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Abstract: The burmning of industrial and agricultural wastes and garbage mto ashes brought about significant
air pollution characterized by the following gas components: CO, CO, CH, CH, H,0, etc. Among,
technologies used to get rid of the components, thermodestruction remained the most efficient one. This study
was devoted to thermodestruction modeling in a cylindrical incinerator of gas wastes produced by the
combustion of garbage. Dimensionless transfer equations were solved using an implicit numerical scheme,
Thomas and Gauss algorithms. Then the analysis of the influence of inlet smoke mass rate on heat and mass
transfers was made. Values of the Reynolds number of 500, 1000 and 1750 were considered after a previous
study for the values of 750 and 1250. The production of H,O and CO, was even faster when Reynolds number
was large during the combustion of effluents of smokes, whereas the thermodestruction was especially faster
when the Reynolds number was large. The curves showed that C,H, and CO disappeared completely within
8 sec for Re = 500 and 4 sec for Re = 1750 while for CH, the process became inconsiderable within 3.2 sec for
Re =500 and 1.8 sec for Re = 1750. Then, the influence of smoke flow on the evolution of smoke composition
over time was analyzed, using an overall chemical kinetic model. The numerical model showed the unpact of
smokes flow, heat and mass transfers and air excess on the incineration process. Tt could explain the clean-up
of fumes from garbage combustion in an axial entry incinerator; polluting compounds were easily destroyed.

Modern ineinerators included pollution mitigation equipment such as flue gas cleaning.
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INTRODUCTION

Household waste disposal remains a major problem
in cities particularly because of urbanization expansion
and the quantity of wastes produced by consumers.
Guarbage can be recycled in agriculture as a nutrient
supply for plants. Thus, Al-Redhaiman et af. (2003)
showed that when mixed with sandy soil at 1%, 2 or 3,
they are a good source of plant nutrients and soil
conditioner. Among waste processing techniques, heat
treatment 1s very widespread despite the atmospheric
pollution it brings about (Palm, 2008). Indeed, smoke
produced by household waste incineration contains
several pollutants such as CO, CH, NO, etc.
(McKay, 2002; Nammari ef af., 2004). Thus, a study by
Bahillo et al. (2004) on the incineration of leather chose
waste in Spain shows that 60% of these wastes become
smoke made of NO, NO,, NH,, SO, Cr,0,, Cr, O, $i0; and

carbonaceous gases. The atmospheric emissions of
effluents produced by controlled burmning of packaging
wastes are made up of Hg, Cd, HCI, HF, HBr, NH,, N1, Cr,
Mn, Cu, Co and Sb which are toxic and harmful to
environment (Nammari et al., 2004). There are emissions
of toxic gases such as NO, combustion throughout as
shown (Mobashen et al., 2009) in a model of a Spark
Ignition combustion engine. Tt is necessary to work on the
waste processing technique or the fumes to reduce smoke
pollutants. Syamsiro et al. (2011) has also shown a CO
emission with a loss of mass during pod Husk indonesian
experimental combustion. which means that the heat and
transfers always accompany the process of
combustion. This helps to fight agamst envirorumental
pollution Among pollution cleaming-up techmques of
these atmospheric effluents, thermodestruction proves to
be effective. Tt can be used in cogeneration-based
electrical production (Olsommer ef al., 1997) and meets the
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characteristics of waste burning power stations. This
operation can be carried out in partial load or in overload.
The analysis of methods to mmimize dioxin gases
production in municipal waste buming systems shows
that most of these power stations produce dioxins beyond
standards set in 1996 (McKay, 2002). To illustrate the
mass transfer in the modelings, Belkacem et al. (2008)
conducted a mathematical study of reverse osmosis
process by orthogonal collocation on finite elements
method. The based on the type of
solution-diffusion mass transfer. Heat and mass transfers
have been highlighted by Moraveji et al. (2011). They
study the iitial and final sizes of solid particles, the
temperatures of the inlet gas and the solid entry. A study
by Kumar and Tiwari (2006) on a greenhouse drying of
onions, showed the effect of mass loss on the coefficient
of heat transfer by convection.

