizes, also, correla-
tively, contributed in decreasing their rise velocity in com-
parison with a flat-wall geometry.

Conclusions

Gas—solid mixing and heat transfer problems could still
demand for new efficient designs of gas—solid fluidized beds.
As heat transfer depends on gas—solid mixing, and is directly
controlled by bubble sizes and distribution, the current
research work focused on improving bubble properties. A new
design of CWBFB was proposed in a quest for better fluidiza-
tion quality with smaller bubbles. It was observed that
CWBFB effectively reduced the gas flow-rate required to
achieve incipient fluidization when compared with flat-wall
fluidized beds with equal cross-sectional area for the same
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gas—solid system. This could economize the process by lower-
ing the demand of extra unreacting gas (e.g., air in combustion
and steam in gasification unit) required to fluidize the par-
ticles. Experimental results obtained at U, equal 1.1, 1.25, 1.4,
and 1.55 times the minimum bubbling velocities for Geldart-D
particles indicated that CWBFB decreased sensibly the bubble
sizes when compared with the flat-wall setups. This was attrib-
uted to the less excess gas (U, — US,) and continuous bubbles
breakup phenomena at the necks of CWBFB. A continuous
increase/decrease in bubble growth was obtained with decreas-
ing/ increasing trends in bubbles frequency. Bubble rise veloc-
ity mirrored those trends. Slugging was repelled up to higher
flow-rates in CWBFB enlarging their operational range with
better quality of fluidization. While comparing different con-
figurations of corrugations in CWBFB, it was concluded that
opposite inclined corrugated beds (C120_C&D and
C90_C&D) maintained a right balance between bubble sizes
and their spatial distribution. Two neck clearance values (C,
= 0.015 m and 0.025 m) were tested for a constant corrugation
depth in the current study. Image analysis results showed that
a better quality of fluidization could be obtained at C; < 0.025
m. However, increasing C led to bed behaviors closer to those
in a flat-wall bed.

Particles circulation and wall-to-bed heat transfer studies
in case of corrugated walls are as important as bubble dy-
namics studies. Currently, study of the former two aspects is
under progress and will hopefully be the subject of future
communications. Bed visual inspection already revealed that
horizontally arranged corrugated walls occasion dead zones
in the hip corners. Inclined arrangements, on the contrary,
clearly promote a convective downward flow of particles—
when these are not circumscribed in the bubble wakes—
along the inclined walls which may improve mixing and
wall heat transfer. Therefore, corrugation (0) and inclination
(o) angles for the same clearance between walls would play
crucial roles in suppressing dead zones. As far as FWBFB
are concerned, calming zones are also possible at the
extreme ends of beds for high flow rates whereby larger bub-
bles mainly protrude through the bed central part. Such
calming zones are suppressed in the CWBFB owing to a
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Figure 15. Effect of corrugation on vertical bubble rise
velocity at Uy = 1.4U,, for F_B, C120_D and
C90_D fluidized bed units: (C; = 0.015 m, C
= 0.028 m).Fluctuating behavior due to con-
tinuous change in bubble size.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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better gas distribution. CFD simulations validated that
CWBEB offer high gas hold up and drag force at necks than
FWBFB easing formation of bubbles and achieving earlier
incipient fluidization condition. In addition, opposite inclined
CWBFB setups offered superior gas distribution than
FWBFB.

Finally, to incite comparisons of corrugation over baffles
in bubbling fluidization, air cushions in CWBFB did not
form with the former. Even if the corrugated-wall fixed bed
is more dissipative than its flat-wall analog, the extra dissi-
pation due to corrugation does not exceed 20%. The distance
between adjacent layers of baffles is often in the range of
0.4-0.6 m, whereas in CWBFB the neck-to-neck distance
(d,) varies from 0.03 to 0.073 m generating bubbles with
sufficient momentum to come across the adjacent hip zones
and ultimately the whole bed. Baffles cannot produce bub-
bles with sufficient momentum at low gas flow rate to cross
0.4-0.6 m high bed sections. Compared to the minimum
interbaffle distance of 0.4 m, CWBFB offers five times
(C120_D, d, = 0.073 m) and up to nine times (C90_D, d, =
0.043 m) more bubble breakup sites. Our work proposed to
explore slim, parallelepipedic and juxtaposed multicompart-
ment gas—solid fluidized beds in which each compartment
can work independently easing heat integration; baffles could
barely lend themselves to such adaptation.
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Notation

A; = surface-area of bubble, mm?
C = clearance between flat plates in FWFB, m = (C1+ C,)/2
C; = neck clearance in CWBFB, m
C, = hip clearance in CWBFB, m
D,, = area-weighted mean bubble diameter, m
d. = corrugation depth, m
D; = equivalent diameter of bubble, m
d,, = neck-to-neck vertical distance, m
d, = particle diameter, mm
F; = i-th component drag force per unit volume, N/m*
[ = bubble frequency, Hz
fps = frames per second, Hz
H; = Initial height of the bed, m
U, = gas superficial velocity at C;, m/s
U, = gas superficial velocity at C,, m/s
U\, = bubble rise velocity, m/s
= gas superficial velocity, m/s
Uy = minimum bubbling velocity in BWFB, m/s
v; = i-th component interstitial gas velocity, m/s
W = width of fluidized bed, m
AP = pressure drop, kPa
X, Y, Z = cartesian coordinates, m

Greek letters

d. = bubble centroid vertical
consecutive images, m

0 = corrugation angle (90° and 120°)

T, = exposure time, s

displacement between two

Abbreviations

CWBFB = corrugated-walled bubbling fluidized bed
DIA = digital image analysis technique
FWBFB = flat-wall bubbling fluidized bed
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