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a b s t r a c t

An innovative vertical transport tube system has been developed to enhance heat transfer between flu-
idized beds and axial solids circulation within a fluidized bed reactor. Vertical lift tubes pick up particles
from the bottom of the reactor, carry them through a fluidized bed burner before discharging them above
the reactor bed surface. A full-scale experimental setup was designed to test the effects of different oper-
ating conditions on the solids flow through the lift tube. The heat transfer and mass flowrate through the
lift tube are altered by varying the fluidization conditions, the motive gas flowrate and the location of a
motive gas nozzle with respect to the tube. Increasing the pressure downstream of the lift tube reduces
the solids flow. A preliminary study on the heat transfer benefit of the lift tubes was also performed on
Motive nozzle
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another laboratory apparatus: implementation of a single lift tube increased the heat transfer coefficient
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eat transfer between the central and a
has been successfully imp

. Introduction

In many processes, the use of fluidized bed reactors is lim-
ted by the inability to transfer enough heat in or out of the bed.

any situations also require two fluidized beds to be completely
egregated to avoid contamination or reaction between the com-
ounds present. A new technology has, therefore, been developed
o enhance heat transfer in standard and annular fluidized bed reac-
ors. In the case of an endothermic reaction, vertical lift tubes pick
p particles from the fluidized bed reactor, carry them through
high temperature burner, and then discharge them above the

eactor bed surface. In case of exothermic reactions, solids can be
ransported through the lift tube and through a cooling water bath
or heat removal. A diagram of these scenarios is shown in Fig. 1.
s a result of the vertical movement of the solids, the lift tubes
lso provide axial solids mixing. This paper focuses on the identifi-
ation of the operating conditions required to maximize the solids
ow through the lift tubes, as pneumatic transport line studies have

ound the heat transfer to be positively correlated to the solids flow
1,2]. Results of a preliminary heat transfer experiment will also be

resented.

Although there is no published study of similar lift tubes, many
esearchers have investigated the effects of tube position and flu-
dization velocity on the flow of solids through a draft tube in a
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r bed from 25 to 400 W/m2 K at optimal flow conditions. This technology
nted in a full-scale annular pyrolysis reactor.

© 2008 Elsevier B.V. All rights reserved.

uidized bed [3–7]. Song et al. [6] found that the type of distributor
ad little effect on the solids flow, as long as the fluidization gas
as introduced in a way that allowed for gas bypassing from the

nnulus to the draft tube. Song’s experimental setup was similar
o that used in this study, the distance between the tube and dis-
ributor was variable and a separate sparger plate controlled the
as flow to the draft tube. These authors found that the flowrate
f solids increased with increasing annulus fluidization gas, tube
as, and gap height between the tube and the gas injector at higher
nnulus gas flowrates.

Yang and Keairns [7], however, showed that in a spout-fluid bed
ith draft tube, larger gap heights resulted in a decrease in the

olids flowrate. They attributed this to startup problems created
y the tube gas bypassing the draft tube. Therefore, in a fluidized
ed with a draft tube, at some critical gap distance, gas bypassing
ill switch direction from annulus-to-tube to tube-to-annulus; this

auses a change in the dynamics of the system which results in a
ecrease of the solids flowrate. Muir et al. [8] found, in a spout-fluid
ed, that this critical length was directly related to the diameter of
he motive gas jet at the inlet of the draft tube. When the diameter of
he jet was equal to the diameter of the draft tube, maximum solids
ow was achieved. With increased nozzle gas flow, the diameter of
he jet expanded, and a reduction in the solids flow was observed.
isual observations attributed this to the bypassing of nozzle gas to
he annular bed and a reduction in the ability for particle clusters
slugs) to form.