A numerical study of transfers generated by
fuel-oxygen mixture combustion m a cubic enclosure
shows that speed to which combustion products are
formed and the average temperature of gases increases
quickly all along the time). Transfer equations are solved
by an explicit method with finite differences and
Runge-Kutta’s level 3 methods (De Bortoli, 2003).

The analysis of volatile gases (CH, and C,Hj)
combustion fluidized with a burner, shows the formation
of pollutants such as CO and C,H,. Their concentrations
decrease as areas considered are located around the
higher end of the flame (Srinivasan et al., 1998).
Moreover, the temperature of the flame may be higher
than 2,500 K. The experimental analysis based on the
structure of a laminar flame of methane combustion and
1.3-butadiene (1,3-C,H;) highlights the formation of
154 carbonaceous gas species (Guemiche et al, 2007).
One part of these gas components undergoes chemical
reactions and this process can be modeled by
1,055 chemical reactions. The numerical study carried out
using CHEMKIN TI software PREMIX program to
sinulate the combustion of a mixture of impurities and
1.3-butadiene. It revealed a thermal disturbance for the
lowest temperatures and a parabolic evolution of molar
fractions of combustion products and a temperature of the
flame which can reach up to 2,200 K at the upper part of
the flame. Yeoh et al. (2003) conducted a numerical study
of transfers generated by this combustion after solving
transfer equations using a finite difference-based implicit
method (Stone, 1968). Thus, to highlight the influence of
the combustion model, the radiative transfers and forced
turbulent convection on flames produced by propane gas
combustion in a compartmentalized parallelepipedic
enclosure. In addition, the temperature of the flame can
reach 2,100 K. This making the identification of methylene

model 1s

rather difficult, especially as this product reacts in contact
with CO, to form CO in gases rejected into atmosphere.
This article focused on the modeling of transfers
during thermo destruction m a cylindrical ncinerator
containing smoke. In this model, the composition of
garbage used, was given by Tezanou (2003). Transfers
generated by chemical reactions due to thermodestruction
of the main compounds of smoke (CO, CO,, CH,, CH,,
H,O) have been carried out together with transfers of
heat, mass and impulsion. One of the goals of this study
15 to analyze the effectiveness of the incineration of
smoke resulting from household wastes combustion.

MATERIALS AND METHODS

This study was conducted m the laboratory of
mathematical and physical systems (University of
Perpignan, France) and in the laboratory of organic
chemistry and applied physics (Umversity of
Ouagadougou, Burkina Faso) from November 2005 to
May 2008.

Description of the system: The mcinerator 1s a vertical
roll, dimensions H = 1 m, d = 1 m, with an entry and a
chimney located respectively on the lower and higher
parts of the cylinder (de = ds = 0.20 m) (Fig. 1). The walls
of the meinerator are made of refractory bricks, 1solated by
a glass wool layer imprisoned m a steel wron sheet
(Palm et al., 2008).

Smoke from household wastes combustion enters
mnto the oven through the lower conduit and gases
produced by their mcineration are rejected outside
through the chimney. The study of smoke made up of a
simple mixture of gas (sorted waste) which composition
may vary (Table 1).

Referential (O, R, Z) has been given to the
incinerator, with O as the origin located in the center of its
base, the ordinate 7 counted positively opposite to the
gravity acceleration vector and the r axis perpendicular to
the Z axis.

Fig. 1. Sketch of the system and referential
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Table 1: Composition of smoke from the burning of pre-selected wastes
mixed with air

k=0, CO, CO, HO, CH,, CH,.

Mass part Compositionl % / of smoke Composition2 2%« of smoke . L Lo .

Y 0.6918 100 excess of air 0.6918 100 exccess of air Conditions on limits and initial conditions are as
Yo, 0.145278 21 air 0.145278 21 air follow:

Yoo 0.00389 1.26 0.00778 2.52

Yoo, 0.1738 56 0.1738 56 o .

