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Gas distribution through the chambers of a loop seal in circulating fluidized bed (CFB) units is still difficult to
predict and often misunderstood. Dedicated experiments were carried out in an isolated loop seal to assess how
the gas fed into a loop seal is distributed under different aeration modes (through the recycle chamber, the supply
chamber and both chambers), aeration flowrates and solids fluxes. Experimental results shed light on the non-
ideality of the gas-solids flows occurring in these units and, in combination with theoretical considerations, it
is demonstrated why semi-empirical models cannot effectively describe the performance of loop seals operating

as non-mechanical valves. Recommendations are given for the optimization of the operation of a loop seal as a
non-mechanical valve in a solids circulating loop. A method is proposed to characterize the performance of a loop
seal in a CFB unit from measurements of that loop seal in isolation mode.

1. Introduction

Non-mechanical valves constitute a superior choice for solids circu-
lating and gas sealing in CFB units operated with Geldart B particles, due
to the absence of moving parts, low cost and operational simplicity
[1,2]. Compared to L-valves and J-valves, loop seals present several
advantages: safer operation due to the isolation of the standpipe from
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the pressure fluctuations in the riser, operational capability both as non-
mechanical valve and as a solids circulation device, and more flexible
design to allocate devices like heat exchangers in CFB units such as
boilers. Although loop seals have been successfully used in industrial
processes (mainly in CFB boilers and catalytic reactors), there is still a
lack of knowledge to enable the design and operation on a fundamental
basis. One controversial point is whether a loop-seal performs merely as
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an automatic solids flow device or as a non-mechanical valve with the
capability of regulating the solids flux in a CFB loop. While most authors
recognize the capacity of the loop seal for controlling solids circulation
under some conditions [3-7], some argue that the solids flux is merely
governed by the riser aeration [8]. The design and operating conditions
of the loop seal determine which of these statements apply for a given
CFB unit. In large CFB boilers, where the loop seal is rather small
compared to the combustor chamber (riser), the solids flux is usually
controlled by the fluid dynamics of the riser. However, the operation of
the loop seal as a non-mechanical valve could be crucial in emerging
fluidized beds like those dealing with technologies such as chemical-
looping combustion and reforming, thermochemical energy storage
based on gas-solids reversible reactions, or the production of renewable
energy in hybrid processes like steam gasification of biomass in dual
fluidized bed gasifiers using solar energy [9-11]. These technologies
require solids circulating and gas sealing but also high flexibility of
solids circulation to adapt the operation to different scenarios.

Designing and optimizing loop seals for fluidized bed applications in
the near future requires a robust and comprehensive knowledge of the
fluid dynamics of these units. Some attempts have been made, both
under modeling and experimental work, to assess the performance of the
loop seal, but clear and general conclusions are still lacking. As a result,
loop seal systems are still empirically designed, often ignoring funda-
mental considerations, thereby hindering optimization of these devices.

This paper intends to clarify existing knowledge of the fluid dy-
namics of loop seals on the basis of conclusions obtained from experi-
mental work conducted in an isolated loop seal cold flow model.
Dedicated experiments were carried out to assess, through direct mea-
surements, the gas split through the chambers of the loop seal as a
function of the gas flowrate, the location of the aeration points and the
solids flux. The experimental results, together with their implications for
the design and operation of loop seals within solids circulating systems,
are discussed and compared with the existing literature. In addition, the
way in which results from an isolated loop seal should be used to predict
the performance of and to design a loop seal coupled to a CFB unit is
presented.

2. Theory

Gas distribution along the loop seal (Fig. 1) is the key parameter

Standpipe/
downcomer
Recycle Supply
chamber chamber
(RC) (sC)
Qgc Qsc
QLS

Fig. 1. Sketch of the main parts of a loop seal together with the distribution of
the total fed gas (Qrs) between the two chambers.
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determining the performance of the system, i.e. the flow state of the
supply chamber (SC)/standpipe/downcomer (usually regarded as a
dense bed in minimum fluidization or a moving bed) and the regulation
capability of the solids circulation. This issue has been a matter of
concern over the years when trying to model and predict the perfor-
mance of loop seals. A summary is given below to bring to light the
interpretations and assumptions made by different authors that often
contradict each other.

2.1. Gas distribution and aeration mode

Gas distribution along the loop seal has traditionally been assessed
based on estimations from standpipe pressure and height measurements
(assumed to be in a defluidized state) [12-15] and through the use of gas
tracers [7,16-20], but the gas flowrate has never been directly measured
until now. Most authors agree that the majority of the air fed to the loop
seal leaves the unit through the RC (provided the SC is not fluidized)
[3,7,14,21]. It has been experimentally demonstrated that increasing
the solids circulation leads to a higher resistance for gas to flow up
through the standpipe. For a given loop seal aeration, there is a
threshold in the solids velocity, at which gas is dragged by solids in the
standpipe [13,14,16], resulting in a higher flowrate of gas through the
RC than that fed through the loop seal. Moreover, when the solids cir-
culation increases as a result of an increase in the loop seal aeration,
there is a critical aeration flowrate at which the downward gas flow
through the standpipe is maximum (or the upward gas is minimum if the
loop seal is operated under no dragging). Beyond this critical aeration,
the downward gas flowrate rapidly decreases, the flow direction re-
verses upward and the standpipe becomes fluidized [15,17].

The aeration mode has a significant effect on gas distribution along
the loop seal (i.e., on its performance) and has been the subject of many
studies. Although many combinations have been analyzed, the perfor-
mance of the loop seal when aerated under the simplest mono-chamber
modes, i.e., separately through the SC and through the RC, has received
less attention. The effect of mono-chamber aeration on the solids cir-
culation was firstly assessed in [22] leading to unclear differences be-
tween the aeration modes and, later, in [23], where it was concluded
that aerating through the SC is more effective for controlling the solids
circulation, since it results in a higher solids flux for a given aeration
flowrate. A more dedicated study was carried out in [24] where the SC
aeration resulted in the highest solids circulation, while the RC resulted
in a wider range of control of the solids circulation. Although these
works demonstrate that a loop seal can operate under any mono-
chamber aeration, conclusions on the operation of the loop seal under
its simplest aeration modes are still unclear. The experiments carried out
in this work (detailed in Section 3.2) intend to fill this gap.

