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The dynamics of the loop seals in a large-scale dual fluidized bed (DFB) system is investigated as a function of varia-
tions in the flux of the bed material through the seal and changes in the bed material density. These investigations are
performed numerically with a computational fluid dynamics (CFD) model and experimentally for the loop seals of the
Chalmers 2-4 MW, DFB gasifier. Both experiments and simulations show that more of the aeration gas leaves the loop
seal in the direction of the solids when a low-density bed material (silica) is used rather than a high-density one (baux-
ite). The simulations also reveal homogeneous fluidization in a vertical connection to the loop seal, whereas an inclined
connection yields heterogeneous fluidization. The minor discrepancies between the experiments and simulations with
silica are attributed to particle agglomeration, and it is proposed that CFD models applied to loop seals should account

for this phenomenon. © 2015 American Institute of Chemical Engineers AICKE J, 61: 3580-3593, 2015
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Introduction

In a fluidized bed reactor, solid particles are used as the bed
material, typically to act as a heat carrier. The particles in the
bed material are perfused with gas to create a fluidized bed, in
which the particles exhibit a fluid-like behavior that results in
good mixing properties. There exist different fluidized bed
applications, such as circulating fluidized bed (CFB) combus-
tion and gasification," as well as dual fluidized bed (DFB) sys-
tems,?> for example, DFB gasiﬁcationf’4 fluid catalytic
cracking, and chemical looping combustion.” Figure 1 pro-
vides schematic presentations of CFB and DFB systems in
which solid particles, for example, silica sand or a catalyst, are
used as the bed materials.

In a CFB combustor, the bed material is fluidized by air in
the primary reactor [(1) in Figure 1] and entrained and trans-
ported to the cyclone (2) where the solids are separated from
the gas. The solids are then returned to the lower part of the
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primary reactor (4). To prevent the gas from migrating from
the high-pressure zone in the lower part of the primary reactor
to the lower-pressure zone in the cyclone through the return
leg, a loop seal or return valve is required (3). The loop seal
allows solids to pass while gas is prevented from passing
through the return leg by introducing a pressure drop that cor-
responds to the pressure drop across the reactor. By adding an
aeration gas to the bottom of the loop seal, the bed material
becomes fluidized and flows through the loop seal (Figure 2).
In DFB applications, two loop seals are required to prevent the
exchange of gases between the primary and the secondary
reactors (5). Thus, loop seals are vital for many processes that
use a CFB or a DFB, in that they provide an appropriate pres-
sure drop and prevent carryover of gas. Furthermore, loop
seals may also be designed for additional purposes, such as
heat or mass transfer or chemical reactions,”’ which entails
more complex design and/or operation, for example, via the
use of more than one aeration gas and more than one outlet.®
In the process of retrofitting existing reactor systems with new
loop seals, there might also be significant constraints on the
space available for the seals that must be accounted for in the
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Figure 1. Schematics of a CFB system and a DFB sys-
tem showing the: (1) primary reactor; (2)

cyclone; (3) loop seals; (4) return leg; and (5)
secondary reactor.
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design process. Consequently, for optimal design and opera-
tion of the loop seals, it is necessary to devise a reliable
method for predicting the flows of solids and gases inside a
loop seal.

The importance of loop seals has led to several investiga-
tions that have focused on the use of loop seals for both
CFB*"* and DFB'*'® applications. Operational parameters
that should be considered in the design of the loop seal
include: the mass flow of solids, the pressure drop between the
vessels connected by the loop seal, and the properties of the
bed material.'*!”

It has been shown that the flow of solids through a loop seal
is restricted by the frictional forces that occur between par-
ticles, as well as those between the solids and the loop seal
construct. The frictional forces between the particles are a
function of the aeration of the solids, which is essential to
facilitate the function of nonmechanical valves in controlling
the mass flow of solids by adjusting the volumetric flow rate
of aeration gas. At a certain level of aeration, any further
increase in the rate of aeration has no significant impacts on
the mass flow of solids and on the pressure drop, which
becomes independent of the aeration level. 1171315 The pres-
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Figure 2. lllustration of a loop seal that is fluidized by
an aeration gas.
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The term AP indicates the effect of a pressure difference
across the loop seal.
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sure drop over the nonmechanical valve then automatically
adjusts itself to the pressure difference in the loop, thereby
forming a pressure seal that is referred to as a “loop seal.”
Thus, to ensure loop seal function, the aeration of the loop seal
must be maintained above a certain level to ensure that the
loop seal adjusts when the pressure fluctuates. This level is
affected by the properties of the particles in the bed material,
whereby larger particles and/or a greater density of the par-
ticles require a higher rate of aeration.'?

One of the main purposes of a DFB system is to separate
the gas streams that are generated in the primary and second-
ary reactors.'*'® Thus, the aim with such a system is to oper-
ate the loop seals without any gas leakage between the
reactors. Problems related to gas leakage or carryover of gas
through loop seals have been addressed in several stud-
ies,g_m’n_16 indicating an association between decreased car-
ryover and higher aeration. However, a high rate of aeration is
related to high-level steam consumption or high-level power
consumption if air or flue gas is used for aeration. High-level
aeration can also cause slugging fluidization, which results in
pressure fluctuations and attrition in the loop seal and should
therefore be avoided.

