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NOMENCLATURE

Cp,  specific heat of species i, k] kmol' K

Cp,  average specific heat (Xo.Cp,), kJ kg K

E, activation energy of reaction i, kJ kmol!

F, molar inflow rate of species i, kmols!

F. molar outflow rate, kmol s!

H, enthalpy of formation at temperature T,
kJ kmol™!

k., frequency factor of Arrhenius expression
of reaction i, m*s' kg or m*s™' kmol™

k. reaction rate coefficient of solid phase
(m?s'kg') or gas phase (m?® s kmol ")

MM. molecular weight of species i, and mixture
average (2y MM)), kg kmol"

N, number of moles of chemical species

P total pressure, kPa

Q,  outlet energy flow rate, kJ s’

Q,,  inlet energy flow rate, kJ s’

R universal gas constant, kJ kmol'K"!

r reaction rate given by: kmol s' kg of
carbon present in the char (heterogeneous
reactions), or kmol s'm> (homogeneous
reactions)

T temperature, K

T,  reference temperature, 25°C (298K)

T, inletair temperature, K

T, inlet coal temperature (solid), K

\% reaction chamber volume, m?

\Y volume of gases, m’

g
[
7]
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This work is part of a joint project to built a computational tool for power plant simulation,
dealing specifically with the reaction chamber (place of the boiler where the fuel is burned).
In order to describe the conversion of chemical energy to thermal energy, an one-
dimensional pseudo-homogeneous mathematical model, with variable physical properties,
and based on mass and energy balances, was developed. The equations were implemented
in the gPROMS simulator and the model parameters were estimated using the module
gEST of this software, with experimental data from a large-scale coal-fired utility boiler
and kinetic data from the open literature. The results showed that the model predicts the
composition of the outlet combustion gas satisfactorily.

Keywords: coal combustion, gasification, combustion modeling

V, volume of solids, m?

w_, inlet mass flow rate of ash, kg s'!

w__ outlet mass flow rate of light ash, kg s’!

w_. outlet mass flow rate of heavy ash, kg s

W, mass flow rate of species i, kg s’

W, total weight of species i, kg

Y, mole fraction of species i

Greek symbols

o weight fraction of species i (dry)

o. . weight fraction of species i from air (dry)

o, Wweight fraction of volatiles (dry)

o,  weight fraction of species i from coal (dry)

o,  weight fraction of sulfur that reacts (dry)

AH®, enthalpy of reaction j, at constant pressure
and reference temperature, kJ kmol!

AH enthalpy of reaction j, at constant pressure
and temperature T, kJ kmol!

€ ratio of the volume occupied by gases and
the volume of the reaction chamber
(porosity)

Q effectiveness factor

P, coal density, kg m™

Subscripts

acc  accumulate

air air

C carbon
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C,x fixed carbon
Cror total carbon

cz ash

f heavy ash

G generate

gas  gas mixture

IN inlet

MF  phase change
MV  volatile

N nitrogen present in coal

oth  represents an average between C,H, and
C,H,

OUT outlet

ref  reference

S pulverized coal

SR sulfur that reacts

v light ash

w wall

INTRODUCTION

This work is part of a multidisciplinary project
to build a computational tool for power plant
simulation, which has two coal-fired utility boiler, two
steam turbines and two electric energy generators.
The thermal energy generation plants are complex
systems composed by several interconnected
components, where the boiler is among them. The
boiler is composed by a reaction chamber (the place
where the fuel is burned), the focus of this work, and
the parts where water vaporizes and steam are
superheated (heat exchange zones).

The combustion process takes place through
a group of heterogeneous reactions, in which the
reactants and/or the products are in different phases.
This process can be modeled in different ways,
including totally empirically based relationships until
phenomenological models with high degree of detail.
A review of multidimensional mathematical models
of coal combustion and gasification may be found in
Smoot and Smith (1985), Niksa (1996) and Brewster
et al. (1993). The significant physical and chemical
phenomena that are required to develop a rigorous
phenomenological model are (Eaton etal., 1999): (1)
gaseous, turbulent fluid mechanics with heat transfer;
(2) gaseous, turbulent combustion; (3) radiative
energy transport; (4) multiphase, turbulent fluid
mechanics; (5) liquid vaporization from the particles
or droplets; (6) particle devolatilization; (7) particle
oxidation; (8) soot formation; (9) pollutant formation
and distribution, and (10) fouling/slagging behavior.
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The one-dimensional combustion models
have the advantage of reducing the computational
time, but provide lower quality results and less
quantitative information.

