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Abstract

This work concerns with the evaluation of a scaled ‘magnetically assisted circulating fluidized bed’, with a circular cross-section. Flow behavior
and solids distributions were determined in a riser (0.032 m i.d. × 1.5 m height) of magnetite particles (dp = 425 �m, Φ = 0.86, ρs = 4500 kg m−3),
in the experimental range (Ug = 4.2–5.3 m s−1; Gs = 30.1–40.3 kg m−2 s−1), which covered the fast fluidization flow regime. A shutter arrangement
was used to measure the solids circulation rate. The riser is equipped with a pressure tapping at an interval of 0.3 m to detect the axial pressure
profile, which helps in calculating the apparent solids holdup in that section. The plots conditions were distinguished by variations of parameters
(net solids circulation rate, flow velocity, magnetic field intensity) at various heights along the riser for presence and absence of magnetic field. It
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s predictable, that the magnetic field has a significant influence on fluidization phenomenon along the whole riser, especially for the dilute section.
t appears that, for applied magnetic field, the solids holdup begins to increase, this most likely indicates the starts of a ‘transition’ towards much
denser’ suspension.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Gas–solid reactions occur in a wide range of chemical
rocesses, including coal combustion, fluid catalytic cracking
FCC), fluid hydroforming, the Synthol FischerTropsch syn-
hesis, and the production of maleic anhydride, alkylate and
igh-purity alumina. The two reactor configurations that are
ften employed for such reactions are the bubbling fluidized bed
nd the circulating fluidized bed (CFB). Unlike the bubbling bed,
hich operates at a relatively low velocity with minimal parti-

le carryover, the CFB unit runs at a velocity high enough to
nsure that both the gas and solid phase exit from the top of the
eactor. After separation from the gas via a cyclone, the particles
re returned to the riser reactor section and thus are continually
irculated throughout the CFB reactor. The benefits of the CFB
onfiguration over the bubbling bed include greater contacting
etween the two phases, higher throughput, and continuous cat-
lyst regeneration if necessary.

Fluid catalytic cracking (FCC) is a trillion dollar world-
wide industrial operation that converts heavy hydrocarbons
(petroleum) to lower molecular weight products, such as gaso-
line [1,2]. The development of very active catalysts allowed
the cracking to be completed in short-contact-time riser (verti-
cal pipe) reactors. Hence, the older bubbling-bed reactors were
replaced with risers. However, it was only a decade ago that the
oil industry using gamma-ray techniques [3] learned that their
large-diameter risers operate in the core-annular flow regime: the
core is very dilute. The core-annular structure leads to two main
problems: (1) inefficient gas–solids contact and (2) back mixing
due to nonuniform radial distributions [4]. Therdthianwong and
Gidaspow [5] reported that the absorption of sulphur dioxide by
210 �m calcined dolomite particle in a riser is much smaller in
the dilute core compared to the absorption in the dense core.
This unfavorable radial volume fraction distribution of solids in
the riser has led to consideration of new schemes of contacting
for a refinery of the 21st century.

Here we are mainly concerned with the application of mag-
netic field to a CFB riser. A conventional CFB with the magnetic
field will have a change over due to interparticle attraction [6–8].
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In a fast-fluidized bed in which the bottom zone has dense
structure and upper dilute region with core-annulus model will
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Nomenclature

dp particle diameter (�m)
Gs solid circulation rate (kg m−2 s−1)
H magnetic field intensity (A m−1)
Ug superficial gas velocity (m s−1)
Umf minimum fluidization velocity (m s−1)
z axial height of a riser (m)

Greek letters
�P pressure drop
ρs density of material (kg m−3)
Φ shape factor

convert the bottom zone in to its compact structure. The applied
field intensity causes an interparticle attraction and will turn the
lower zone into small clusters, with further increase in magnetic
field intensity (H) to larger cluster and finally in to a magnetically
frozen bed. This change is likely to convert CFB to a batch MSB
(magnetically stabilized bed). However, with the moderate field
intensity this structure will be different. Magnetically aligned
particles in the bottom zone with the sufficient velocity to lift
them in the upper zone (core-annulus region) will put this par-
ticle in orderly structure of chains and concentration in the core
as well as annulus will be homogenous. Compared to CFB reac-
tor, the particles in a magnetically assisted CFB reactor, do not
suffer as much mechanical agitation, leading to reduced particle
attrition. In addition, the magnetic forces in the ‘magnetically
assisted circulating fluidized bed’ reactor suppress the formation
of gas bubbles, resulting in better interphase contacting [9].