Y. 012251 39.75 011262 36.54 *  Initial conditions

Yo, 0.003 0.97 0.006 1.95

Yo, 0.005 1.62 0.008 2.59

7 t=t,, t, time when smoke enters in the incinerator:

Let’s make the following simplifying hypotheses: U=V=0Tu=Tp Y= Yosme
H1: Viscous dissipation is not significant s Conditions on limits:
H2: Smoke composition is homogenous
H3: Dufour and Soret effects are not significant izt
H4: Pressure gradient according to (O, r) axis 18 not
significant s When entering;
H5: The system shows a symmetric revolution according
to (O, z) axis d-d, . _d+d
H6: The air 1s made of oxygen O, at 21% and mitrogen N, 2 T T 2
at 79%
V=V U=0,T = Tupees Vi=Yees P= _0V5 . (6)
Transfer equations: Considering  simplification 2
hypotheses made below, equations on mass, movement, »  When going out:
conservation of energy as well as species diffusion
equation must be written in (O, 1, z) referential: d_g d o d‘; d. & soq
Mass conversion equation:
v _ oY oU BY BT —o 9P _ (7
e 3/0: Partial derivative: 0z o ta Ve
la(rU)+a(V):0 (1) s  Lateral walls: O<z<Hetr=0our=d:
roor oz
U=0vV=0 al = 0ﬁ =0
Equation of motion: a o (8)
72ﬁHrl){Ej = L(Tp ~T,)=2mHrh,, (T, ~T,,)
*  Following (O, r) axis: a) R,
U _aU ..U FU B! U U Fu d:  Incinerator diameter (m)
pl —+U—+V—|=1u —_—_ 2 ) . .
a ar az o Ta £ H: Incinerator height (m). See the nomenclature
+  Following (o, z) axis: » Witk
av v vy e (PV_FV 1V R,=—Logl Logi+ L L pogl
RV “[?*y*?ﬂ re 3 S amn R
«  Energy equation: ¢ Horizontal walls:
9T . dT  _ dT T T 10T 0sr=97% o ;-0 w z-m
PC| —+U—+V— =M =+ +=— |+ Q,, “4) T2
o or oz a’ o rao
Cgeen . d+d,
*  Species diffusion equation: 2 sr=d et z=0 ou z=H
Y, |, 9Y, Y, oY, Y, 1
Ule.yEiop, Y 1ov, (5) —o MY _p 0T _ 9
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*  Axis of symmetry:

r:g ¢t 0=z<H (10)

Modeling of chemical kinetics: Smoke produced by the
burning of household wastes basically contains CO,, CO,
H,O, CH,, CH, NO, We therefore, suppose that
nitrogenized compounds were eliminated by filtration and
microscopic description of chemical kinetics as well as the
complete chemical reactions from the combustion of
Compounds: CO,, CO, H,O, CH,, C.,H, contained in smoke
produced through the burning of household wastes are
characterized by:

co+%oz—>co2 (1)
CH, +20, - CO, + 2H,0 (12)
C,H, + 30, - 2CO, + 2H,0 (13)

The reaction speeds of these three chemical reactions
cannot be used separately since the reaction speed of
each fuel species depends on the local oxygen mass
fraction which in tum, depends on the progress the other
reactions known as concurrent. To solve this problem, we
consider a model of overall kinetics, allowing to couple
speeds of the three chemical reactions described above.

V;\f:—kY'YD p(T) exp{—il (14)
' M, RT

Overall smoke combustion speed (Bergeron and
Hallett, 1989).
With:

E.
k=%xk k =k N
Sxkok =k, on g5

T=37,M=¥xME=>xE

(15)

As for every fuel, kinetics constant values are given
i Table 2 (Kulasekaran et al., 1999).