The reason behind the higher efficiency of the aeration through the
SC in the control of solids circulation rests on the gas distribution and its
effect on the loop seal performance as a non-mechanical valve. The
operation of the loop seal as a non-mechanical valve takes place when
the standpipe is under moving bed regime (also referred to as a transi-
tional packed bed) and the pressure drop per unit length is controlled by
drag forces between gas and solid particles. This pressure drop is regu-
lated by the gas-solids relative velocity (estimated, for instance, through
an expression such as that proposed by Ergun, Eq. (5)). Under this
operation mode, a change in the gas-solids relative velocity results in a
change in the pressure gradient along the standpipe, which needs to
reallocate the solids to keep the pressure balance around the CFB loop,
leading to a change in the solids circulation. Therefore, the range of
solids circulation control of a non-mechanical valve is determined by the
ability to change the gas-solids relative velocity before it reaches the
minimum fluidization velocity (related to the flow of solids). Feeding the
air through the SC leads to an increased amount of gas flowing through
the standpipe (compared to the same air fed through the RC) and
therefore, to a higher pressure drop in the standpipe and solids circu-
lation. More details on the operation of the loop seal in a CFB loop and
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on the gas split under different aeration modes are given in Section 4.2.1
and Section 4.1.3, respectively.

The principle of the operation of loop seals has been a matter of
discussion over the years, resulting in a wide variety of studies with
different approaches. Traditionally, aeration through the RC was
considered essential, while that of the SC simply constituted an optional
way of aiding the solids flow down the standpipe and ensure smooth
operation [21,25,26]. Moreover, some authors still wrongly state that to
operate the standpipe in a non-fluidized mode, the aeration through the
SC should not exceed that of minimum fluidization [27,28]. In addition
to the previously mentioned works, the superior performance of the SC
aeration for controlling the solids circulation is also recognized by
[3,5,19], but only in [19] is the possibility of operating under SC mono-
chamber aeration recognized. Although operational limitations, such as
the appearance of slugging reported in [25] for a DFB gasifier, tend to
tarnish the advantages of aerating through the SC, new designs have
already been proposed to stabilize the operation [29]. Vertical aeration
through the SC/standpipe has been extensively studied as a way to
optimize the performance of the loop seal as a non-mechanical valve
[29-31], promoting the gas flowing through the standpipe and avoiding
the gas bypassing through the opening. Other works have assessed
different aerations combining both bottom and side aerations [32,33],
although the results are not comprehensive enough for generalization.
An extensive analysis of the operation of the loop seal in a DFB unit is
carried out in [7], where different aeration modes are analyzed and the
superior performance of aerating through the SC is also demonstrated
for these units (in which the gas distribution along the loop seal plays an
important role since the leakage between reactors needs to be avoided
[7,20D).

2.2. Modeling barriers

Loop seals may be considered the heart of a CFB plant. As a result,
models appear to be excellent tools, not only to understand the perfor-
mance of the loop seal, but also to optimize its operation within the
solids circulating loop. Many modeling attempts have been made over
the years, but certain features of these units have prevented them from
achieving success. This section presents the barriers found when
modeling the fluid dynamics of a loop seal and reviews different works
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Fig. 2. Solids and gas velocities and fed gas distribution in the two chambers of
a loop seal. The downcomer is considered an extension of the SC in this sketch;
F, represents the flowrate of solids and P, and Py the pressure at the inlet and
outlet of the SC and RC, respectively, being Py > P,.
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A bubble fraction equal to zero represents the operation of the RC
under incipient fluidization. The expansion of the bed can be calculated
with a model estimating the expansion behavior in bubbling beds such
as that in [34],
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Assuming that the gas-solids relative velocity in the SC is that
allowing the operation under moving bed regime, the pressure drop is
given by the modified Ergun equation [35], where the bed voidage can
be regarded, as a first approach, constant and equal to that at minimum
fluidization.

dealing with loop seals modeling. Esc = Eny 6)
(1— 536)2 My (I —€sc) Py 2
APsc = [ 150 —F—— —= - $.SC 1.7 ———M —— $.SC g
sc < 50 £oc? ¢dp2 (ug,S(_ =+ us ‘sc) +1.75 e b, (Mg,sc +u sc) sc (5)

The fluid dynamics of an isolated loop seal, such as that presented in
Fig. 2, can be studied by a simple model based on the pressure balance
along the unit. The unit in Fig. 2 is fed by a constant flow of solids (Fs)
and a gas flowrate (Qg), while the solids inventory is adapted by the
height of solids in the SC (hgc) and, to a lesser extent, by the bed
expansion in the RC, to balance the pressure along the loop seal.
Assuming that the pressure drop along the opening is small compared to
that of the chambers, it follows,

APgc = APgc + AP, (€D)]

The RC always needs to be fluidized to allow the solids circulation
thus, the pressure drop is given by the hydrostatic pressure of the head of
solids along the RC up to the weir (hgc),

APpe = /)1,(1 —€rc)lrc g (2)

The bed voidage (egrc) can be estimated considering the bubble
fraction (5) as,

When the superficial gas-solids relative velocity in the SC, (ugsc + us,
sc)€sc, is higher than the minimum fluidization velocity, the SC operates
under fluidized flow. In this case, the modeling approach followed for
the RC Egs. (2)-(4) can be applied to the SC, but taking into consider-
ation the gas-solids relative velocity in the SC and the height of solids in
the SC. However, this operation is rarely applied to loop seals operating
in actual circulating loops since, apart from entailing higher costs
regarding the increased need for fluidizing agent, operating the SC
under vigorous bubbling can lead to instabilities in the operation,
affecting the efficiency of the cyclone in CFB units and leading to
contamination/dilution of the reacting system in DFB units.