Aiming to build a power plant simulator, a
comprehensive  one-dimensional  pseudo-
homogeneous mathematical model of the combustion
process, with variable physical properties and based
on mass and energy balances, was developed in this
work. The mathematical equations were implemented
in gPROMS simulator (PSE, 2000) and the model
parameters were estimated using the module gEST of
this software, with experimental data form a large-scale
utility boiler and kinetics data from the open literature.

MODELING OF THE REACTION CHAMBER

Before feeding the coal into the boiler, it is
pulverized and stocked in storage tanks. The primary
air stream carries the coal into the reaction chamber
through the coal burners. The secondary air stream
is fed into the boiler to promote the coal dispersion
inside the reaction chamber. The air is fed in excess
of the stoichiometric amount, varying according to
the energy produced in the power plant.

The modeling assumptions and
simplifications are the following:

(a) the reaction chamber is modeled as a perfectly-
stirred tank reactor series, and the main reactions that
take place into the chamber are shown in Tab. 1;

Table 1. Information about the most important
combustion reactions.

) AH x10°
N° Reaction koi (kJ /Jlfrlno ) (Ic//lm:ol) at
25°C
4.8x10" 5
1 C(S)+C02(g) - 2C0(g) 11;3 kg—ls_l 2.469x10°| +172.8
6
2| Co#H.0 €Oy g | PN (14730107 41318
10
3| G0, —CO,, ey [1:24710°] 3934
19
4| Cy+40,,—-C0, | 53952}31 3.50x10° | -110.3
)
5 €Oy +H.0(, = €O+ H [POTEXI0 1003 00510 4469
11
6| COu+%0,, =00, | SV Ho76x10t| 2833
H,,+%0,, — H,0 11 _
7 2(e) 2(e) 0 %.S%XIO 1 1 976x10 286.0
H,0,—H,0, m? s”kmol +44.5
CH, ) +20,,, — CO, +2H,0,, 212,
8 H,0,, = H,0,, Instantaneous 1445
9 CHy) +7%05) =2C0,) +3H,0, Instant. -1542.2
HZO(\) N H:O(v) nstantaneous +44.5
C.H,,+30,,, —2C0,, +2H,0,, 14121
10 HZO(I) N HZO(V) Instantaneous 1445
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(b) Eaton et al. (1999) reported that NO_emitted to
the atmosphere from combustion fuels consists mostly
of nitric oxide (NO). They mentioned that the nitrogen
bonds common in coal are easier to be broken than the
nitrogen bonds in molecular nitrogen, and also that the
fuel NO typically accounts for 75-95% of the total NO
n coal combustors. Then, in this work it was considered
that all NO formed during the coal combustion comes
from the nitrogen present in the coal composition;
(c) the released sulfur of coal analysis may either
remain in the released ash (S_) or react (S,). The
remaining sulfur in the ash was considered of the same
magnitude as the sulfur trioxide determined by NBR
8297, although this method was not applied to the
released ash in the industrial utility, but with released
ash in the ultimate coal analysis;
(d) the water present in the coal vaporizes
immediately, taking part of the reactions;
(e) the char composition is fixed carbon, nitrogen,
hydrogen, sulfur, and oxygen, and these elements
are specified by NBR 8299, ASTM D-5373, and
ASTM D-4239;
(f) the amount of volatile products depends on
temperature and rate of heating (Dutta et al., 1977,
Howard, 1963; Roberts and Harris, 2000; Thurgood and
Smoot, 1979). In order to agree with the above modeling
assumption, the total amount of volatiles released from
the coal particle were considered of the same magnitude
as the volatiles determined by NBR 8290;
(g) the volatile products from pyrolisis are CH,, H,,,
CO,, CO, H,O and other species, and their weight
fractions, o, are estimated by expressions provided by
Weimer and Clough (1981);
(h) the gas phase is considered an ideal gas;
(i methane and other hydrocarbons are
instantaneously converted into CO, and H,O by
reactions 8-10 shown in Tab. 1, and their reaction heat,
as well as the resulting amounts of CO, and H,O are
added to the respective balances;
(j) the ratio between the rate of reactions 3 and 4 of
Tab. 1 are estimated by the correlation provided by
Arthur (1951) and Mitchell (1988);
(k) theheterogeneous reactions which take place in the
surface of the particle are of first order, as in Weimer
and Clough (1981) and kinetically controlled, and the
homogeneous reactions which take place in the gas phase
are of overall second order, as in Eaton et al. (1999).
The kinetics constants and the reaction rates
were expressed by the Arrhenius equation; wherek  is
the frequency factor for reactioniand E. is the activation
energy of the reaction i. The kinetics data and the heat
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of reaction (AH® ), shown in Tab. 1, were compiled
from the open literature (Weimer and Clough, 1981;
Kanury, 1975; Perry, 1999).

