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ABSTRACT

This work compares the transient behaviors of the flue gas sides of large-scale bubbling
and circulating fluidized bed (BFB and CFB, respectively) boilers. For this purpose, a dynamic
model of the in-furnace side of fluidized bed combustors presented and validated by the
authors in a former work is used to simulate two industrial units. The results show that for
load changes the heat transfer to the waterwalls stabilizes more rapidly in BFB units.
Differences in stabilization time between the dense bed and the top of the furnace are
observed in both units, caused by the distribution of solids along the combustor: the dense
bed contains more solids than regions located higher up in the furnace and, therefore
slower to respond, with stabilization times of around 15 minutes, as compared to stabiliza-
tion times in the range of 1-8 minutes for the upper furnace. This behavior is accentuated
in the BFB, where all the solids remain in the dense bottom region. The effect of the charac-
teristic times of the main in-furnace mechanisms (fluid-dynamics, fuel conversion, and heat
transfer) on the dynamic performance of BFB and CFB units has been explored and

expressed through proposed mathematical relationships.

Introduction

Fluidized bed combustion (FBC) has become a pre-
ferred choice for the thermal treatment of solid fuels
since the 1970s and 1980s. Thanks to the unique, inher-
ent strong mixing and heat transfer capabilities of the
fluidized bed (FB) units, fuels of very different natures
can be thermally converted in these boilers. These fuels
range from different types of biomass to coal and
municipal solid waste, as well as mixtures thereof. This
allows FBC facilities to switch fuels and to co-fire fuel
mixtures depending on fuel price and availability.
Furthermore, fluidized bed combustors achieve rela-
tively low levels of emissions through cost-efficient, in-
bed capture and reduction methods and high combus-
tion and generation efficiencies, what makes them cru-
cial components in many energy systems worldwide.
Depending on the fluidization velocity, fluidized bed
combustors can be divided into bubbling and circulat-
ing fluidized beds (BFB and CFB, respectively). CFB
units operate under conditions in which a significant
amount of solids is entrained by the gas, being

externally recirculated into the riser through a cyclone
and a loop seal that prevents the gas entering the cyc-
lone from its leg. In contrast, BFB boilers are operated
at lower fluidization velocities, so the amount of solids
carried by the gas flow is not significant. These concep-
tual differences related to both the design and oper-
ation of FB boilers result in very different behaviors,
which need to be understood for the optimal design
and operation of the boilers. In particular, there are
substantial differences regarding the heat transfer to
the steam cycle. BFB risers have very low concentra-
tions of solids in most parts of the furnace, with radi-
ation being the main phenomenon governing heat
transfer to the waterwalls. In contrast, a large flow of
solids down by the walls makes convection the govern-
ing mechanism in CFB units [1]. Little has been pub-
lished comparing the operating performances of BFB
and CFB boilers. One of the most detailed reviews on
this topic published to date is that of Koornneef et al.
[2], who showed the commercial size limitation of BFB
boilers. Thus, BFB boilers are mostly used for fuels
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efficiency
characteristic time, s

A= g o™

Nomenclature

A area, m’ Subscripts
BFB bubbling fluidized bed c core
c concentration, kg m—> char related to char conversion
Gy heat capacity at constant pressure, J kg~' K cyclone  in the cyclone
CFB circulating fluidized bed db dense bed
F view factor, mass flow, kg s FC fuel conversion
FB fluidized bed FD fluid dynamics
FBC fluidized bed combustion/combustor g gas, gas volume
h convective heat transfer coefficient, W m™> K™ HT heat transfer
HHV high heating value, MJ kg i region, element
k absorption coefficient, m ! in entering the surface
L length, m j other surfaces
m mass, kg k other cells
q heat flux in a certain surface/region/volume, W loop-seal in the loop seal
q’ heat flux per unit area, W m™> net net absorbed radiation
Q total heat flux, W rad radiation
RC relative change, % riser in the riser
t time, s s stabilization
T temperature, °C side from core to wall layer
y value of a certain variable y surf surface

top top of the riser
Greek symbols vol volume

. w wall
* ab§orp thltY_ . wl wall layer
voidage, emissivity g P 0 before the change is introduced
Stefan-Boltzmann constant [5.6 - 107° W m™~ K™ 7] f teady state i hed
00 after new steady state is reache

that have a lower energy density, i.e., are associated
with higher energy transport costs, such as biomass,
whereas CFB boilers can be applied in a cost-efficient
way at utility scales. DeFusco et al. [3] presented a case
study assessing the operability and financial differences
of BFB and CFB boilers for 50-MW biomass combus-
tion. In that study, it was suggested that a BFB unit
would be more beneficial due to its lower capital and
operational costs, as well as its greater fuel flexibility. It
was also stated that CFB units are the preferred option
when fresh biomass is co-fired with fuels of higher
heating value (including low-moisture fuels, such as
urban waste wood).

