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Abstract

and the turbulent flow in the incinerator is stronger.

Incineration of persistent organic pollutants (POPs) is an important alternative way for disposal of this type of
hazardous waste. PCBs are very stable compounds and do not decompose readily. Individuals can be exposed to
PCBs through several ways and damaged by their effects. A well design of a waste incinerator will convert these
components to unharmfull materials. In this paper we have studied the design parameters of an incinerator with
numerical approaches. The CFD software Fluent 6.3 is used for modelling of an incinerator. The effects of several
baffles inside the incinerator on flow distribution and heat is investigated. The results show that baffles can reduce
eddy flows, increase retaining times, and efficiencies. The baffles reduced cool areas and increased efficiencies of
heat as maximum temperature in two and three baffle embedded incinerator were 100 and 200 °C higher than the
non-baffle case, respectively. Also the gas emission leaves the incinerator with a lower speed across a longer path
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Introduction

Waste incineration is a well-established treatment tech-
nology for municipal, industrial, hospital and hazardous
wastes [1-3]. It is also one of the most frequently se-
lected method of waste management for no-longer re-
usable or recyclable industrial products and materials
[4-8]. In the some part of waste incinerators, persistent
organic pollutants (POPs) are formed due to the pres-
ence of products of incomplete combustion, oxygen and
chlorine at temperatures between 200 and 800 °C
[9, 10]. The final solution for persistent organic pollutants
(POPs) such as polychlorinated biphenyls (PCBs) that can-
not be recycled or landfilled is to use an incinerator [11].
The minimum residence time suggested for removal of
PCBs in an incinerator is about 2 s at 1200 °C or 1.5 s at
1600 °C [11]. This can be achieved only through increas-
ing the residence time or improved heat distribution.
Measurements indicate that most PCBs incinerators are
not able to provide these conditions due to the presence
of inefficient cold zone with low efficiency in terms of
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mixing and heat distribution [12, 13]. Furthermore, in the
cold zone of waste incinerators polychlorinated biphenyls
(PCBs) are formed [10, 14—-16].

In recent years, many attempts have been made to
model processes in incinerators. San José et al., investi-
gated the effect of incinerator efficiency on the emissions
in an industrial area with the help of MM5, CMAQ and
EMIMO [17]. The results showed that the effect of
emissions from incinerator is insignificant compared to
the surrounding industries and highways. The effect was
comparable just in the case of ozone. Stanmore et al.,
modeled the formation of PCDD/F in municipal and
hospital incinerators and proposed a general empirical
model to calculate the level of gaseous and solid
PCDD/F [18].

In another study, Goh et al., modeled the combustion
bed of a municipal incinerator and proposed a compre-
hensive flexible model [19]. The results of the model
were used as boundary conditions for modeling upper
gases in CFD models. The model results can also be
used to optimize the incinerator and reduce the produc-
tion of waste sludge and waste mixing [19]. In a similar
study, the waste mixing was modeled before burning in
an incinerator. In this study, a mathematical model was
proposed for simulating waste mixing in the incinerator
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Table 1 The technical specification of the incinerator

Value Parameter

2270 (kg/h) Maximum capacity
Cy,H5Cls Input pollutant

20,277 (KJ/Kg) Net thermal value

50 % Excess air

276 m Initial diameter

11 m Initial height

05 m Inlet and outlet diameter
27s Initial residence time

and the model results were compared with experimental
results. Huang, used a kinetic model of reaction to
model the formation PCDD/F in an industrial inciner-
ator [20]. The model variables include the formation and
removal rates of PCDD/F, carbon gasification, partial
pressure of oxygen and equations for temperature and
time. A good agreement was obtained between the ex-
perimental and model results. Khiari et al., proposed a
mathematical model for dynamic simulation of an incin-
erator [21]. The lower part of the incinerator and waste
pyrolysis were modeled. The model results were com-
pared with the results of similar studies. Thomas offered
an one-dimensional model to simulate the incineration
of emissions in an incinerator [22]. Taking into account
radiation, convection and conduction heat transfer pro-
cesses, and the gas flow was simulated. The heat cap-
acity of gases, thermal conductivity and viscosity effects
were included considering the temperature dependence
of the reaction.

The main objective of this study was to investigate the
explores ways to optimize the efficiency of the PCBs
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removal in incinerators in the presence of baffles em-
bedded in the combustion chamber. Modeling was
performed first with 2 and then with 3 baffles.