The actual solids and gas velocities in both chambers are defined as,

F

UsRe = 7
e p,(1 = €rc)Arc

F

ﬁp(l — &sc)Asc ®

Ussc =
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Uo rc

Ugrc = (9)
ERc
Up sc

Ugsc =— (10)
Esc

where the superficial gas velocities are given by considering the gas
flowing through each chamber, the sum of them being equal to the
introduced gas through the loop seal, Qps,

Up,rc = %II:Z an
Upsc = %;C 12)
Ors = Osc + Ore (13)

To sum up, this simple model accounts for 13 equations and 14 un-
knowns (APgc, APsc, €rc; €sc, 9, Ug,RC, Ug,SC> Us,RC» Us,SC, Uo,RC; Uo,sC; hsc,
Qrc and Qgc), the rest of the parameters constituting known data.
Obviously, the same balance results from considering the SC under
fluidized flow. Therefore, it can be concluded that an additional relation
is necessary to solve the model, predicting the gas split through the
chambers of a loop seal.

Gas distribution through the loop seal is determined by the resistance
to gas-solids flow offered by the SC, the horizontal passage (opening)
and the RC. A proper model of these resistances by a momentum bal-
ance, considering both gas and solid phases, provides the required
closure relation. Under certain operating conditions, there is a limiting
resistance, enabling the simplified treatment of the loop seal model.
However, the operating conditions and geometry of loop seals found in
the literature greatly vary from each other, making a comprehensive
generalization of loop seal performance difficult. For these reasons, none
of the models developed to date are general enough to predict the per-
formance of loop seals.

There are only two published models that, although unsuccessful,
theoretically provide a relation that could be used to close the model
above [36,37]. Both approaches set in the RC the closure relation,
considering the RC as that which is limiting the flow of solids and
therefore, setting the gas distribution. However, the RC is always under
fluidized flow, so it never limits the flow of solids and both approaches
fail on a fundamental basis.

In [36] the sharp-crested weir theory was applied to the solids
overflow from a loop seal leading to an empirical relation. However, it is
not clear from publications [1,36] if the solids flow rate is related to the
height of the expanded bed above the weir or to the height of the weir.
Only the latter option would enable to close the model since the
expanded bed above the weir is unknown. For a given solids flux, the
relation allows for calculation of the voidage in the RC (since the voi-
dage in the bed above the weir is assumed to be equal to that in the RC),
thereby establishing the gas distribution. This theory has received
neither more attention nor experimental validation over the years.

In the model developed in [37] the required closure relation is pro-
vided by a global force balance in the recycle chamber. However, it can
be verified by the equations of the model that the gas-solids relative
velocity in the RC, the voidage at the RC and, therefore, the pressure
drop along the RC, are independent of the operating conditions, so the
model is not able to capture the measure trends. This model intended to
describe the operation of a loop seal aerated only through the RC with
the standpipe operating under moving bed regime. Later, a similar
approach was extended to assess the operation of a loop seal aerated by
both the RC and the SC in which both chambers were assumed to be
fluidized [38]. Although both models are contestable, they represent the
only attempts at comprehensively describing the fluid dynamics of a
loop seal considering differences in the operation due to the aeration
mode.
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In [39] a momentum balance in the SC is used as the closure relation
to determine the gas division through a standpipe joined to a fluidized
bed. This approach is applicable to narrow standpipes (where the solids-
wall friction may be significant) connected in series to a fluidized bed,
but it is rarely valid in loop seal non-mechanical valves in circulating
devices (with wider standpipes connected to the RC by a horizontal
passage which offers significant resistance to gas-solids flow). In most
models the resistance through the horizontal passage (opening) is either
neglected [10,37,38,40] or considered as that between two joined flu-
idized beds [41]. No published work has considered the resistance
through the opening as that limiting the flow for setting the gas split in
loop seal units.

Other modeling studies have applied assumptions for the gas distri-
bution or semi-empirical correlations. The first attempts at modeling
dealt with validating experimental measurements from an isolated loop
seal [21] and analyzing the performance of a loop seal in a CFB loop
[42]. Both assumed a constant fraction of gas flow through the RC equal
to 9.5% as correlation of experimental measurements in [21]. In [43]
the performance of the loop seal was assessed (to describe the fluid
dynamics of a CBF unit) using an empirical correlation of the pressure
drop with the solids flux, particle properties and loop seal diameter. This
approach may fit measurements of a particular unit, but it does not
provide a comprehensive understanding of the performance of a loop
seal on a fundamental basis.

A model based on the pressure drop of the defluidized supply
chamber and the horizontal channel was developed in [44] to estimate
the pressure at the bottom of the recycle chamber of an isolated loop
seal. Based on the same unit, a model was developed in [40] to estimate
the concentration of solids in the RC and the height of solids in the SC
based on a force balance in the RC. In both models the gas distribution
was arbitrarily set, not being subjected to any fundamental or empirical
consideration.

The model proposed in [45] is based on a function tending to a
constant value as the aeration is increased, whose parameters are ob-
tained through correlation of experimental data. Once the parameters
are found, the model is able to predict the solids circulation in a loop seal
as a function of the fluidization number (ratio between the actual and
minimum fluidization velocity). Although the authors attempted to
provide the model a fundamental background, it is far from describing
the performance of a loop seal from a fundamental point of view.

A general law to model loop seals has yet to be proposed. None of the
models developed to date are general enough to predict the performance
of loop seals. Those based on correlations are only applicable to the units
from which the correlated measurements were obtained, while those
based on theoretical approaches have failed in their attempts since they
have not been able to ascertain the limiting factors leading to the gas
split between the chambers (key aspects, such as the aeration mode,
have been overlooked). The experimental work presented here clearly
demonstrates that theoretical prediction of the operation of a loop seal
requires a more careful modeling effort than those offered by the models
developed to date.

3. Experimental
3.1. Experimental setup

An experimental cold flow model was used to study the fluid dy-
namics of a loop-seal. The system was isolated from an existing CFB to
dedicatedly study the gas and solid motions in the different parts of the
loop seal. The rig, presented in Fig. 3, consists of a hopper joined to a
solids discharge system (pipe and valve for controlling the solids flux)
and a loop seal joined to a cyclone which collects the circulating solids
leaving the system into a bin. Two rotameters are used to control the gas
flowrate separately, one to feed the gas to the supply chamber (SC) and
another one to the recycle chamber (RC) (the wind boxes of the SC and
RC are completely separated from each other). The gas leaving the
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Hopper

Downcomer (DC)

Outlet rotameter

Outlet valve

Supply

Recycle Cyclone
chamber (SC) e chamber (RC)
10e
Distributor |
SC windbox RC windbox

Solids bin

SC rotameter RC Rotameter

Air compressor

Fig. 3. Experimental rig (numbered dots represent the pressure taps; dot
number 1 is never covered by solids so it measures the atmospheric pressure).

cyclone, i.e., that passing through the RC, is measured using another
rotameter, which requires a valve at the inlet to stabilize the float. A
measuring tape is set along the downcomer to measure the height of
solids during the tests. Fifteen pressure taps are allocated along the loop
seal. A data logger and a computer are used to continuously (every
second) register the pressure measurements.

