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Abstract

This study used a numerical simulation method to design a grate-type combustion boiler for solid refuse fuel (SRF). First,
proximate analysis, ultimate analysis, calorific value measurement, and combustion characteristic tests such as thermogravi-
metric analysis (TGA) and differential thermogravimetric analysis (DTG) were carried out to investigate the combustion
characteristics of SRFs and municipal solid waste. To design an optimal SRF combustion steam boiler, the flow field, tempera-
ture distribution, chemical species concentration with varying secondary air injection angles and air ratios of the combustor
need to be predicted. The secondary air injection angle affects fly ash generation on the grate, and the Cl compound in fly
ash promotes high temperature corrosion in the superheater and heat exchanger of the boiler. The low heating values of two
types of domestic waste are 13,062 kJ/kg and 14,402 kJ/kg, respectively, and that of fluff and densified SRFs are 19,552 kJ/
kg and 29,014 kJ/kg, respectively. The concentration of Cl in densified SRF is 1.80 wt% and that of domestic waste and fluff
SRF is 0.50 wt% or lower. The results of the TGA and DTG analyses reveal that the SRFs and domestic wastes complete
their reactions at 500 °C or lower and at 540 °C, respectively. According to the numerical calculation results, it is optimal to
inject the secondary air normally from the walls to suppress fly ash at the grate in the SRF combustor. Furthermore, an air
ratio of 1.87 is recommended for stable combustion and prevention of high temperature corrosion on the walls of the heat
exchanger tube.
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Graphic Abstract
Contours of temperature in combustor for SRF-B (°K)
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Statement of Novelty

To develop a large-scale combustion system for power gen-
eration using combustible solid waste, the fluff solid refuse
fuel, densified solid refuse fuel and municipal solid waste
were analyzed to test combustion characteristics. These
combustible solid wastes were subjected to ultimate analysis,
proximate analysis, heating value analysis, TGA and DTG.
The computational analysis of the flow field, temperature
profile, and concentration of chemical species were carried
out according to the change of air ratio and the secondary
air injection angle in grate-type combustion chamber using
computational fluid dynamics (CFD). The CFD calculation
results provide a useful design factor of the SRF combustor
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for complete, stable combustion and prevention of the fly ash
considering solid refuse fuel characteristics.

Introduction

Korea has extremely insufficient energy resources, and
most of the energy is imported. Hence, new and renewable
energy resources must be developed, and their supply must
be increased to secure stable energy. In recent years, the out-
put of new and renewable energy has been increasing every
year, and it comprises 4.7% of the energy in Korea based on
data from 2015. Waste energy comprises 65% of new and
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renewable energy; this is the component with the highest
percentage, and its rate of increase is high.

The Korean government has played a leading role in
reducing waste by incinerating combustible domestic waste
for the last 20 years. Furthermore, extensive technologi-
cal development has been made in efficiently recovering
heat from incinerators owing to increasing prices of fos-
sil fuels since 2008. Most domestic waste incinerators
produce electricity and steam. However, the efficiency of
these incinerators is 20% or lower for power generation and
approximately 40% for heat utilization. As waste energy
technologies can not only replace fossil fuels but also sig-
nificantly reduce greenhouse gas emission, an increasing
number of studies are being conducted on developing this
particular technology. The Ministry of Environment in
Korea is creating policies focused on the eco-friendly pro-
cessing of combustible waste and the use of thermal energy
for power generation from waste incinerators. The large
amount of combustible waste to be converted into solid
refuse fuel (SRF) to generate energy by revising the law in
2013. The previous four types of SRFs (refuse plastic fuel;
RPF, refuse derived fuel; RDF, tire derived fuel; TDF, and
wood chip fuel; WCF) were integrated and divided into
two types (SRF and bio-SRF) and into fluff and densified
products for manufacture and use.

The technologies for incineration, pyrolysis, and gasifica-
tion have been commercialized for solid waste and biomass
in EU and Japan. In Korea, the low quality of wastes and
biomass were directly incinerated to recover energy in the
past. However, in recent times, combustion techniques that
use SRFs with improved fuel quality by preprocessing waste
and biomass are being studied to increase energy recovery
efficiency [1-4].