Given that fuel conditions are highly variable (e.g.,
with respect to the fuel mixture, moisture content and
heating value), it is crucial to understand the transient
operation of FBC units in order to design satisfactory
control systems to keep the temperature field and heat
transfer within operability limits. In addition, when
commissioned in energy systems that are progressively
increasing their penetration levels of non-dispatchable
generation of heat and power, fluidized bed boilers
will be required to operate in cycling mode, thereby
emphasizing the need for fast and controlled load
ramping and startup and shut-down capabilities.

Over the last decade, dynamic modeling and simula-
tion have gained extensive recognition as an effective

tool for assessing the dynamic behavior and capabilities
of thermal power plants, among others [4-7]. The
main purpose of dynamic models is to track key pro-
cess variables over time, so as to predict their behaviors
when a certain event or transition occurs. Furthermore,
dynamic models are used to test different control strat-
egies and to train operators. When it comes to com-
bustion plants, dynamic modeling of the flue gas side
of the boiler provides insights into the combustion pro-
cess under varying operational conditions. In addition,
dynamic models of the flue gas side can be integrated
into dynamic process models of the steam cycle,
thereby allowing the study of the dynamic interactions
between the two systems under transient operation.
Mathematical modeling of FBC units has been cov-
ered by several researchers in the past few decades.
However, the main focus has been on steady or quasi-
steady state models (for semi-empirical and CFD
modeling, respectively), which provide useful know-
ledge for the design and operation of FBC units
around a given operating condition. Considerably less
work has been carried out in the area of dynamic
modeling of FB boilers. Regarding CFB combustors,
some authors have focused on the combustion
dynamics [8], targeting estimations of the residence
time of solids and the char inventory over time.
Several 0D dynamic models have been published (see



[9-11]), despite the fact they are not capable of pre-
dicting the spatial distribution of solids throughout
the furnace, a critical aspect of CFB operation. As one
of the first 1D dynamic models, Park and Basu [12]
aimed to predict the concentrations of char and oxy-
gen after a fuel shift, presenting a model that was vali-
dated against a 0.3-MW unit. Chen and Xiaolong [13]
published a dynamic model of a 410 t/h coal CFB
unit, which was applied to resemble a specific
dynamic operation of the target boiler. More recently,
Kim et al. [14] published a 1.5D model validated with
design data from a coal-fired 795-MW plant. Their
subsequent study revealed overshoots in the freeboard
temperatures for certain load changes. Stefanitsis et al.
[15] have utilized a dynamic model of a CFB combus-
tor built in APROS to evaluate the transient perform-
ance of a CFB boiler after the addition of a thermal
energy storage in the form of hot bulk solids in an
external BFB, concluding that the stabilization times
of the boiler were reduced after the removal of solids
for storage. Other groups have focused their efforts on
developing dynamic models to design and test control
structures (see [16, 17]). When it comes to BFB units,
published work is even scarcer. Kataja and Majanne
[18] presented a dynamic model of a coal-fired BFB
boiler that included both the flue gas side and steam-
water side, and applied it to simulate changes in the
fuel feed and fuel moisture content. A similar model
was presented by Selcuk and Degirmenci [19], which
was validated against a 0.3-MW pilot plant. Galgano
et al. [20] developed a model of a biomass-fired BFB
unit, uncovering large differences between the transi-
ent responses of the dense bed and the freeboard
caused by the differences in heat capacities. Surasani
et al. [21] published a dynamic representation of BFB
combustors, which was validated with steady-state
data from a laboratory-scale unit. The authors con-
cluded that a description of the changes in fuel prop-
erties throughout conversion was required for more
accurate predictions of the dynamics.

In summary, there is a lack of knowledge regarding
the dynamics of the flue gas side of fluidized bed boil-
ers in transient operation, especially regarding the role
played by the different governing mechanisms, and
the differences between bubbling and circulating units
in their abilities to meet future demand sides charac-
terized by stronger and faster fluctuations due to the
increased presence of variable renewable energy gener-
ation. More specifically, there is a lack of works that
use models validated against operational data from
large-scale plants.
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This work aims at identifying and quantifying the
mechanisms governing the dynamics of large-scale flu-
idized bed boilers and comparing the response on the
flue gas side of BFB and CFB boilers of the same size
in defined transient scenarios. For this, we use a
dynamic model of the flue gas side of FB combustors,
that was previously validated against industrial oper-
ational data and that is capable of describing both
BFB and CFB units, to simulate two industrial-scale
furnaces of the same size (130 MWy,). The inherent
transient responses of the system when load and fuel
moisture content change are computed. Furthermore,
the present work analyses the dependence of the sta-
bilization times of the flue-gas side of BFB and CFB
combustors on the characteristic times of the main in-
furnace mechanisms (i.e., fluid dynamics, fuel conver-
sion and heat transfer).