The rates of reaction were given by Egs. (1)
and (2), where r. is expressed in kmol s'kg' when the
reaction is heterogeneous and in kmols'm™ when the
reaction is homogeneous; k. is the reaction rate
coefficient for reaction i at the gas or solid phase, N is
the number of moles of species j (kmol), V is the
chamber volume (m?) and V, is the volume occupied
by the gas phase into the chamber.

a) Gas-solid reactions:

_kiNj 1
-L= v (D

b) Gas-phase reactions:

kNN,
RIS @)

i
g

Mass Balance

Table 2 contains the mass balance equations,
where F, - and F, are the flow rates of species i into
and out of the reaction chamber, respectively; € is
the effectiveness factor, W _ is the total weight of
solids present in the chamber and € is the volume
fraction occupied by the gas phase.

Table 2. Mass balance equations for the
components (mole base).

c dI;ItC =F, —F+Q W, (5 +1,+15+1,)
dN, T, Ve
0, % =¥, —F01+Qws(r3 +—4)+—(r6+r7)
dt 20 ? 22
H,0 © _ _ _
o FHZO(V)O FHZO(V) +Q WS n +Ve (r5 17 )
CO, 2 = FCOZ‘) — FCO2 + QWS (I'l -3 )— Ve (I'5 + Iy )

dt

dN
CcO %zFCOO_FCO_Q WS (2r1+r2 +r4)+V£(r5 +I'6)

H, d’j; = Fy,, —Fi, +Q W, 1+ Ve(y—15)
NO dI\;TO =Fno, —Fno

N % = FNZairo Nogir

Ar dN/;tr& =Frg, —Farg

SO, deStO =Fopsa F

Ash d\ztcz = WCZO _Wczv _Wczf
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The expressions for the flow rates of i into
the chamber are shown in Tab. 3, where o, is the
weight fraction of volatile i released from the solid
particles, C_, is the weight fraction of fixed carbon,
MM. is the molecular weight of species i, w_is the
solid inflow rate and w___is the air inflow rate.

The inlet and outlet flow rates of i present
in the combustion gas of the chamber are,
respectively, given by Eq. (3) and (4):

8
Fgaso = a.FiO (3)

i=1

F,, =F,, *+05Ve(r, +r,)-WW,(r, +r, +05r,) (4)

where the subscript i represents the following gas

components: O,, H,0, CO,, CO, H,, NO, N, Ar.
The input ash flow rate is expressed by:

W, =CZ.W, ®))
where cz is the weight fraction of ash released from
solid particle.

The output flow rates for each component
in the reaction chamber are given by:

F = 0,01w,
SV (6)
Fi = FgasYi (7)

where the mole fraction of combustion gas species
are calculated from:

— Ni
YTy (8)

ON,.= &N, (9)
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Table 3. Input flow rates to the reaction chamber
for the components.

— CFIX W
‘ o=,
C
E F0sair Wair Oen, W 13( Olyy Wy
0, 02y = -2 22
MM,, MMy, 2| MM,
H,O FHZO(‘)O = hH:O“" Wair + Chisyo, W~+aH;(>Ws]+2 Ocn, Wy + 5 Oon Wy
2 MM, o MM, MM,
co FC‘OZO _ ey, W +4 Aoy, W +()LC02 W
> MMy, MM, MM (o,
E_%o W,
Co coy —
Mco
o, W,
H, F‘H20 — Hy S
MM,
F — O(‘No W,
NO Noy =
MM
aNZZIH‘ Wair
N2 FNZO :W
Ny
o I; Wair
Ar FArgo = Anir
MM ,,
F — (X’SR W
SO I
’ MM,

The total weight of solid particles and gas
accumulated in the reaction chamber are given by:

a w )

W, =N M gl + ——=—
N R, S 10)
W, =N, MM, (11)

Energy Balance

For the energy balance, the following terms
were included: (1) rate of energy added to the system
by the solid particles, air, and water mass flow into
the chamber; (2) rate of energy leaving the system
by the gas and ash mass flow out of the chamber;
(3) energy flow rate out of the system to the
waterwall; (4) heat generation rate by the chemical
reaction, and (5) rate of energy accumulation within
the system. Then, the energy balance becomes:

Qacc =Qm - Qout + Qg (12)
where:

QIN :QSO +Qair0 +QHZOO (13)
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QOUT = Qw +ans +ch (14)

