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Abstract

To investigate the effect of the furnace scale on the heat transfer mechanism of coal particles,
numerical simulations of coal combustion fields in three different scale furnaces (915 MWy, actual
large scale boiler, 2.4 MWy and 0.76 MWy, test furnaces) were conducted. High accuracy of
simulation methods was validated with the measured data. From the comparison of numerical
simulations between three different scale furnaces, it was clarified that the particle residence time
with high particle temperature for a small scale furnace is shorter than that for a large scale furnace
even if the particle residence time passing the high temperature gas is the same. This is caused by the
insufficient heat gain of particles for a small scale furnace due to the lower radiation heat transfer
because of the thinner flame thickness in the small furnace. The sphericity of ash particles from small
scale furnaces is lower than that for large scale furnaces due to the shorter particle residence time
with high particle temperature. These findings should be considered when the usability of coal brands
for actual large scale boilers is evaluated by the fly ash properties from a small scale experimental

furnace.

Key words: coal combustion; numerical simulation; boiler; furnace scale; heat transfer

mechanism; particle



Nomenclature

Dy.4sn: surface mean diameter, pm

h: time-averaged convection heat transfer coefficient, kW/(m? K)

HG.q.q: integrated heat gain of particles by radiation heat transfer normalized by initial particle
mass, MJ/kg

HLgev 1750k: integrated heat loss of particles by devolatilization while the particles are passing
gas with temperature above 1750 K normalized by initial particle mass, MJ/kg

Onet, 1750K" net heat gain of particles while the particles are passing gas with temperature
above 1750 K normalized by initial particle mass, MJ/kg

Su»/Saa: reciprocal Carman’s shape factor

tp,1750x: particle residence time with particle temperature above 1750 K, s

tq,1750k: particle residence time passing gas with temperature above 1750 K, s



1. Introduction

Pulverized coal combustion is introduced in a large part of coal-fired thermal power plants in the

world. Even though the fundamental technology for pulverized coal combustion was established

many decades ago, many types of problems, e. g., fouling, slagging, sulfidation corrosion, increase in

particulate matter and NOx concentrations in exhaust gas and increase in unburned carbon in fly ash,

occur in the operation of coal-fired furnaces. To solve the problems described above, understanding

of the gas flow pattern, temperature distribution, gas species concentration distributions and coal

particle behavior in the furnace is very important. However, the phenomena described above are

largely affected by the design of furnaces. Numerical simulation is a powerful tool for understanding

such phenomena in each furnace with a different design. Recently, numerical simulations of

pulverized coal combustion field in large-scale furnaces have been conducted by various research

groups [1-9]. For numerical simulations of pulverized coal combustion, simplified models are

generally employed because of the limitation of computational resources. However, sometimes

employing such simplified models causes relatively large errors in prediction of the phenomena in

the furnaces. In Central Research Institute of Electric Power Industry (CRIEPI), new models such as

the TDP model for detailed devolatilization modeling [10, 11] and the RD model for detailed char

combustion modeling [12] have been developed to improve the accuracy of the simulation of coal

combustion. Since the development of new models require various experimental data to validate the

simulation results, various studies have been conducted using test facilities in CRIEPI such as the

studies for the combustion characteristics of sub-bituminous coal [13, 14], the combustion



characteristics of high ash coal [15, 16], the hydrogen sulfide formation in coal combustion field [17],

the soot formation characteristics in coal combustion field [18], the influence of combustion

condition and coal properties on physical properties of flay ash [19] and the detailed flow field in the

coal combustion test furnace [20]. Experimental data from the facilities are also beneficial for the

understanding of the coal combustion phenomena and the evaluation of coal brands for using in

actual scale boiler. However, the thermal histories of coal particles in the experimental facilities can

be different from that in the actual large scale boilers because the scale of flame can affect the heat

transfer mechanism of the coal particles. Experimental apparatus with various sizes, e. g., the drop

tube furnace (8-60 g-coal/h) [21, 22], the small coal jet burner (0.5 kg-coal/h) [11, 23], the triple

stream burner (0.36-2.16 kg-coal/h) [24, 25], the RWTH furnace (6-7 kg-coal/h) [26, 27], the RWEn

Combustion Test Facility (70 kg-coal/h) [28], the BEACH furnace (100 kg-coal/h) [13, 29, 30, 31],

the IFRF furnace No. 1 (260 kg-coal/h) [32] and the MARINE furnace (300 kg-coal/h) [19, 33], have

been used to investigate the coal combustion phenomena or to evaluate the combustion characteristics

of various coal brands by some researchers. The difference in the thermal histories of coal particles

should be considered to evaluate the usability of coal brands for actual large scale boilers by using

the experimental data from small scale experimental apparatus. However, the effect of the furnace

scale on the thermal histories of coal particles has not been clarified yet.