Model description

This work makes use of the model presented by the
authors in a previous publication [22], which provides
a comprehensive description and validation of the
model. Note that for the model validation presented
in [22], steady-state and transient operational datasets
of the units in which the present study is based on
were used. Results of the validation showed deviations
between the simulated and measured values of less
than 10% for all operating conditions, with a mean
error of 1.9% for calibration cases and of 4.7% for val-
idation cases. Hence, it can be stated that based on
the results shown in [22], the model is successfully
validated for the purpose of this work. The present
section summarizes the main characteristic of the
model, paying special attention to the main differen-
ces that arise when modeling the dynamic behaviors
of BFB and CFB units.

The model is built in Modelica [23] and run in the
environment Dymola [24]. The selection of such lan-
guage and software is due to the fact that the model is
built to be integrated into multi-domain transient
plant models of the water-steam side, for which
Modelica is, to the judgment of the authors, the most
suitable alternative. The model consists of an assembly
of control volumes that exchange mass and energy.
The model covers the entire range of operations of FB
combustors, i.e., it is capable of simulating both bub-
bling and circulating conditions (BFB and CFB) as
presented in the subsections below, over the load
ranges typically covered by the technology. This is
achieved by i) distinguishing between CFB and a BFB
mode in the model and setting for each of them a
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Figure 1. Schematic of the model. The solid-line elements are present in both the BFB and CFB configurations, while the dashed-
line elements are only present in the CFB. The figure also shows the waterwalls and refractory as given temperature bound-

ary condition.

specific set of assumptions and mechanisms, ii) utiliz-
ing semi-empirical expressions based on a general the-
oretical ground and derived from data covering a
wide range of operating conditions and sizes rather
than correlations derived from measurements in sin-
gular units, and iii) calibrating and validating the
model with site data for both types of units and at
various load levels. Figure 1 shows a schematic repre-
sentation of the main control volumes and their con-
nections. While some of the control volumes are used
in both the BFB and CFB modes (solid line in Figure
1), others are exclusive to the CFB mode (dashed-line
elements in Figure 1). Similarly, the volumes in the
furnace exchange gas flows (black solid arrows) and
solid flows in the CFB mode (red dashed arrows).

The control volumes are modeled as continuously
stirred tank reactors, i.e., assuming perfect mixing
within the volume. Note that the regions that exhibit
a plug-flow behavior, e.g., the upper freeboard and the
gas flow in the dense bed, are modeled as a consecu-
tion of N stirred tank reactors. The dynamic mass and
energy balances are formulated in each of them,
accounting for the three phases included in the model:
bulk solids, fuel, and gas. From these balances, the
concentrations of all the species considered and the
temperature are solved for each control volume.

Model inputs consist of boiler geometry, fed air
and fuel flows, fuel composition, and boundary tem-
perature in the waterwalls. As an output, the model
provides, for all the control volumes defined, the

temperature, the heat flow transferred to the walls,
and the concentrations and mass flows of solids, fuel
classes and gas species.

Inert solids, the addition and removal of which
have been neglected, are characterized by a single class
of the mean particle size. The fuel phase has been
modeled as three conversion classes, to account for
the differences in density and particle size that arise
as conversion evolves. The gas phase accounts for
nine species: H,, O,, CO, CO,, H,, H,O, NH;, H,S
and heavy hydrocarbons (tar). Three homogeneous
reactions have been included (oxidation of carbon
monoxide, hydrogen and tar) along with char oxida-
tion; the kinetics are taken from previous publications
[25, 26]. The waterwalls are modeled as boundary
conditions with a given constant temperature, T,
which in this work is assumed to be equal to the
waterside temperature. Refractory material can be pre-
sent in some regions, in which the heat extraction is
set to zero. Note that the thermal inertia introduced
by the refractory materials is not included in the
model since the domain modeled is defined to end at
the wall surface (where boundary conditions
are given).

The key differences between the BFB and the CFB
configurations are the mechanisms for heat transfer to
the walls and the solids hydrodynamics, the mathem-
atical description of which is given below. Gas mixing
is used as a calibration factor in both model configu-
rations through the tuning of the effective reaction



rate of the homogeneous reactions by applying a
height-dependent rate factor to the kinetic rate (see
Appendix A for details).