Applying SRFs to coal-fired power plants can cause
unstable combustion and emission problems because of
the different material properties. In addition, as more
combustion boilers operate at increased steam tempera-
tures to generate electric power during SRF incineration,
the combustion efficiency degrades because of damage
to equipment due to high temperature corrosion on the
tube in superheaters, heat exchangers, and reheaters. To
resolve these problems, numerous studies on slagging and
fouling inside boilers, flame stability, and combustion
characteristics have been carried out by several research-
ers [5-14].

In recent years, as fluff SRF production has expanded,
SRF users are dissatisfied with environmental problems and
low fuel quality in terms of low heating values. Addition-
ally, there are increasing concerns on the differences in the
qualities of SRFs. Therefore, it is extremely important to
analyze the characteristics of SRFs to resolve the problems

associated with the combustion of SRFs or co-firing SRFs
and coal. We analyzed the calorific values, ashes, and alkali-
based Na, K, Ca, all of which cause corrosion. Moreover,
large quantities of S, Cl components exist in fly ash that
cause high temperature corrosion on the surface of heat
exchanger. Therefore, the content of each material that
causes high temperature corrosion must be analyzed and
results must be incorporated in the steps of designing and
constructing SRF combustion boilers [15-18]. Therefore, in
order to prevent high temperature corrosion on the surface of
heat exchanger of the SRF combustion system, it is essential
to design technique to suppress fly ash generation. For this
purpose, the computational analysis of the flow field and
temperature profile by the secondary air injection in combus-
tion chamber is important.

Usually, in municipal solid waste and SRF incinerator,
the primary air is fed directly under the grate into the waste,
and the secondary air is injected to unburned flue gas from
the left and right side walls of the upper part of the grate.
In this study, the design factors were calculated for second-
ary air supply, which is essential for future large-scale SRF
combustion boiler system in power plants. To achieve this,
this study performs proximate analysis, ultimate analysis,
calorific value measurement, and combustion characteristic
tests such as thermogravimetric analysis (TGA), and dif-
ferential thermogravimetric analysis (DTG) for SRFs and
domestic waste to evaluate basic pyrolysis and combus-
tion characteristics [19]. The results are used as base data
for designing and constructing a combustion steam boiler
capable of predicting flow field, temperature distribution,
and concentration values in a combustor. These factors are
examined by varying the secondary air injection angles and
air ratios on the upper part of the grate where the SRFs
are burned by employing a numerical analysis approach. In
the previous research, the temperature profile in combus-
tion chamber was calculated when different air amount was
injected by dividing the primary air into grate lengths [20].
However, studies on variation of the excess air ratio and
secondary air injection angle were not found.

The numerical calculation is required for stable, com-
plete SRF combustion and prevention of the fly ash con-
sidering solid refuse fuel characteristics. In this paper, the
computational analysis of the flow field, temperature pro-
file, and concentration of chemical species were carried
out according to the change of air ratio and the second-
ary air injection angle in grate-type combustion chamber
using computational fluid dynamics (CFD). Also in the
SRF combustion system, when SRF contains S and Cl
components, these components are attached to the surface
of the heat exchanger by fly ash and melt, which causes
high temperature corrosion.
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Fig. 1 Example of fluff SRF and

densified SRF Fluff SRF

Densified SRF

Table 1 Result of proximate

. Components ~ Water (wt%) Ash (Wt%) Volatile mat- Fixed car-  Fuel ratio Low heating
analysis of MSWs and SRFs ter (wt%) bon (wt%)  (FC/VM) value (kJ/kg-
wet)

MSW-A 18.4 31.5 37.9 12.2 0.32 13,063
MSW-B 18.9 26.4 36.5 18.2 0.50 14,403
SRF-A 8.9 32 79.3 8.6 0.11 29,015
SRF-B 17.0 12.6 62.3 8.1 0.15 19,552