4 R 0
W WsaerHrjg+Qn,+§eVaerHrj8—HMF(FHZOO—eVr7) (15)
=l + ¢ =5 -

QG:

a
2
2
¢

Substituting these expressions into Eq. (12)
the energy balance becomes:

Qacc = (Qso + Qairo +QH200 ) - (Qw + ans + ch) +Qg (16)

where:
. ~T50—
Q,, =w,fj Cp.dT (17)
. o Tar0 —
Qairo = VvairnT ‘ CpairdT (18)

ref

= N Tair
QH200 = (wair aHZOair ) nT fo CpHZO (T) dT+

TS
(e an )it oo (1)t (19)
) o=
ans = Wgas nr Cpgas dT (20)
ref
Q. =w.j' Cp.dT @1)
. aCH W a h W —
Q, =—;—DH, +—1—DH_ 22
MCH4 ' Moth ' ( )
. — - dT
Qacc = (Wscps + Wgascpgas )E (23)

For many combustion processes, radiation
is the dominant energy transport mechanism to
surrounding surfaces, particularly when entrained
particles are present. In a typical coal-fired furnace
environment, radiation includes contributions from
both particles and gases (Eaton et al., 1999). The
heat exchange zone was modeled in the work of
Ferreira et al. (2004). The interactions between the
reaction chamber and heat exchange models occur

via the heat flow rate to the waterwall, Q_ in Eq.

(16), and the reaction system conditions (gas
temperature and composition). In this case, the heat
exchange model receives the information about the
reaction system conditions and supplies the
reaction chamber model with the heat flow rate to
the waterwall, see Fig. 1.
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T(2).C ()
Heat
Exchange
Model
Q,(z)

Figure 1. Interaction between the reaction
chamber and heat exchange model.

SIMULATION RESULTS

The developed reaction chamber model
was implemented in gPROMS (general Process
Modeling System) simulator with proven
capabilities for the simulation, optimization and
parameter estimation of highly complex process.
For simulations of the reaction chamber, the
standard mathematical solver of this software,
based on multiple step size integration method was
employed (PSE, 2000).

The combustion gas composition is routinely
measured with the purpose of controlling the
combustion efficiency. In this way, there are carbon
dioxide (CO,) and oxygen (O,) concentration
measures in the combustion gas flowing out the
boiler. The model was adjusted based on the
measured data and using the maximum likelihood
approach for parameter estimation, implemented in
gPROMS, considering independent experimental
deviation with normal distribution (PSE, 2000).

Table 4 shows the measured and model
predicted percent concentrations of O, and CO, for
the given operating conditions (coal and air flow
rates). As a result of the estimation process, the air
flow rate in the reaction chamber was increased
9.6%, representing the expected amount of
unmeasured air inflow rate. According to the results,
it may be said that the model is able to predict the
percent outlet concentrations of O, and CO, with
acceptable accuracy and deviations of about 10%.

The carbon dioxide formation essentially
depends on the coal amount present in the input
stream. The measured deviation of this stream, as
well as the deviation of the measured inlet air flow
rate, are the main reasons for the observed variance
in the predict amount of CO, formed during coal
combustion, showed in Tab. 4.

The model analysis was carried out varying
the input ratio of air and coal in the boiler. In order
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to verify if one reaction zone only is enough to
predict the reaction chamber operation, with
acceptable accuracy to become part of the Power
Plant simulator, a steady-state energy production
of 100MW was considered, modeled in two
different ways. The first model uses one reaction
zone (only one CSTR reactor), and the second
model uses three reaction zones (three CSTR
reactors in series).

The coal used in Power Plant is classified
as sub-bituminous coal, which has a high weight
percent of ash (about 54% dry). Table 5 presents
the coal analysis data for a representative coal
sample. Several analyses showed that the variation
in coal characteristics could be disregarded.

The results obtained from both models in a
steady-state operation and the Power Plant
measured data are presented in Tab. 6. This table

Rodrigues et al. Simulation of Pulverized Coal Fired Boiler...

shows similar results between the predictions of
percent concentrations of O, and CO, in the outlet
combustion gas composition.

Table 6 shows that the one-zone model
predicts an average temperature of 1019K along
the total chamber volume (which is about 30 m
high), and this value is higher than the three-zone
model value predicted to the 3rd zone.

Figure 2 compares the one-zone and three-
zone predictions for the gas temperature when the
air/coal ratio fed into the boiler is varying. It can
be observed that for an air/coal ratio up to 7.5, the
one-zone model underestimate the heat exchange
in the steam superheating section due its lower
outlet gas temperature. This figure also indicates
that the temperature reaches a high value when the
air/coal ratio is equal to the stoichiometric value.

