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Abstract
Because of the depletion of fossil fuels and besadfists increasing cost, waste has been used
as alternative fuels in cement rotary kilns foresal years. In order to fulfill the requirements
of environmental protection and quality of the fipeoduct, it is necessary to understand and
guantify the different processes occurring in tlila.Krhe aim of our work is to develop a
mathematical model of the processes occurringdrkiin. This model will rely on the coupling
between a CFD model and homemade software. Moogspig, the CFD model, which will be
fully three-dimensional will account for the homogeus processes taking place in the
freeboard of the bed of material being processad bed of material will be at the center of
the second model which will represent it as a liydlow reactor. In the present work, we
focus on this 1D model. We first give insights dle main assumptions on which the model
rely, and information on the reaction pathway legdop the production of cement. Indeed, it is
considered that the bed is composed of a mixtu@aaiQ, MgCGQs, Al203, SiG, FeOs, MgO,
CaO, GS, GA, C/AF and GS undergoing thermochemical transformation. The leder
consideration is also composed of waste and bioftiess, RDF, agricultural residues). During
its transformation (pyrolysis, combustion of vdiegi combustion of the pyrolysis residue), this
material contributes to thermal equilibrium of tieactor, by carrying the energy associated to
its complete combustion. In this paper, the diffiémsquations that translate into mathematical
formalism the processes of transport of the bedelsas mass and energy balance are also
presented.

Keywords: Cement rotary kilns, Cement clinker, Wastes, Costibn processes, One-
dimensional model.

1. INTRODUCTION

The use of renewable energy sources and wasteamgcprocesses, particularly in the cement
industry is rapidly increasing. Several reasons lwarcited, including the scarcity of fossil
energy sources, global warming, increasing wasigsiag serious pollution problems in urban
cities worldwide [1]. Our societies are highly degent of fossil fuels. The depletion of these
sources, might lead to a decrease in the prodtictwiour industries. The cement industry is
not excluded from the list. The cement industrycasmsidered as one of the most energy-
intensive industry, with an energy consumption redaging from 30-40% of the final
production cost, [2]. The largest share of energysamption is in the workshop rotary kiln
firing. Rotary kilns are mainly used in cement istfies. Their role is to produce clinker for
the manufacture of Portland cement. The clinkebisined after cooking of the raw meal (fine
material), consisting of a mixture of clay and Istane finely ground. Clinker production
requires very high temperatures to initiate thectieas of sintering and phase changes
necessary to form the complex compounds of clinki@erals, which are 45, GA, CsAF and
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CsS, that give cement its unique properties [3]. Thaisconstantly respond to energy needs of
rotary kilns, cement producers have increasedsbetialternative fuels in partial replacement
of fossil fuels [4], [5]. The use of renewable wiedspecially tire, RDF and biomass, requires
knowledge of certain parameters, the most importdntvhich are the elementary mass
composition and the lower calorific value [5]. Hoxee, the choice is currently mainly based
on price and availability. Several studies havenbmnducted with respect to the use of waste
and biomass in rotary kilns. Kaddatz et al [6] s#ddhe use of alternative fuels (used industrial
lubricants, used tires) in cement kilns and theipacts in the process. It follows from these
studies that the intrinsic properties of sinteringa rotary kiln favors combustion of a large
number of fuels which are often banned as fuetheioprocesses. These studies have also noted
that the used industrial lubricants and used tiree more adapted to replace coal, because of
their energy content and because of the lowestativemissions of carbon dioxide they
generate. Di Blasi [7] observed that the biomas$ waste are widely recognized to be a
significant potential for energy production. Altative fuels are economically very interesting,
insofar as they provide the equivalent power (RG4&)n fossil fuels and this at a lower cost.
However, their use in the cement manufacturinggge@can have as a major risk, degradation
of cement qualityAranda and al [8], in their study, have approximatgven a ratio of 20%
for biomass which may be substituted in cementryokdln, while maintaining a stable
combustion process and the quality of the clinkdéence there is a need for a better
understanding of the thermochemical phenomenadgiliace in the kiln. This is the reason
why we propose to develop a model of thermochenpicadessing of meal (cement) and waste
in a cement rotary kiln. This model must take iat@wount the heat transfer in the kiln shell,
physicochemical phenomena in the freeboard asas¢he physicochemical changes occurring
in the bed (bed Model). The final model will be @upling between CFD Fluent model, 1D
model of the bed, and the kiln shell. The object¥ehis article is the description of the 1D
model of bed, identifying the main assumptionshef nodel, describing the system of study,
and finally proposing equations of the 1D modelté\ihat the results of the bed 1D model are
not yet available at this time.