In Table 2, the first column contains the values of the
frequency factor or pre-exponential k, for the Eq. 15.
Values in columns 2 and 3 represent the ratio K/E which
depends on the temperature of the component
considered. E is the activation energy of the gas and R,
the gas constant (R = 8314 T mol™ K™ Being in
combustion in our study, the temperature of each
component of smoke has been taken equal to the
temperature of combustion of fumes. This temperature of

Table 2: Kinetic constant values (Kulasekaran et af., 1999)

ky (10') Ei'R (K) EiR (K)
Component i m’ mol ! s7! T=1.073 K T=1.073 K
Ethylene (CH,) 37.00 22753 27.679
Hydrogen (H) 245 19.551 23.835
Carbon Monoxide (CO) 22,30 19.655 20.734
Methane (CH,) 7.00 3019 31.706
Carbon gas (Cgas) 2.50 21.890 21.890

fumes in combustion differs from one place to another in
the incinerator. Therefore, 1t should always be compared
to 1073 K. When T<1073 K, data in column 2 have been
used. Otherwise, use those 1 column 3 to calculate the
rate of disappearance of chemical species (Eq. 14).

Combustion heat of components selected in this
study is supposed to be equal to the sum of heat
produced during vaerious combustions of these
components. Thus, for (11-13) reactions, it gives
(Oturan and Robert, 1997):

T
1
A :AHS?O + _[ [MCDECPCDQ ~MeoCPeo _EMOE Cpozj dT (1 6)

iz

And Q. = n AH

T
AH, =AHGS, + _[ (Mcojcpcoj + ZMﬂjOCpH;O _MCH,CPCH, - 2I“lo,cpo2 )dT

(17)

=l

T
58
AHe,=AHpoy + _[ (ZMCOz CPeo, +2My,oCPr,0 — Mc, CPc,n, —3M,, Cpy, )dT
25
(18)

Therefore, QCH‘ = nCH‘AHCH‘ . chm = nc;H‘AHc,H‘ .

Finally, heat quantity in the overall combustion
during the burning of CO, CH,, C2H, works according to
the following relationship:

o Q. = Qu. (19

= + +
Quo = Quo + Qo Q0 n, deSAL

The numerical resolution of a dimensionalized and
discretized Eq. 1-5 together with conditions in limits (6-10)
was conducted using 1implicit methods with finite

differences, in which axial concentration term was
questioned using upstream differences while the other

terms with centered differences (Euvrard, 1994,
Saatdjian, 1998).
RESULTS AND DISCUSSION

The flow 1s described by counter-rotating cells
around the axis of symmetry of the incinerator in line with
one of our hypotheses (Fig. 2a-c). The slight asymmetry
1s rather due to the use of SURFER software. They start as
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Fig. 2(a-c): Stream functions; (a) Re = 500, (b) Re = 1000 and (c) Re = 1750

soon as they enter the incinerator and merge when
they get out. The values of the current lines, upper
at the middle of the incinerator, gradually decrease
toward the vertical walls. Thus, the distribution of
current lines and their values show that the flow goes
through its symmetry lining. This 1s characterized by
a transport pulse from the middle to the rest of the
incinerator. The values of current lines increase
progressively due to the intensification of convective
transfer in the incinerator while keepmng the structure
described above.

The increase in Reynolds number naturally leads to
the intensification of convection transfers characterized
by ligher values in current lines (Fig. 2a-c) and a slight
change of flow.

The increase in Reynolds number naturally leads to
the mtensification of convection transfers characterized
by higher values in current lines (Fig. 2a-c) and a slight
change of flow.

The analysis of Fig. 3a-c show that isotherms are
located in the middle of the incinerator and describe a set
of curves symmetrical to the axis of symmetry. This
distribution, somehow surprisingly, derives from values
given both to the initial temperature and to smoke when
entering the incmerator considered equal In these
conditions, thermal loss by conduction-convection
through the vertical walls and external environment does
not affect significantly thermal transfer in the incinerator.
It takes place basically in the middle and does not extend
all over the memerator. The distribution of isotherms 1s
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Fig. 3(a-c): Tsotherms; (a) Re = 500, (b) Re = 1000 and (¢) Re = 1750

similar to that of the current lines characterized by the
presence of counter-rotating cells. Near the walls,
isotherms that reach their maximum values describe
vertical lines, parallel to the walls, showing that thermal
transfers mainly occur by conduction.