For a DFB gasification system, the gas split in the loop seals
is of particular importance for quantification of the steam-to-
fuel ratio (SFR), which relates the total amount of steam added
to the process to the amount of dry fuel. As the SFR of a gasif-
ier affects the fuel conversion, it is important to know the gas
split values of the loop seals when evaluating a DFB gasifica-
tion system.18

Previous investigations of loop seals were based on meas-
urements made in experimental models under cold conditions.
In rare instances,m’19 the Glickman’s scaling laws?® have been
applied to mimic the temperatures actually used in CFB and
DFB applications. More importantly, both Mayer et al.'* and
Lind"® concluded that, even with the use of thermodynamic
scaling, discrepancies remained between the results of the
model of the cold system and the validation results from the
hot system. In addition, the computational fluid dynamics
(CFD) modeling used previously was either two-dimensional
(2-D) or based on the multiphase particle-in-cell (MP-PIC)
method.?! However, the design of a typical loop seal does not
warrant a reduction in dimensionality from three to two, and
the employment of the MP-PIC method is associated with
important theoretical challenges. For example, if too fine grids
are used, statistical noise will influence the results.”? In con-
trast, if too coarse grids are used, subgrid scale corrections
must first be derived and applied.23 In summary, the discrep-
ancies noted between the hot and cold experimental models
and the lack of fluid dynamics scaling in most of the previous
experimental studies raise questions as to how well these pre-
vious results can be extrapolated to loop seals in large-scale
DFB systems operating under hot conditions. Therefore, the
accuracy and reliability of previous CFD modeling validated
using these cold models remain uncertain. The elucidation of
how a specific loop seal design is affected by operational
changes (e.g., choice of bed material, solids flow rate, and
pressure drops) requires comprehensive CFD modeling, which
is subsequently validated by experiments in a large-scale unit
operated under hot conditions.

In the present work, a three-dimensional (3-D) CFD model
of a loop seal is established and used to investigate the aera-
tion gas split, the pressure drop across the loop seal, the degree
of fluidization, and the carryover of gas through a loop seal
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Figure 3. Schematic of the system of interest in the
present work.
LS1 and LS2 represent loop seals 1 and 2, respectively.
In- and out-going mass flows are indicated by arrows,

and the positionings of the helium (He) injection points
are indicated with dots.

during the operation of a large-scale DFB system in which dif-
ferent bed materials are employed. Since the focus of the work
is on a DFB system, the aeration level in the loop seals is high.
The computational model is validated by quantification of the
gas-split and carryover of gas in the loop seals of the Chalmers
2-4 MWy, gasifier. It is shown how experimental data
obtained under relevant conditions can be combined with com-
prehensive CFD modeling to provide valuable insights into
the operation of a specific loop seal design.

Experimental Setup and Procedure

The experimental setup of the Chalmers system comprises a
DFB gasifier (Figure 1B). The primary reactor is a 12-MW,;,**
CFB boiler that was retrofitted® with a secondary reactor,
which is a DFB gasifier that is indirectly heated with the bed
material from the CFB reactor.”” The present work is focused
on the loop seals that connect the loop pot of the CFB and the
bubbling fluidized bed (BFB) of the gasifier (Figure 3). The bed
material enters from the CFB furnace via a cyclone and is col-
lected in a seal pot. The seal pot is a BFB with multiple exit
pipes of different heights, allowing the bed material flow to be
directed by enabling or disabling the fluidization of loop seal 1
(LS1) of the lower exit pipe. If LS1 is fluidized, the bed mate-
rial is transported to the gasifier, and if LS1 is not fluidized, the
seal pot is filled to the level of the higher exit pipe so that the
bed material enters the downcomer to the CFB.>

The bed material that passes through LS1 enters in the bot-
tom of the gasifier and exits over a weir section on the oppo-
site side of the gasifier, thereby creating a cross-flow of bed
material through the gasifier. The bed material exits the gasif-
ier by passing the weir and entering loop seal 2 (LS2), such
that the bed material is transported back to the CFB.

The two loop seals and the gasifier are fluidized with steam
to yield a nitrogen-free gasification gas, while the CFB is flu-
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idized with air and the loop pot can be fluidized with air, flue
gas, or steam. To investigate the split of the steam in the loop
seals, helium (He) is used as a tracer gas that is injected into
the steam pipes (dots in Figure 3). The concentration of He in
the gasification gas when He is injected into the steam duct to
the gasifier (injection point He,G in Figure 3) is denoted as
Cheg- The value of Cye g is used as the reference concentra-
tion to establish the volume flow of gas, Vgas, under the
assumption that none of the steam (or He) added to the gasifier
escapes through the loop seals. The reference concentration
allows calculation of the fractions of steam that enter the gasif-
ier from LS1, X151, and from LS2, X151

VgasCHe,i

Xi= - ==
VHe,i VHe,iCHe,G

VHe,GCHe,i

;i =LS1,LS2 (1)

where Ve is the volumetric flow rate of injected He at point
He,i. To assess the validity of the assumption that the steam
injected into the gasifier (He,G) does not escape through the
loop seals, two complementary experiments were performed.
The fraction of the total amount of steam that entered the gasif-
ier, Xs an, Was quantified in two ways: (1) based on the mass
flow of steam, m1, and the fraction entering the gasifier, X, as
quantified by Eq. 1; and (2) by injecting He into the main steam
duct (at point He,All). The two approaches can be compared in
Eq. 2 where the left-hand side of the formula is based on the
first approach and the right-hand side on the second approach
XgLsimg st g6+ Xg Ls2MlssL2 _ VHeGCHe Al
: : - =X Al = = —
Mg SL1 Mg G T g SL2

VHe,AlCHe,G
()

To enable analysis of the He concentration, the gas is cooled
to —2°C to remove water and tar.'"® The cooled and cleaned
gas is analyzed with a molecular sieve column with argon as
the carrier gas and a thermal conductivity sensor in the Agilent
490 micro gas chromatogram (GC). The GC method used ena-
bles measurements at 180-second intervals; for each investi-
gated case, at least five measurements (~15 min) are acquired
with a stable He level (standard deviation of the mean value of
<1%¢e1). The purity of the injected He is 99.5% and the mass
flow is controlled using a Bronkhorst mass flow controller
(MFC F-202AV).

To investigate how the running of the process affects the
operation of the loop seal, two major parameters are consid-
ered: (1) the mass flow of the bed material between the reac-
tors, which is here quantified as the flux of bed material
through the loop seal, and (2) the density of the bed material,
which is investigated by operating the process with either
silica sand or bauxite as the bed material. The operation of the
loop seal is primarily characterized by the pathway that the
aeration gas takes through the seal (the so-called gas split) and
the extent (if any) to which the seal allows carryover of gas
between the gasifier and the adjacent parts of the system.