In this study, numerical simulations of coal combustion fields in three different scale furnaces (915

MW, actual large scale boiler, 2.4 MWy, test furnace and 0.76 MWy, test furnace) were conducted to

investigate the effect of the furnace scale on the heat transfer mechanism of coal particles. The



accuracy of the simulation result for the large scale boiler was validated by comparing with the
measured data from the large scale boiler. After that, the calculated particle data from the simulation
results of three furnaces were examined statistically in detail to investigate the effect of the furnace

scale on the heat transfer mechanism.

2 Numerical simulation
2.1 Mathematical models and numerical method

The models for numerical simulations of pulverized coal combustion field employed in this study
are the same as those of Hashimoto et al. [14]. The models for main phenomena are summarized in
Table 1.

The gas-phase time-averaged continuity equation and conservation equations of the momentum,

turbulent kinetic energy, dissipation, enthalpy and species are

“(p,u,)=0 2.1)

2 o (. o¢
g( gu,¢)=a(r¢a—%j+s¢+sw, (2.2)

where ¢ denotes the generalized variables expressing fluid velocity components u;, the turbulent
kinetic energy k, the rate of eddy dissipation &, the fluid enthalpy # and the mass fractions of

chemical species Y;. 7y denotes the turbulent exchange coefficient, and Sr and S,y represent the



gas-phase source terms that are in addition to the convection and diffusion terms and the
particle-phase source terms, respectively. The continuity and momentum equations were solved using
the PISO algorithm [40].

The equation of motion for the representative coal particles is given by

du, 1
””p?:ECdeAp [y =y [y —u ) (2.3)

C, =24(1+0.15Re, ") /Re (2.4)

P

Re, =D, |u,~u,|/v, (2.5)

where, mp, upi, pp, Ap, us and v are the particle mass (kg), the particle velocity component for
direction i (m/s), the density of particle (kg/m?), the projected area of particle (m?), the fluid velocity
component for direction i (m/s) and the kinematic viscosity of gas (m?/s). The equation for the drag
coefficient of solid particles (Eq. (2.4)) was taken from Schiller and Naumann [41].

The particle temperature 7, (K) was calculated by considering the heat transfer due to convection,
radiation, heat loss due to the evaporation of moisture and the devolatilization reaction in coal

particle, and heat gain due to char combustion, using the following equation:
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Here, ¢y, 45, & and (.]char are the specific heat of particle (J/(kg K)), the surface area of particle (m?),
the absorptivity of particle, and the heat gain due to char combustion (J/s). In this study, the particle
temperature was assumed to be uniform and the temperature distribution inside the particle was not
considered because of the computational cost limitation. The equation for the heat transfer coefficient
(Eq. (2.7)) was taken from El Wakil et al. [42]. The absorptivities of the coal particles and wall are
assumed to be 0.85 and 0.4, respectively. Also, the absorption coefficient of the gas was set at 0.075
[29]. The interaction of the conserved properties between the gas phase and the coal particles was
calculated by the particle-source-in cell (PSI-Cell) technique [43].

In this study, the modified TDP model [14] was employed for devolatilization of coal particle. The
FLASHCHAIN model [44, 45] was used to produce the devolatilization database for the TDP model.

Gaseous combustion between the volatile matter and air was calculated using a combined model of



the kinetics and eddy dissipation models [36]. The chemical mechanism consists of the following two

global reactions.

VM + a0, — BCO +H,0 (2.10)

CO+0, - CO, (2.11)

In this study, the parameters for C;Hg oxidation proposed by Westbrook et al. [46] are employed for

the rate parameters regarding the kinetics for Eq. (2.10). The parameters for CO oxidation proposed

by Hautman et al. [47] are employed for the rate parameters regarding the kinetics for Eq. (2.11).