BFB mode

The bulk solids and fuel phases remain in the dense
bed region, making radiation the dominant mechan-
ism driving the heat transfer to the furnace walls.
Radiative heat flows to and from each surface inside
the furnace (namely, the dense bed surface and the
furnace sidewalls and roof), as well as from and to
each gas volume. Equation (1) shows the heat balance
over a certain surface surf, considering radiative heat
transfer to be dominant, and Egs. (2) and (3) expand
the values of the radiative heat received g, s and

emitted Gemitted,surf-

net,surf =  Owlin,surf — YGemitted, surf (1)

s
Gin, surf = Zj((o_szf + qyn,j(l - ‘;J)) 'Ajl;)fsuer(l — Olg,j—surf) )
J

+ Z(Uflg}kT;kAkafsme(l - ag,k*ﬂ"f)) (2)
k k
Gemitted, surf = O—SWT;}urfASWf (3)

The first term in Eq. (2) refers to the total incom-
ing radiation from other surfaces within the furnace
(i.e., other waterwalls or the bed surface). Note that
this term consists of the emitted and reflected radi-
ation of the surface j, multiplied by the view factor
between surfaces j and surf F,s and by (1-a) of all
the control volumes that the flux crosses from j to
surf, so as to account for the fraction that is absorbed
by the gas. The second term in Eq. (2) represents the
gas radiation from the control volume k to the surface
surf (note that the gas absorption on the way from k
to surf has also been included). The view factors
between surfaces and volume and surfaces have been
computed according to [27].

Regarding the control volumes occupied by gas, a
balance similar to that shown in Eq. (1) is applied.
The heat flows emitted and received in a certain
gas volume vol are computed according to Egs. (4)
and (5).

surf
Qin,vol = ZJ Zi qemitted,ijiH(<1 - ak,ij))fxvol

k

surf
+ Zk Z,‘ Oé&yol, kAkaiT;:H((l — Olp, kfsurf))avol
h

(4)

4
emitted, vol = O-SvolTvolAvol (5)
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&l =1 — eikWIL (6)

The first term in Eq. (4) refers to the absorbed
radiation from surface to surface, in which the frac-
tion absorbed by other gas volumes has also been
taken into account. The second term accounts for the
absorbed fraction from all the gas-to-surface radiation
crossing the gas volume g. Equation (5) shows the
emitted radiation of a gas element (which is equal to
the sum of all the gas-gas and gas-surface radiation
emitted from the volume g).

It is known that the freeboard of BFB boilers con-
tains a small fraction of fine solids (the mass of which
is neglected in the model), which will increase the
radiation absorbed and emitted by the control volume.
Thus, since the amount of solids present in the gas at
different heights is not known, the effective emissivity
of the control volumes in the freeboard of the BEB is
handled in the model as a calibration factor (see
Appendix A), where the value of k,,; in the expression
for the Beer-Lambert Law is tuned, see Eq. (6).

CFB mode

As shown in Figure 1, the CFB mode presented in
this work has a 1.5D representation of the furnace,
i.e., it accounts for the core-annulus structure of the
solids flow. The hydrodynamics of the solids have
been implemented according to the model presented
by Johnsson et al. [28]. The fraction of solids
entrained from the dense bed by the gas flow is com-
puted based on the data published by Djerf et al. [29].
Some of these entrained solids are back-mixed
through the furnace wall layers, while the remainder
reaches the exit region. The net transfer of solids
from the core region to the wall layers at different
heights is modeled according to experimental data
acquired from several industrial units under different
operating conditions [28-35]. Finally, at the exit duct,
the solids experience a backflow effect, modeled based
on previously published data. Figure 2 illustrates a
certain control volume in the riser, showing the flows
of solids between the core and wall layer. The model
ignores the presence of a gas phase in the wall layers.
The mean bulk solids size is treated as a calibration
factor (see Appendix A).

Equation (7) formulates the expression used to
compute the heat transferred to the waterwalls at a
certain height, where A is the heat exchange area
assigned to the control volume i, h. is the heat trans-
fer coefficient (calculated according to Breitholtz et al.
[1]), and ¢ is the average emissivity of the suspension



308 (&) G.M. CASTILLA ET AL.

and walls. Radiation is accounted for as proposed by
Breitholtz et al [1], i.e., a radiation efficiency #,,4 is
included to account for the increase of radiation when
the solids concentration at the wall layers decreases
[36]. Note that the temperature governing the radia-
tive heat transfer is that at the core, while the wall-
layer temperature is used for the convective heat flow.

Quwall,i = he-A;- (Twl - Tw) +Ngg € Aiv 0
(Toore = T,,) (7)

core

Reference units

Two industrial furnaces with sizes and designs typical
of biomass-based FB plants are selected as reference
plants. The furnaces are used in [22] for steady-state
and transient validation of the model, while in the
present work represent the basis for the analysis.
Table 1 lists the main design and operational parame-
ters of each unit used as input for the model. Both
units work with biomass in the form of wood chips
whose specific composition used in each of the refer-
ence plants is shown in Table 2.

I Fg,out,i Fs,aut,i | FS,dOW",i”
Cicip
F, s, side, i swhi Qi
Cscore,i Water
o Toli wall
T 4
core,i Twi
Wall g
Core | layer
F. s
| Fg,in,i Fs,in,i s, down,i

Figure 2. Schematic of the mass flows entering and exiting
the control volumes at a certain height of the CFB furnace.
The figure shows the concentrations and temperatures calcu-
lated in each volume. The waterwall box acts as the tempera-
ture boundary condition.