The impact of the bed material flux on the gas split is inves-
tigated using silica sand as the bed material and by varying the
level of the flux. The experiments are summarized in Table 1,
where time-close experiments (conducted on consecutive
days) are indicated by a mutual box. Note that the experiments
are carried out in an industrial production facility and that
every measurement point therefore requires a significant
effort, in terms of both disruption of normal operation of the
plant and substantial financial cost. The impact of the density
of the bed material is investigated based on one silica sand and

November 2015 Vol. 61, No. 11 AIChE Journal



Table 1. Summary of the Investigated Experimental Cases

Investigated Parameter

Flux of Bed Material Through the Loop Seal

84 kg/m’s 93 kg/m’s 99 kg/m’s 112 kg/m’s
Flux of bed material X X X |
X X I
X X
Bed material density
High X (Bauxite)
Low X (Silica sand)

Time-close experiments are indicated by a surrounding box.

one bauxite case, while all the other parameters are kept con-
stant as much as possible. Particles of similar size were used
(see Table 2), and the size was quantified for particles sampled
from the process during the operation, so as to derive an accu-
rate value for the particle diameter, as it might change over
time.

All the investigated cases had the same level of aeration.
The level of aeration is based on experimental experience
(>1800 h) of running the process with a steady flow of silica
sand as the bed material.

Modeling

Mathematical model

There exist today a variety of discrete particle models,?*?’

in which the Newtonian equations of motion are solved for
each particle. Although these models potentially allow a very
accurate description of the particle motion, they are prohibi-
tively expensive for industrial-sized problems. In addition, if
the computational efficiency of a discrete particle method is
increased by a coarsening of the mesh for the continuous
phase, information on the local flow field around the particle
is lost and the quality of the prediction of the instantaneous
drag force deteriorates.”® Given the large number of particles
that are physically present in the system of interest (the vol-
ume of LSI in Figure 3 is approximately 0.2 m®, which
means that it contains more than 10° particles) and the signif-
icance of particle-particle interactions for the hydrodynamics
of fluidization, the Euler-Euler (two-fluid) model is used for
the numerical simulations. In this model, a statistical averag-
ing is performed of the governing equations that describe the
behavior of the particles, so that both phases are described as
interpenetrating continua. A consequence of this procedure is
that the interfacial terms and stress tensors require closure
modeling, for which the kinetic theory of granular flow is
employed. With this approach, the concept of granular tem-
perature is introduced as a measure of the kinetic energy of
the random motion of the particles. Details of the derivation
of these equations are available in the literature,zg’30 and the

particular implementation used in this work is shown in
Table 3.

The boundary conditions applied are the specified velocities
of steam at the steam injection nozzles and specified pressures
at the cross-sections of the downcomer and gasifier legs (Fig-
ure 3). As the steam injection nozzles are fully resolved in the
computational mesh, no additional assumptions are needed
regarding the inlet distribution of the steam. The pressure out-
let boundary conditions allow temporary backflow to occur, as
dictated by continuity. In such cases, only steam (not particles)
is assumed to flow over these boundaries. Rationalization for
this choice of boundary condition will be provided later. The
walls have no-slip boundary conditions and gravitation acts in
the downward direction.

Particles are introduced into the loop seal by the addition of
a source term in the solid-phase continuity equation in a spher-
ical region of 1.77 dm® (corresponding to 19,064 computa-
tional cells) approximately 2 dm below the outlet boundary of
the downcomer leg (cf. Figure 4). The size and location of the
inlet region is chosen so that the incoming solids do not inter-
act directly with the pressure outlet boundary or with the wall
boundaries, while maintaining a local volume fraction of sol-
ids in the spherical region below 0.30 at all times. The bed
material introduced in this way is allowed to accelerate due to
gravity and fall down onto the top of the bed in the seal below.
The use of source terms in this manner ensures that the correct
solids flux is obtained without any need to specify otherwise-
unknown boundary conditions for the solids flow at the upper
boundary of the downcomer leg. Consequently, the effects of
the specification of the solid-phase inlet condition on the fluid-
ization behavior in the loop seal is deemed negligible.

Numerical considerations

Two-dimensional simulations can potentially be used to
deduce information about the approximate qualitative behav-
ior of a system, although they are often motivated primarily by
a lack of available computational resources. Previous studies
on simulations of the gas-solid flow in loop seals using the
two-fluid model have typically dealt with 2-D simulations.'*-*’
However, the hydrodynamics of the gas-solid flow is not the

Table 2. Physical Properties of Gases and Solids

Surface-Weighted

Solids Density (kg/m3) Mean Diameter (pm)

Silica sand 2600 298

Bauxite 3300 305

Gases Density (kg/m®) Mass Diffusivity (m%/s) Purity

Steam 0.197

Helium 127 x 107* Detector quality, 4.6
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Table 3. Summary of Equations Used in the Mathematical Model

Solid phase continuity
Gas phase continuity

Solid phase momentum balance
Gas phase momentum balance
Granular temperaturem

Interphase exchange coefficient™

Solids pressure®

Radial distribution function®-3

Solid phase shear stresses

Solid phase shear viscosity
Solid phase collisional viscosity>'*’
Solid phase kinetic viscosity®'
Solid phase frictional viscosity®®

Solid phase bulk viscosity™>

|

(5p5) +V + (a5 p5us) =0
(02pg) TV - (epyg) =0
(

SISEY

(o psits) +V - (aspgtsitg) = =0 Vp—Vps+V - 1y + 0 p g+ K (ug—us)
Agpylts) TV - (atgpyittty) = =0t Vp+V - TgF0tpyg+Keg (10— 11g)