Hulet et al. [9] used a vertical tube immersed in a fluidized bed
o transport solids out of the bed. The geometry of the nozzle and
f the draft tube inlet had a large impact on the solids flowrate

http://www.sciencedirect.com/science/journal/13858947
mailto:mjacobs2@uwo.ca
dx.doi.org/10.1016/j.cej.2008.07.049
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Nomenclature

dp50 particle Sauter mean diameter (�m)
Dbed bed inner diameter (m)
DT lift tube inner diameter (mm)
DAQ data acquisition
FV fluidization velocity (mm/s)
Hi immersion depth of lift tube (m)
Hgap distance between the exit of the motive nozzle and

the lift tube entrance (mm)
HF heated bed/combustor simulator fluidization veloc-

ity (mm/s)
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�s particle density (kg/m3)
TD motive nozzle throat diameter (mm)

ntrained into the tube. They were able to greatly increase the
ntrained solids flow by adding appropriate internals [9,10].

Zhang et al. [4] used a three-phase fluidized bed coater with
liquid nozzle placed below the entrance to a draft tube. A con-

triction between the draft tube and the wall of the annulus was
ound to cause a decrease in the flow. This was tested with a coni-
al bed by adjusting the location of the draft tube so that the space
etween the conical wall and the tube entrance could be reduced.
decrease in this space of only 5 mm reduced the maximum solids
ow through the tube by about a third. In order to prevent such a
ituation from occurring in this study, the lift tube inlet had 10 cm
ree of obstruction, other than the motive nozzle, in all directions.
. Experimental setups and method

Experiments were conducted to test the effect of lift tube char-
cteristics and operating conditions on the entrained solids flow,
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Fig. 1. Lift tube use: (a) endothermic re
ng Journal 145 (2008) 121–128

sing the apparatus shown in Fig. 2. The apparatus had an ID of
.279 m and had an expanded section in order to reduce the loss of
ntrained solids. The axis of the vertical lift tube was 0.04 m from
he wall. The lift tube was 0.616 m long with an ID of 25.4 mm,
nless otherwise stated. A horizontal section, 0.1 m in length, con-
ected the lift tube to a cyclone with filter paper at its gas exit,
he “funclone”. The solids collected by the funclone flowed down a
1 mm ID tube into a receiving vessel, to be weighed upon comple-
ion of an experiment. A 6.35 mm OD motive nozzle with a 2.4 mm
D tip diameter was used to transport the particles, unless oth-
rwise stated. The nozzle was positioned so that the jet would
e centered in the lift tube and was secured in this position. Sil-

ca sand particles (dp,50 = 200 �m, �s = 2650 kg/m3) were filled to a
lumped bed immersion depth of 0.325 m, unless otherwise stated.

National Instruments USB-6009 data acquisition (DAQ) device
ecorded the pressure difference between the bed and the receiving
essel.

For each experiment, the bed was fluidized and allowed to reach
quilibrium. The DAQ, transport gas flow and a stopwatch were
tarted simultaneously; the transport gas was turned on and off by
se of a ball valve. Each experiment was 90 s long, in order to mini-
ize the effects of the reduction of bed height associated with the

olids flow into the lift tube, while still providing sufficient time to
educe startup effects on the results. The solids were then weighed
nd returned to the bed. The conditions studied included: motive
ozzle gas flowrate, fluidization velocity, tube immersion depth, lift
ube diameter, and the properties of the motive gas used.

A series of experiments was also performed to determine the
ffects of the pressure at the exit of the lift tube on the solids

owrate through the lift tube. In order to perform these experi-
ents, the pressure in the receiving vessel was increased by the

ntroducing pressurized gas. This artificially increased the pressure
o simulate what would happen if a problem occurred downstream
f the lift tube.

action; (b) exothermic reaction.
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The maximum solid flowrate was much greater with the 2.6 mm
nozzle, as shown in Fig. 6. However, the 1.2 mm nozzle was more
efficient since it could transport more solids per kilogram of motive
gas, as seen in Fig. 7. This effect is due to the vacuum or ejector
Fig. 2. Mass flow experimental apparatus.