Simulations of transient operation

The model described above is applied to investigate
the differences in transient behavior between industrial
BFB and CFB boilers. To establish a fair comparison
and avoid effects related to the size of the unit, the CFB
model is scaled-up to a 130-MW unit. After being vali-
dated with operational data from a 100-MW industrial
unit [22], the model is parameterized again to resemble
a larger unit with similar operational conditions. Thus,
the cross-sectional area is increased to maintain con-
stant gas velocity and the height of the furnace is
increased to maintain the same concentration of solids
at the top of the riser as in the 100-MW reference unit.
The superheater inserted in the furnace has its load
increased so as to keep the same gas temperature at the
furnace exit, while the air-to-fuel ratio and the primary-
to-secondary air ratio are kept constant.

Open-loop tests are a well-established method for
evaluating the inherent dynamics of a certain system.
These tests include the introduction of separate step-
changes in process inputs of interest and letting the
uncontrolled system evolve toward stabilization.
Performing this type of analyses in industrial plants is
often complicated as there are operational and safety
limitations, what makes dynamic models a great tool
for the evaluation of the inherent dynamics of a pro-
cess. Since the open-loop tests require the system to
be substantially perturbated so the dynamics can be
clearly measured, the simulated scenarios are a load
reduction from 100% to 75% (keeping the air-to-fuel
and primary-to-secondary air ratios constant), as well
as a fuel moisture content increase of 5% when the
units are running at 100% load. The latter is meant to
give an example illustrating the response to a change
in the heating value of the feedstock (a common situ-
ation in e.g., waste combustion) but stands also for a
real-life scenario in a specific share of the fluidized
bed plants (those devoted to district heating where
moist fuel can be used to support the control of the

Table 1. Design and operational parameters of the industrial reference units.

Parameter, unit

Reference unit

BFB furnace CFB furnace

Furnace dimensions, m
Waterwalls area, m?

Cyclone volume, m?

Fuel flow, kg/s

Air flow, Nm>/s
Primary/secondary air ratio
Recirculated flue gas flow, Nm3/s
Air inlet temperature, °C

Steam temperature, °C

Heat extracted by immersed superheaters, MW
Bulk solids density, kg/m?

Solids average size, pm

9.18 x 8.67 x 30 8.5 x4.1x21

885 425

- 77.5x 2
13.8 12
38 30.6
0.74 0.78

14 -
260 190
344 290
18.3 2.5
2600 2655
450 200




Table 2. Proximate and ultimate analyses and heating values
of the wood chips used to model the reference units.

Proximate analysis, wt%

BFB furnace CFB furnace

Moisture 40.00 54.00
Volatiles 47.00 32.00
Char 12.60 13.60
Ash 0.40 0.40
Ultimate analysis (dry, ash-free), wt%

C 50.60

H 5.90

0 43.20

N 0.08

S 0.04

HHV (dry, ash-free), MJ/kg 17.9 17.0-18.5

furnace-to-convection pass heat extraction ratio and/
or the heat-to-power output ratio). The open-loop
(uncontrolled) responses of the units are evaluated by
applying the changes mentioned above in the form of
steps, and then measuring the stabilization times of
the main process variables. The stabilization time f, is
computed as the time it takes for a certain process
variable to execute 90% of the total change after a cer-
tain variation is applied [see Eq. (8), where y., refers
to the new steady-state value after the change and Ay
is the absolute change in steady-state values before
and after the change]. The definition of stabilization
time used in this work is in line with the expected
noise when measuring temperatures such as the ones
the current work deals with. The relative change RC
of the variable once the new steady-state is established
is computed according to Eq. (9). The process varia-
bles selected to perform the comparison are, the tem-
perature in the dense bed, T,;; the temperature at the
top of the riser before the superheaters, T;,,; and the
heat transferred to the waterwalls, Q, ..

Yoo — 0.1AY < Yoo < Yoo + 0.1Ay (8)

RC =100 - 22 =20 9)

Yo

Analysis of the in-furnace characteristic times

In order to assess the influence of the different in-fur-
nace mechanisms on the dynamics of the flue-gas
side, a sensitivity analysis is carried out for the load
change scenario. For that, three characteristic times
representative of each of the three main in-furnace
mechanisms are defined:

e Fuel conversion time, tzc : Among the fuel conver-
sion processes involved, char conversion is
assumed to be dominant in front of drying and
devolatilization in terms of dynamic response, as it
is the slowest of these three while it represents a
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significant heat release regardless of the fuel type
(see [37] for a comprehensive review of fuel con-
version mechanisms in biomass-fired FB combus-
tors).
conversion is defined as shown in Eq. (10). Note
that ¢, is computed according to the shrinking
sphere regime (see [22] for details).