Materials and methods

Incinerator specification

A rotational PCBs incinerator with one inlet and one
outlet for pollutants was studied. The incinerator was
designed for one of PCBs isomers called Arochlorine-
1242 (a mixture of 1 % C;,HoCl, 13 % C,;,HgCl,, 45 %
C,H,Ci3, 31 % C15HgCyy and 10 % C;,H5Cl5 with aver-
age Cl content of 42 %. Arochlorine-1242 is among the
most commonly used types of PCBs, especially in power
transformers in great plants. The specification of the
incinerator was selected according to Theodore and
Reynolds [23]. The Arochlorine-1242 incinerator was
designed manually and with the help of software. The
design principles in different parts of incinerator such as
primary and secondary combustion chambers, furnaces,
boilers, suppressor devices and air pollution control
devices were similar to the incinerator modeled in [23].
Design calculations were performed according to Char-
les’s law and Dulong’s equation. Table 1 summarizes the
specification calculated for the incinerator. The technical
specifications presented in Table 1 were used as initial
inputs to Fluent model for simulating the incinerator.

The equations governing the pollutant flow in the
incinerator

Given the air flow velocity and the dimensions of the
incinerator as well as the high temperatures, the flow
regime is turbulent. Neglecting the net rotating flows,
since all changes along the flow and in vertical direction
are important, the k-& turbulence model is a good model

1
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Fig. 1 a A view of the meshed model of the incinerator, (b) The geometrical charactersitics of the incinerator and boundary conditions
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Table 2 The inputs to the Fluent model

Value Parameter

3% Turbulent Intensity
Stationary Wall Motion

No slip Shear Condition
0.00004 (m) Roughness Height
2.76 (m) Hydraulic Diameter
0.5 Roughness Constant

for analyzing this problem. The equations required to
solve the isothermal gas flow in the incinerator include
time-averaged mass and momentum conservation equa-
tions [24]:
Mass conservation g—xlf = (1)
Momentum conservation
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(2)

Where U; is velocity along i, i=1, 2, 3, X; is X, y, z coor-
dinates along i, Y mass fraction of gas emissions, p air
density, v kinematic viscosity, U; turbulent velocity
component along i’ and Syy; is the momentum source
along i".As mentioned previously, since the Reynolds re-
moval process and time-averaged equations will lead to
unknown relationships for fluctuating velocity compo-
nents, so a turbulent model is also needed. Thus, the k-¢
model was used. This model requires the solution of two
additional transport equations, one for turbulent kinetic
energy, k and the other for its dissipation rate or € [24]:
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Incinerator simulation

To simulate the studied incinerator, a Cartesian coordin-
ate system with the dimensions of 20 x 20 x 20 mm con-
taining 10,424 control volumes was used. The x, y and z
axes represent the length, width and height, respectively
[24]. In the regions where sharp gradients in the
variables are expected, fine meshing is considered as
possible. Structured meshes were used for meshing
the model, because the number and distribution of
meshes in different solution regions can be controlled.
In addition, the boundary conditions can be well defined
[24]. The boundary layer mesh generator was used in
the regions where thermal analysis was important. Fig. 1a
and b show the model, the meshed model and boundary
conditions.

Wall boundary condition was considered on the
studied incinerator, because the solid surface is in
direct contact with the fluid [24]. Given that the size
and profile of the inlet pressure to the studied incin-
erator are known, the pressure inflow and pressure
outflow were selected for inlet and outlet boundary
conditions, respectively. The walls were made of steel
with a thermal conductivity of 202 W/M.K. For the
flows with a velocity less than the speed of sound, a
turbulence of less than 5 % can be considered as
assumed in the present model. Other inputs are de-
scribed in Table 2.

Fig. 2 a The motion path of gases in the incinerator in normal conditions, (b) Iso-velocity contours in the incinerator in normal conditions
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Results and discussion

Figure 2a shows the motion path of emissions in the stud-
ied incinerator. As expected, due to the lack of baffles, in-
cinerator geometry as well as the tangential flow of
emissions, large rotating bubbles are formed in the incin-
erator. Rotating regions (eddies) are formed when the flow
pressure reduces the kinetic energy of the fluid particles
causing stagnant points in the flow. In addition, there is
also a secondary flow that directs the flow downward [25].
Fig. 2b shows the iso-velocity contours in the initial state
(without baffles). As seen, increasing the inlet gas
temperature will increase the velocity (compared to the
isothermal case). A maximum velocity of 55 m/s occurs in
the incinerator outlet. In this case, the high speed gas par-
ticles quickly leave the incinerator causing a decrease in
the residence time. In this case, the average residence time
of gaseous emissions is 3 s.

Figure 3 shows the predicted temperatures. Temperature
increases after the gaseous emissions entering the lower
part of the studied incinerator. The temperature inside the
studied incinerator reaches over 1300 °C. The predicted
temperatures demonstrate cold zones in the incinerator
where air is mixed with gas eddies and thus temperature
decreases to 600 °C. The temperature drop in the inciner-
ator may significantly affect the composition of the exhaust
gases from the incinerator preventing the removal of PCB
bonds.