’ 12(1-¢2 ) gy

9 (@) =(—pol+71,) : Vus—i( e #2032 =3K 4, O

Yoo

(S

ot di\/m
2
_ 39%py ~ Rey| _ 33 o — 43 34,
K= Zrs Cp 2 lus—ug|, with : Cp= 0.63+\/m and®* :

1y =0.5 (ag“‘ —0.06Re + \/ (0.06Re,)>+0.12Re, (2B—ag-l4) +a§-28>

_ 0.8%,1.28, #,<0.85 _ pods|us—ug|
B_{agﬁ—‘, 2g>0.857 Reg= Hy

ps=sp, O +2p(1 +‘-’SS)°‘3g0.ss®s

137!
gO,ss = {1 - (mtdx ) :|

Ty =0ty (Vi + V") +og (2= 2 )V - gl
Hs= U col T K kin +ﬂs¢;~

Hocol = 3059380 (1 +e5s) (3
Hskin= % [1 + % (1+es)(3ess— 1)“sg0,ss]

__ pssing

:us,ﬁ‘_ 2vhp
/ls = % aspsdsg()‘ss (1 +e“) (%)

)1/2

1/2

same in a 2-D simulation as in the corresponding 3-D
case.***! We thus believe that the loop seal of interest in the
present work can only be accurately represented by a 3-D
geometry (Figure 4).

The equation set formed by the mathematical model is
solved in a finite volume framework using a pressure-based,
segregated solver on a colocated grid. The phase-coupled
SIMPLE algorithm is used for the pressure-velocity cou-
pling,42 and the time discretization of all equations is first-
order implicit. The first-order upwind scheme is used to satisty
boundedness for the spatial discretization of the advective

downcomer e Ty

term in the particle volume fraction equation (obtained from
the solid-phase continuity equation). The gas-phase volume
fraction is obtained from the condition that the two volume
fractions always should sum to unity.

The decision to specify the volume fraction of solids as zero
in the event of backflow over the outlet boundaries is moti-
vated by several important considerations. First, the sizes of
the reactors are such that the full DFB system (cf. Figure 1)
cannot be simulated in its entirety, given the long simulation
times needed to gather statistical data (as will be discussed fur-
ther in the next section). Thus, the appropriate boundary

to gasifier

steam injection

Figure 4. Outline of the three-dimensional computational domain.

The green sphere illustrates the region where the solids are introduced via source terms. The computational mesh contains approx-
imately 2.5 million cells. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Time-resolved ratios of the incoming to the
outgoing mass and momentum flow rates
over the outlet to the gasifier in the simula-
tions with bauxite.

conditions for solid-phase backflow (e.g., in terms of volume
fraction, velocities, and granular temperature) are by definition
unknown in the simulations of the loop seal. Re-entry of solids
from the gasifier leg, the properties of which have been speci-
fied a priori, would influence the dynamics of the gas-solids
flow in that part of the system in ways that would be difficult to
quantify. Furthermore, such a backflow of solids would also nec-
essarily affect the solids flux, making it difficult to perform rele-
vant comparisons between the experiments and simulations.
Finally, allowing only steam to flow back over the outlet boun-
daries acts to increase the carryover of gases between the two
legs of the seal, so that the carryover is not underestimated in
the simulations. Nevertheless, the effect of the applied outlet
boundary condition in the gasifier leg was also quantified by
analysis of the behavior of the solution variables over the bound-
ary. Figure 5 illustrates the time-resolved ratio of the incoming
to the outgoing mass and momentum flow rates over this outlet.
It can be seen that the influence of backflow over the boundary
is very small most of the time, with only a few intermittent
peaks. Furthermore, an estimate of the depth of influence from
the backflow was obtained using a theoretical model for spray
penetration.43 With this method, the backflow is described as a
spray originating from the cell face on the boundary over the
duration of the time step and with the same total momentum
flux as the backflow in question. If the spray cone angle was
taken to be 22.5° (a reasonable assumption for a high-pressure
spray discharging into a quiescent atmosphere), the time-
average of the calculated penetration depth was 13.6 = 10 mm
and the maximum penetration depth in each time step was
75.9 = 32 mm. This depth represents only a minor section of the
leg connected to the gasifier, which has a total height of 720 mm
measured from the bottom floor of the loop seal. These calcula-
tions therefore support the conclusion that the influence of the
backflow on the flow field inside the loop seal, and on the qual-
ity of the fluidization in the leg leading to the gasifier, is limited
to a relatively small region close to the boundary.

Analysis of the gas split signal from the model

The main parameter of interest in the numerical simulations
is the split signal, defined as the ratio of the mass of the steam
that exits to the gasifier to the total mass of steam injected into
the loop seal. A time-averaged value of this signal is obtained
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by time integration of the instantaneous mass fluxes of steam
and the subsequent calculation of the appropriate ratio.

Three-dimensional numerical simulations of fluidized gas-
solid systems are computationally expensive to perform44
(CPU-to-real-time ratios in the order of 10°—10°), which
restricts the duration of the time signals that can be obtained
for subsequent analysis.***"**>#® The computational cost is
further increased if the influences of different operating condi-
tions for the loop seal are to be examined. In the present work,
two of the experimental cases [with high-density (bauxite) and
low-density (silica) bed materials] are chosen for further
numerical investigation. Each simulation is performed in par-
allel mode using 32 Nehalem CPUs (Xeon E5520, 2.27 GHz).