TabIeZ. Result of el‘ement Components  C (wt%) H(wt%) NwWt%) 0wt%) S wt%) Cl(wt%) Hg(ppm) C/H

analysis of combustibles for

MSWs and SRFs MSW-A 54.81 6.87 1.64 3555 038 0.75 0.17 7.98
MSW-B 52.54 6.28 1.94 38.68 0.38 0.17 0.20 8.37
SRF-A 74.89 11.62 0.38 10.96 0.35 1.80 0.14 6.45
SRF-B 52.33 6.95 0.53 39.85 0.23 0.12 ND 7.53

Samples of Solid Refuse Fuels
Regulations of Solid Refuse Fuels in Korea

The waste used in SRF manufacturing materials comprises
domestic waste (including waste furniture and excluding
food), waste synthetic fiber, waste tires, waste synthetic res-
ins, waste rubber, and bio-SRF manufacturing materials. The
water contents of fluff and densified SRFs are 25.0 wt% and
10.0 wt% or lower, respectively. For these SRFs, the low
heating value is 14,653 kJ/kg or higher, the ash content is
20 wt% or lower, the salt content is 2.0 wt% or lower, and
the sulfur content is 0.6 wt% or lower. The concentration
of Heavy metals (mercury, cadmium, lead, and arsenic) are
0.6, 5.0, 100, and 5.0 mg/kg or lower. The size is 50 X 50
mm or smaller.

The SRF manufacturing method is broadly divided into
crushing and sorting processes. SRF is produced by per-
forming the crushing/sorting processes on waste consisting
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of vinyl, plastic, and paper that have high calorific values.
These wastes are selected from the recycling products of
major cities close to manufacturing factories. Densified
SRF is manufactured from fluff SRF by using a densifying
machine. Figure 1 shows the images of densified and fluff
SRFs. In this study, samples were collected from two SRF
manufacturing factories, and municipal solid waste (MSW)
was collected from two locations to conduct experiments
for comparing the combustion characteristics of the SRFs.

Results of Proximate and Ultimate Analysis

In this study, the different wastes were used for the densified-
SRF and fluff-SRF produced by the manufacturer.

The results of the proximate and element analyses for four
types of samples are summarized in Tables 1 and 2, respec-
tively. SRF-A (densified SRF) has the lowest water content
because the water content is reduced owing to compression
in the densifying process. The low heating values of MSW-A,
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MSW-B, fluff SRF, and densified SRF are 13,063 kJ/kg,
14,403 kl/kg, 29,015 kJ/kg, and 19,552 kl/kg, respectively.
Densified SRF has a higher low heating value compared with
that of fluff SRF because its volatile matter content increases
as water decreases in the manufacturing process.

The larger the C/H ratio, the greater the amount of soot
that can be produced in the combustor. The C/H ratios of
coal and gas are 10-30 and approximately 3, respectively.
Generally, the fuel ratio of anthracite is 12 and that of lignite
is 1 or lower [19]. The MSW and SRF samples have low
fuel ratios of 1 or lower and low C/H ratios of 10 or lower
compared with those of coal. This is because each of the
four types of samples has low fixed carbon content and high
volatile matter content, thereby reducing early ignition and
burning time. Particularly, as the fuel ratios of the SRFs
are lower than those of the MSWs, the SRF burning time is
expected to be shorter than MSW burning time. Among the
SRF components, fixed carbon is a carbon component that
can is burned as indicated by proximate analysis results. In
general, ash is classified as fly ash and bottom ash. The fly
ash, which is a light material, is discharged along with the
combustion gas, and the bottom ash, which is a heavy mate-
rial, is discharged under the grate. A part of the fly ash may
be melted at high temperature flue gas and attached to the
heat exchanger, causing high temperature corrosion.

The CI concentrations in MSW-A, MSW-B, SRF-A,
and SRF-B are 0.75 wt%, 0.17 wt%, 1.80 wt%, and 0.12
wt%, respectively. The Cl concentrations in MSWs can vary
depending on sample collection and location. The standard
Cl concentration of the SRF is 2 wt% or lower, and an SRF
with a Cl concentration of 0.5 wt% or lower is considered
to be excellent. If the concentration of the Cl component is
high, a large quantity of HCI gas is discharged. The CI com-
pound in fly ash promotes high temperature corrosion in the
superheater and heat exchanger of boiler [21].

