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OVERVIEW: The requirements in the design of a pulverized coal-fired boiler,
(1) the complete combustion of the fuel, (2) the minimal release of
environmental pollutants, and (3) the uniformity of steam temperature at
the water wall outlet. To attain a design that can both satisfy these
requirements over the range from partial load to full load and achieve
economical operation, techniques for analyzing flow, combustion and heat
transfer inside the furnace are required. To meet that need, we have developed
a computer program for analyzing the combustion of pulverized coal,
radiation heat transfer, and changes in flow rate distribution and temperature
within the water wall tubes by simulation. Concerning the combustion of
pulverized coal, we formulated a devolatilization model, a char combustion
model, and an N©and CO reaction model on the basis of fundamental
experiments on the combustion of coal particles. Concerning radiant heat
transfer between the flame and the water wall tubes, a radiative property
model of the gas-particle mixture is incorporated and the heat transport
rate is calculated by the discrete transfer (DT) method, which is highly
accurate but requires a small computational load. In addition, to analyze
the two-phase flow in the water wall tubes, we developed an algorithm that
can be applied to an arbitrary flow path network. Comparison of the results
calculated by this program with data on furnace operation under various
coal and load conditions confirmed that the furnace exit gas temperature
can be predicted to within + 30°C. This technology can be used in the
redesigning of existing plants as well as in the design of new 1,000-MW
class boilers.
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INTRODUCTION equation in the same way as for the various gas
THERE is a need to improve the performance ofomponents. The coal particles comprise water and
pulverized coal-fired boilers in terms of efficiency,volatile matter, char, and ash. The reaction rate
reliability, and effect on the environment. Specificallyconstants of these components are given as temperature
required are (1) reduction of unburned components iand oxygen concentration functions, and the changes
the ash, (2) reduction of N@nd CO in the exhaust in each component are calculated. The numerical
gases, and (3) uniformity in furnace exit steantalculations are performed by SIMPLE method (semi-
temperature, without extreme peaks in the heat flusxnplicit method for pressure-linked equations). In the
distribution to the walls. Because there is interactiomicinity of the burner, overlaid grids are employed,
among phenomena such as flow within the furnacdecause itis capable of setting up a particularly detailed
combustion, and heat transfer within the water walgrid and so increases the accuracy of calculations for
tubes, to design a boiler that satisfies thesareas in which there are sharp changes in state.
requirements in any operating state requires techniques This program incorporates models for predicting
for conducting an overall analysis of these phenomer@mmbustion efficiency and the concentrations of gases
within the furnace. For that purpose, we developed such as N@and CO. Those respective models were
computer program that can conduct such an analygieveloped on the basis of data from fundamental
on the basis of a physical model that is based on tlexperiments in which the type of coal, SR
results of fundamental experiments on the combustiqistoichiometric ratio) and temperature were varied.
of coal particles and burner performance experiment3.his model made it possible to predict NO

Here, we describe the feature of the model usembncentration, which had previously been difficult to
by that program and present the results of experimerascomplish. Examples of the calculated results are
that were conducted with actual boiler. presented in Fig. 2.

In the two-stage combustion method, NiS

PROGRAM FUNCTIONS AND STRUCTURE reduced to Nin fuel rich zone. To predict the NO

This program calculates the gas velocity,
temperature distribution, and gas composition
distribution within the furnace and the heat flux on
the water wall and the flow rate and temperature in
the water tubes, given formatted data on the boile
dimensions, water wall tube geometry and arrange
ment, connection state and boundary conditions suc
as fuel and air flow rates, water flow rate, and pressur:
The program consists of a combustion calculatior
module and a module for calculating flow distribution
in the water wall tubes. The combustion calculatior
module analyzes the gas flow, coal-air reactions, an
radiation heat transfer phenomena. The heat flu
distribution of the water wall is determined by means
of the combustion analysis. The water wall tube flow
distribution calculation module accepts as input the
heat flux that is output by the combustion analysis an
analyzes the changes in flow rate and temperature fo
each water tube.