The downcomer has a 0.093 m internal diameter, SC and RC have a
cross section of 0.119 x 0.130 m? while the section of the opening is
0.130 x 0.055 m?. The height of the SC above the distributor is 0.270 m
and that of the RC until the discharging pipe is 0.155 m. The measuring
tape is located just above the SC but the downcomer is 0.060 m below
this point (0.02 m along the junctions and 0.04 m inside the SC). The gas
distributor is a 4 mm thick perforated plate with 45 holes of 2 mm
diameter in each chamber and a fine metallic grid to avoid the falling of
solids back to the plenum. The pressure drop through the distributor was
below 15 mbar for all the tests.

The bed material was glass beads with a particle size of 150-250 pm,
a density of 2503 kg/m> (Geldart B) and an experimental minimum
fluidization velocity at room temperature of 0.04 m s~'. Air at room
temperature was used as fluidizing agent.

3.2. Experiments

During the tests the solids flux was kept constant while varying the
gas flowrate fed to the system, as well as the aeration mode. Solids fluxes
of 5,10 and 15 kg m 25! (referring to the SC cross section) were tested
at three different aeration modes (only RC, only SC and both chambers).
The same gas flowrate was introduced through each chamber in ex-
periments aerated under both chambers. For each test the pressure at
taps presented in Fig. 3 was continuously measured and registered for
two minutes of operation after reaching the steady state. The latter was
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Table 1
Summary of tests (fed gas velocity referred to the cross section of a single
chamber; G referred to the cross section of the SC).

Number of tests

. Air Fed gas
Aeration .
mode  howrate  velocity g _5kg G,=10kg Gs=15kg
(m°h™) (ms ) m2s! m2g! m2g!
Tests with outlet rotameter

3.3 0.059 2 - -

3.5 0.063 2 2 2

3.7 0.066 3 - -

4.0 0.072 2 2 2

SC 4.3 0.077 2 - -

4.6 0.083 2 2 2

4.9 0.088 2 - -

5.2 0.093 2 2 2

6.8 0.122 3 2 2

3.9 0.070 3 2 2

4.5 0.081 2 2 2

SC + RC 5.0 0.090 2 2 2

5.5 0.099 2 2 2

7.2 0.129 2 2 2

3.8 0.068 2 2 3

4.3 0.077 2 2 2

RC 4.8 0.086 3 2 4

5.3 0.095 3 2 4

6.8 0.122 2 2 2

Tests without outlet rotameter

3.3 0.059 3 - 4

sC 3.8 0.068 2 - 2

5.0 0.090 2 - 4

6.5 0.117 2 - 2

3.6 0.065 2 - 2

4.2 0.075 2 - 2

RC 5.0 0.090 2 - 2

6.5 0.117 2 - 2

considered to be attained when the height of solids in the downcomer
reached a constant value on the measuring tape. The gas distribution
along SC and RC was calculated by the difference between the intro-
duced air and that leaving the system through the RC.

Two sets of tests were carried out: one with the outlet rotameter (and
the outlet valve) to measure the gas leaving the RC and, another,
removing both the outlet rotameter and valve, to assess the effect of this
outlet constriction on the gas and solids distribution along the loop seal.
In those tests carried out with the outlet rotameter, the outlet valve was
always kept in the same position. A minimum of 2 tests were conducted
for each of the operating conditions to guarantee repeatability. The tests
carried out (145 in total, 108 with the outlet valve and 37 without outlet
valve) are summarized in Table 1.

4. Results and discussion

Experiments were carried out for constant solids fluxes varying the
aeration flowrate. For a given solids flux, after a change in the air
flowrate fed, the solids inventory in the system varied, adapting the
pressure throughout the unit to allow the operation under the new
conditions. This operation provides insights into the behavior of an
isolated loop seal, but the knowledge gained can be used to describe the
performance of the loop seal connected to a CFB unit where (most of the
time) the solids inventory is kept constant while the solids flux is the
variable to be controlled. Experimental results obtained in the isolated
loop seal under constant solids fluxes are presented in Section 4.1, while
discussion on how this information is used in a loop seal coupled to a
CFB unit is discussed in Section 4.2.
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s’l, referring to the cross section of the SC) and aeration modes (RC: only RC, RC + SC: both chambers, SC: only SC).

4.1. Experimental results

4.1.1. Tests with the outlet rotameter

The gas split between the chambers of the loop seal can be under-
stood by examination of Fig. 4. The gas flowrate through the RC (Fig. 4
(a)) and SC (Fig. 4(b)) is plotted as a function of the total flowrate fed
into the loop seal for the three solids fluxes and three aeration modes
investigated. In agreement with previous studies [16], the solids flux has
a significant effect on the gas distribution. For a given aeration flowrate,
the air flowing through the RC increases as the solids flux is increased,
due to the higher amount of air dragged in the SC by the downwards
flow of solids. Moreover, it can be observed that the increase in gas
dragging is not linear but increases at higher solids fluxes. Both be-
haviors are observed for all the aeration modes.

Furthermore, it is seen that the gas split strongly depends on the
aeration mode. For a given air flowrate fed to the loop seal, the highest
gas flow through the RC is obtained when aerating through the RC, and
the lowest by aerating through the SC. For a given solids flux, increasing
the air flowrate through the SC leads to an almost constant gas flowrate
through the RC. A considerable decrease is only observed when the SC
gets fluidized, suggesting that once bubbles are formed in the SC, the gas
finds lower resistance flowing through the bubbles than through the
opening and the RC, resulting in a reduction of the gas circulation
through the RC, even after increasing the total aeration. As expected, the
flowrate of air at which the SC gets fluidized is higher as the solids flux is
increased. When the loop seal is aerated through both chambers or
through the RC, the air flowing through the RC always increases with the

increase in the aeration flowrate.