Efficiency Optimization

Baffles were embedded in the incinerator to remove large
rotating currents (or eddy). In the first case, two baffles
each with an angle of 90° were installed on the height of 3
and 5 m from the bottom of the studied incinerator. Fig. 4a,
shows the two-dimensional motion of particles in this case.
The baffles were made of steel as the studied incinerator
body. Unlike the previous case, the motion path is divided
into several parts. Removal of large eddies and the sudden
displacements of gaseous emissions increase the residence
time and thereby optimal air mixing. The residence time
calculated for this case is 3.3 s. Fig. 4b, shows the
temperature profile. The maximum temperature in this
case was 1400 °C. Although the heat concentration can be
observed in the middle of the studied incinerator, the
temperature profile is not significantly different with the
previous case.

In the second case, 3 baffles were installed on the
height of 2, 4 and 8 m from the bottom of the stud-
ied incinerator with an angle of 90 °. Fig. 5a, shows
the gas motion path in this case. As shown, the large
volume of the incoming gas is located adjacent to the
heat source. The gas emission leaves the incinerator
with a lower speed across a longer path compared to
the previous case. In this case, the turbulent flow in
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Fig. 3 The temperature profile (°C) inside the incinerator in

normal condition

the incinerator is stronger than the previous case.
The average residence time is 3.5 s. The temperature
profile is shown in Fig. 5b, Little changes in the
temperature profile are observed. Like the previous
case, the heat concentration is observed in the middle
of the incinerator. The maximum temperature in this
case is 100 °C higher than the previous case. Other
studies have shown that longer path incinerator or
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Fig. 4 a The schematic motion path of gases in the incinerator for the Case 1, (b) The temperature profile (°C) inside the incinerator for the Case 1
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Fig. 5 a Schematic motion path of gases in the incinerator for the Case 2, (b) The temperature profile (°C) inside the incinerator for the case 2
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multiple chamber incinerator can be increased PCB
removal rate [15, 26].

Conclusions

The present paper modeled a PCBs incinerator by compu-
tational fluid dynamics with the help of Fluent. First, the
technical specifications of the incinerator were calculated
considering the type of the pollutant. The calculated spec-
ifications were used as Fluent model inputs. Numerical
modeling was performed in three different modes. In the
normal mode, a cylindrical incinerator without any baffle
was modeled. The results indicated the presence of vorti-
ces and cold zones in the incinerator which reduced the
efficiency. Then, the impact of baffles on the heat distribu-
tion and mixing efficiency of gaseous emissions in the in-
cinerator was studied. The baffles reduced eddies and
improved the heat distribution in the incinerator. In the
third case, the maximum residence time, temperature and
turbulence of gaseous emissions were greater than the
previous two cases. In this case, the reduced cold zones by
adding baffles increased the thermal efficiency and pollu-
tant removal by 10 % and 16 %, respectively.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

The overall implementation of this study were done by KY, RN, GD and JJ. Nj
critically reviewed and revised the article. All authors read and approved the
final manuscript.

Acknowledgements

The authors are most grateful to the Department of Environmental Health
Engineering, School of Public Health, Tehran University of Medical Sciences,
Iran, for their collaboration in this research.

Author details

'Department of Environmental Health, School of Public Health, Tehran
University of Medical Sciences, Tehran, Iran. 2Center for Solid Waste Research,
Institute for Environmental Research, Tehran University of Medical Sciences,
Tehran, Iran. *Environmental Technologies Research Center, Ahvaz
Jundishapur University of Medical Sciences, Ahvaz, Iran. “Department of
Environmental Engineering, Islamic Azad University, Tehran, Iran.
°Department of Environmental Health, School of Public Health, Guilan
University of Medical Sciences, Rasht, Iran.

Received: 3 March 2015 Accepted: 21 July 2015
Published online: 12 August 2015

References

1. Wu M-H, Lin C-L, Zeng W-Y. Effect of waste incineration and
gasification processes on heavy metal distribution. Fuel Process Technol.
2014;125:67-72.

2. Sobiecka E, Obraniak A, Antizar-Ladislao B. Influence of mixture ratio and pH to
solidification/stabilization process of hospital solid waste incineration ash in
Portland cement. Chemosphere. 2014;111:18-23.

3. Consonni S, Giugliano M, Grosso M. Alternative strategies for energy
recovery from municipal solid waste: Part A: Mass and energy balances.
Waste Manag. 2005;25:123-35.

4. Wdger P, Hischier R, Eugster M. Environmental impacts of the Swiss
collection and recovery systems for Waste Electrical and Electronic
Equipment (WEEE): A follow-up. Sci Total Environ. 2011;409:1746-56.