Yeoh et al. (2003) showed the adequacy between the
fields of pressure and wvelocity that was ensured by a
SIMPLE algorithm (Patankar, 1980). Thus, their results
showed that such lammar flame combustion allowed
making a rigorous determination of fractions mass of
CO and CO, produced by this combustion while
radiative and turbulent transfers intensified combustion.
Marra and Contmillo (1996) made the description of a
numerical study of methane flame propagation dynamics

in a cylindrical enclosure. The model suggested was
based on a pseudo-compressible flow approach, with a
projection method to derive the elliptic equation which
characterizes pressures disturbances. The results showed
the propagation of flame following various combinations
of the memerator geometry and the wutial conditions.
McLlroy (1998) experimentally determined, using a laser
with spectroscopic absorption, the presence of methylene
(CH,) in a flame generated by methane (CH,) combustion
in a parallelepipedic enclosure. The mass fraction of
methylene increased with the distance to the burner up to
a maximum value before decreasing till zero.

Figure 4a-c show that all combustibles contammed in
smokes, namely CH, CH, and CO are converted by
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Fig. 4(a-c): Appearance and disappearance of gas just out of the incinerator over time; (a) Re = 500, (b) Re = 1000

and (¢) Re = 1750

combustion mto water vapor and carbon dioxide. This
result is very interesting since house wastes combustion
time 1s about one hour and thirty minutes (1 h 30 min)
(Gargouri, 2004).

Mass fractions of CO, and H,O produced increase
asymptotically toward maximum values. Mass fraction of
CO, s 0.18525 after 10 sec for Fig. 4a, 0185 after 2.5 sec for
Fig. 4c. As for H,O, the maximum fraction 18 0.13525 after
10sec mFig. 4a and 0.12525 after 2.5 sec for Fig. 4c. When
Reynolds number increases, the quantities of these two
products decrease over time. Tt appears that the decrease
n oxygen mass fraction 1s actually faster when gomng from
Fig. 4a to 4b and c. This means that the combustion 1s
faster and the quantity of oxygen used over time gets
even higher the Reynolds
Anomohanran (2011) assessed greenhouse gas emissions
in the combustion of petroleum products in Nigeria. This
revealed that 51%.84 million metric tons of CO, were
released into the atmosphere between 1990 and 2009 in
Nigeria;, showing that many existing combustions release
huge quantities of CO, into the atmosphere.

as number increases.

Thus, mass fraction of harmful gases such as CO,
released into the atmosphere after 5s of operation does
not exceed 5 107 (Fig. 5 a-c). In Fig. 5a, mass fractions of
CH.,, C,H, and CO decrease hyperbolically to cancel each
other out as for the first two and asymptotically toward 0
as for CO. CH, complete destruction time is 3.5 sec while
that of C,H, is 8 sec. The same types of decreases were
noticed m Fig. 5b, ¢. When gomng from Fig. 5b to 5S¢, it can
be noticed that this disapearence time decreases from
2.8 sec to 1.75 sec as for CH, and from 5.5 sec to
4 sec as for C,H,. Regarding the quantity of CO, it reaches
its minimum value (1.25 107" within 10 sec for Fig. 5a.
This time increases to 6 sec for Fig. 5b and 4 sec for
Fig. 5c. So, when Reynolds number increases,
thermodestruction gets more and more rapid.
Zhang et al. (2011) have shown that in a catalytic
combustion of natural gas, all CO produced 1s eliminated
by it. They have noticed neither any unburned nor the
presence of NO, in this type of combustion.