Steady state heat transfer experiments were performed in a sep-
rate apparatus shown in Fig. 3. The central bed (1) was heated
y two cartridge heaters (2) controlled by an on/off controller to
aintain a temperature of 55 ◦C. Solids were circulated from the

ottom of the annular bed (3) through the lift tube (4) immersed
n the central bed and back to the top of the annular bed. Motive
as (5) was used to provide the driving force for the solids circu-
ation. The lift tube and silica sand particles used in this apparatus

ere the same as those used in the previous setup. A fluidized
mmersion depth of 0.432 m was maintained throughout the exper-
ments.

. Results and discussion

.1. Effect of motive gas flowrate

Increasing the motive gas flowrate initially increased the flow
f solids through the lift tube. However, as the motive gas flowrate
ontinued to increase, the solid flowrate reached a maximum and
hen began to decrease, as shown in Fig. 4. A similar trend was also
eported in the literature on spouted beds [3,5,6].

This second order trend is a result of a shift in the pressure drop
ver the length of the lift tube from static holdup dominance to
all friction dominance. As the gas flowrate increases, the pres-

ure drop associated with wall friction increases, as shown in Fig. 5
rom a study that used different solids. This increase creates a net
ecrease in the total pressure available for the solids, thus reducing

he amount of solids that can be transported. At low gas flowrates,
he static pressure drop associated with the solids dominates
auses a flow restriction; as the gas flowrate increases, this pres-
ure drop is reduced by the increase in voidage created within the
ube.

F
H

Fig. 3. Heat transfer experimental apparatus.

.2. Effect of nozzle throat diameter
ig. 4. Effect of gas flowrate on solid flowrate (TD = 1.2 mm, FV = 49 mm/s,
gap = 15.9 mm, DT = 25.6 mm, air, Hi = 0.356 m).
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ig. 5. Dominating pressure drop with increasing gas velocity (adapted from [11]).

ffect of the high velocity gas jet issuing from the motive gas noz-
le. A smaller nozzle can provide a high momentum at a lower gas
owrate; since there less is motive gas going up the lift tube, there

s more room for the fluidization gas to be pulled into the lift tube,
ringing solids with it. In addition, a decrease in the pressure drop
ssociated with gas flow is observed when using the smaller nozzle,
esulting in an increase in the solids flow.

.3. Effect of fluidization quality

The velocity of the fluidization gas was increased from 49 to
0 mm/s (the minimum fluidization velocity was 36 mm/s). The
ncrease in fluidization velocity promoted an overall increase in
he solids flowrate through the lift tube, as displayed in Fig. 8. The

aximum solids flowrate increased because of bed expansion at

he higher velocity. This resulted in a larger mass of solids above
he lift tube inlet, and hence a higher pressure at the tube inlet,
riving more solids into the lift tube. Other studies have shown
hat the impact of the fluidization gas velocity on the entrained
olids flow depends on the system geometry [8,9].

ig. 6. Effect of nozzle throat diameter on the solid flowrate (FV = 49 mm/s,
gap = 15.9 mm, DT = 24.6 mm, air).

t
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ig. 7. Gas efficiency for different nozzle diameters (FV = 49 mm/s, Hgap = 15.9 mm,
T = 24.6 mm, air, Hi = 0.356 m).

.4. Effect of the immersion depth

The immersion depth of the lift tube had the largest effect on
he solid flowrate. Fig. 9 shows that increasing the immersion depth
rom 0.26 to 0.566 m tripled the maximum solids flowrate. This
onfirms the beneficial effect of an increased pressure difference
etween bed and tube exit. By increasing the bed height, a larger
ed pressure at the level of the tube inlet provides a stronger driv-

ng force; the lift tube pressure drop can then be larger allowing the
ntrained solids flowrate to be larger. This high flowrate of solids
ill cause the entrained solids flow to peak at a lower motive gas
owrate. In most situations, this would provide a much more eco-
omical process. The lift tubes should be operated with the largest

mmersion depth possible, therefore the bed height should be just
elow the outlet of the lift tube for maximum transport of solids if
he tube is to discharge solids above the bed surface.