Numerical Analysis Approach
Mathematical Equations
The independent time equations of the numerical model are

solved for conservation of mass, momentum, and energy for
incompressible fluid [22]:

V. <p\7> = Sm; (1
V-(pW)= =VP+V- (1) + pg; )

d(pUE) [a aT
BV eff

i vl LT e DL Ui(fij)eﬁf] +S. )

4539
where
2
p U
E=h-=-+ -, 4
hoo2 )
h= Z mihi; (5)
T
h; = / CpOT (T,,p = 298.15K); ©6)
Tref
Ko
S, =— Z A—; + / Cp0T |R;; @)
J
T,_L,f
H; '\ 9Y;

J,=—pD, +-—L)—;

i (P im SC,) ()X, (8)
_ Y 2 Ui5 .

(7)o = e { 5+ Y ) "ty ©)
Aoy = & +a,. (10)

The Eq. (1) represents conservation of mass,
where V is velocity, p is density and S, is source of
mass added to the continuous phase from the dis-
persed second phase and user-defined sources. In Eq.
(1), it is assumed that the fuel is completely trans-
formed into the gaseous phase at the very inlet of the grate-
type combustor. Conservation of momentum is described
by the Eq. (2), where p is the static pressure, T is the stress
tensor, andpg is the gravitational body force. The Eq. (3)
represents the energy equation, where a,; is the effective
conductivity, h is enthalpy, and J; is the diffusion flux of
species j. S, includes the heat of chemical reaction, and any
other volumetric heat sources [23].

Turbulence Mode

The realizable k — € model is a relatively recent develop-
ment and has two important ways: (1) The realizable k — ¢
model contains a new formation for the turbulent viscos-
ity. (2) A new transport equation for the dissipation rate,
e, is derived from an exact equation for the transport of
the mean-square vorticity fluctuation. The term “real-
izable” means that the model satisfies certain math-
ematical constraints on the normal stresses, consist-
ent with the physics of turbulent flows. To understand

@ Springer
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this, consider combining the Boussinesq relationship
[23] and the eddy viscosity definition (11) to be the fol-
lowing expression for the normal Reynolds stress in an
incompressible strained mean flow:

k2
M= PCM? (11)
_ 2 oU
=3k, (12)

Using v, = u,/p, one one obtains the result that the
normal stress, #°, which by definition is a positive quan-
tity, becomes negative, i.e., “non-realizable”, when the strain
is large enough to satisfy [23],
koU 1
-— > —=37 (13)

£ Ox C”

In this study, based on the elemental analysis (Table 1)
results of SRF-B, the gaseous compound formula of the
C,H,O_S4N, composition [24] was derived in this study.
Furthmore the combustion chamber is assumed to be steady
state. This study uses the realizable k—e model for turbulence
proposed by Shih [23, 25]. This model uses a novel dissipa-
tion Eq. [23]. The k and € are derived using Eqgs. (14) and
(15), respectively.

9 9 _ 0 ok _
E(pk)+d—%(pkui)—ax’l (/4 6)6_, +G +G,—pe—=Y, +S,
(14)
d 0 7} de
— + — ) == + — + pC,S.
e ()xj (pery) dxi[<# a)@x]]
(15)
C, in Eq. (15) is given by
c =max[043 L] — sk 5= /253, 16
1 I, +5 > N €» i*ii ( )

In these equations, Gk represents the generation of tur-
bulence kinetic energy due to the mean velocity gradients,
Gb is the generation of turbulence kinetic energy due to
buoyancy. Yy, represents the contribution of the fluctuat-
ing dilatation in compressible turbulence to the overall dis-
sipation rate. C, and C, are constants. o, and o, are the tur-
bulent Prandtl numbers for k and e, respectively. S, and S,
are user-defined source terms [23].