TrC = Lchar (10)

Hence, the characteristic time for fuel

o Heat transfer time, tyr: with the gas-solids heat
transfer being high in FB units, the dynamics of the
heat transfer are governed by the thermal inertia of
the furnace inventory. This time is defined as the
ratio between the thermal mass of the inventory and
the inflow (i.e., involving heat capacity, see Eq. (11)).

= 11
THT ZFiC,i (11)

e Fluid-dynamics time, Tpp : this time serves to con-
sider the time taken to convey mass and heat after
an operational variation. For the CFB mode, the
establishment of a new solids flow in the hot loop
is considered to be dominant, as it is the slowest
of the fluid-dynamics mechanisms with signifi-
cance (gas residence times are in the order of
5-10s for industrial scale CFB units [22]). Thus,
the fluid-dynamics time is here defined as the
time for solids external circulation, i.e., through
the cyclone and loop seal (Eq. (12)). In the BFB
mode, however, where the solids are assumed to
remain in the dense bed and do not yield a sig-
nificantly different solids flow after operational
variation, the fluid dynamics time is taken as the
residence time of the gas phase in the furnace

(Eq. (13)).

TED, CFB = Triser 1 Teyclone + Tloop—seal (12)

TED, BFB = Tgas (13)

Table 3 lists the variables that have been varied in
each of the model modes as well as the resulting charac-
teristic times. Note that the characteristic time of the
fluid dynamics in the BFB mode cannot be varied with-
out altering the geometry of the furnace, i.e, modifying
the height, and is therefore not varied here. In the CFB
case, however, the loop seal size is varied in order to
alter Tjoop—seas and thus tpp, crp (see Eq. (12)) while keep-
ing the same furnace geometry and solids properties.
Note that considering all the possible combinations
yields 3 x 3 cases for BFB and 3 x 3 x 3 for CFB.
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Table 3. Variations of the characteristic times of the three in-furnace mechanisms (as defined in Egs. (10)-(13))

included in the analysis.

Resulting characteristic times [s]

In-furnace mechanism Variable varied Varied values BFB CFB
Fluid dynamics Size of loop seal (for CFB) 35-8-12m? (10, 10, 10) (40, 95, 145)
Fuel conversion Char conversion time 30-10-450's (30, 150, 450) (30, 150, 450)

Heat transfer Solids heat capacity

800-1150-1500 J/kgK

(450, 650, 850) (300, 450, 600)
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Figure 3. Transient responses in the BFB and CFB boilers for the relevant process variables after a 25% load reduction step-change

is introduced at t=0 (represented with dashed black line).

Results and discussion

Figure 3 shows the responses of the selected process
variables resulting from the introduction of a step-
down in load at t=0 (marked as a dashed line). The
corresponding responses of the variables when a step-
up in fuel moisture is introduced are plotted in Figure
4. The stabilization times and relative changes in the
variables of interest are listed in Table 4.

It is evident from Figure 3b that the temperatures
in the CFB unit exhibit an abrupt initial response,
both in the dense bed and at the top of the riser,
which is a phenomenon that is not observed in the

BFB unit. This indicates that the presence of solids in
the freeboard is related to the initial abrupt changes.
It is observed in both units a faster response of the
temperature in the upper furnace than at the bottom,
as well as a larger relative change. This difference in
stabilization times becomes even larger in the BFB
case, where the top region stabilizes 14-times faster
than the bottom region. This observation relates to
the differences in heat capacity between regions: the
dense bed contains a larger fraction of solids and,
therefore, has a higher heat capacity than the top of
the freeboard, which makes it less sensitive to changes,
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Figure 4. Transient responses in the BFB and CFB boilers for the relevant process variables after a 5% step-increase in fuel mois-

ture is introduced at t=0 (represented with dashed black line).

Table 4. Stabilization times (t) and relative changes (RC) in
the relevant process variables when a 25% step-down in load

and a 5% step-up in fuel moisture are introduced,
respectively.
BFB CFB

Load reduction Tab Teop Quall Tab Trop Quall
ts () 925 67 45 860 520 310
RC (%) 4.1 487 27.1 1.2 1.6 248
Moisture increase

t () 1680 560 1170 470 450 210
RC (%) 5.8 7.1 7.8 49 5.0 13.4

although it takes more time to achieve stabilization. As
shown in Figure 3c, the heat transferred to the water-
walls decreases sharply in the BFB boiler, reaching stabil-
ization in less than 1minute (45s; see Table 4). In
contrast, the CFB boiler shows a sudden drop in trans-
ferred heat followed by a slight increase toward stabiliza-
tion, which is reached after 310s. The detected
discrepancy between the units is attributed to the fact
that the BFB unit is radiation-driven whereas the CFB
unit is largely affected by the convection of solids.