2.3. Computational domain and conditions

In this study, the numerical simulations for three furnaces, which are the 915 MWy (350 MW.)

actual large scale boiler, the 2.4 MW, and 0.76 MW, test furnaces in CRIEPI, were conducted. The

specification of the furnaces is shown in Table 2. The residence time in the furnace is about 4 s and

the O, mole fraction at the furnace exit is 0.04 for all furnaces. The thermal input of the actual boiler

is more than 300 times larger than that of the test furnaces.

Figure 1 shows the outlines of computational domains. Because the shape of the 915 MWy, is



bilaterally symmetric across the separate water wall, only the left half of the boiler was calculated. A

symmetric condition was applied on the cross section at the center of furnace except for the separate

water walls. Temperature outside the furnace was set by using the plant recorded data and thermal

resistance was set to the value calculated from the conductivity and thickness of water wall or

superheater tubes. The boundary conditions for the 2.4 MWy, and 0.76 MWy, test furnaces were set at

the same conditions as in Ref. [33] and [10], respectively.

Table 3 shows the properties of the tested fuels. Two brands of coal, which are Coal A and B, were

used in this study. The mixing ratio of Coal A and B was 70:30 on LHV basis for all furnaces. The

mass fraction of moisture for coal particles supplied to the furnace is indicated as “Moisture (after

pulverized)”. The difference in the moisture in the as-received basis and in the after pulverized basis

was supplied as vaporized moisture in the primary air. It was assumed that the pulverized coal

particles had initial diameters D, ; of 5, 20, 40, 60, 80 and 100 um. Their mass fractions of the coal

particles are set as shown in Table 3.

3 Results and discussion

3.1 Basic combustion characteristics in 915 MW large scale boiler

Figure 2 shows calculated streamlines in the 915 MWy, boiler. Colors of streamlines indicate (a) O,

concentration and (b) gas temperature, respectively. It is observed that the streamlines are complexly

intertwined with each other in the burner zone. In the superheater zone, on the other hand, the

streamlines are not intertwined. This indicates that the mixing is not highly promoted in the
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superheater zone. In other words, the degree of the completeness of mixing at the exit of the burner

zone is very important for the operation of the large scale boiler. Because of the uncompleted mixing,

an ununiformity of the O, concentration is observed in the burner zone (Fig. 2 (a)). In an analogous

way, an ununiformity of the gas temperature is also observed in the burner zone (Fig. 2 (b)). It is

observed that the ununiformity of the O, concentration is not resolved in the superheater zone. This

is caused by that the space in the 915 MWy, boiler is so large that the mixing of gas concentrations is

not promoted enough after the exit of the burner zone. On the other hand, the ununiformity of the gas

temperature is resolved in the middle of superheater zone. This is considered due to that the number

of mechanisms for uniforming the gas temperature is greater than that for uniforming the gas

concentration, i.e., the radiative heat transfer as well as the convective and conductive heat transfers

promotes the uniformization of the gas temperature, whereas only the convective and diffusive mass

transfers promote the mixing of gas species.

Figure 3 shows the distributions of (a) gas temperature with velocity vectors and (b) O

concentration on the cross section at the center of center burners for the 915 MWy, boiler. The strong

flow of hot burned gas from the front side to the rear side of the furnace is observed in Fig. 3 (a).

This is caused by that the number of the burners on the front side is half again as much as that on the

rear side. Because of this, the momentum of the hot burned gas from the front side burners is larger

than that from the rear side burners. This is why the strong flow of the hot burned gas from the front

side to the rear side is observed. Consequently, a low O, concentration area is observed at the rear

side above the burner zone in Fig. 3 (b). This tendency is confirmed by the measured data as
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explained in the next paragraph.

Figure 4 shows (a) the calculated O, concentration distribution on the furnace wall surface and (b)

the comparison of O, concentration at the inspection windows on the furnace wall between the

simulation result and the measured data for the 915 MWy, boiler. The circled numbers in Fig 4 (a)

indicate the locations of the inspection windows. A low O concentration area is observed on the rear

side wall above the burner zone in Fig 4 (a). It should be noticed that the inspection window @ is

located in the low O, concentration area. The low O, concentration on the rear side wall is confirmed

by the measured data in Fig. 4 (b). Although there are some discrepancies between the simulation

results and the measured data, the tendency that the O, concentration at the inspection window in the

rear side of the furnace (@ in Fig. 4 (b)) is lower than that at the other inspection windows is

consistent. In other words, the simulation could qualitatively reproduce the tendency that the O

concentration on the rear side wall above the burner zone is lower than that at the front side.