1.1. Cement manufacturing process

There are five main steps in the cement manufangjyprocess:

= The extraction of raw materials in the career amthomogenization;

= The preparation of raw materidls order to constitut¢he raw meal (or paste for wet

method);

= The cooking of meal leading to the creation of atin

= The grinding of clinker and additions to make cetmand;

» The storage and dispatch of cement.
Cement manufacturing can take place regardlesseqgdroduction of clinker. We know that the
main raw materials used in the manufacture of cérmenlimestone (CaCGOMgCQC:s...) and
clay (AlO3.nSiG.mFe03.wH20) and/or marl, material in which the two composeate
already naturally mixtures [9]. After extraction tlee career, these components are crushed,
then ground and dried by combustion gases exhauterotary kiln. Depending on the type
of cement to produce, the following products mayatéed: pyrite ash, fly ash from coal power
plants, clay sand and ash from electrostatic §lf#0]. The mixture is obtained (raw meal) after
grinding of 80 % of limestone and 20 % of clayislthen sent to homogenizers silos to obtain
the homogenized meal, and finally fed to the rotaly for firing and obtaining clinker. 97%
of clinkers are ground with 3% of gypsum (CaSXJH0)), to finally give cement. £5, GA,
CsAF and GS are the four mineralogical components of thekelinThey are accompanied by
minor elements such as free lime (free CaO), @ma&l(MgO), alkalis, heavy metals... that
affect the quality of clinker produced [11].
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1.2. Aspects associated to the modeling of rotary kilns

The modeling of cement production in rotary kilrthwuse of alternative fuels can be done in
various aspects, including the aspects relatethttsport of the load in the rotary kiln, to the
cement chemistry, to the chemistry and physic efdbmbustion of waste, to heat transfer in
the bed, in the gas and in the walls (envelop#&)@kiln, etc... -To take into account the whole
set of these phenomena, we have chosen to builthodel as an assembly of three submodels:

= Modeling the bed of material (1D): mixture "Meal-¥fe-Gas" (aim of this article),

= Modeling the freeboard (gas phase) (3D), includadiation and homogeneous reaction

phenomena using CFD;

= Modeling the kiln shell (1D): refractory + metales.

The figure 1 gives a representation of the assewiiilyese submodels.

Original system Separated system

Kiln (1D model)

Figure 1: Scheme of different models of rotary kiln

The key issues governing the performance of cenoganty kilns when waste is used, are shown
schematically in figure 2 below. At the inlet ertde waste is introduced into the furnace
together with the flour from precalciner. The ggsexiuced by the burner in the kiln circulating
in counter current flow, exchanges energy withgbkd bed and the kiln walls. The kiln walls

exchange energy with the solid bed and the extenaironment. From the other end, the
secondary air is introduced for the combustionoskil fuel, and, at the same time the clinker

leaves the kiln at approximately 1723.15 K.

Waste
Raw meal

I}

I}
A | ©gazre-1 | I
{) i Rl i’ o PgazrB-F

Clinker

Secondary air’

Air (07 and N7)

qffmu‘—Ex.!

Figure 2: Representation of the processes occurinintpe rotary kiln

Boateng et al [12] in their studies on the thermatlel of heat transfer in the bed, affirmed that
the possibility to simulate the freeboard transgirenomena is greater than the capacity to
determine precisely the conditions in the bed. B&fL3], in its work, assumed that the bed
receives the specific heat flow of the gas phasetlaa specific heat flow of the kiln walls.