Fig. 4(c) presents the flow of air circulating through the opening,
which is defined as positive when circulating from the SC to the RC. It is
observed that, for a given solids flux, when the loop seal is aerated
through the SC and through both chambers, the gas flowrate through the
opening is almost constant and positive for all the aeration flowrates
tested. On the contrary, when the loop seal is aerated through the RC,
the gas circulates from the RC to the SC (except for the lowest aeration
flowrate at a solids flux of 15 kg m~2 s~1, at which the gas is dragged
from the SC to the RC) and it is higher as the air flowrate fed to the loop
seal is increased.

During the tests it was observed that when aerating only through the
SC, the RC was always a dense bed with no bubbles, while vigorous
bubbling appeared as the gas flowrate was increased for the other
aeration modes. This observation is evident from Fig. 4(d), where the
fluidization number in the RC (ratio of actual to minimum fluidization
velocity) is shown to be well below 1.5 and practically constant as the
aeration increases through the SC, whereas it greatly increases when
aerating through the RC. However, bubbles are expected to appear in the
RC when aerating only through the SC at high enough solids fluxes as a
result of the gas dragging (this was not observed in our experiments due
to the limited range of solids fluxes tested).

A better understanding of the influence of aeration modes is obtained
by analyzing Fig. 5 where the height of solids in the downcomer, the
pressure at the bottom of the RC (tap 12) and that at the bottom of the SC
(tap 10) are presented for the three aeration modes tested. The
constriction introduced by the pressure drop of the valve prior to the
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with the outlet rotameter under the different solids fluxes (Gs: kg m2s7}, referring to the cross section of the SC).

outlet rotameter needs to be considered when interpreting the experi-
mental results from Fig. 5. Logically, the pressure drop through the valve
is higher as the gas flowrate through the RC increases.

Fig. 5(a-c) shows that, for a given aeration, the increase in the solids
flux increases the height of the downcomer, while, for a given solids flux,
the height of the downcomer as the aeration increases, follows different
patterns depending on the aeration mode. The height continuously de-
creases when the gas is fed through the SC and through both chambers
(although not significantly), while it presents a minimum when aerating
through the RC. These findings are discussed below.

When the loop seal is aerated through the SC, for a given solids flux,
the amount of air flowing through the RC is almost constant (as shown in
Fig. 4) leading to a fairly constant pressure drop in the outlet valve. As a
result, the pressure is constant at the bottom of the RC (tap 12, Fig. 5(d)).
The gas circulating through the SC increases consistently with the air
flowrate fed to the SC, but the maximum pressure of the system does not
change (tap 10, Fig. 5(g)). Therefore, the height of solids in the down-
comer decreases, keeping the pressure constant while increasing the
pressure gradient due to the higher relative velocity. It is also observed
that the height of solids in the downcomer tends to a constant value at
high gas flowrates since, once the SC gets fluidized, the pressure drop
remains roughly constant with the air flowrate.

The aeration of the loop seal through the RC leads to the highest
height of solids in the downcomer for a given flowrate of fed gas, as seen
by comparison of Fig. 5(a) and Fig. 5(b). This is due to the lower gas
flowing through the SC when aerating through the RC (Fig. 4(b))
(compared to the same aeration flowrate fed through the SC), which
results in a higher height of solids to compensate for the pressure drop of
the system. The height decreases with the increase in aeration flowrate

through the RC, while the increase in the gas flow through the SC results
in a higher pressure drop than that required to compensate for the
pressure drop introduced by the outlet valve. For higher aerations, the
pressure drop given by the outlet valve becomes so high that the increase
in the gas flow through the SC is not enough to compensate for it and the
column of solids starts building upwards, explaining the minimum found
in Fig. 5(b).

It is notable that, in spite of the higher pressure at the bottom of the
RC (at tap 12) when aerating through the RC, Fig. 5(e), (compared with
that when aerating by the SC, Fig. 5(d)) caused by the higher pressure
drop introduced by the outlet valve, it is observed that for low gas
flowrates the pressure is lower at the bottom of the SC (Fig. 5(h)). The
reason is that the pressure drop across the opening (P19-P12) is much
lower when aerating through the RC (Fig. 6), compensating for the
higher pressure drop given by the valve at low aerations.

As expected, an intermediate behavior is observed as the aeration is
applied through both chambers. The height of solids in the downcomer
(Fig. 5(c)) is in between that obtained for the SC and the RC aerations.
The trend of the solids height profile is closer to that obtained when
aerating through the SC since, for all the air flowrates tested, the cir-
culation of gas through the SC led to a higher pressure drop than that
required to compensate for the increase in pressure drop given by the
outlet valve (leading to a decrease in the height of solids).

According to the measurements from the gas circulation through the
opening (Fig. 4(c)) the behavior of pressure drop through it (P10-P12)
could be anticipated a priori: (i) a rather constant pressure drop should
be measured when aerating through the SC/both chambers (since the
gas circulation is roughly independent of aeration flowrate for fixed
solids flux), and (ii) a negative and decreasing pressure drop should be
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Fig. 6. Pressure drop through the opening against (a) the total flowrate of air fed to the loop seal and (b) the flowrate of air flowing through the opening for tests with

the outlet rotameter under different solids fluxes (Gs: kg m2s!

SC: only SC).

measured while increasing the aeration through the RC (since more gas
circulates from 12 to 10). However, as shown in Fig. 6, where the
pressure drop measured across the opening is plotted as a function of the
aeration flowrate (Fig. 6(a)) and of the actual gas flowing through the
opening (Fig. 6(b)), the actual behavior apparently differs from that
expected. Despite the scattering of measurements, it is clearly seen that
the pressure drop is higher when aerating through the SC and it de-
creases, for the three aeration modes, with the increase in the aeration
flowrate to the loop seal. The latter contradicts statement (i). However,
it can be explained by considering the irregular gas-solid flow through
the opening. At low aerations the solids at the bottom of the SC are very
compacted, favoring gas shortcuts instead of a homogenous distribution.
As the aeration is increased, the solids are softened, allowing for a better
distribution of the gas through the cross section of the horizontal pas-
sage and the opening. When taking a shortcut, a given gas flowrate
through the opening leads to higher pressure drop due to the higher gas-
solids relative velocity (narrower effective cross section). The same gas

30

@

o

~ 25 e

3 % .