Figure 5 shows the comparison of the quantity of heat transfer to the water wall, the plate and 2nd

superheaters between the simulation result and the measured data. It can be confirmed that the

discrepancies between the simulation result and the measured data are small. The ratio of the

contributions by convective and radiative heat absorption was calculated from the simulation result.

It should be noted that this kind of information can be hardly obtained from the measured data. It is

observed that the contribution by the radiative heat transfer to the total amount of heat transfer is

quite large for the water wall, whereas that is not so large for the plate and the 2nd superheaters. This

is due to that the large part of the water wall is exposed to the strong heat radiation from the burner

12



zone, while the area being exposed to the radiation from the burner zone for the superheaters is small

compared to the water wall.

Table 4 and Fig. 6 show the quantities of the convection heat transfer and the radiation heat transfer

calculated from the simulation result, and three dimensional views for the heat flux distribution of

superheater and reheater. It is observed from Table 4 that the quantity of the radiation heat transfer is

larger than that of the convection heat transfer for the plate superheater. However, the quantity of the

radiation heat transfer is smaller than that of the convection heat transfer for the 2"¢ superheater and

the 1°' reheater. The large quantity of the radiation heat transfer for the plate superheater is mainly

caused by the strong radiation from coal particles with high temperature. This point can be

understood from the slanted heat flux distribution of the plate superheater shown in Fig. 6. The heat

flux of the area of the plate superheater in the side near to the burner zone is significantly higher

than that in the opposite side (the side far from the burner zone). Since the plate superheater is

exposed to the burner zone (See Fig. 1 (a)), the strong radiation from the burner zone directly reaches

to the plate superheater. On the other hand, the quantity of the radiation heat transfer is small

compared to that of the convection heat transfer for the 2" superheater and the 1% reheater in Table 4.

This is caused by that the 2"¢ superheater and the 1% reheater are not exposed to the burner zone (See

Fig. 1 (a)), i.e., the strong radiation from the burner zone cannot directly reach to the 2"¢ superheater

and the 1% reheater. Consequently, for the 2"¢ superheater and the 1°' reheater, the maximum heat flux

area is observed in the middle part of heaters where the gas velocity is high, while the maximum heat

flux is observed in the side neat to the burner zone for the plate superheater.
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3.2 Effect of the furnace scale on particle’s thermal history

In this section, the effect of the furnace scale on the heat transfer of coal particles is discussed in

detail using the calculated particle data for the three different scale furnaces.

Figure 7 shows the calculated particle residence time with the particle temperature above 1750 K,

tp, 1750k, and the calculated particle residence time passing the gas with temperature above 1750 K,

tq, 1750k With various initial particle diameters. It is observed that ¢4 ;750x for the 2.4 MWy, and 0.76

MW, test furnaces decreases with increasing particle diameter, while that for the 915 MWy, boiler is

almost constant. It is also observed that ¢, ;750x for the 2.4 MWy and 0.76 MWy, test furnaces

drastically decreases with increasing particle diameter, while the decrease in ¢, 750k with particle

diameter for the 915 MWy, boiler is smaller than that for the test furnaces. This means that the

dependence of residence time with high particle temperature on the particle diameter for the small

test furnaces is greater than that for the large scale furnace. This point is clearly shown in Fig. 8.

Figure 8 shows the ratio of ¢, 750k to fg 750k as a function of the initial particle diameter. It is

observed that there is little difference in ¢, ;750k/tq 1750k for the initial particle diameter of 5 um

between the furnaces. However, the difference in ¢, ;750k/tg, 1750k between the 915 MWy, boiler and the

test furnaces increases with increasing initial particle diameter. This large difference in ¢, ;750x/t¢ 1750k

due to the furnace scale causes the difference in the fly ash particle shape as described in the next

paragraph.