.5. Effect of lift tube diameter

Varying the diameter of the transport tube while preserving

he tube length and geometry helped determine the effect of
cale-up. Fig. 10 shows that this scale-up effect is complex. The
aximum entrained solids flowrate increases with increasing tube

iameter. However, the intermediate tube size of 19.6 mm was the

ig. 8. Effect of fluidization quality on the solid flowrate for a given gas flowrate
TD = 2.6 mm, Hgap = 25.4 mm, DT = 25.6 mm, air, Hi = 0.356 m).
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Fig. 11. Effect of motive gas mass flowrate on solid flowrate (TD = 2.6 mm,
FV = 49 mm/s, Hgap = 25.4 mm, DT = 25.6 mm, Hi = 0.356 m).

F
F

ig. 9. Effect of immersion depth on the solids flowrate through the lift tube
TD = 2.6 mm, FV = 49 mm/s, Hgap = 9.5 mm, DT = 25.6 mm, air).

ost efficient: more solids were entrained for a given motive gas
owrate.

.6. Effect of motive gas properties

Different transport gases were used to determine the effects of
he molecular mass and the sonic velocity of the motive gas. It can
e seen in Fig. 11 that the maximum solids flowrate obtained using
he different motive gases was around the same value, 0.12 kg/s.
owever, as the molecular weight of the motive gas increased so did

he mass flowrate of motive gas required for the maximum solids
ow. Fig. 12 shows that argon and air have nearly the same optimum
olar gas flowrate but that helium transports less solids per mole

f gas. The sonic velocity of helium is much larger than the sonic
elocity of air but cannot fully compensate for its smaller density;
or the same molar flowrate, the kinetic energy of the motive gas is
early 150% larger for air than helium.

.7. Gap distance
The effect of the distance between the nozzle tip and the lift
ube inlet, Hgap, is shown in Fig. 13. At low motive gas flowrates,

ore solids were entrained from the bed with smaller gaps than
or larger gaps, but this trend disappeared at higher motive gas

ig. 10. Effect of the lift tube inner diameter on the flowrate of solids (TD = 2.6 mm,
V = 49 mm/s, Hgap = 25.4 mm, air, Hi = 0.356 m).
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ig. 12. Effect of motive gas molar flowrate on solid flowrate (TD = 2.6 mm,
V = 49 mm/s, Hgap = 25.4 mm, DT = 25.6 mm, Hi = 0.356 m).

owrates. At larger gap heights, the width of the motive gas jet at

he lift tube level is smaller than the lift tube diameter, resulting
n a reduction in solids flow. The diameter of the motive gas jet is
educed as the kinetic energy from the gas flow is transferred to the
elatively stationary bed particles at the jet boundary; this decrease

ig. 13. Effect of the gap distance on the transport of solids through the lift tube
TD = 2.6 mm, FV = 49 mm/s, DT = 24.6 mm, air, Hi = 0.356 m).
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ig. 14. Effect of downstream pressure on the solids flowrate (TD = 2.6 mm,
V = 49 mm/s, Hgap = 25.4 mm, DT = 24.6 mm, air, Hi = 0.356 m).

n energy reduces the local stability of the gas jet, resulting in a
maller jet diameter. Larger gap distances create a greater contact
rea between the bed and the jet, reducing the flow. As the velocity
f the motive gas decreases, it is harder for the motive gas to clear
he lift tube of solids and form a stable channel.