Combustion Chamber and Boundary Conditions
The shape of the grate-type combustion steam boiler to

generate power for SRF-B was modeled for the numerical
analysis, and it is shown in Fig. 2. The combustion chamber
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Fig.2 Mesh structure and the secondary air injection point

Table 3 Inlet boundary conditions of SRF-B and air

SRF (CaHbOcSdNe)  Air

Primary air ~ Secondary air

Feed rate 500 kg/h

293 K

3408.3 kg/h
293 K

1460.7 kg/h

Temperature 293 K

with SRF-B capacity of 500 kg/h is 4.92 m in width, 2.0 m
in depth and 10.0 m in height and the grate size is 2.0 m in
depth and 3.92 m in width. In case a grate-type combustion
boiler is used in the analysis, drying, pyrolysis, char burning,
and post combustion processes are performed on the grate
to which the SRF is supplied [24].

The Tgrid mesh type is applied to the calculation domain.
For verifying the number of grids, the number of cells was
calculated from 500,000 to 1,500,000, and the optimal num-
ber of cells was determined to be 1,026,553. In addition, the
size of the mesh varies from 46 to 85 mm. As the SRF-B
supplied to the combustor has non-uniform composition
depending on the actual supply time, the analysis is carried
out by considering the average values derived through the
proximate and element analyses of the SRF-B (Tables 1, 2).
To verify the adequacy of the mesh and model, the flue gas
temperature at the outlet of the combustion chamber was
theoretically calculated.

Table 3 shows the inlet boundary conditions of SRF-B
and air for numerical calculation. The commercial code used
in this study is FLUENT version 15 [23].

A dense grid was created on the grate of the combustor
where flames are formed and the secondary air injection
nozzle to achieve high accurate numerical calculation. A
coarse grid was additionally created on the upper part of the
combustion boiler to reduce calculation time. Four the sec-
ondary air inlets having the same area were arranged on the
left and right sides of the boiler wall. Usefulness in design
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Table 4 Reaction parameters of Egs. (17) and (18)

Reaction equations (17) (18)
Reactants and products | Reactants Products Reactants Product
Component SRF 0, CO | H,0 SO, N, (60) 0, CO,
Stoichiometric 1 0.735 1 0.83 | 0.0008 | 0.01 1 0.5 1
6 5
coefficient
Rate exponent 0.5 1.25 0 0 0 0 0.5 1.25 0
Pre-exponential factor 4e+11 1.3e+11
Activation energy 1.256e+08 J/kmol 1.256e+08 J/kmol
Temperature exponent 0 0
Mixing rate constants A:4, B:05 A:4, B:05
Aand B
Fig.3 The velocity vectors of Case (a) Case (b) Case (¢)
the secondary air injection
) ‘/

I

and manufacture was verified by analyzing the temperature
characteristics inside the boiler and exhaust gas characteris-
tics by changing the secondary air injection angles.

Combustion Model

The eddy-dissipation model assumes that reactions are fast
and that the system is purely mixing limited. When that is
not the case, it can be combined with finite-rate chemistry.
In that case, the kinetic rate is calculated in addition to the
reaction rate predicted by the eddy-dissipation model. The

( -

slowest reaction rate is then used: if turbulence is low, mix-
ing is slow and this will limit the reaction rate. The reac-
tion rate will be limited if turbulence is high but the kinetic
rate is low. This model can be used for various system, but
with the following caveats: the model constants A and B
need to be empirically adjusted for each reaction in each
system. Default values of 4.0 and 0.5 were determined for
one and two-step combustion processes, respectively. In this
study, SRF-B is assumed to be the combustible compound
of C,H,0O_.S N, having a gaseous phase [24]. The finite-rate/
eddy-dissipation model was selected for chemical reaction.

@ Springer
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Table 5 Excess air ratios and the secondary air injection angles

Case no. Airratio Injection angle (°)
Left wall Right wall
Case (a)-1.5 1.5 Normal (90) Normal (90)
Case (b)-1.5 1.5 Counterclockwise Normal (90)
(45)
Case (¢)-1.5 1.5 Normal (90) Counterclockwise
45)
Case (a)-1.87 1.87 Normal (90) Normal (90)
Case (b)-1.87 1.87 Counterclockwise Normal (90)
(45)
Case (c)-1.87 1.87 Normal (90) Counterclockwise
45)

This model is widely used in turbulence combustion models
[22, 23, 26]. The combustion process was analyzed by a
two-step reaction between oxidizer and SRF-B. The reaction
mechanism is given in Egs. (17) and (18). Table 4 lists the
reaction parameters used for the numerical analysis.