Figure 9 shows the relationship between S4/S4qs value and the surface mean diameter, D;.q5; for the
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2.4 MWy, test furnace and actual large scale boilers (different boilers from the 915 MWy, boiler in

this study) taken from the study conducted by Shirai et al. [48]. S is the specific surface area of the

ash measured by the Blaine method [49] and S4. is the specific surface area calculated from the ash

particle size distribution and ash density on the assumption that ash particles are spherical. Increase

in S43/S4s means a decrease in the sphericity of the particles. Solid circles indicate S4s/S4a for the 2.4

MW, test furnace and other plots indicate for the actual large scale boilers. It is observed that S.s/S4a

for the 2.4 MWy, test furnace is larger than that for the large scale boilers. Even though various coals

were used for both the 2.4 MWy, test furnace and the large scale boilers, the plots for the test furnace

and the large scale boilers are completely separated, i.e., the inclination of S4»/S4s With the increase

in Dy 4 for the test furnace is obviously higher than that for the large scale boilers. In other words,

discrepancy of S4»/S4q caused by the difference in coal brand or the difference in unit of large scale

boilers is smaller than the effect of the furnace scale on S4;/S44. Shirai et al. presumed that this was

because the residence time of ash particles in the high-temperature zone in the small test furnace was

shorter than that in the large scale boilers. By taking into account the results from the current

numerical study, however, there is no significant difference in the particle residence time passing the

high temperature gas between the 2.4 MWy, test furnace and the large scale boiler as shown in Fig. 7.

The difference in S4»/S4qs between the 2.4 MWy, test furnace and the large scale boiler is considered

due to the difference in the particle residence time with the high particle temperatures as shown in

Figs. 8 and 9. In the next section, the cause of the difference in ¢, ;750x/t¢ 1750k between the 915 MWy,

boiler and the test furnaces is discussed.
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3.3 Effect of the furnace scale on the heat transfer mechanism of coal particles

Figure 10 shows the heat loss by devolatilization of the particles while the particles are passing gas

with temperature above 1750 K normalized by initial particle mass, HLge, 1750k as a function of the

initial particle diameter. It is found that HLg4e,, 17505 increases with increasing particle diameter for all

cases. This indicates that the large particles tend to enter the flame zone before the volatile matter is

completely evolved from the particles. This is caused by the fact that the specific surface area of

particle decreases with increasing particle diameter, i.e., the larger particles need more time to be

heated up and evolve the volatile matter because of the smaller specific area. The heat loss by the

devolatilization causes the particles to keep its temperature low. This is the reason why ¢, ;750k/tg 1750k

decreases with increasing particle diameter, as shown in Fig. 8. It is also found that the difference in

HLgev 1750k between the 915 MWy, boiler and the test furnaces increases with increasing particle

diameter. This is the cause of the tendency that the difference in ¢, ;750x/ts 1750k between the 915 MWy,

boiler and the test furnaces increases with increasing particle diameter, as shown in Fig. 8.

Figure 11 shows the ratio of the heat loss by devolatilization to the net heat gain of particles while

particles are passing gas with temperature above 1750 K, HLgev 1750k/QOner, 1750k as a function of the

initial particle diameter. Although a tendency of this graph is just same as that of Fig. 10, the

significance of HLgey, 1750k can be examined through this graph. It is found that the values of

HLgev, 1750k Oner, 1750k for particles with the initial particle diameter of 100 um for two test furnaces are

more than 0.3, and these values are large enough to affect ¢, ;750x/t¢ 1750k in Fig. 8. In other words, it
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is also confirmed from Fig. 11 that the main cause of the tendency that the difference in

tp, 1750k g, 1750k between the 915 MWy, boiler and the test furnaces increases with increasing particle

diameter is the increase of the difference in HLg., 1750k between the boilers. In the following part, the

reason why the difference in HLg4ev 1750k between the 915 MWy, boiler and the test furnaces increases

with increasing initial particle diameter is discussed.

As expressed by the Eq. (2.6), the particle temperature 7, is calculated by considering the heat

transfer due to convection, radiation, the heat losses due to the evaporation of moisture and the

devolatilization, and the heat gain due to char combustion. HLgey, 1750k is controlled by the net heat

gain of particles before the particles enter the high temperature gas region. Therefore, the heat

transfer due to the convection or the radiation should control the value of HL ey 1750k.

Figure 12 shows the gas velocity magnitude distributions in the furnaces. It is observed that the gas

velocity magnitude in the 915 MWy, boiler is larger than that in the 2.4 MWy, and 0.76 MWy, test

furnaces. This can affect the convection heat transfer coefficient, /4, in Eq. (2.6).