It is customary to exclude the first 5-10 s of the simulated
data in the analysis, to prevent any influence of the initializa-
tion or the startup phase, and to gather data for the signal anal-
ysis until the sampling of the investigated variable converges.
In practice, sequences as short as 4 s have been used for 3-D
simulations, whereas longer sequences may be used for 2-D or
laboratory-scale systems.‘m"“"ls’46 Gel et al.’ performed a
comprehensive validation and uncertainty quantification
investigation of a CFB simulation setup and found that the
spatial discretization error was the predominant source of
uncertainty, far outweighing the influence of the time averag-
ing error. Therefore, we choose to obtain spatially well-
resolved solutions for affordable time periods rather than the
opposite (i.e., under-resolved solutions for longer sampling
times). The spatial resolution is thus everywhere in the domain
much finer than the threshold defined by Cloete et al.** for
grid-independent phase-segregation and grid-independent
reactor performance. The smallest and largest computational
cells have sides equal to 0.35 mm and 6.9 mm, respectively. In
this work, the first 11.6 s of the signal were discarded, and the
sampled values converged after an additional 11.4 s for the
bauxite case and 6.6 s for the silica case. Convergence of the
sampled value is judged by monitoring the ratio of the abso-
lute change in the sample value between two successive sam-
ples to the largest change observed during the sampling. The
relative change defined in this way had to decrease by more
than three orders of magnitude during the total sampling time
for the signal to be considered as having converged. The time
series for the convergence of the monitored split signals for
the bauxite case is shown in Figure 6.

Due to the fine temporal resolution in the numerical simula-
tions, high-frequency fluctuations in the split signal are cap-
tured and have to be dealt with in the signal analysis. More
specifically, the standard deviation of the split signal remains
significant (of the order of 30% for both cases) when the accu-
mulated mean value has converged. Consequently, even with
converged mean values, it is still a delicate task to differentiate
with high statistical significance the trends for different opera-
tion points for the loop seal.

In an attempt to acquire additional information regarding
the trend for the split signal with respect to the pressure drop
across the gasifier bed, an alternative trend-probing methodol-
ogy was developed and employed. A complete instantaneous
solution to one of the cases (i.e., the silica or the bauxite case)
is carried out and used as the starting point for a simulation of
the other case (with different material properties and boundary
conditions). The difference in evolutions between the split sig-
nals is monitored for the short period of time over which the
two solutions still correlated. Here, this time period is chosen
to be 0.1 s, which corresponds to approximately 1/10th of the
retention time in the loop seal based on the nominal volume of
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the lower compartment, and at the same time to up to a com-
plete passage from the nozzle tip to the outlet of the gasifier
leg for the steam that is injected just below this leg. Several
such comparisons for different sets of instantaneous solutions
are carried out, and the switches are performed in both direc-
tions (i.e., silica case uses bauxite case solution as start-point
and vice versa). The usefulness of this comparison is based on
the assumption that a solution obtained with one set of bound-
ary conditions and material properties is a good approximation
of a valid instantaneous solution for a different, yet similar, set
of boundary conditions and material properties. This assump-
tion is supported by investigations of the time-averaged con-
tour plots of the various solution fields from the two different
cases. Consequently, repeated switching of the boundary con-
ditions and material properties is valuable when establishing
the expected trend. It should be stressed here that while this
method does not reveal quantitative information about the
magnitude of the differences in the split signal, it provides
qualitative information about the relative trends for the split
signal between the two cases.

Results and Discussion

The operation of the loop seals in the Chalmers gasifier is
investigated both experimentally and numerically. Of particu-
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o
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Figure 7. Measured He concentrations (left y axis) and
the calculated fractions of steam entering
the gasifier (right y axis), while sequentially
injecting He at the various injection points.

lar interest is the determination of the aeration gas split, that
is, the tendency for the aeration gas supplied to the loop seal
to go the gasifier or to the other leg. Furthermore, we investi-
gate the fluidization behavior inside the loop seal and how the
latter affects the pressure field and the potential carryover of
gas through the seal.

Experimental quantification of the gas split

To investigate the gas split in the loop seals, the concentra-
tions of He injected into the particle seals are analyzed. Figure
7 shows the He concentrations and fractions that resulted from
the injection of a known amount (50 nL/min) of He into the
gasifier (He,G in Figure 3), main steam duct (He,All), loop
seal 1 (He,LS1), and loop seal 2 (He,LS2). The measured He
concentration in the gasification gas is used to determine the
gas split using Eq. 1. The results are summarized in Table 4,
where the fraction of steam supplied to the gasifier (0.85), as
calculated from the right-hand side of Eq. 2, can be compared
with the fraction of steam delivered to the gasifier, as calcu-
lated from the left-hand side of Eq. 2, based on the fractions of
steam entering the gasifiers from the loop seals (0.87). The
results are in good agreement, which means that it is valid to
assume that all the He injected into the gasifier ends up in the
gas that exits the gasifier.

Furthermore, the potential carryover of gas (air) from the
seal pot was investigated by switching the fluidization media

Table 4. Total Amounts of Steam Entering the Gasifier, Calculated Based on Injections Made to the Loop Seals (Eq. 1) and
Compared to the Total Amounts of Steam Entering the Gasifier, Which are Based on the Levels of He Injected into the Main
Steam Duct (Eq. 2)

Gasifier Main Duct Loop Seal 1 Loop Seal 2
Injection Point (He, G) (He, All) (He, LSI) (He, LS2) All (Eq. 2)
Steam flow (kg/h) 211 300 45 44 300
He concentration (Vol %) 1.082 (9) 0.918 (4) 0.943 (5) 0.283 (8) -
Calculation of the steam fraction Reference level Right-hand Eq. 1 Eq. 2 Left-hand
side of Eq. 2 side of Eq. 2
Steam fraction to gasifier (fraction of He) 1 0.85 0.86 0.26 0.87

The compared values are highlighted in bold text.
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Figure 8. Gas split in the loop seals as a function of
the flux of solids.
The vertical error bars represent the combined standard
deviation from the He measurements in each point,
whereas the horizontal error bars illustrate the experi-
mental uncertainty in the determination of the solids
flux (within 10%) as validated in our previous work.'®

from air to steam in the seal pot and monitoring the level of
nitrogen in the gasifier. No significant change in the nitrogen
level was detected at any time-point, which confirms that no
carryover of gas occurs through loop seal 1. This proves that
the measured concentrations of He in the gas from the gasifier
can be used in Eq. 1, as proposed.