& 9 B

.§ 20 A 4@

£3 : :

2 E9 ] g

<] g g RC

©

2 10 - o &

=] % g? &8

é o

a 5 0 G=5
0 G,=10
A G=15

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
30 35 40 45 50 55 60 65 70 75
Flowrate of air fed to the loop seal (m3/h)
(@)

, referring to the cross section of the SC) and aeration modes (RC: only RC, RC + SC: both chambers,

flowrate under a homogeneous gas-solid flow distribution leads to lower
gas-solids relative velocity resulting in lower pressure drop. Finally, it is
observed that the trend of the pressure drop with the aeration through
the RC is consistent with that expected in statement (ii), although the
expected negative pressure drops were only registered for the highest air
flowrate tested.

The ability of the different aeration modes to change the solids flux in
a CFB unit is assessed in this work through the increase in the standpipe
pressure gradient (see Section 4.2.1 for details on the operation of loop
seals in CFB systems). This increase in the pressure gradient is evaluated
by the change in the pressure drop measured between taps 10-8, which
are always covered by solids. Measurements reported in Fig. 7(a) show
that the pressure gradient through the SC increases for all the aeration
modes but the highest slope is observed when aerating only through the
SC. This implies that, in a CFB unit, the aeration of the loop seal through
the SC allows for controlling of the solids circulation with the lowest
aeration and solids inventory. The maximum solids flux given by the
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Fig. 7. Pressure drop through the SC between taps 10-8 against the flowrate of air fed to the loop seal (a) and measured (Exp.) and estimated (Est.) pressure drop
through the SC between taps 10-8 against the superficial gas-solids relative velocity in the supply chamber (b) for tests with the outlet rotameter under different

solids fluxes (Gy: kgm 25!

under moving bed regime are considered in (b).

, referring to the cross section of the SC) and aeration modes (RC: only RC, RC + SC: both chambers, SC: only SC), only tests with the SC
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loop seal operated as a non-mechanical valve is that of the SC under
fluidized regime (from this point forward there is no change in the
pressure drop of the SC/downcomer), which is reached at approximately
5 m>/s when aerating through the SC and 7 m®/s when aerating through
both chambers while, for the flowrates of air tested, it is never reached
when feeding the air through the RC.

As a way to assess the quality of the gas distribution across the SC,
the pressure drop between taps 10-8 have been estimated using the
Ergun equation (Eq. (5)), assuming a constant bed voidage equal to that
at incipient fluidization, for tests with a gas-solids relative velocity
below that of minimum fluidization. Results are presented in Fig. 7(b)
where high discrepancies are observed for the lowest pressures, corre-
sponding to those tests in which the gas is not well-distributed across the
section of the SC. This is consistent with the explanations provided
above: the gas short-cuts the bed at low gas flows, passing through a
narrower section than that of the SC, which results in a higher pressure
drop compared to that estimated from the Ergun equation. A compre-
hensive qualitative analysis of the misdistribution of gas and solids in
the loop seal operation is given in Section 4.1.3.

4.1.2. Comparison of tests with and without the outlet rotameter

Tests without the outlet rotameter were conducted to compare the
performance of the loop seal with and without restriction to flow at the
exit of the RC (i.e., the difference of pressure drop (P15-P1)). As the gas
distribution cannot be directly measured in tests without the outlet
rotameter, the comparison is made qualitatively through the height of
solids in the downcomer and the pressure drops throughout the system,
for the same operating conditions (aeration mode and flowrate).

In tests without the outlet valve, the maximum pressure of the iso-
lated loop seal rig (that of tap 10 or 12, depending on the operating
conditions) either remains constant or slightly decreases (due to the RC
bed expansion) as the gas flowrate fed to the loop seal is increased, but it
never increases as it does when operating with the outlet valve. As a
result, the height of solids in the downcomer always decreases with the
air flowrate, even for the aeration through the RC (Fig. 8) (in contrast to
the increase observed in the operation with the outlet rotameter to
compensate for the high pressure drop given by the outlet valve).
Moreover, as expected, a lower level is reached by solids in the down-
comer in tests carried out without the outlet valve. The highest differ-
ence in heights is observed for tests aerated through the RC as are those,
in tests with the outlet rotameter, with the highest circulation of gas
through the RC, leading to a higher pressure drop at the outlet valve
(represented by pressure at tap 15, Fig. 9(a)).

Fig. 9(a-c) compares the pressure drop through the RC, the SC and
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the opening for tests with and without the outlet valve and a solids flux
of 5 kg m~2 s7!. The pressure drop through the RC (represented by
pressure drop 12-13 in Fig. 9(b)) tends to be lower in tests without the
outlet valve due to bed expansion, consistently with a higher flowrate of
gas through the RC. This behavior is more prevalent in tests carried out
for a solids flux of 15 kg m 2 s~! (not reported here) where more gas
flows through the RC due to the solids dragging. The pressure drop in the
SC cannot be assessed so easily since it also depends on the pressure drop
across the opening, which is difficult to evaluate. Although accurate
estimations of the gas distribution along the loop seal are not possible in
tests without the outlet rotameter, it is clear from Fig. 9 that the per-
formance of the loop seal follows the same trends with and without the
outlet valve. The conclusion is that, although the actual gas-solids dis-
tribution is affected by the pressure drop along the other components of
the CFB loop, the pattern of the resistance of the loop seal unit to gas-
solids flow (resistance curve) is characterized, to a large extent, by its
geometry.

4.1.3. Implications of gas-solids flow patterns in the operation and modeling
of loop seals

The above experimental results showed that the aeration mode,
together with the geometry of the unit, establishes the distribution of the
gas fed through the loop seal and, therefore, the performance of the loop
seal under different aeration and solids flowrates. It was also demon-
strated that the non-homogeneous gas distribution and the presence of
stagnant zones of solids are essential to understand (and to predict) the
gas split between the chambers.