SR distribution: NOx distribution: CO distribution:
In the two-stage Decrease in NOx Decrease CO at

COAL COMBUSTION MODEL o ) o combustion method, inlow SRregions  furnace exhit by
The flow rate and temperature distribution within low SR regionsare (fuel rich zone) promotion of air

the furnace are obtained by solving the conservation fomed below the mixing

air port.

equations for the mass, momentum, and energy of trI:—Lleg 2— Examples of Combustion Analysis Within the Furnace.

air and combustion gases. The coal partlcles aifthe two-stage combustion method, the SR near the burner is

assumed to be accompanied by the gas phase, ang,&Risely controlled so as to control the generation and release
their distribution is determined by solving the transporéf gases that pollute the environment.
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concentration, it is necessary to estimate thdiameter, wavelength of the electromagnetic wave, and
combustion rate and the gas composition in fuel rican optical property of the particle material (complex
zone. The coal reacts with ¢@nd HO to produce refractive index). Also, although geometrical optics
CO and H. This is called the gasification. theory and Rayleigh scattering theory are also used,
Conventionally, in a pulverized coal-fired boiler, thethey are respectively approximations of Mie scattering
oxidation reaction between char angli©®dominant at the upper and lower limits of particle size to reduce
and so the gasification reaction calculation is oftethe computation time.
omitted. Omitting that calculation creates an error of For the modeling of radiative transfer, the DT
about 10% in the combustion rate in fuel rich zone. Imethod (a kind of ray-tracing method) is employkd.
this program, the accuracy of predicting thewith that method, it is possible to obtain a solution
combustion rate in fuel rich zone and the gashat is quite consistent with the strict solution with a
composition were improved by new models for theractically small computational load. As an example
oxidation and gasificatidn of that, the results of calculations of radiative transfer
Moreover, in the prediction of NQit is necessary in a one-dimensional system (a radiative gas between
to estimate the CH and OH radical concentrationgwo flat plates of different temperature) are shown in
which are very small components, as well ag,El2D,  Fig. 3. The solution obtained by the DT method is the
CO, H and other high concentration gas componentsame as the strict solution at various optical thicknesses
This program incorporates a model that allows highlydegrees of gas opaqueness).
accurate calculation of radical concentrations, and so
improves the accuracy of N@stimations. In the low FLOW CALCULATION MODEL IN WATER
SR regions that are formed within the furnace xNOWALL TUBES
concentration is decreased by reduction reaction with A detailed estimate of the temperature distribution

CH radicals (Fig. 2). in the water wall is important in optimizing the
structure and improving the soundness in the design
RADIATION HEAT TRANSFER MODEL of the water wall of a pulverized coal-fired boiler

For large boilers, the heat transfer from thdurnace.
combustion gases in the furnace to the surrounding Inthe past, the accuracy of temperature estimations
water wall is mostly radiation heat transfer. The hedtas been limited because a coarse mesh is
flux distribution on the water wall affects the steanconventionally used when evaluating the temperature
temperature distribution within the water wall tubes,
and the heat transfer rate at the water wall determines
the furnace exit gas temperature. For that reason, 19 [
modeling of the radiation heat transfer is important in
the furnace analysis. °

In radiation heat transfer, the heat of high<
temperature gas and particles (radiative media)
propagated in the furnace as electromagnetic waves.
That electromagnetic wave is absorbed by the water - ' e
wall at the boundary of the furnace, which results i
the heat transfer.

For the analysis, modeling of the radiative medig
and that of radiative transfer are required.

A radiative medium is a substance that emits and
absorbs electromagnetic waves. In pulverized coal
combustion, radiation characteristics of the gas 0
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molecules (HO, CQ,) and patrticles (raw coal, char, Dimensionless position between two flat plates

fly ash, soot) are modeled. For the gas molecules, the

WO " . . . 1g. 3— Comparison of Strict Radiative Transport Solutions and
Weighted Sum of Gray Gases,” which is a kind ofg ¢ /i< of the DT Method.

opt.ical df_itabase’ is employed. The pr_operties of tbﬁqe DT solutions are nearly the same as the strict solutions for
solid particles, on the other hand, are given by the Migthree dimensional system of complex shape as well as for the
scattering theory. The theory involves the particléasic one-dimensional system shown here.
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distribution. Moreover, it was not possible to deal within the water wall tubes with the earlier described coal
the changes in the combustion and heat flukombustion model and radiative heat transfer model,
distribution that accompany changes in the burnét is possible to understand in detail the thermal-
pattern and type of coal, so extra design margins wehgdraulic characteristics for each individual water tube.
required.