When the motive gas flowrate is below the optimum value that
nsures a jet diameter equal to the inlet diameter, losing some
otive gas to the annulus is detrimental to the solids flow, as

bserved by Muir et al. [8]. On the other hand, when the motive
as flowrate is above its optimum value, for a given gap height,
osing some motive gas to the fluidized bed by increasing the gap
eight is beneficial. This is because, in this case, reducing the motive
as going into the tube reduces the pressure drop inside the tube,
educing the pressure at the tube inlet and increasing the pressure
riving force for solids flow into the tube. The bypassing gas also
dds to the fluidization quality which also accounts for some of the
ncrease in solids flow. Placing the motive gas tube at the lift tube
ntrance is never beneficial, as it reduces the area for mass flow.

.8. Downstream pressure
A set of experiments were performed in order to test for the
ffects of pressure buildup downstream of the lift tube on the
olids flowrate through the lift tube. The physical and operating
onditions were kept constant, except for a variance in the gas

ig. 15. Compensation for downstream gas buildup (TD = 2.6 mm, FV = 49 mm/s,
gap = 25.4 mm, DT = 24.6 mm, air, Hi = 0.356 m).
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ow to the receiving vessel. As can be seen in Fig. 14, the down-
tream pressure appeared to have a large linearly negative effect on
he solids flowrate. By increasing the downstream pressure while

aintaining the same bed height upstream of the tube, the pres-
ure difference across the tube, which is the driving force for solids
ow, decreases.

It was thought that the increase in the nozzle gas flow would
each a point where the funclone was no longer able to handle the
ow of gas and thus a pressure buildup would occur downstream of
he lift tube. If this was the case, then the peak in the non-monotonic
urve shown in Fig. 4 could have been a result of gas buildup. How-
ver, when compensating for the pressure drop caused by this flow
estriction, it was found that it had a negligible effect, except at high
ozzle flowrates, as shown in Fig. 15.

.9. Global explanation

A simple pressure balance, Equation 1,1 shows that the max-
mum flow of solids through the lift tube can be achieved by
ncreasing the immersion depth and minimizing the pressure drops
ssociated with friction (�Pf) and solids holdup (�Ph) in the tube
s well as the pressure at the tube exit. It has been shown that the
olids flow variation with gas velocity in the lift tube is the inverse
f the variation of the pressure gradient (Fig. 5) and thus maxi-
um solids flow is achieved when the total pressure drop along the

ube (�Ptube) is minimized. This was confirmed when helium was
sed as the transport gas, and it is believed that it would also have
een confirmed with argon if funclone pressure limitations had
ot prevented higher flows from being tested. Increasing the tube
iameter also helps to reduce the frictional pressure drop (�Pf),
hus allowing more solids to be transported for the same driving
orce. However, at the same time, the broader diameter decreases
he stability of the flow within the lift tube.

Pinlet = Pexit + �Ptube = Pexit + �Ph + �Pf (1)

Increasing the immersion depth and fluidization quality
ncrease the driving force for the transport by increasing the pres-
ure in the bed at the inlet of the lift tube. Increasing the bed
ressure then increases the pressure drop available to be allocated
o solids flow. A pressure increase downstream of the lift tube has
negative effect on the solids flow.

Gas bypassing from the annulus to the lift tube can be beneficial
r detrimental to solids flow depending on the other operating con-
itions. Further increasing of gas flow beyond the optimum value
auses an increase in frictional pressure drop (�Pf): the solids flow
ust be reduced to decrease the pressure drop caused by the solids

oldup in the lift tube (�Ph), since the driving force (�Pinlet) is
he same. Before the optimum value has been reached, the total
ressure drop across the lift tube is hindered by slower moving
lugs, which increase the solids holdup, resulting in a smaller solids
owrate through the lift tube; increasing the gas bypassing would
hen help propel these solids through the lift tube faster, thus
ncreasing their flow.