2. ASSUMPTIONS OF THE MODEL
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2.1. Assumptions

In the present work, we consider the bed as beamgtituted of raw meal, waste (and/or
biomass) and gas. At the inlet end, all proportignass fractions of species) are assumed to be
known. It is assumed that the gas at the inleirjsvéth N2 and Q, respective contents of 79 %
and 21 %. Meal having already undergone some wemstions since its admission to the
cyclone preheaters, passing through the calcihenters the rotary kiln with a temperature
ranging from 800 - 900 °C. Given this value of tamgture, pyrolysis of alternative fuel occurs
as it is fed to the kiln. Because of the levelevhperature encountered in the kiln, it is thereafte
assumed that the whole set of pyrolysis reacti@msbe lumped into a single step reaction.
Some details regarding the composition of the petadaf this reaction will be given latter in
the text. The overall production of G@ therefore the sum of GQractions produced by
decarbonation reactions of meal,

CaC0; + 178 MJ/mol - Ca0 + CO, (R1)

MgCO; + 109 MJ/mol —» Mg0 + CO, (R2)

and by the pyrolysis of waste, and subsequent cetidouof waste. Considering that in the
calciner, decomposition (decarbonation) of Ca@Bes place with yields ranging from 90 to
95%, the chemical reaction above continues intaakery kiln [14]. In our case, we estimate
the remaining amount of CaG@ be 10 % of the input content. The total decositmn of
MgCGs occurs in the calciner. The activation energy megliby decarbonation reaction comes
from the heat of combustion of fossil fuels (cdakl oil) burned in the burner of rotary kiln
and from the combustion of the products of pyrayBRegarding the activation energy of waste
pyrolysis reaction, it comes from the sensible loddhe meal. The main assumptions of our
model are the following:

- The bed of material under thermochemical transftionas considered as 1D plug flow
model (perfect mixing in every slice of the bed);

- Each tranche (slice) is composed of:

- Solid Meal, composed of the following species: CaCRgCQGs, Al20s, SI0,, FeOs,
MgO, CaO, GS, GA, C/AF and GS;

- Liquid Meal , composed of the following speciesACand GAF;

- Waste, composed of Organic Matter (C, H, O, N, S and @fi)Char (C), of Ashes,
and of Moisture (KO liquid), and;

- Gas composed of air (Nand Q), of products of pyrolysis reaction (GHH2, H20,
CO, CQ, H2S, HCN, HCI, GHe, CioHs, CsHeO, and GHg), and their combustion (GO
and HO), and of NO.

- The bed is in plug flow, its properties are givenarms of its axial position (z);

- In every slice of the bed, there is a thermal dguiiim between all the materials held
in the slice. Hence, all these materials shares#imee temperature and there is no heat
transfer between them. It has to be noticed howeévatr neither the kiln nor the
freeboard share the same temperature;

- Bed transport (and all its components) is descrdsed translation from the input to the
output of the bed. The velocity at which this tlatien occurs depends on the operating
parameters of the bed;

- Atevery axial position, the bed receives heatdkikrom the kiln and the freeboard gas;

- The formation of melt phase depends on the locap&ature and the of the presence
of two oxides (A#Oz and FeOs) in the bed;

- Particles of waste are assume to be sphericakgstie fed to the kiln. During pyrolysis
process it preserves its spherical shape with atanhdiameter, although its porosity
increases;

- The distribution of volatiles remains constant wities pyrolysis reaction proceeds
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Figure 3: Waste recovery in rotary kiln

2.2. Reactions

2.2.1. Solid Meal
The chemical reactions occurring during clinkenfation are given in the table 1 below, where
yot represent the mass fraction of species K in thid soeal.

Reactions Reactions rateg?’]  Kinetic constants[s?] Ref.
Ccaco, L ¢a0 + O, 111 = K1 YeSko, ks = 455 x 10%exp (77.;;::05)

(14]
MgCO, k—fngO +CO0, Tf2 = kfz-Yﬂoglc% Ky = 9,9 % 105exp (—1;;;05)

15
2Ca0 + 5i0, 3.C,$ 73 = krs. Vi, (v60)? ks = 411X 105exp (-1.;::05) (o]

14
C,S + Ca0 lﬂcss Tra = kf4.ygf§.ygg}, kpy = 1,33 x 105exp (,2_;2::05) [14]

(14]
3Ca0 + AL,0, 5 ¢, rs = kys. (VEa0)* VilFo, Jys = 8,33 10° exp (—71':;::05)

(14]
4Ca0 + L0, + Fe,05 55 C,AF  Tre = Ko (V2a0)" Yitos Yies0,  Jeyg = 8,33 x 10%exp (ﬂ.;i::os)

[14]
Table 1: Reactions and reactions rates used imibdel for solid meal
(chemical transformation)

2.2.2. Liquid Meal

The chemical reactions occurring during physicahsformation of meal are given in the table
2 below, wherdk] represent the mass concentration of the specig¢seo$olid meal that
transform into liquid meal.