SRF - B +0.7350, — CO + 0.836H,0 + 0.000850, + 0.015N,
17

CO +0.50, — CO, (18)

In calculation of radiation heat transfer, the ‘Discrete
ordinates’ radiation model is applied. This model spans the
entire range of optical thicknesses, and allows us to solve
problems from surface-to-surface radiation to participating
radiation in combustion [23]. The secondary air injection
angles in the combustion chamber are illustrated in Fig. 3. In
case (a), the secondary air is injected normal (90° on the left
wall and 90° on the right wall) to the left and right walls. In
case (b), secondary air is injected at 45° counterclockwise to
the left wall and 90° to the right wall. In case (c), secondary
air is injected at 90° to the left and 45° counterclockwise to
the right wall.

A velocity-inlet condition was applied to the primary air
inlet at the bottom part of the grate-type combustor, and a
mass-inlet condition was applied to the secondary air inlet to
analyze the changes in the amounts of injection. The condi-
tions for the numerical calculation performed are listed in
Table 5.

@ Springer
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Fig.6 TGA curves of SRF-B components (heating rate: 10 °C/min,
carrier gas: air)

Results and Discussion
Results of the TGA and the DTG

The TGA is widely used for studying the thermal stabil-
ity of the solid fuels and state change processes by heat-
ing. The physical and chemical changes in a sample can
be understood by observing the changes in weight of the
sample caused by heating. Then, they are used to understand
the various phenomena that result from heating. In addition,
the changes in combustion rate can be acquired for each
temperature zone by obtaining DTG graphs.

The TGA has a basic mechanism consisting of three steps,
i.e., drying, devolatilization, and char burning. Figure 4
shows the TGA results used to identify the combustion char-
acteristics of domestic waste and SRFs. Air was used as the
carrier gas, and its temperature was increase from 30 to 900
°C at a heating rate of 10 °C/min. The MSWs and SRF-B
with high water contents lose their weights at approximately
100 °C and discharge and combust initial volatile matter,
carbon, and residual volatile matter contents between 250
and 550 °C. Generally, the weight of surface moisture is

05 L l L l L l L l L l L l L l L l L

B — Vinyl 1

B — — — - Plastic ]

04 —-—-—-- Paper 7]

i Charcoal | |

03 —

- B ]
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0 T'\“l’\?’ml\.\;\lrrrrl\rvw

100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig.7 DTG curves of SRF-B components (heating rate: 10 °C/min,
carrier gas: air)

reduced until 150 °C and devolatilization reactions occur
from 200 °C. The weight rapidly decreases between 200
and 500 °C because depolymerization reactions occur and
volatile matters are combusted. After 540 °C, the decom-
position of the SRFs and MSWs is almost completed and
weight changes slightly.

The DTG curves are shown in Fig. 5. The curves show the
weight loss rates of the samples as functions of temperature
and enable one to more clearly determine combustion char-
acteristics. A low peak in the DTG curve results in a small
change in weight loss. The higher the peak, the larger the
weight loss per unit time at the corresponding temperature.
The results of the DTG curve reveal that the peak shapes
of the MSWs and SRFs are different. The fluff and densi-
fied SRFs with high vinyl and plastic contents have different
peak shapes. When oxygen is supplied as a reaction gas to
observe the pyrolysis reactions of the samples, the MSWs,
which have lower volatile matter and higher fixed carbon
contents compared to the SRFs, have two peaks at 340 °C
and 460 °C, and the SRFs have a peak at 440-460 °C. This
is because the MSWs have high ash contents with mixed
combustible and noncombustible components, and the SRFs

@ Springer
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Case (a)-1.5
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Fig.8 Vectors of turbulent intensity in combustor for SRF-B (%)

are produced by selecting combustible components only. The
weights of the SRFs change slightly after 500 °C, and all
reactions are completed before 500 °C.