The water wall of a 1,000-MW class boiler furnace COMPARISON WITH VALUES MEASURED IN
usually has approximately 2,000 water tubes andN ACTUAL PLANT
approximately 60 headers (flow collectors that feed As described above, this program was constructed
flow into and out of the water tubes). These water tubdsy combining the physical models that represent the
and tube collectors form a complex network of flomphenomena of each elemental process. To verify the
paths. Accordingly, to estimate the local temperatureverall computational accuracy, the results of an
distribution, it is necessary to divide this entire flowanalysis produced by this program were compared with
path network into a mesh to find a solution. We werdata measured at an actual plant. The items that were
able to analyze this complex flow path network bycompared were various and included the heat flux
applying a heat flow model that is used in the field oflistribution, the unburned component in the ash, and
nuclear engineering and developing a new algorithrthe NG concentration in the gas. In particular, the
that is suitable for boilers. In this technique, the massalues for the furnace exit gas temperature, which
momentum, and energy conservation equations aiedicates the thermal balance in the gas, were shown
solved for an analysis mesh of all of the water tube® be consistent in the range from —23°C to +28°C.
and tube collectors. The flow distribution of the wateThese values were calculated for different load
tubes is determined from the pressure loss in eadonditions and types of coal of multiple plants and
water tube and the conservation of mass in the tulm®mpared with the measured value.
collectors. The water in the flow path network A feature of this program is that it is possible to
undergoes various phase changes, depending on ttadculate the steam-side model continuously from the
operating conditions, and may be a single-phase liquidpmbustion model. Here, we describe the results of
two-phase flow, superheated steam, compressed wateomparing the furnace heat absorption which
super-critical water, and so on. This analytical modalepresents the steam-side heat balance, and the furnace
can deal with all of these conditions, and steady-statxit steam temperature.
or transient analysis is possible under a broad range The computations were performed for furnace heat
of furnace operating conditions. absorption rate and furnace outlet steam temperature

By integrating this newly developed model of flowunder rising load in a large-capacity, coal-fired, once-
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Fig. 4— Comparison of the Amount of Heat Absorbed Low nf' !
by the Furnace and Steam Temperature. = 5

There is good agreement between the calculated 3 -
values and measured values. This program can be
applied to both transient and steady state analyses.

Burner
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through boiler and the results were compared with theBOUT THE AUTHORS

measured values. The furnace heat absorption and
furnace outlet steam temperature values for the proce
in which the load increased at 4%/min, the highes
rate of increase in actual operation, are shown in Fi
4. The calculated values are largely in agreement wit
the measured values, so the changes in the amoun -
heat absorbed by the furnace and the furnace outlet
steam temperature can be predicted.

The above results confirm that this program i
capable of calculating both the combustion-gas sic h
and steam-side temperatures with good accuracy. Tt -:@_‘_E.W
is the result of using physical models that faithfully @
represent the phenomena of each elemental proces‘ a .

CONCLUSIONS

We have briefly described a computer program for
analyzing the characteristics of a pulverized coal-fired
boiler and validated its effectiveness by compariso
with actual measured values.

This program can handle not only the furnace exi
gas temperature and the steam temperature in the we
wall tubes, which are heat transfer characteristics, b
also the generation of small-quantity gas components
such as NQ Because the models used in this program
are based on physical phenomena, the program can be
used to predict the general characteristics of boilers
such as NQ@concentration, unburned component, anc
steam temperature with changes in operatin ¥
conditions such as load or type of coal. =

This program is also used to design the latest pIanA 3' -
by predicting plant performance. To further increase
the reliability of the analysis program and to broaden
its range of applications, we intend to continue with
comparisons to the operating conditions of actual plant
and with improvement in the program functions.
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