Figure 13 shows the time-averaged convection heat transfer coefficient, 4, in the three furnaces as a

function of the initial particle diameter. &2 was calculated by Eqgs. (2.7) and (2.8). It is observed that &

decreases drastically with increasing particle diameter. This tendency can be understood by the

existence of the particle diameter in the denominator of RHS of Eq. (2.7). Althouth % in the 915

MWy, boiler is slightly larger than that in the 2.4 MW, and 0.76 MWy, test furnaces, the difference in

h between three furnaces is not significant compared to the significant difference in HLgev, 1750k Of

large particles between the 915 MWy, boiler and the test furnaces. Therefore, it is considered that the
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difference in % is not the main cause of the difference in ¢, ;750x/t4 1750k between the furnaces.

Figures 14 and 15 show the integrated heat gain of particles by radiation heat transfer normalized by

the initial particle mass, HG,q., and the integrated heat loss from particles by radiation heat transfer

normalized by the initial particle mass, HL,.s, as a function of the initial particle diameter. It is

observed in Fig. 14 that HG,4q, for the 915 MWy, boiler is significantly greater than that for the 2.4

MW and 0.76 MWy, test furnaces. On the other hand, HL,.,s for the 915 MWy, boiler is smaller than

that for the 2.4 MW, and 0.76 MWy, test furnaces. These trends can be considered as a main cause of

the difference in HLg.y, 1750k between the furnaces in Fig. 10. The lower HG,.s and higher HL,,q for the

small test furnaces are due to the larger heat exchange between particles and cold furnace wall by

radiation heat transfer than that for the large scale boiler because the flame thickness for the test

furnaces is thinner than that for the large scale boiler. Particles in the 915 MWy, boiler tend to easily

gain heat by radiation heat transfer from the large thick flame compared to that in the small test

furnaces. For large particles, the lower HG,.s for small test furnaces causes the higher HLyey, 1750k

because the large amount of volatile matter remains in the particles before entering the flame zone

due to the lower heat gain, although the volatile matter in small particles can be easily evolved

because of large heat gain due to the large specific surface area of the small particles. This is why the

difference in HLge, 1750k between the 915 MWy, boiler and the test furnaces increases with increasing

initial particle diameter as shown in Fig. 10. The difference in HLg.v, 1750k between furnaces causes the

difference in ¢, ;750x/tg 1750k between the furnaces, as discussed previously.

From the above discussion, it is clarified that the particle residence time with the high particle
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temperature for a small scale furnace is shorter than that for a large scale furnace even if the particle

residence time passing the high temperature gas is the same. The difference in the particle residence

time with the high particle temperature caused by the furnace scale is increased with increasing

particle diameter. It should be noticed that the above consideration is necessary to evaluate the

usability of coal brands in the viewpoint of the fly ash properties for actual large scale boilers by

using the experimental data from small scale experimental apparatus, because the ash properties are

significantly affected by the scale of furnace as clarified by this study.

4. Conclusions

In this study, the numerical simulations of coal combustion fields in the three different scale

furnaces were conducted to investigate the effect of the furnace scale on the heat transfer mechanism

of coal particles. The simulation results are compared to the measured data to validate the accuracy

of the numerical simulation for the large scale boiler. As a result, it is concluded that the simulation

could qualitatively reproduce the tendency of the O, concentration at the water wall. In addition to

that, the simulation could quantitatively predict the heat absorption of the water wall, plate and 2nd

superheaters. Finally, the effect of the furnace scale on the heat transfer mechanism of the particles

was investigated by comparing the particle data between three furnaces statistically. The principal

findings were as follows.

1. The particle residence time with high particle temperature for a small scale furnace is shorter

than that for a large scale furnace even if the particle residence time passing the high
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temperature gas is the same. This is caused by the larger heat loss due to the devolatilization of
particles in the high temperature region for a small scale furnace. The lager heat loss due to the
devolatilization is caused by the insufficient heat gain before the particles enter the high
temperature gas for a small furnace.

2. The insufficient heat gain of particles for a small scale furnace is due to the lower radiation heat
transfer because of the thinner flame thickness in the small furnace.