Reactions Reactions ratefkg.m=3.s711  Kinetic constants[s]

kst = _ 3
C3A=5 (C3A) iq T = kyu[C5A] Ky = 3,78 X 10° exp <7234£T2 x 10 )
lit

WL = _ 3
CAF LS (AR, T = KpalChAF] Ky = 2,01 x 10° exp( 203£T2 x 10 )
lit

Table 2: Reactions and reactions rates used imibdel for Liquid meal
(physical transformation)

2.2.3. Pyrolysis
The reaction of waste pyrolysis is presented devial:
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Ca1Hp10y1Ns151Clyy. cdry
- V(:C. CdT'1 + VHZHZ + VCH4CH4 + V(:oCO + VH20H20 + VCOZCOZ + Vstst + VHCIHCI + VHCNHCN
+ Ve, CeHe + Ve, on,CroHs + Ve n,0CeHe O + v, 1, C7Hg (R3)

Where the coefficients; stand for the mass stoichiometric coefficientshef teactior{kg/kg

of waste). These coefficients are calculated onlihgis of material balances, and given
experimental information on the pyrolysis of thensidered material. It is also expected that
the solid residue of pyrolysis (char) is composkgure carbon.

2.2.4. Combustion and gasification of solid pyrolysis resiue

The 1D model takes into account the heterogenesactions of combustion and gasification
of char given in the table 3 below. The Shell Pesgive (SP) model is used in this work.

Reaction Tire [16] RDF [7] Biomas$7]
Alsl E[Jmol] AJ[sY E[J.mot] AJs?Y E [J.molY]
2C + 1,50, “eo+ co, 2.3y 1110(R 5.67x10 160 5.67x18 160
C+¢0, % 2c0 589T};, 26800R  7.93x10 218 7.93x10 218
C+H,0 5o+ H, 589, 26800R  7.92x10 218 7.92x10 218

Table 3: Heterogeneous reaction and Kinetics cartstaf char

The Shell Progressive model states that in thedgt@eous reaction, the ash layer remains on
the particle; consequently the particle diametgr remains constant, while the diameter of the
core of the chad, is reduced by reaction progress (figure 4).

kmﬁ; baseous film

\
baseousresgent |/ ki

:Pis ) \“ ch |
= dn —
kfi[]dec -

Figure 4: Shell Progressive model

2.2.5. Mass loss of solid and evolution of the bed height

The mass loss of the solid bed is due primarilyhe release of C£during decomposition
reactions (decarbonisation) of Ca€&hd MgCQ contained in the meal, and secondly to the
released of gaseous species by pyrolysis reaclitiese gases are sent into the freeboard. The
evolution of the bed height is heavily dependentmass loss in the bed of solids and geometric
parameters of bed and kiln. In this article, thv®lation is accounted for by changes in
geometrical parameters such as the angle of ingeargle of bed and repose angle of bed (kiln
slope).

2.2.6. Transport of the charge

The transport in this type of kiln plays a key rimie@ombustion or calcination of the load (Meal
and/or waste). It is favoured by the inclinatioml @ine rotation speed of kiln. These latter allow
to modulate the residence time of charge (mealnasde) in the kiln. From six bed motions (ie
slipping, slumping, rolling, cascading, cataractamgl centrifuging) in a rotary kiln (see figure
5), only the rolling is desirable because it ocaireelatively low speeds, and promotes a good
mix of particles in the bed, with a rapid renewiile bed surface exposed on the freeboard.
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Cascading Cataracting

Centrifuging

Figure 5: Motions of the material bgdl7]
2.2.7. Reactions in homogeneous phageombustion of the volatiles)

Table 4 below gives the different homogeneous @astthat are taken into account in this

model.[p] aremolar concentrations of “b” species in gas phasso(km®).