When a 5% step-up in fuel moisture content is
simulated, the temperatures simulated in both the
CFB and BFB units fall smoothly toward a lower
steady-state value, as seen in Figure 4a,b. In both boil-
ers, the dense bed exhibits a slower response than the
top of the riser, as most of the fuel drying (all of it in
the BFB unit) occurs in the dense bed, a region that is
characterized by the presence of a large mass of solids.
Note that the stronger impact on the heat transfer to
waterwalls observed for the CFB boiler in Table 4
reflects the fact that the CFB unit is modeled with a
fuel that has a higher moisture content than that in
the BFB unit (see Table 2). It is also shown in Table 4
that the relative changes in the BFB temperatures dif-
fer significantly between the bottom and top of the
boiler, linked to the assumption that all the solids
remain in the bed. This difference becomes less pro-
nounced in the CFB unit, where the solids are circu-
lating and, therefore, the impact of increased drying is
evenly distributed across the furnace. Another aspect
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has not been varied (see Table 3).

Table 5. Simplified expressions for the dependency of the
stabilization times (t) of the main process variables on the
characteristic times of the three in-furnace mechanisms (FD:
fluid dynamics, FC: fuel conversion, HT: heat transfer).

Unit Variable Expression

BFB Tap ts,db ~ Trc + THT (14)
Tiop ts.10p = Tep + 0.05 &5 ap (15)
Qwall Lo~ 1 top (16)

CFB Tap ts.db = Trc + THT + TRD (17)
Ttop ts, top = 0.7 ts, db (18)
Owall ts,O ~ 0.9‘[;:(‘ + 0.2 Tep + 0.4 THT (19)

that can be extracted from Figure 4 is the fact that the
abrupt change in the CFB temperature observed for a
load change disappears when it comes to a change in
moisture content in relation with what was stated above:
the change in solids fluxes (which is dependent upon
the gas velocity) is responsible for the initial abrupt
changes observed in the upper part of the furnace.

In summary, it can be stated that the CFB unit, as
compared to the BFB, is less sensitive to changes in
load and fuel, while presenting a slower response to
such changes. This aspect is directly related to the heat
capacity (i.e., mass of solids) within the boiler, an aspect
that gains importance within each unit: furnace regions
with a large heat capacity, such as the dense bed, react
more slowly to changes, with changes in the steady-state
values being less-severe than those seen in regions with
lower levels of solids, i.e., at the top of the furnace.

When the characteristic times of the in-furnace
mechanisms are varied according to the values pre-
sented in Table 3, new open-loop stabilization times
for the —25% load change are obtained and, for a
selection of 5 illustrative BFB cases, plotted in Figure
5 (note the double y-axis). Table 5 formulates simpli-
fied expressions (Egs. (14)-(19)) that roughly relate
the in-furnace stabilization times to the characteristic

times of the mechanisms investigated, according to
the discussion below. Note that the selection of a dif-
ferent stabilization time for computation of the fur-
nace dynamics would not alter the trends shown in
Table 5 but the coefficients in the expressions.

First, the temperature in the dense bed, T, exhibits
much longer stabilization times (600-1500s for all the
cases investigated) than the temperature at the furnace
top, Tywp and the heat extracted from the furnace
walls, Q.. This is mainly due to the fact that the
dense bed in BFB units houses both the solids and
fuel inventory and thus the fuel conversion and the
main share of the furnace thermal inertia. In line with
this, the stabilization times of the dense bed tempera-
ture correspond roughly to the sum of the characteris-
tic times of these two mechanisms present in the
dense bed, i.e., fuel conversion and heat transfer (see
Eq. (14) in Table 5). Note that this is a simplification
since some other minor mechanisms are also influenc-
ing the resulting stabilization time, such as the recir-
culation of flue gas, or the characteristic times for
drying, devolatilization or gas mixing and combustion.
The temperature at the top of the furnace and heat
transfer to the waterwalls stabilize much faster
(60-80s and 40-70s, respectively) than that of the
bottom dense bed. This is a consequence of the heat
transfer to the walls being driven by the change in
effective gas emissivity forced by the varied presence
of solids fines entrained by the gas, rather than the
varying bottom gas temperature. Given the very low
thermal inertia of the BFB furnace top, its tempera-
ture can then be expressed as a function of the resi-
dence time of the gas conveying the change in
effective gas emissivity (which in the investigated unit
has a value of 10s as shown in Table 3) and, to a
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Figure 6. Stabilization times of the main in-furnace variables in the CFB unit under different variations of characteristic times for
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minor extent (note the low coefficient in Eq. (15) in
Table 5), the stabilization time for the temperature of
the gas leaving the bottom region. With the heat transfer
to the waterwalls being dependent on the gas tempera-
ture and effective emissivity, its characteristic time is
found roughly equal to that for the temperature at the
furnace top (which already accounts for the time to
establish the new gas emissivity), see Eq. (16) in Table 5.