Fig. 10 and Fig. 11 show a representation of the non-ideal gas and
solids flow patterns observed when operating the loop seal under mono-
chamber aerations, SC and RC, respectively. The stagnant zone formed
at the bottom of the SC is reduced with the increase in aeration through
the SC until disappearing once it becomes fluidized Fig. 10(a-c). At low
solids flows the RC is a dense bed close to incipient fluidization, while
bubbles start flowing close to the central baffle as the solids flow is
increased, due to the higher contribution of the gas dragged by solids
(Fig. 10(d)). Although not represented in figures, it is clear from Fig. 10
(d) that when aerating through the SC the gas is spread into the RC
through the upper part of the opening, leading to a lower stagnant zone
in the RC. Fig. 11 shows that the operation of the loop seal when aerated
through the RC is characterized by a huge stagnant zone in the SC, but
good gas distribution across the RC, leading to vigorous bubbling as the
aeration is increased. Although the death zone in the SC gets smaller
both with increasing the aeration and the solids circulation, it always
remains sizable (Fig. 11(c)). An intermediate behavior is obtained when
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Fig. 8. Downcomer height against the flowrate of air fed to the loop seal for tests carried out with and without the outlet rotameter (nv), under different aeration
modes (RC: only RC, SC: only SC) and solids flux (Gg: kg m~2 s’l, referring to the cross section of the SC) of 5 (a) and 15 (b).
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Fig. 10. Gas and solids flow patterns when aerating through the supply chamber for different aeration rates (Q;, Q» and Q) and different solids flows (Fs; and Fgp).
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Fig. 11. Gas and solids flow patterns when aerating through the recycle
chamber for different aeration rates (Q; and Q,) and different solids flows (Fg;
and Fy»).

aerating the loop seal through both chambers. The evolution of the
stagnant zone in the SC of a loop seal equally aerated under both
chambers was assessed in [18] using tracer solids, confirming our ob-
servations and measurements.

It is concluded that, regardless of the aeration mode, there is always a
stagnant zone in the SC when operated under moving bed flow. The size
of the stagnant zone is reduced as the air and solids flows increase, but it
only disappears when the SC gets fluidized (which only happens at high
aeration rates fed through the SC); at this aeration point, the loop seal
loses the ability to control the solids circulation. In other words, the
operation of a loop seal as a non-mechanical valve always entails the
presence of a death zone in the SC. On the contrary, stagnancies in the
RC can be easily avoided by providing some aeration through the RC.

The unexpected trends found when analyzing the pressure drop
through the opening (Fig. 6) are the result of the particular features of
the gas-solids flows across the loop seal. It was demonstrated that the
pressure drop through the opening is affected by the aeration mode and
it does not follow a homogeneous gas-solids pattern. As a result, this
pressure drop cannot be estimated as that between two fluidized beds
[41], which is assumed by many authors [21,27]. Special features
concerning the gas-solids flow through the opening in a loop seal unit
are extensively assessed in [13].

The superior performance of the loop seal for controlling the solids
circulation in a CFB loop when aerated through the SC (Fig. 7(a) and
Fig. 9(c)) is achieved due to the high resistance offered by the opening
which, for a given aeration, leads to a higher circulation of gas through
the SC. Feeding the same air flowrate through the RC leads to the lowest
circulation of gas through the SC i.e., the lowest pressure drop and solids
circulation. The best option when the stagnant zones are to be mini-
mized is the aeration through both the SC and RC. If the loop seal is
intended just as a solids circulation device, aerating through both
chambers while keeping the SC under fluidized regime is the best option
to reach the maximum solids flux, promoting a uniform and smoother
gas-solids flow (see Section 4.2.1 for details on the operation of loop
seals in CFB systems). It can be concluded that the lower the stagnant
zones and gas-solids flow resistances the lower the loop seal ability to
control the solids circulation in a CFB loop.

A proper model of the resistance to flow found by gas and solids in
actual loop seals (as a function of the aeration) would allow for the
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solution of the model presented in Section 2.2. Special attention needs to
be paid to the opening/horizontal passage, usually not considered in
models [10,37,38,40], since it tends to be the limiting resistance,
establishing the gas and solids distribution in a loop seal device. Un-
fortunately, non-ideal gas-solids flow patterns occurring in actual loop
seals cannot be addressed by simple semi-empirical 1D models. This
explains why the models of loop seal in CFB and DFB are still generally
based on empirical correlations, which are difficult to apply outside of
the system in which they were obtained. To obtain a comprehensive
description, CFD simulation appears to be the best way to predict the
actual gas-solid flow if a new loop seal is to be designed. However,
modeling of the gas-solid flow in the loop seal and the standpipe is still
recognized as the bottleneck for the simulations of the whole CFB loop in
the CFD scheme [46,47].

4.2. Loop seal coupled to a CFB unit

4.2.1. Control of solids circulation in a CFB unit

The pressure balance of a typical CFB unit, as that sketched in
Fig. 12, is given by Eq. (14) where the pressure drop through the
connection in between the RC and the riser has been neglected. Eq. (14)
shows that the pressure drop given by the column of solids in the
standpipe balances the pressure of the rest of the system.

APsp = APpp + APge + APg + APcy a4

There are two statements that must be fulfilled at any CFB unit in
which the solids circulation is intended to be controlled by the aeration
in the loop seal (Fig. 12)

0APg,
a QLS

>0

9G,
0APx |y,

meaning that, (i) the standpipe must be operated under moving bed flow
and (ii) the entrainment in the riser should be sensitive to the solids
inventory in the riser, i.e., from a design point of view:

APy 1t
AP
APgp
R /"Z
Qg APop 5
LS

Fig. 12. Sketch of the pressure loop through a CFB unit (Qg: flowrate of gas fed
to the riser; Qys: flowrate of gas fed to the loop seal).
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- The cross section of the standpipe must be selected to allow that the
superficial velocity of the solids, under the maximum operating
solids flux, is lower than that of incipient fluidization.

- The riser must be designed to operate below the saturation carrying
capacity of the gas, considering the operative window of gas and
solids velocities.

If any of these requirements is not fulfilled, the loop seal will never be
able to control the solids flux. In typical CFB boilers these requirements
are rarely met since the huge solids circulations implies solids velocities
in the standpipes above that of incipient fluidization. Moreover, in CFB
boilers the height of the riser is to be maximized for allocating the water
walls, hence the widespread belief in the boiler community regarding
the limited ability of loop seals for controlling the solids circulation.