Reactions Reaction rate Kinetic constants Ref.
[kmol.m™3.s71] [s71]
kc1 _ 5
CH, + Hy0 - CO + 3H, k., = 3,101 x 10%exp —1,247 x 10>
Ry = kc1[CH4]- [Hzo] :RTlit [18]
kc2 _ 4
CO + 1,0 =C0, + H, kep = 2,778 x 10%exp (2200 X107
R, = ke,[CO].[H,0] RT (18]
kc3 _ 4
€Oy +Hy = CO + Hy0 ko = 1,263 x 10*exp [ 2122 10
Res = ks [Coz]- [Hz] :RTlit [18]
kc4 _ 7
#:0+ €O C0, +Hy o = 2780 exp (225 X1
Rey = key[H,01.[CO] RTye [19]
kes _
€0 +0,50, €O, kg = 101750 (1000 ¥ 10°
Res = kcs[CO]. [Hz]o,zs. [HZO] ¢ RT [19]
kcé6 5
H, + 0,50, —C’HZO k. = 1,08 x 10%exp 1255 x10°
Res = ke6l0:]. [H,] RT it . [18]
ke7 -1,8 x 10
€0 +0,50,—C0, key = 3,165 x 10"2exp [ —osr—
Ry = kc7[CO]- [02]0'25- [H20]0'5 i ' P RTlit [19]
kes —2,025 x 10°
CH, + 20, — CO, + 2H,0 —13x 105 ,
Reg = kealCH, 1% [0,]%3 feo = 13X A0~ [18]
ke9 —2,026 x 10°
CH4+0,502—>CO +2Hz k.o=4996 X 1013 ’
Ry = kc9[CH4]0'7- [02]0'8 “ ’ exp :RTlit [18]
15 &
CoMl+ =0, 6C0, + 4H,0 gy 1gtegy (1255 X 10°
R = kc1o[CsH6]70'1- [02]1'25 o exp RTllt [18]
kcll X 5
CoHg + 30, —> 6C0 + 3H, oy = 1,58 x 1085 exp 2020 * 10
R = kcu[CeHe]- [02] Rlet [18]
kc12 2 2 X 105
CGH6+5H20—)5C0 +6H2 +CH4 kc12 — 4,4-)( 108exp
s R = kc12[C6H6] RTy;, . [18]
“ —2,47 x 10
C7;Hg + H, — CgHg + CH, kois = 1,04 x 102exp | ——m—
Rz = kc13[C7H3]- [Hz]o'5 o ’ P RTlit g [18]
kcl4 — X
C,Hg + 90, — 7C0, + 4H,0 Koy = 1426 X 10%exp —1,255 x 10°
Rea = kc14[C7H8]_0'1- [02]1'25 :RTlit [18]
ke15 —3,24 x 10°
ClOHS + 4H20 —_— C6H6 +4C0 + 5H2 kc15 — 1’74 X 10126xp ’
11 Reis = keis [CIOHS]- [H2]0'4 RTlit [18]
k
CoHgO +702—1?660Z + 3H, 2 1oty (125 X 10°
= 4, ex —_——
Ree = kc16[C6H60]70'1- [02]1'85 c1e P :RTlit [20]
CyH,0 + 4H. 0’“”(504—0%‘ Hg + 0,15C4H, + 0,1CH, + 0,75H. k 107 <_1'0 X 105)
6116 20— ,4C 10l g 6l ) 4 g 2 = ex —_
Ruyy = kyyz[CoH,0] v P\" mry [20]

Table 4: Reactions and Kinetics in gas phase

2.3. Different variables in the 1D model

The set of variables taken into account in the rhisciae following:
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Variables Notification Amount Unit
yiot Mass fraction of species K in the Solid Meal NESEAS -

y,fiq Mass fraction of species K in the Liquid Meal NESFA -

yfsfl’l Mass fraction of Solid Meal in the Meal 1 -
y;(iq Mass fraction of Liquid Meal in the Meal 1 -
}’}if Mass fraction of Meal in the Bed 1 -
yMo Mass fraction of species D in the Organic Matter SN -

yf{“ Mass fraction of species Q in the waste NESDEC -
yi Mass fraction of Waste in the Bed 1 -
Dgec Diameter of Waste particle 1 m
Nyec Number of waste particles 1 “m
v Mass fraction of species B in the Gas NESGAZ -
v, Mass fraction of Gas in the Bed 1 -
Duit Bed density 1 kg.m?®
m Bed temperature 1 K

hyie Enthalpy of the Bed 1 J.moft
Uyt Bed Velocity 1 m.s!
Hy;; Bed height 1 m

Ayt Transversal surface of the Bed 1 2m
Lt Width of Bed (or mid cord) 1 m
Ouit Intercept angle of Bed 1 degree
Ouit Repose angle of Bed (or Kiln slope) 1 degree
B Angle between plane surface of Bed material and&iia 1 degree

Table 5: 1D model variables
With NESFASOL=11; NESFALIQ=2; NESMO=6; NESDEC=4 daiNESGAZ=15.