The TGA results of SRF-B by components are shown
in Fig. 6. The carrier gas is air, and its temperature is
increased from 30 to 900 °C at a heating rate of 10 °C/
min. The components for the TGA are plastic, paper, vinyl,
and other unclassified components. Additionally, the TGA
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Case (b)-1.5

Case (¢)-1.5

Case (b)-1.87 Case (¢)-1.87

of charcoal is shown for comparison. Plastic, paper, and
vinyl complete their reactions at 500 °C, 500 °C, and 540
°C, respectively, and show slight changes in weight loss
afterwards.

In SRF-B, the highest content is that of vinyl, followed
by that of plastic and paper. As the reaction of vinyl is
completed at the highest temperature and its content is
the highest, it is expected to have the largest effect on
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Fig.9 Contours of velocity magnitude in combustor for SRF-B (m/s)

the combustion rate and characteristics of SRF-B. As
the combustion characteristics of an SRF can be deter-
mined if the contents of the produced SRF are analyzed
by component, the combustion characteristics may change
in accordance with the mixing ratio of each component.
The DTG curves of SRF-B are shown in Fig. 7. Vinyl,
charcoal, and plastic have only one weight loss change
rate peak with varying temperature because they are sin-
gle materials. Vinyl exhibits the highest weight loss at the
highest temperature.

Case (b)-1.5

Case (¢)-1.5

Case (¢)-1.87

Case (b)-1.87

Results of Numerical Analysis

Turbulent Intensity and Velocity Distribution in Combustion
Chamber

The vectors of turbulent intensity in the combustion chamber
for SRF-B with varying air ratios and secondary air injection
angles are shown in Fig. 8. In CFD, the turbulence intensity,
is defined as the ratio of the root-mean-square of the velocity
fluctuations, to the mean flow velocity. Even though the air
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Fig. 10 Contours of temperature in combustor for SRF-B (K)

ratio and secondary air injection angle change, the turbulent
intensity on the grate is very low. Therefore, the generation
of fly ash at the grate is suppressed. However, in case (a), the
turbulent intensity in the main combustion chamber is lower
than that in (b) and (c); thus, it is considered that the amount
of fly ash that flows out from the combustion chamber to the
heat exchanger is the smallest.

In Fig. 9, the velocity magnitude in the combustor
increases with increasing air ratio. The velocity magnitude
is the sum of the velocity vector in the x, y, and z axis direc-
tions in the 3 dimensional combustion chamber. However, it
can be seen that the velocity magnitude changes in the main
combustion chamber according to the secondary air injection
angle. Therefore, it is possible to suppress the generation of
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Case (b)-1.5 Case (c)-1.5

Case (b)-1.87 Case (¢)-1.87

fly ash when the secondary air injection angles are normal
to the left and right walls (90°). Also, the case of ‘Case (b)’,
the secondary air injection angle are counterclockwise (45°)
from normal to the left wall and normal to the right wall
(90°), it can be an appropriate operating condition according
to the SRFs characteristic.

Temperature Distribution in Combustion Chamber

The temperature distribution inside the combustion chamber
with varying air ratios and secondary air injection angles is
shown in Fig. 10. The overall temperature inside the com-
bustor decreases with increasing air ratio, and the flame
shape in the high temperature areas changes in accordance
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Fig. 11 Contours of oxygen concentration in combustor for SRF-B (mole fraction)

with the secondary air injection angles. In case (a), the flame
is formed in the high temperature area on the bottom surface
of the grate. In case (b), the flame is partially formed in the
upper part grate where the secondary air is injected, and
thermal nitrogen oxide can be created by the formation of a
local high temperature area. In case (c), the flame is formed
in a similar manner to case (a).