The results from the experiments show that changes in the
flux of the bed material through the loop seals do not have a
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Figure 9. Gas split in the loop seals as a function of
the difference in the gas pressure across the

loop seals in the direction of the solids flow.

The error bars represent the standard deviation around
the mean for each measurement point.
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Figure 10. Gas split in the loop seals as a function of
the density of the bed material.
The dotted line is a linear fit, included solely for illus-

trational purposes. The error bars represent the stand-
ard deviation in the experimental measurements.

significant impact on the gas split in the loop seals. Figure 8
shows the split of the aeration gas as a function of the flux of
the bed material. The split is expressed here as the fraction of
steam that follows the direction of the solids. The experimen-
tal cases that were investigated under consecutive days are
indicated with connecting lines. No significant trend is evident
for either the time-close or the other cases.

Another parameter that can affect the gas split is the differ-
ence in gas pressure between the two sides of the loop seals.
Although this cannot be controlled in the current system, it
can differ to some extent between cases. Figure 9 shows that
the pressure difference in the gas phase between each side of
the loop seal has no clear impact on the gas splits in LS1 and
LS2, respectively.

Interestingly, there is a significant difference in the gas split
between the two seals. This difference can be attributed to
both the difference in the gas pressure across the loop seals
(cf. Figure 9) and design differences. Loop seal 1 is connected
to the bottom of the gasifier and the latter is part of the weir
section of loop seal 1, which means that it has a considerably
higher sand pillar to overcome than does loop seal 2.

In summary, these results show that the solids flux can be
changed within a wide range without any significant impact on
the gas split. Instead, these variations in the gas split indicate
that other effects, such as aging and sintering of the bed mate-
rial, affect the gas split.

LS1 is chosen for a more detailed experimental and compu-
tational analysis, as the carryover of gas has been investigated
experimentally (by monitoring the nitrogen level in the gasif-
ier) for this loop seal.

Figure 10 shows the split of gas in the direction of the solids
as a function of the density of the bed material for the two
investigated materials (silica sand and bauxite). There is a sig-
nificant difference in the gas split for these two cases. With a
low-density bed material (silica sand), a larger fraction of the
aeration gas follows the direction of the bed material than
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The trend in the numerical simulations has been veri-
fied with an additional trend-probing methodology, as
explained in the text. The larger error bars indicate
the standard deviations of the numerical simulation.
The smaller error bars represent the standard devia-
tions in the experimental measurements.

when a high-density bed material (bauxite) is used. The bub-
bling bed of the gasifier represents the upper part of the weir
section of LS1, and therefore, the pressure drop is higher with
bauxite than with sand, with consequent lower flow of aeration
gas toward the gasifier. To investigate in more detail how the
exchange of bed material from silica sand to bauxite affects
the function of LS1, simulations are conducted for both a
bauxite case and a silica sand case.

Numerical predictions of the gas split

The numerically predicted gas splits for the two different
experiments (with silica sand and with bauxite, respectively) are
plotted together with the experimental data in Figure 11. The
numerical (time-averaged) value for the gas split of the high-
density (bauxite) bed material is in very good agreement with
the experimental result. For the low-density (silica) bed mate-
rial, the numerical and experimental predictions agree within
the range of uncertainty provided by the standard deviation of
the fluctuating numerical signal. The same trend is noted for the
mean value of the split of steam with a change of bed material
in both the experiments and simulations, although the magnitude
of the trend is different. The newly developed trend-probing
methodology reveals that the split signal in the low-density case
is higher by 1.04 = 0.04% than that in the high-density case. In
other words, simulations of a higher-density bed material result
in a decrease of the split signal, as compared with simulations of
low-density bed material. Again, this result provides qualitative
support for the conclusion that the gas split decreases when the
switch is made to a bed material of higher density.

The discrepancy between the experimental and the compu-
tational results in terms of the absolute value of the trend may
indicate that effects that are not captured by the present model
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(e.g., particle-size distribution, nonspherical particles, sinter-
ing or agglomeration of bed material,***® and ash coating) can
influence the split of gas in a loop seal. This conclusion is sup-
ported by the experimental observation that no significant sin-
tering or agglomeration occurred when bauxite was used (2
weeks of operation), whereas when silica sand was used,
agglomeration was detected to some extent in all the cases (1—
5 weeks of operation), as evidenced in Figure 12. Thus, it is
likely that the higher level of agreement between the numeri-
cal results and the experimental data seen for bauxite is
because the particle properties are better characterized and
constant for the bauxite case. Therefore, subsequent investiga-
tions are conducted exclusively with the bauxite bed material,
to minimize the discrepancy between experiments and simula-
tions due to sintering and aging of the bed material.

Fluidization behavior in the loop seal

Our study of the fluidization behavior in the loop seal
reveals that heterogeneous fluidization takes place in the
inclined entrance pipe of the loop seal, while a more homoge-
nous fluidization occurs in the vertical exit pipe. The heteroge-
neous fluidization in the entrance pipe causes pressure
fluctuations and may cause attrition in the loop seal. With het-
erogeneous fluidization, a part of the bed material acts as a
moving bed, which can entrain gas through the loop seal,
resulting in carryover of the gas.

The fluidization behavior is investigated based on the vol-
ume fraction of solids and the gas velocity. Figure 13 shows
the time-averaged volume fractions of solids as a contour plot
across the central vertical cross-section of the loop seal. In
addition, horizontal cross-sections of the inlet and the exit
pipes are illustrated in the upper-right corner. Figure 13 shows
zones with a high particle volume fraction in between the noz-
zles, as well as in the inclined inlet pipe, indicating stagnant or
poorly fluidized zones. In addition, the horizontal cross-
section of the inclined inlet pipe shows that a large fraction of

Inlet to LS1

Figure 12. Photo from within the loop pot after opera-

tion with silica sand (left), taken in conjunc-
tion with the experiments reported in the
present work.
Most of the bed material has been removed to expose the
results of agglomeration. (Some of the nozzles present
have been covered in the photo so as to not reveal their
protected design). The picture to the right shows close-
up examples of the agglomerated silica bed material.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 13. Contour plot of the time-averaged volume
fractions of particles across the central ver-
tical cross-section and the horizontal
cross-sections of the inlet and outlet pipes.