The observation shown that methane 1s the first
component to be destroyed followed by ethylene. Carbon
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Fig. 5(a-c): Disappearance of gaseous effluents just out of the meinerator over time; (a) Re = 500, (b) Re = 1000

and (¢) Re = 1750

oxide 1s not completely transformed nto carbon dioxide
but its mass fraction is greatly reduced as it decreases
from 50 107" to 1.25 107 after 9 sec (Fig. 5a). Oxygen is
not used up during combustion because mass fraction
used in the mixture of smokes when entering the
incinerator is that of combustion with 100% excess of
air (Table 1). From the highest given value 0.145278
(Table 1) we found the lowest value 0.11 after combustion.
Note that for smoke consisting of a mixture of CH,,
C,H,. CO, CO,, H,O and air whose mass fractions are
equal to 0.003, 0.005, 0.0039, 0.1738, 0.1225 and
0.6918, the mcrease m smoke flow does not impact
significantly on  thermodestruction  components,
namely CO, CH, and CH, Thermodestruction time
of components like C,H, decreases with the increase
in Reynolds number. Indeed, for a Reynolds number
of 500, thermodestruction time of CH, decreases
from 9 to 6 sec for a Reynolds of 1000. This method of
incineration of gases from household wastes
combustion 13 therefore efficient in the cleaning-up of
these smokes.

CONCLUSION

Hereby the mcineration of smokes produced by the
combustion of household wastes has been equated. This
phenomenocn is governed by Navier-Stokes™ equations on
energy and distribution of smoke components. By making
these equations discrete through an implicit method we
have solved using Gauss® algorithm for motion equation
and Thomas’ algorithm for other equations. This method
uses fimte differences and leads to algebraic equation
systems. It mcluded a global kinetic model and the
equation of radiative transfer in the incinerator. Waste
combustion 1s particularly popular in countries where land
15 a scarce resource;, volume of combusted waste is
reduced by approximately 90%.Incineration converts the
waste into ash, flue gas and heat. The flue gases must be
cleaned of gaseous and particulate pollutants before they
are dispersed into the atmosphere. We conducted a
numerical study of the incineration of smoke produced
through household wastes combustion using laminar
system. Then, we analyzed, by using an overall chemical
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kinetic model, the influence of smoke flow on the
evolution of smoke composition over time. Finally, the
results show that polluting compounds of this smoke are
easily destroyed. So, it shows the effectiveness of thus
type of incineration of smolke from household wastes
combustion.

NOMENCLATURE

Cp = S3moke-air mixture calorific capacity (T kg™ k™)

d = Incinerator diameter (m)

D = Diffusion coefficient (m’s™)

E = Activation energy (J mol™)

g = Gravity acceleration (= 9.81 ms™)

h = Natural convection heat
coefficient (Wm K™

H = Incinerator height (m)

AH = Heat content (KT mol™)

Q = Heat produced during the burning (KT)

Q° = DBurning heat (wm™)

M = Molar mass (kg mole™)

n = Moles number (mole)

AHY® = Burning standard heat content at 298 K
(KT mol™)

k = Reaction speed constant (m’ mol™ s7)

K, = Frequency factor or pre-exponential

(m'mol™' s

= Dynamic pressure (Pa)

= Reaction heat (KT)

= Radial ordinate (m)

= Perfect gases constant (= 8314 I mol ™ K™)

= Surface (m®)

= TIsolation thermal resistance (W™ K)

= Reynolds number (_ Vo de)

Temperature (K) Vo

= Speed radial component (m s™)

= 3peed axial component (m s™')

= Smoke burning overall speed (s™)

= Molar fraction

transfer

o
i

= Mass fraction

= Axial ordinate (m)

= Thermal conductivity (W M~ K™

= Mixture dynamic viscosity (kgm™ s7')

= Density of air-smoke mixture (kg m ™)

= Species disappearance and appearance speed
™)

d/d = Partial derivative

ST E RN LM g GCH@PFUE T O
I

Indexes:

amb = Ambient
e = Incinerator entry

F = Flud

I = Types of 1solation

inci = Incinerator

k = Various species contained m smoke
pe = External wall

Pt = Internal wall

rea = Smoke burning reaction

5 = Incinerator exit
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