Stabilization times for the CFB cases show different
dependencies than those observed for BFB conditions
and are illustrated in Figure 6 by a selection of 7
cases. Firstly, a more uniform distribution of the sta-
bilization times for the CFB cases in comparison to
BFB conditions can be observed, with temperatures
stabilizing in times of the same order of magnitude.
This can be explained by the increased mass and ther-
mal mixing in CFB units. Regarding the stabilization
time of furnace temperatures, a relatively uniform
effect of the three mechanisms considered for CFB
conditions (fluid-dynamics, fuel conversion, heat
transfer) is observed and in the bottom region it can
be directly approximated as the sum of the three char-
acteristic times (Eq. (17) in Table 5). Thus, the ther-
mal stabilization of the dense bed can be interpreted
as a chain consisting of, first, the stabilization of the
heat released by fuel conversion, after which the ther-
mal inertia of the furnace inventory (mostly concen-
trated in the dense bed) needs to stabilize along its
thermal time, after which the circulating solids need
the characteristic fluid-dynamical time to thermally
stabilize the whole hot loop feeding back material into
the dense bed. These processes are obviously overlap-
ping, but stabilization is governed by the finalization
(i.e., the tail) of each of them and the pass-on of this
tail to the next phenomenon in the chain; thereby final
stabilization is better approached by the sum of

characteristic times rather than by selecting the max-
imum of the three. As for the upper furnace tempera-
ture, stabilization generally occurs roughly 30% faster
than that at the furnace bottom (Eq. (18) in Table 5).
Finally, the dynamics of the heat transfer to the walls
(Eq. (19) in Table 5) are sensitive to all of the varia-
tions simulated and mostly influenced by the fuel con-
version time (see cases ¢ and d in Figure 6), while is
quite insensitive to the fluid dynamics (see cases f and
g in Figure 6).

Conclusions

A dynamic model of the flue gas sides of large-scale
bubbling and circulating fluidized bed boilers previously
published by the authors is here used to simulate two
industrial units in transient operation. A brief descrip-
tion of the model with a special focus on the differences
between the bubbling and circulating modes is included.
The model is thereafter applied to compare the transient
behaviors of a BFB combustor and a CFB combustor of
the same size (130 MWth). For this purpose, two differ-
ent transient scenarios are investigated. A 25% step-
down in load and a 5% step-up in fuel moisture are
simulated, while the system is maintained in open-loop
(uncontrolled) and the evolution with time of the main
process variables is analyzed. Furthermore, this work
includes an in-depth analysis and comparison of the
mechanisms driving the in-furnace dynamics.

The results obtained from the open-loop test
show that:

e Heat transfer to the waterwalls stabilizes faster in
the BFB unit when the load is decreased.

o The temperatures in the CFB boiler are less
affected by changes than those in the BFB boiler,
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which is attributed to the larger thermal inertia
inherent to the solids fluxes in the circulating sys-
tem. The presence of solids along the furnace
causes the temperatures in the CFB to exhibit an
abrupt initial response when a step in the air vel-
ocity is introduced, which is something that does
not occur in the BFB because the presence of sol-
ids therein is limited to the dense bottom bed.

e Large differences in temperature are observed between
the bottom and top regions of the furnace due to the
differences in heat capacity caused by the inventory of
solids. This difference is most-pronounced in the BFB
case, which means that the top region stabilizes up to
10-15-times faster than the bottom region.

e The CFB unit is better than the BFB unit at deal-
ing with changes in fuel moisture content, as its
response is faster and more evenly distributed
throughout the furnace.

Exploring the stabilization times of the flue gas side
of FB combustors through varied characteristic times
for the fluid-dynamics, fuel conversion and heat trans-
fer shows the following:

e For BFB units, the stabilization time of the heat
transfer to the walls is mostly driven by the gas resi-
dence time which governs the change in effective
emissivity of the fines-containing gas. However, the
temperature in the bottom part of the furnace is
largely affected by the characteristic time of the fuel
conversion and heat transfer (thermal inertia).

e In CFB furnaces the stabilization time of the heat
transfer to the walls is largely affected by the character-
istic times of the fuel conversion and the heat transfer.

These results have been converted into simple
mathematical expressions that can be of interest when
assessing the expected dynamics of a certain unit
based on its in-furnace characteristic times. The
results presented in this work provide tools to assess
the transient capabilities of a given furnace with a cer-
tain size, fuel, and bulk solids. Furthermore, the find-
ings of this work are relevant to fluidized bed
manufacturers and operators in terms of the design
and choice-making of units for the more flexible oper-
ation envisioned in future energy systems with an
increased share of non-dispatchable energy.
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