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

the pipe is poorly fluidized, whereas the upper section of the
pipe has a low volume fraction of particles. Thus, most of the
gas passes along the upper part of the inclined pipe, as
expected.

The vertical exit pipe is shown to have a more even distri-
bution of the time-averaged volume fraction of solids, albeit
with more-dense regions along the walls and a region of low
concentration of solids of the cross-section closest to the
horizontal section of the loop seal. While a low volume frac-
tion of solids is observed in the upper part of the exit pipe, in
a real-life case, the loop seal exits into the bottom of the gas-
ifier and this region should thus have a higher volume frac-
tion of solids. This discrepancy is related to the definition of
the boundary conditions, which states that pure steam enters
from the gasifier in the case of backflow. Consequently, the
upper part of the exit pipe should be disregarded in the anal-
ysis; it is shown here solely to provide a comprehensive
overview of the modeling results. It is worth emphasizing
that the region of lower volume fraction in the upper part of
the vertical pipe is of the same depth as estimated using
spray penetration theory. Furthermore, it should be noted
that the zone with a volume fraction of around 0.19 in the
central part of the upper section of the inlet pipe is caused
by the source terms of the solids rather than being a conse-
quence of the actual loop seal function.

The fluidization behavior in the loop seal is further studied
based on the time-averaged gas velocity, as illustrated in
Figure 14. Here, the minimum fluidization Velocity,1 Unts
estimated for the bauxite particles, is presented on a loga-
rithmic scale. Figure 14 shows that the averaged gas velocity
in the inclined pipe is close to that of the minimum fluidiza-
tion, which indicates that defluidization can occur in this
section.
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Carryover of gas

Despite the heterogeneous fluidization in the inlet pipe
inherent to a design with an inclined pipe, the current design is
efficient in avoiding carryover of gases. The potential entrain-
ment, and thereby, the carryover of gas in the direction of the
bed material (left to right), is numerically investigated by solv-
ing a convection—diffusion equation for a trace gas contained
in the steam that is introduced into the loop seal. This trace
gas has the same diffusivity as helium, so as not to cause an
underestimation of the carryover of small and light species
(heavier compounds are expected to have significantly higher
diffusivities). Figure 15 illustrates the time-averages of the
normalized concentration of the He tracer, where a value of 1
indicates that the He originated from the steam introduced
through the nozzles, while a value of O indicates that the He
entered from a connected vessel. The results displayed in Fig-
ure 15 reveal that the average entrainment of gas with the sol-
ids is low, and that the steam fraction entering the inclined
inlet pipe is sufficient to suppress any carryover of gas. This
observation is in line with the results obtained from the experi-
ments, which show no indication of carryover of gas. How-
ever, these results are not in concordance with the findings of
several studies'®'*'* that have reported a carryover of gas.
This discrepancy can be attributed to a range of issues, includ-
ing ones related to the use of an inclined inlet pipe, hydrody-
namic scaling, operation in hot vs. cold conditions, bed
material properties, and fluidization of the particle seal.
Whereas the present work is comprehensive in including both
experimental results from a real system under relevant condi-
tions and concordant numerical results from simulations of the
same system, further research is needed to clarify the reasons
for these differences.

Time-Averaged Gas Velocity, log scale (m/s)

Figure 14. Contour plot of the time-averaged gas veloc-
ities across the central vertical cross-section
and the horizontal cross-sections of the inlet
and outlet pipes. U s = 0.043 m/s.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 15. Contour plot of the time-averaged, normal-
ized He concentrations across the central
vertical cross-section.

Time-Averaged Normalized He Concentration(-)

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

Pressure of a loop seal

Although the main function of loop seals is to ensure a pres-
sure difference between the two vessels, the vertical space
available for the loop seal construct may be restricted. When

.12.1
)

Cross-sections

@
w

e S e e St S )

Time-Averaged Static Pressure (kP

Line Scans: L1, L2 and L3

Figure 16. Contour plot of the time-averaged static
pressures over the central vertical cross-
section and the horizontal cross-sections
of the inlet and outlet pipes, as indicated.
Line scans of the pressure (L1-L3) are indicated by

dotted lines. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 17. Pressure differences across loop seal 1 as a
function of the height of the loop seal,
based on the pressure along the line scans
L1-L3 (indicated in Figure 16).

The results are compared with empirical correlations
for fixed and fluidized beds, respectively.

designing a loop seal, an important design parameter is the
heights of the inlet and outlet pipes, which must be sufficient
to cope with the pressure difference between the reactors. At
low aeration levels, the bed material acts as a moving bed in
the inlet pipe and the pressure drop can be estimated using the
Ergun equation. As aeration increases, the pressure drop
across the moving bed increases up to the point of fluidization,
after which the pressure drop levels out. The operation and
design of the loop seals investigated in the present work allow
a high pressure drop that corresponds to the pressure drop
across a fluidized bed with the porosity value of 0.5, as esti-
mated by the empirical correlation of Kunii and Levenspiel.'