3. SYSTEM UNDER STUDY
3.1. Description of waste

For our study, we consider three types of wasteetaTires, RDF and Biomass.

3.1.1. Waste Tires

Waste resulting from tires have a high calorifituea(it is the same order of magnitude as the
one of coal), and the same content of carbon (¢ikariConsidering the increasing number of
trucks and cars in circulation, used tires aregasingly abundant. These tires can be recycled
or otherwise disposed in order to solve the probtérenvironmental pollution, and reduce
emissions of greenhouse gases when waste is baepedlately (waste burnt in incinerators
without any goal energy recovery or material). THe alone generates annually about 3.3
million tons of used tires. An important part (1rbillion tons) are already used in the cement
kiln industry as alternative fuels [21]. Tabldbélow, provides information on the proximate
and ultimate analysis of such materials.

3.1.2. Refuse Derived Fuel (RDF)

The RDF is a mixture of several wastes, includiegdehold waste, municipal solid waste
(MSW), plastics, and biodegradable materials. Thetser are found in large quantities in the
RDF. It is indeed used in many industrial procespgrolysis, gasification, combustion and
others. RDF provides solutions for the disposdtaiftions of non-recyclable waste, because it
can be used as a direct substitute for fossil fureggsification [22]. The high content in ash
and volatile matter in the RDF can lead to low h@watduction, thereby creating a high ash
sintering, and an increase tar and@aissions. The RDF in question here, is formethfeo
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mixture of 50 % of industrial waste, and 50 % ofmiecipal solid waste (MSW), cfTable 6
below.

3.1.3. Agricultural residues (Biomass)

Biomass is one of the most used wastes as alteeniels in industrial processes andhe
cement industry due to their availability and vy price. It consists of different residues of
agriculture, such as bagasse, peanut staflegnds shells, straw, rice husks and coffee husks
as well as residues from forest-related activéigsh as wood chips, sawdust and bark. The use
of biomass to provide partial substitution of fodsiels, has an additional importance as
concerns global warming since biomass combustisrili@potential to be Geutral. This is
particularly the case with regard to agricultuesidues or energy plants, which are periodically
planted and harvested [23]. The agricultural ressdare characterized by higher contents of
volatile matter, compared with others waste (sbket@ below), and coals.

Elements Tire [24] RDF [22] Biomass[8]
Proximate analysis (Raw material) % mass % mass % mass
Organic Matter 94.6 62.4 95.77
Char 0 0 0
Ashes 4.78 23.2 4.2
Moisture 0.62 14.4 7.6
Ultimate analysis (Dry ash free) % mass % mass %nass
C 83.87 47 48.73
H 7.09 6.3 5.9

o] 7.421 44.6 44.49
N 0.24 1.7 0.6

S 1.23 0.1 0.08

Cl 0.149 0.3 0.2
Lower calorific Value (Raw material), in MJ/kg 37.8 29.86 17.97

Table 6:Elemental and proximate analysis, and calorificueabf different wastes.

3.2.  Pyrolysis description of waste considered
Pyrolysis of waste occurs after the drying procedsch releases the free water contained in
waste. Drying phenomenon is described using asidfumodel, which stated that the rate of
vaporisation of water depends on difference betvieerconcentration of water at saturation
and in the bed.

pﬁ%toMHzo _ gaz>

Rﬁfto,ziq = Vp kmnz0 < Ry, Ph,0 (€Y)

Pyrolysis of waste considered takes place in desirgaction (primary pyrolysis) to give char
(carbon-based powder), the non-condensable gasess\CH, Hz, H-O, CO, CQ, H.S, HCN
and HCI, and tar constituted oflds, CioHs, CsHsO, and GHs (condensable gases). The
pyrolysis kinetic of waste considered, follows #ehenius law, and is given in the table 7:

Pyrolysis reaction Reaction rate Kinetic constant
[kg.m3.s1] [s]

ky
WET WASTE = DRY WASTE + (H;0)yapeur -

DRY WASTE 3 ., CHAR + a,GAS + a;TAR T = kpp kyp = Ayexp (%)
Table 7: Pyrolysis reaction and Arrhenius law