Table 4. Measured and model predicted percent concentrations of O, and CO,.

. % O, % O, Deviation % CO, % CO, Deviation
ﬂccg 0;1_[1 ) (mlil; h predicted | measured (%) predicted | measured (%)
23.66 245.47 8.14 7.80 -4.36 10.47 11.00 4.86
26.99 260.15 6.95 7.00 0.67 11.47 12.00 4.42
27.30 266.84 7.07 7.00 -1.01 11.37 10.00 -13.37
27.60 265.99 7.74 7.00 -10.50 10.81 12.20 11.40
30.33 310.90 7.74 8.00 3.28 10.81 11.00 1.72
30.64 299.45 6.49 7.00 7.23 11.85 11.40 -3.95
35.49 341.92 6.90 7.00 1.43 11.51 12.00 4.09
36.10 357.82 7.49 7.00 -6.95 11.02 12.40 11.10

Table 5. Coal proximate and ultimate analysis
(% weight, dry) for the Power Plant simulation.

Table 6. Steady-state results for a 100 MW energy
production.

Moisture 3.6
Volatile 19.8
Fixed carbon 25.7
Ash 54.6
Sulfur 2.0
Carbon 323
Hydrogen 2.1
Nitrogen 0.7
Oxygen + halogens 8.3
Coal high heating value (kJ kg™") | 13,000

One-zone | 3™ zone
S . Measured
prediction | prediction
% CO, 10.40 11.00 11.00
% O, 7.90 7.50 8.00
Tout (K)| 1018.82 | 959.10 | not available

All pulverized coal and air enter at the
bottom of the chamber, producing a ‘fire-ball’. In
this zone, the wall temperature has the lowest value,
and there is a lower temperature region next to the
wall and a higher temperature region next to the
flame (higher than 1400K). Near the top of the
chamber, the gas reactions almost take place
completely, existing a stream of hot gases that
exchange heat with the waterwall. A common
temperature profile inside the pulverized coal utility
was shown by Eaton et al. (1999), based on
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experimental data, and it agrees with the comments
above mentioned. Therefore, calculating only an
average temperature is not enough, and the reaction
chamber division in different zones provides a
temperature profile that better represents the
reaction chamber.
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Figure 2. Steady-state temperature as a function
of weight air/coal ratio.

Figure 3 shows the heat generation rate by
the chemical reactions calculated by one-zone
model. This figure confirms the necessity of an
excess of air flow rate in relation to the
stoichiometric quantity to take advantage of the
heat generation rate by the chemical reactions.
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Figure 3. Heat generation rate at steady-state
operations.

Furthermore, feeding the boiler with an
excess air flow rate provides a low percent
concentration of CO in the outlet combustion gas,
as shown in Fig. 4. The optimal quantity of O,
corresponds to about 30% of excess air flow rate
in the conditions simulated.
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Figure 4. Steady-state CO concentration in the
outlet combustion gas.

The decrease of the heat generation rate by
the chemical reactions, after the optimal point, is
due to a reduction in the carbon residence time in
the reaction chamber by an increase of air flow
rate. This fact is shown in Fig. 5, where it can be
observed an increase of unreacted carbon present
in the combustion chamber.

Figure 6 shows the outlet combustion gas
composition. This figure shows an agreement
between the one-zone and the three-zone model
predictions. The percent concentration of CO, is
due to the amount of carbon present in the chamber
and its value is the highest when the air flow is the
stoichiometric value. As the inlet amount of air
increases, the percent concentration of CO,
decreases. This variation in CO, concentration is
due to the increase of unreacted O, and N,
concentrations, diluting the CO, percent
concentration in the combustion gas.
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Figure 5. Carbon into the reaction chamber at
steady-state operations.
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Figure 6. Steady-state CO, and O, percent
concentration in the outlet combustion gas.

CONCLUSIONS

Regarding the developed model for the
reaction chamber of a coal-fire boiler, the three-
zone model provides better results for the outlet
combustion gas composition. But the predictions
of both models (one-zone and three-zone) are
suitable to set up the gas outlet composition of the
reaction chamber.

About the predicted temperature profile for
a steady-state of 100 MW energy production, the
one-zone model predicts a uniform temperature
value higher than the temperature of the 3rd zone
predicted by the three-zone model, underestimating
the heat exchange in the steam superheating
section. Consequently, the reaction chamber
division in different zones is more suitable to
account for the energetic boiler efficiency.

The computer simulation of the reaction
chamber can give insights to reduce energy cost
by improving combustion efficiency, and to yield
a clean burning reducing pollutant emission. Also,
the usage a power plant simulator can give insights
to operator training.
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