The present investigation has been aimed in applying an axial
magnetic field to a laboratory circulating fluidized bed so as to
study the effect of magnetic field on pressure drop, solids holdup,
at various heights along the riser.

1.1. Axial variation of solid holdup by pressure tapping
technique

Many studies have come along in the literature apportion-
ing with axial solids distribution along CFB risers [10–12]. It
is most often expressed as either a plot of the axially averaged
solids suspension density or voidage versus heights. This pro-
file is experimentally resolved from the pressure distribution
along the riser, realizing that the suspended solids constitute
the major subscriber to the pressure drop, �P/�L = ρP(1 − εg)g.
This establishment neglects acceleration, gas and solid wall fric-
tion, and gas density [13].

The experimental work of Yerushalmi et al. [10] is usually
conceived as the pioneering academic study of the axial solids
distribution in circulating fluidized bed risers. They discoursed
the densification at the riser base and suggested several advan-
tages of operating in the fast fluidization regime. Kwauk et al.
[11] manifested the coexistence of a dense phase at the bottom of
the riser below a dilute phase exserting to the top of the riser, and
furnished the mathematical expression for identifying the char-
acteristic S-shaped voidage distribution that they experimentally
evaluated, indicating the vague boundary between dense and
dilute regions. They also circumscribed fast fluidization as the
regime in which the suspension density is dilute at the top and
dense at the bottom with an inflection point in between.

In the present study, the influence of magnetic field on indi-
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Fig. 1. Experimental setup of the ‘mag
idual and overall, pressure drop and solids holdup in the riser
ection of a ‘magnetically assisted circulating fluidized bed’ has
een evaluated.

. Experimental setup

The schematic diagram of the experimental setup is shown in
ig. 1. The experimental unit consists of a riser 0.032 m diameter
olumn with 1.5 m height followed by cyclone. The downcomer
art consists of 0.04 m pipe with a shutter arrangement for the

lly assisted circulating fluidized bed’.
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measurement of solids circulation rate. The solids were fed back
to the storage vessel provided at the base with an arrangement to
keep the material in the storage vessel above minimum fluidiza-
tion level. The inclined pipe from the storage vessel joined to the
base of the riser was provided with a butter fly valve to feed the
material in the riser at desired mass flow rate. Air in the exper-
imental range, Ug = 4.2–5.3 m s−1, has been used as fluidizing
agent, whereas for the particulate phase, magnetite material with
a particle size, dp = 425 �m (Φ = 0.86, ρs = 4500 kg m−3) has
been used. The magnetic field was generated by eight solenoids
and by adjusting the suitable distance between each solenoids,
an axial uniform magnetic field can be generated. The operating
mode is ‘magnetization last’ according to the classification of
Hristov [14].

The riser is equipped with a pressure tapping at an inter-
val of 0.3 m to detect the axial pressure profile, which helps
in calculating the apparent solids holdup in that section. The
solids circulation rate was calculated by adjusting certain mass
flow rate of solids in the riser. When the flow was stabilized the
lower butterfly valve feeding the material to the riser and shutter
arrangement below the cyclone was simultaneously closed, the
mass of material collected for the known time helped in get-
ting the solids circulation flux. This was repeated for three times
under the same experimental condition to obtain a mean value.

3. Results and discussion
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Fig. 2. Axial distribution of pressure profile at a constant gas velocity,
Ug = 4.5 m s−1 (i.e. U/Umf = 10) for two different solid circulation rate:
(a) Gs = 33.71 kg m−2 s−1 and (b) Gs = 40.3 kg m−2 s−1, with varying field
intensity.

recorded near the riser bottom are significantly affected by parti-
cle acceleration as well as by solids entry configuration. Beyond
this region the solids holdup exponentially decreases, eventu-
ally approaching a constant value higher up the riser, or follow
an S-shaped profile, with a dense phase at the bottom and a
dilute region at the top. The solids holdup increases, for increas-
ing solids circulation rates, Gs (Fig. 4(a–c)), as well as for
applied magnetic field with the respective solids circulation rates
(Fig. 5(a–c)) due to which, relatively dense structure covering
the entire column height. While, at the same time, for the above
operating condition the solids holdup decreases with increasing
gas velocity (Figs. 4(a–c) and 5(a–c)). These trends are consis-
tent with the earlier results for absence of magnetic field [16,17].