The time-averaged static pressure profile obtained from the
numerical simulations is illustrated in Figure 16. The horizon-
tal cross-section shows a heterogeneous pressure profile, with
higher pressure in the sections that have a low volume-fraction
of particles (cf. Figure 13). The pressure profile of the vertical
exiting pipe is homogeneous with only minor variations. To
investigate further how the pressure drop increases with the
height of the loop seal, three line-scans (indicated as L1, L2,
and L3 in Figure 16) are analyzed. Figure 17 shows the time-
averaged difference between the local pressure and the pres-
sure at the nozzles as a function of the height above the noz-
zles. The results from the CFD simulations are compared with
empirical correlations for the pressure drop across a fluidized
bed and the pressure drop across a fixed/moving bed. This
shows that an assumption of a moving bed would give a sub-
stantially lower estimate of the pressure difference than the
CFD model. Instead, the pressure differences agree well with
those for a fluidized bed with 50% voidage. Operating a loop
seal in such a way that the pressure drop resembles that of a
fluidized bed could reduce considerably the required height
for a specific loop seal, and the results show that the current
loop seal supports a compact design in the vertical direction.
Furthermore, these results highlight the usefulness of a com-
prehensive mathematical model in the evaluation of a specific
loop seal design.
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Conclusions

The functions of a loop seal in a DFB system are investigated
for a large-scale loop seal operated under hot conditions. The
investigations are carried out using detailed experiments (pres-
sure signal measurements and trace gas addition) and using
Eulerian-Eulerian CFD simulations. The operation of the loop
seal is characterized based on the pathway taken by the aeration
gas that passes through the seal (the so-called “gas split”) and
the degree of carryover of gas through the seal. The following
conclusions are drawn from the present study:

e The investigated loop seals show robust performance with
little variation in the gas split for a wide range of bed
material fluxes (83-113 kg/m?s).

e The density of the bed material particles significantly
affects the gas split. Our results show that 80-89% of the
steam used for fluidization of a loop seal follows the
direction of the solids when low-density particles
(2600 kg/m®) are used, while approximately 65% of the
steam used for fluidization of the loop seal follows the
direction of the bed material when high-density particles
(3300 kg/m?) are used.

e The association between the gas split and the density of
the bed material can be described by the mathematical
model by accounting for the differences in particle proper-
ties and boundary conditions. The experimental and
numerical results are in good agreement for high-density
particles (bauxite case). For low-density particles (silica
case), the results show agreement, although there are
uncertainties related to the duration of the sampling
applied in the numerical simulation; the difference
between the mean signal and the experimental signal is
greater than that observed for the high-density particles.
As particle agglomeration is detected in the silica sand
experiment (but not in the bauxite experiment), and bear-
ing in mind that such phenomena are not accounted for in
the model, agglomeration is proposed as the main mecha-
nism behind these discrepancies (and thus, is a mechanism
of relevance for the gas split).

e A new, qualitative trend-probing methodology is proposed
for numerical comparisons between different operating
conditions and bed materials, and the analyses using this
methodology agree with the experimental data. This meth-
odology has the potential of offering qualitatively correct
estimations of the trends in the behavior of fluidized bed
systems as a function of changes to the operating condi-
tions and/or bed material, and its performance will be
investigated for other types of fluidized systems in our
ongoing work.

e Time-averaged results from the numerical simulations
show that the inclined inlet pipe for the loop seal causes
heterogeneous distribution of the gas velocity and volume
fraction of particles over the horizontal cross-section, with
partially defluidized regions as a consequence. In contrast,
the horizontal cross-section of the vertical exit pipe is
homogeneously fluidized. For loop seal designs similar to
the present one, in terms of the relative locations of the
pipes and the steam injection nozzles, use of vertical pipe
connections is deemed more robust.

e The simulated pressure drop over the loop seal agrees
well with the empirical description of the pressure drop
over a fluidized bed, showing that a high pressure-
difference over the loop seal can be achieved with a rela-
tively compact loop seal.
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e The carryover of gas through the loop seal is completely
avoided in the investigated loop seal, as shown by the
modeling results and validated by the experimental results.
Thus, even though the design of the loop seal results in
heterogeneous fluidization across the horizontal cross-
section in the inlet, the carryover of gas is successfully
avoided.

In conclusion, loop seals are vital for circulating fluidized
bed and DFB processes, in that they provide an appropriate
pressure drop and prevent carryover of gas. More complex
loop seal designs are also used for other purposes, such as
accomplishing enhanced heat and mass transfer or chemical
reactions between the different streams of gases and solids in
the process. Consequently, for optimal design and operation of
the loop seals, it is necessary to have a reliable method for pre-
dicting the gas-solid flow inside a loop seal. The main contri-
bution of the present work is the use of a detailed
experimental characterization of two loop seals in a real large-
scale DFB system operating under hot conditions to validate a
herein proposed mathematical model for numerical predictions
of this gas-solid flow. For a bed material that does not exhibit
significant agglomeration with time, the present model can be
used directly to predict the influence of the operational param-
eters and the loop seal design on the dynamics of the flow.
Hence, the design of new loop seals for other scales or proc-
esses can be prototyped via the use of the proposed computa-
tional model. For a bed material for which significant
agglomeration takes place, it is proposed that the model
applied to the gas-solid flow in the loop seals should first be
extended to account for this phenomenon.
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Notation
Symbols
B = terminal velocity correlation parameter
C = concentration
Cp = drag coefficient
d = diameter
ey = coefficient of restitution for particle collisions
g = gravitational acceleration vector
80.ss = radial distribution function
I = identity matrix
I, = second invariant of the deviatoric stress tensor

K = interphase momentum exchange coefficient
m = mass flow rate
AP = pressure difference
= (shared) pressure
ps = solids pressure
Re = Reynolds number
t = time
u = velocity vector
u, s = terminal velocity for the solid phase
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V = volumetric flow rate
X = mass fraction
o = volume fraction 17
Osmax = Maximum packing limit of the solid phase
= granular temperature
/.= bulk viscosity 18
W = shear viscosity
p = density
T = stress-strain tensor 19
¢ = angle of internal friction

Subscripts 20.

All = main steam duct (cf. Figure 3) 21.

col = collisional

fr = frictional
G = gasifier 22.
g = gas phase

He = helium
i = loop seal indicator (LS1 or LS2) 23.

kin = kinetic

LS1 = loop seal 1

LS2 = loop seal 2 24.
s = solid phase

st = steam
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