A summary of the effects various parameters have on the pres-
ure balance and stability of lift tube flow, based on Equation 1 and
isual observations is given in Table 1.
.10. Heat transfer boost

The mass flowrate through the lift tube in the simulated heated
ed is given in Fig. 16 for various motive gas flowrates. The transi-
ion between dense and dilute phase is labeled and was determined

1 Equation 1: Lift Tube Pressure Balance.
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Table 1
Summary of pressure balance trends with increasing various parameters

Parameter increased �Pinlet �Pexit �Ph �Pf Stability

Nozzle flowrate – ↑ � ↑ ↑
Fluidization quality ↑ – – – ↑
Immersion depth ↑ – – – –
Lift tube diameter – – – ↓ ↓
Nozzle gas molecular weight – ↑ – ↑ –
Gap distance – ↓ – ↓ �
Downstream pressure – ↑ – – –
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ig. 16. Solids mass flowrate through the lift tube in heat transfer apparatus
FV = 0.18 m/s, Hgap = 66.2 mm, DT = 24.6 mm, air, Hi = 0.432 m).

hrough visual observations. It was found that by using a single lift
ube, the overall heat transfer coefficient between the central and
nnular beds could be increased from 25 to 400 W/m2K, as shown
n Fig. 17. The heat transfer coefficient increases linearly as the tran-
ition to dilute phase transport is approached and then decreases
xponentially as dilute phase flow is developed. Regime detection is
herefore critical to the optimal use of these tubes for heat transfer.
urther experiments are needed to investigate the effects of operat-
ng conditions on the boost in heat transfer provided by the lift tube.
. Industrial application

Although there are an endless number of applications for this
echnology, this technology has been successfully implemented in

ig. 17. Effect of motive gas mass flowrate on the overall heat transfer coefficient
FV = 0.18 m/s, Hgap = 66.2 mm, DT = 24.6 mm, air, Hi = 0.432 m).
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Fig. 18. Agri-Therm mobile pyrolysis reactor.

n annular pyrolysis reactor created by Agri-Therm Ltd, shown in
ig. 18. Fluidized bed pyrolysis uses a hot bed of sand to transfer
eat to biomass particles in the absence of oxygen, causing them to
hermally crack. As a result, the bed needs constant heat renewal in
rder to maintain consistent temperature. The sand in the annular
eactor can be transported via the lift tubes into a central fluidized
ed burner, where heat is generated by combustion of hydrocarbon
ases, before being distributed back to the annular reactor. This
and circulation results in a considerable increase in heat transfer.
he added benefit of this sand circulation is that the sand deposited
n the surface of the bed from the lift tube is able to pull down some
f the lighter, unreacted, biomass which tends to float on the surface
f the fluidized sand bed, thus enhancing the overall axial mixing
f the biomass through the sand bed.

. Conclusions

Mass flow experiments were performed with the new lift tube
echnology in order to ensure the proper operating conditions
or maximizing the solids flowrate. It was shown that as the gas
owrate increased, a larger nozzle diameter yielded higher solids
ow, however a smaller nozzle was more efficient. The immer-
ion depth and downstream pressure both affect the driving force
or the solids flow through the lift tube: the immersion depth
hould be maximized and the downstream pressure minimized in
rder to maximize the solids flowrate. Since the immersion depth
s affected by the fluidization velocity, increasing the fluidization
elocity increases the solids flow.

Experiments with various motive gases showed that although a

ow molecular weight motive gas has a higher sonic velocity, it is
nable to transport more solids per kilogram of gas. Song et al. [6]
bserved the same trends with a draft tube in a similar setup.

Heat transfer between fluidized beds was increased from 25 to
00 W/m2K with the implementation and optimization of a single
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ift tube. The physical setup and the operating gas flowrate can be
ltered with this information in order to optimize the solids cir-
ulation flowrate through the lift tube. This is essential in order
o minimize costs associated with high flow compressors and gas
hase heat recovery equipment. While the main application for
hese experiments has been the Agri-Therm mobile pyrolysis reac-
or, it is also possible to apply this technology to other fluidized bed
rocesses.
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