The influence of superficial gas velocity can be observed
in Fig. 6(a and b), where the solids holdup between z = 0.31
and 0.61 m is plotted against the superficial gas velocity with
solids circulation rate as the varying parameter for absence of
magnetic field (H = 0 A m−1) and presence of magnetic field
(H = 1.4382 × 104 A m−1). At the lowest solids circulation rate,
Gs = 30.1 kg m−2 s−1, the decrease in solids holdup with increas-
ing gas velocity is relatively small. The dense phase starts to
build up in the riser at low gas velocity (Fig. 6(a and b)), and a
higher solids circulation rate needed to achieve high-density con-
ditions at higher gas velocities. The variation of solids holdup
Fig. 2(a and b) shows the axial pressure profiles of ‘mag-
etically assisted circulating fluidized bed’ riser operated at a
as velocity, Ug = 4.5 m s−1, with varying magnetic field inten-
ity for two different solids circulation rates. The total pressure
rop appears to be level off with increasing the magnetic field
ntensity, indicating that, the whole riser is under high-density
ondition. An approximately linear relationship is obtained for
resence of magnetic field and absence of magnetic field having
dense bed structure at the bottom and lean bed in the upper

art of the riser (Fig. 2(a and b)). The linear portion is consistent
ith results presented by Vander Schaaf et al. [15].
Fig. 3(a and b) shows the axial profiles of time-averaged

olids holdup determined from pressure drops at a gas veloc-
ty, Ug = 4.5 m s−1 with varying field intensity for two different
olids circulation rates. The local time-averaged solids holdup
ecreases slightly along the riser from bottom to top. For increas-
ng solids circulation rate in presence of magnetic field, the
ime-averaged solids holdup increases along the riser height.
n the upper part of the riser where the lean bed conditions
re attained the increase in solids holdup is marginal for low
ntensity field (H = 1.1825 × 104 A m−1) and is maximum for
ncreasing magnetic field intensity. The interparticle attraction
ue to magnetic field [6–8] is the cause of such a rise in the
alues of pressure drop (�P) and solids holdup.

Figs. 4(a–c) and 5(a–c), show the axial profiles of appar-
nt solids holdup in the riser at various solids circulation
ate (Gs = 30.1, 33.4, 37.5 kg m−2 s−1) for absence of mag-
etic field (i.e. H = 0 A m−1) and presence of magnetic field
H = 1.4382 × 104 A m−1) with varying gas velocity (Ug = 4.2,
.8 and 5.3 m s−1). The extremely high apparent solids holdup
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Fig. 3. Axial distribution of solid holdup at a constant gas velocity,
Ug = 4.5 m s−1 (i.e. U/Umf = 10) for two different solid circulation rate: (a)
Gs = 33.71 kg m−2 s−1 and (b) Gs = 40.3 kg m−2 s−1, with varying field inten-
sity.

with gas velocity is again small once high-density conditions
have been established.

Similarly, Fig. 7(a and b) is plotted against the super-
ficial gas velocity between z = 0.61 and 0.91 m with solids
circulation rate as the varying parameter for absence of
magnetic field (H = 0 A m−1) and presence of magnetic field
(H = 1.4382 × 104 A m−1). The difference is the solids holdup
is less for absence of magnetic field (Figs. 6(a) and 7(a)) com-
pared to the presence of magnetic field (Figs. 6(b) and 7(b)),
for the respective gas velocity and solids circulation rate. It is,
because, with applied magnetic field the voidage decreases and
the particle–particle collisions becomes more significant. Fur-
thermore, with applied magnetic field, the formation of clusters
and aggregation of solids can be considered to become more
predominant.

Fig. 8 shows the plot of mean solids holdup at various
heights along the riser as a function of solids circulation flux at,
Ug = 4.2 m s−1 for absence of magnetic field (H = 0 A m−1) and
presence of magnetic field (H = 1.4382 × 104 A m−1) between
z = 0.31–0.61 and 0.61–0.91 m. Fig. 8 shows a dense structure
starts to form along the riser height when solids circulation rate
increases. For low solids circulation rate, Gs = 30.1 kg m−2 s−1,
the solids holdup is low and all the particles are observed to be
carried upward in pneumatic transport mode [18]. As the solids

Fig. 4. Longitudinal profiles of apparent solids holdup for different solids
circulation rate: (a) Gs = 30.1 kg m−2 s−1, (b) Gs = 33.4 kg m−2 s−1, (c)
Gs = 37.5 kg m−2 s−1, at a magnetic field intensity, H = 0 A m−1, with varying
gas velocity.