Oxygen and Carbon Monoxide Concentration Inside
Combustion Chamber

The combustion of an SRF-B can lead to the high tempera-
ture corrosion on the surface of heat recovery tube because

of the fly ash melting. The high temperature corrosion of
the heat exchanger occurs by the deposition of fly ash pro-
duced by the combustion of the SRFs contained in the mate-
rials with chlorine and sulfur. Therefore, a high air ratio is
required for stable waste heat recovery during SRF combus-
tion owing to the lower temperature of flue gas. The concen-
tration of oxygen concentration at the upper part of the grate
in the combustion chamber indicates the uniform mixture of
the supplied air and generated combustible gas, which is an
important index for complete combustion and thermal NOx
control (Fig. 11).

The concentration of CO is used as a measure for veri-
fying incomplete combustion because CO is produced by
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Fig. 12 Contours of carbon monoxide concentration in combustor for SRF-B (mole fraction)

5.20e-02 Case (a)-1.87

Case (b)-1.5
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\

Case (¢)-1.87

Table 6 Temperature and mole

- Case no. Outlet tempera- O, (mole fraction) CO (mole fraction) SRF (mole fraction)
fraction of exh:}ust gas at outlet ture (°C)
of the combustion chamber
Case (a)-1.5 1063 0.0624 2.42e—05 1.30e—06
Case (b)-1.5 1076 0.0655 2.70e—05 1.42e-06
Case (c)-1.5 1103 0.0664 1.53e-04 8.98¢—06
Case (a)-1.87 998 0.0864 1.18e—-05 8.75e-07
Case (b)-1.87 1003 0.0931 9.54e—06 6.81e—07
Case (c)-1.87 1009 0.0921 4.77e—05 4.03e—06

insufficient oxygen in the combustion chamber (Fig. 12).
The results of the numerical analysis show that the outlet
temperature is the lowest in case (a)-1.87, where the air ratio
is 1.87 and the secondary air injection angles are normal
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to the walls (90°). However, there is no major difference
compared with the results for different injection angles. In
Table 6, the oxygen concentrations at the outlet of the com-
bustion chamber are the lowest in case (a)-1.5.
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Conclusions

To develop a large-scale combustion system for power
generation using SRF, which is combustible waste, we
used fluff SRF, densified SRF, and two types of MSWs to
produce an optimal SRF sample. The fluff SRF, densified
SRF, and two types of MSWs were subjected to ultimate
analysis, proximate analysis, heating value analysis, TGA
and DTG. In addition, the calculation of the flow and tem-
perature field, the chemical species concentration in the
combustion chamber according to the change in air ratio
and the secondary air injection angle, was calculated using
computational fluid dynamics (CFD). The main conclu-
sions are as follows:

1. The water contents of the two types of MSWs vary from
18.4 to 18.9 wt%. Ash contents are high, and volatile
matter and fixed carbon contents are low. Fluff and den-
sified SRF have large differences in their water and ash
contents depending on wastes and the manufacturing
method. The fuel ratios vary from 0.32-0.50 for the
MSWs and 0.11-0.15 for the SRFs. The C/H ratios vary
from 7.98-8.37 for the MSWs and 6.45-7.53 for the
SRFs owing to high volatile matter contents with short
ignition and combustion time.

2. The concentrations of Cl are 1.80 wt% and 0.12 wt% for
the densified and fluff SRFs, respectively. The detected
ClI concentration in the SRFs are lower than the Cl con-
tent regulation of 2.0 wt%. Additionally, the Cl compo-
nent in SRF causes high temperature corrosion on the
tube of heat exchangers.

3. The TGA and DTG results shows the discharge of
water, volatile matter, carbon, and residual matter
components, and the combustion of fixed carbon occur
between reactor atmosphere temperatures of 250 °C
and 500 °C for the SRFs and between 250 and 540 °C
for the MSWs.

4. A large excess air ratio is required to prevent the high
temperature corrosion of the heat exchangers in SRF-B
combustion steam boiler. The air ratio of 1.87 used in
this study is optimal for stable combustion and preven-
tion of high temperature corrosion.

In the next step, the calculations of thermal NOx gen-
eration and simulation of the influence of design parame-
ters, ratio of primary/secondary air and shape of wall on the sec-
ondary air injection, in commercially
large-scale SRF combustion systems are needed.
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