5. Tsiliyannis C. End-of-life flows of multiple cycle consumer products.
Waste Manag. 2011;31:2302-18.

22.

23.

24.
25.

26.

Page 6 of 6

Jaafari J, Mesdaghinia A, Nabizadeh R, Hoseini M, Mahvi AH. Influence
of upflow velocity on performance and biofilm characteristics of
Anaerobic Fluidized Bed Reactor (AFBR) in treating high-strength
wastewater. J Environ Health Sci Eng. 2014;12:139.

Esfandyari Y, Mahdavi Y, Seyedsalehi M, Hoseini M, Safari GH, Ghozikali
MG, et al. Degradation and biodegradability improvement of the olive
mill wastewater by peroxi-electrocoagulation/electrooxidation-
electroflotation process with bipolar aluminum electrodes.
Environmental Science and Pollution Research. 2014;22(8).6288-97.
Jafari J, Mesdaghinia A, Nabizadeh R, Farrokhi M, Mahvi AH. Investigation of
Anaerobic Fluidized Bed Reactor/Aerobic Mov-ing Bed Bio Reactor (AFBR/
MMBR) System for Treatment of Currant Wastewater. Iran J Pub Health.
2013;42:860-7.

Altarawneh M, Dlugogorski BZ, Kennedy EM, Mackie JC. Mechanisms for
formation, chlorination, dechlorination and destruction of polychlorinated
dibenzo- p-dioxins and dibenzofurans (PCDD/Fs). Prog Energy Combust Sci.
2009;35:245-74.

Van Caneghem J, Block C, Van Brecht A, Wauters G, Vandecasteele C. Mass
balance for POPs in hazardous and municipal solid waste incinerators.
Chemosphere. 2010;78:701-8.

USEPA. Toxic Substances Control Act (TSCA). 2000.

Van Caneghem J, Block C, Vandecasteele C. Destruction and formation of
dioxin-like PCBs in dedicated full scale waste incinerators. Chemosphere.
2014,94:42-7.

Nasserzadeh V, Swithenbank J, Scott D, Jones B. Design optimization of a
large municipal solid waste incinerator. Waste Manag. 1991;11:249-61.

Liu P-Y, Zheng M-H, Zhang B, Xu X-B. Mechanism of PCBs formation from
the pyrolysis of chlorobenzenes. Chemosphere. 2001;43:783-5.

Ishikawa Y, Noma Y, Yamamoto T, Mori Y, Sakai S-I. PCB decomposition and
formation in thermal treatment plant equipment. Chemosphere.
2007,67:1383-93.

Van Caneghem J, Block C, Vermeulen |, Van Brecht A, Van Royen P, Jaspers
M, et al. Mass balance for POPs in a real scale fluidized bed combustor
co-incinerating automotive shredder residue. J Hazard Mater. 2010;181:
827-35.

San José R, Pérez J, Gonzélez R. The evaluation of the air quality impact of
an incinerator by using MM5-CMAQ-EMIMO modeling system: North of
Spain case study. Environ Int. 2008;34:714-9.

Stanmore B. Modeling the formation of PCDD/F in solid waste incinerators.
Chemosphere. 2002;47:565-73.

Goh Y, Lim C, Zakaria R, Chan K, Reynolds G, Yang Y, et al. Mixing,
modelling and measurements of incinerator bed combustion. Process Saf
Environ Prot. 2000;78:21-32.

Huang H, Buekens A. Chemical kinetic modeling of de novo synthesis of
PCDD/F in municipal waste incinerators. Chemosphere. 2001;44:1505-10.
Khiari B, Marias F, Zagrouba F, Vaxelaire J. Transient mathematical modelling
of a fluidized bed incinerator for sewage sludge. J Clean Prod. 2008;16:
178-91.

Tomaz E, Maciel Filho R. Steady state modeling and numerical simulation of
the rotary kiln incinerator and afterburner system. Comput Chem Eng.
1999;23:5431-4.

Joseph J, Santoleri JR, Theodore L. Introduction to hazardous waste incineration.
2nd ed. John Wiley and Sons, New York: Wiley-Interscience; 2000.

Fluent M. Fluent Inc. Chapter. 2003,6:14-6.

Nasserzadeh V, Swithenbank J, Jones B. Three-dimensional modelling of a
municipal solid-waste incinerator. J Inst Energy. 1991,64:166-75.

Wu J-L, Lin T-C, Wang L-C, Chang-Chien G-P. Memory effects of
polychlorinated dibenzo-p-dioxin and furan emissions in a laboratory waste
incinerator. Aerosol Air Qual Res. 2014;14:1168-78.



	Abstract
	Introduction
	Materials and methods
	Incinerator specification
	The equations governing the pollutant flow in the incinerator
	Incinerator simulation

	Results and discussion
	Efficiency Optimization

	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