3. The difference in the particle residence time with high particle temperature causes the
difference in the shape of ash particles collected from the exhaust gas. The sphericity of ash
particles from small scale furnaces is lower than that from large scale furnaces because of the
shorter particle residence time with high particle temperature. The difference in the sphericity
due to the furnace scale increases with increasing particle diameter because the difference in the
particle residence time with high particle temperature increases with increasing particle

diameter.
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Figure and table captions

Fig. 1 Outlines of computational domains.

Fig. 2 Calculated streamlines in 915 MWy, boiler. Colors of streamlines indicate (a) O, concentration and (b) gas
temperature, respectively.

Fig. 3 Distributions of gas temperature and O concentration on cross section at center of center burners for 915
MWy, boiler.

Fig. 4 Comparison of O, concentration at inspection windows and calculated O, concentration on furnace wall
surface for the 915 MWth boiler.

Fig. 5 Quantity of heat transfer for 915 MWth boiler.
Fig. 6 Three dimensional views for heat flux distribution of superheater and reheater.

Fig. 7 Particle residence time with particle temperature above 1750 K, ¢, ;750x, and particle residence time passing
gas with temperature above 1750 K, #5750

Fig. 8 Ratio of particle residence time with particle temperature above 1750 K, ¢, 750, to particle residence time
passing gas with temperature above 1750 K, 7, ;750x-

Fig. 9 S4s/S4a value as a function of Dy.qg, for 2.4 MWy, test furnace and other actual large scale boilers [48].
Reprinted with permission from ref. [48]. Copyright 2011 American Chemical Society.

Fig. 10 Heat loss by devolatilization of the particles while the particles are passing gas with temperature above
1750 K normalized by initial particle mass.

Fig. 11 Ratio of the heat loss by devolatilization to net heat gain of particles while particles are passing gas with
temperature above 1750 K.

Fig. 12 Gas velocity magnitude distributions in furnaces.
Fig. 13 Time-averaged convection heat transfer coefficient of particles in furnaces.
Fig. 14 Integrated heat gain of particles by radiation heat transfer normalized by initial particle mass.

Fig. 15 Integrated heat loss from particles by radiation heat transfer normalized by initial particle mass.

Table 1 Summary of mathematical models used in simulation.
Table 2 Specification of furnaces.
Table 3 Coal properties.

Table 4 Calculated quantities of convection and radiation heat transfers from simulation result.
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Table 1. Summary of mathematical models used in simulation.

Phenomena Mathematical model
Turbulence RNG k-¢ [34]
Thermal Radiation Discrete Ordinate [35]
Devolatilization Modified TDP model [14]
Gas phase combustion Combined model of kinetics and eddy
dissipation [36]
Char combustion Field et al. [37]
Char combustion zone transition Essenhigh et al. [38]
Particle’s tracking Lagrangian
Turbulence effect on particle motion Stochastic [39]
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Table 2. Specification of furnaces.

Furnace Thermal The number | Residence time in | Oz mole fraction
input of burners the furnace [s] at furnace exit
(MW]
915 MWt boiler 810 30 4 0.04
2.4 MWt test furnace 2.4 3 4 0.04
0.76 MW, test furnace 0.76 1 4 0.04

26




Table 3. Coal properties.

Coal Coal A Coal B
Proximate analysis [wt.%]
Moisture (as-received) 8.9 22.1
Moisutre (after pulverized) 1.6 4.9
Volatile matter*® 35.3 47.9
Fixed carbon* 53.0 47.8
Ash* 11.7 4.4
Fuel ratio [-] 1.50 1.00
Ultimate analysis™ [wt.%]
C 74.3 66.7
H 5.0 5.5
N 1.5 1.2
0 7.0 22.3
Combustible sulfur 0.5 0.1
Lower heating value (LHV)* 29.10 27.55
[MJ/kg]
Mass fraction of particles [%]

Dp=5pum 2.7 3.2
Dy=20 um 29.3 27.8
Dp=40 uym 31.3 27.0
Dy =60 um 14.5 12.9
Dy =80 um 12.7 15.5

Dp=100 um 9.5 13.5
*Dry basis.
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Table 4. Calculated quantities of convection and radiation heat transfers from simulation

result.
Quantity of heat transfer
[MW]
Convection Radiation
Plate superheater 22.0 46.2
2nd superheater 33.0 29.6
1st reheater 43.1 21.6
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Fig. 2. Calculated streamlines in 915 MWy, boiler with (a) O, concentration and (b) gas temperature.
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wall surface for the 915 MWy, boiler.
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