circulation rate is increased, their concentration rises. Further
increasing Gs leads to a point beyond which the solids can no
longer be suspended individually, and the suspension collapses
initiating choking and fast fluidization flow regime [19]. Besides
this, when the solids circulation rate is raised further, in the dilute
section above the dense zone, particles starts to move down at the
wall and more solids refluxing occurs. These are all associated,
with increasing solids circulation rate for absence of magnetic
field (i.e. H = 0 A m−1). In order to avoid such complexicity and
to increase the solids suspension density without changing the
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Fig. 5. Longitudinal profiles of apparent solids holdup for different solids
circulation rate: (a) Gs = 30.1 kg m−2 s−1, (b) Gs = 33.4 kg m−2 s−1, (c)
Gs = 37.5 kg m−2 s−1, at a magnetic field intensity, H = 1.43 × 104 A m−1, with
varying gas velocity.

wide range of solids circulation fluxes, the super imposed mag-
netic field applied to a CFB riser.

Fig. 8 shows sharp rise in the solids holdup for presence of
magnetic field compared to absence of magnetic field at the same
operating conditions in a ‘magnetically assisted circulating flu-
idized bed’. The dense region has spread to the whole section
between two pressure measurement points. Since, for applied
magnetic field the solids concentration increases due to inter-
particle attraction and they formed a cluster, due to which the
dense suspension encroaches further and further up the riser and

Fig. 6. Influence of superficial gas velocity on apparent solids holdup at a con-
stant field intensity: (a) H = 0 A m−1, (b) H = 1.43 × 104 A m−1, between z = 0.31
and 0.61 m for various solids circulation rates.

this dense region exhibits relatively homogeneous flow struc-
ture as compared to absence of magnetic field (Figs. 3(b) and
8). The solids refluxing usually observed near the wall of a
dilute CFB risers (for absence of magnetic field), no longer
exists; instead the whole suspension appears to be relatively
homogeneous with moderate upward and downward velocity
fluctuations.

It has merited attention, that the solids holdup is level off by
the application of magnetic field along the whole riser section,
without increasing the solids circulation rate. The achievable
difference for presence of magnetic field and absence of mag-
netic field is shown in Fig. 8. Since, the dense region expands
for the applied magnetic field the intersection points differ for
each height, i.e. different levels in the riser attains high-density
condition in presence of magnetic field for the given superficial
gas velocity.

For the dilute section between z = 0.31–0.61 and 0.61–0.91 m,
seen in Figs. 8, 6(b), 7(b), and 3(b), it is predictable, that the
magnetic field has a significant influence on fluidization phe-
nomenon along the whole riser section and appears that, for the
applied magnetic field the solids holdup begins to increase. This
most likely indicates the starts of a ‘transition’ towards much
‘denser’ suspension.
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Fig. 7. Influence of superficial gas velocity on apparent solids holdup at a con-
stant field intensity: (a) H = 0 A m−1, (b) H = 1.43 × 104 A m−1, between z = 0.61
and 0.91 m for various solids circulation rates.

Fig. 8. Apparent solids holdup as a function of solids circulation rate between
z = 0.31–0.61 and 0.61–0.91 m, at a constant gas velocity, Ug = 4.2 m s−1 for two
different field intensities, H = 0 and 1.43 × 104 A m−1.

4. Conclusion

The pressure drop and solids holdup increases along the riser
height, with increasing magnetic field intensity. They were found
to correspond to gas–solids turbulent interaction due to magnetic
field intensity and solids circulation rate.

The extremely high apparent solids holdup recorded near the
riser bottom and beyond this region the solids holdup exponen-
tially decreases, or follows an S-shaped profile, with a dense
phase at the bottom and a dilute region at the top. For varying
superficial gas velocity and solids circulation rate, the increase
of solids holdup for absence of magnetic field is less compared
to presence of magnetic field.

Since, with the applied magnetic field the voidage decreases
and the particle–particle collisions become more significant.
Furthermore, with increasing the magnetic field intensity, the
formation of clusters or aggregation of solids can be considered
to become more predominant, due to which the dense suspen-
sion encroaches further and further up the riser. This dense region
exhibits a relatively homogeneous flow structure as compared
to absence of magnetic field (Figs. 3(b) and 8).

From the ‘magnetically assisted circulating fluidized bed’, it
is predictable, that the magnetic field has a significant influence
on fluidization phenomenon along the whole riser, especially for
the dilute section. It appears that, for applied magnetic field with
the respective solids circulation fluxes, the solids holdup begins
to increase. This most likely indicates the starts of a ‘transition’
towards much ‘denser’ suspension.
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