For a given aeration in the riser, as increasing the aeration in the loop
seal, the gradient of pressure in the standpipe increases and the height of
solids decreases due to the evacuation of material, which accumulates in
the riser, satisfying the new pressure balance (Eq. (14)). If the riser is
operated below the saturating carrying capacity, the solids flux increases
with the increase in the solids inventory and pressure drop in the riser;
otherwise, the system reaches a new steady state with the same solids
circulation but higher pressure. If the aeration in the loop seal is such
that the standpipe is fluidized, the system operates with the minimum
height of solids in the standpipe, maximum sealing pressure, maximum
solids inventory in the riser, and consequently, maximum solids circu-
lation. Under this operation, the resistance in the circulating device is
minimum and the solids circulation can only be increased by increasing
the aeration in the riser. In a properly designed CFB unit the widest
range of solids circulation control is obtained when combining both the
loop seal and riser aerations.

4.2.2. Extrapolating the performance of an isolated loop seal to one
operating within a CFB unit

As shown in the previous section, in a CFB unit the performance of
the loop seal is subjected to that of the whole system. Hence, for a given
set of operating conditions (Qg, Qrs and solids inventory), the system
evolves leading to the solids circulation and the solids distribution
around the loop which satisfy the pressure balance according to Eq. (14).

Note that in an isolated loop seal, such as that used in this study
(Fig. 3), setting a solids flux, G, and an aeration flowrate, Qis, the height
of solids in the downcomer (i.e., solids inventory) and the pressure drop
in the outlet valve, APgy (P15-P1, according to Fig. 3) are established. The
pressure balance for the isolated system is,

APsp = APop +APpc +APpy (15)
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Fig. 13. Qualitative operational map of an isolated loop seal aerated through
the SC under different solids fluxes (Gs; < Gs2) and apertures of the outlet valve
(OV; representing a higher aperture of the outlet valve, compared to OV5).
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Comparing the pressure balance of a given isolated loop seal
(Eq. (15)) with the same loopseal coupled to a riser in a CFB unit
(Eq. (14)), it holds,

APOV = APR +APCY (16)

which means that the performance of an isolated loop seal under a given
Qis and Gs, can represent the operation of the same loop seal unit
coupled to a CFB system operating under the same Gs and, in which the
pressure drop of the riser and the cyclone is equal to APgy.

The performance of the isolated loop seal can be characterized by
making a performance chart such as that qualitatively represented in
Fig. 13. This chart corresponds to the operation of a loop seal rig when
aerated through the SC: varying Gs, Qis and the aperture of the outlet
valve, OV, and registering the height of the SC, hgc, and the pressure
drop in the outlet valve, APgy. The chart can be used to obtain the
aeration required in that loop seal when coupled to a CFB unit to achieve
a given solids flux. This is done by entering with the required G, the
pressure drop given by the riser and the cyclone of the CFB for G, (APqy),
and the solids inventory in the standpipe (which can be converted into
hsc). The solids inventory in the standpipe can be roughly obtained by
deducting from the total solids inventory in the operation, that required
in the riser to give G at the riser velocity. Finally, the analysis can also
provide the maximum pressure drop sealed by a given loop seal, which
corresponds to the solids flux that leads to the maximum height of solids
(geometrically allowed) in the downcomer under fluidized flow (i.e.,
high aeration).

5. Conclusions

The gas distribution along the loop seal is the key issue determining
the performance of loop seals as non-mechanical valves. Despite the
great effort made to understand and model the gas split in a loop seal
device, a review of previous works has shown that this issue is contro-
versial and there are contradictory results. Therefore, there is not yet a
comprehensive method to calculate the gas-solid flow in a loop seal of a
CFB. Dedicated experiments were conducted in this work to shed light
on these issues. Experimental work was conducted in an isolated loop
seal and the gas distribution was assessed through direct measurement
of the gas flow leaving the recycle chamber (RC) under different modes
of aeration (only supply chamber, SC, only RC and both chambers),
aeration flowrates and solids fluxes. The main conclusions obtained
from the study are:

- The aeration mode and the geometry of the unit have a huge effect on
the gas distribution in a loop seal.

The aeration through the SC allows the highest solids flux at the
lowest aeration flowrate, while aeration through the RC leads to the
lowest solids flux; aerating through both chambers leads to an in-
termediate solids flux and a smoother operation.

The resistance offered by the horizontal passage (opening) joining
the bottom of the SC and RC results in a non-homogeneous gas-solids
flow pattern which, ultimately, establishes the actual gas division
through the chambers.

- Non-ideal gas-solids flow patterns occurring in actual loop seals
cannot be addressed by simple semi-empirical 1D models; although
CFD appears a useful tool to predict the behavior of these units, a
comprehensive generalization is difficult.

A method for characterizing the operation of an isolated loop seal in
operational maps that can be used afterwards to couple the loop seal
within a CFB unit was proposed.

The knowledge gained in this study gives a general view of the
performance of a typical loop seal unit. Similar performances are ex-
pected from geometrically similar loop seals and, although industrial
loop seals tend to have longer horizontal channels leading to higher
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resistances to gas-solids flow, the general conclusions from this study
still stand.

Nomenclature
A cross section, m?
d, particle size, m

solids flow, kg s !

g gravitational acceleration, m s>

Gs solids flux (generally referred to the riser; in the experiments
to the SC), kg m™2 571

h height, m

P pressure, Pa

Q gas flowrate, m®s-1

up superficial gas velocity, m s~

ug actual gas velocity, m s

Umf minimum fluidization velocity, m st

ug solids velocity, m st

Greek symbols

5 bubble fraction, —

AP pressure drop, Pa

€ voidage, —

Hg viscosity of the gas, kg m ! s

p density, kg m~3

(0] particle sphericity, —

Subscripts

CcY cyclone

g referring to the gas

LS loop seal

mf minimum fluidization

nv no valve, referring to tests carried out without outlet valve

OP opening

ov outlet valve

p referring to the particle

R riser

X referring to pressure at the inlet of the SC
y referring to pressure at the outlet of the RC

Abbreviations

1D one-dimensional

CFB circulating fluidized bed

CFD computational fluid dynamics
DFB dual fluidized bed

RC recycle chamber

SC supply chamber
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