The values of stoichiometric coefficients, kinatanstants and, gas and tar composition from
pyrolysis reaction are given in the table 8 below.
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Elements Waste
Tire RDF Biomass

acn 40 40 40

ag 45.63 55.07 54.23

ar 14.37 4.93 5.77

A, [sY 5.02x10°[25] 1.27x16[26] 1.516x16 [7]
E,[kJ.mol] 148.06 [25] 229 [26] 105 [7]
Ah[kJ.kgY] - - -420 [7]
Ho 16.42 0.29 0.3

CHa 16.19 1.79 1.85

co 1.548 5.64 5.8

H20 8.154 36.7 37.7

CO: 1.351 6.85 7.05

H2S 1.262 0.09 0.07

HCI 0.14 0.25 0.17

HCN 0.563 3.49 1.27

CeHs 4.70 1.50 1.75

CioHs 2.864 0.91 1.07

CeHeO 2.826 1.24 1.46

CrHs 3.985 1.27 1.49

Table 8: Stoichiometric coefficients and kinetiogstants, composition of gas and tar (in %)

3.3. Description of the kiln studied

The kiln studied is a rotary kiln dry process witeheater, equipped with a precalciner and
cooler balloon. The kiln has a length of 58 m, ramer diameter of 4 m and an outer one of 4.2
m. Its inclination is 3.5° while its rotation speied.3 rpm. 40 to 62 t/h of raw material are fed
to the kiln. The inlet and outlet temperatures @gpectively 1173.15 K and 1723.15 K

maximum.

4. MODEL FORMULATION
41. The solid bed

4.1.1. Number of patrticles
The concentration of waste (and/or biomass) padic¢hside the kiln being is considered
constant, the equation (3) below is established:

ANgec(2) -0

0z (3)

At the entrance of the rotary kiln, the number aftigles is largely function of volumetric flow
rate of waste. It is given by the relation (4):

64, .
Ngec(z = 0) = ——F——y i @
. TPt 0D3ecotliie” "

41.2. Solid bed

4.1.2.1. Composition (mass fraction)
The mass balance in the length elemental of rddizmyis given by a figure 6 below:
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————=0utput

Figure 6: Mass balance through the kiln

The mass balances are given by the following waatips for each bed species under
consideration, where the first member represemtsahniation of mass flow of the bed species
(meal, waste, gas) and the right hand side repief®mspecies formation rate onto a given bed
cross sectional area of the bed. The bed being asedpof meal, and waste, and gas, the
conservation equations of bed species are alsblissiad, respectively given by equations (9),

(11), and (14) below.

A. Meal
Al. Solid Meal
The mass conservation equation of the specieshedgolid meal is modeled as follows:
d . .
T (PcAuewieyf Y78 viot) = Aue(RE™1 = REM) %)

Where subscript k represent solid species of twemaal being processed and stand for CgCO
MgCGs, Al20s, SIQ;, FeOs, MgO, CaO, @S, GA, C4AF, and GS. The last four species are
formed after clinkering reactions. They are in faminbinations of the four oxides (CaO B4,
SiO,, and FeOz3). Mass fractions of four mineralogical compounélslmker are considered to
be zero at the entrance, but increases from teétimithe outletThe reaction terms:"*** and

RPM are calculated based on the data in tables 1 aespb2ctively.

A2. Liquid Meal

Regarding the liquid meal, we have the equationb@dw, where k represents the species
Cs3A_lig, and GAF_lig which constitute the liquid meal.

d T .
E(plitAlitulity}gy;;qy]flq) = A (R + REM) (6)
The meal being composed of two phases, solid guétli the mass conservation equations for

each phase are modeled by equations (7) and @ybel
= For Solid phase

d .
PP (PucAuewieyfayiet) = Aue {Z RSO — Z Rﬁh} @)
3 3

= For Liquid phase

d o )
pP (PuicAucweyfeyiad) = Ay {Z R+ Z Rﬁh} (8)
3 3

The last two equations (7) and (8) represent the giuthe conservation equation of k species
of solid meal and liquid meal. The mass consermagiguation meal in the bed is modeled by
the equation (9), which is the sum of the mass@&masgion equations of two phases constituent
of meal.

d . .
i (PucAcwieyfa) = Awe {Z REMSOL 4 Z R,fh'“q} o
k k
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Liquid phase reactions are in fact due to the glaftision of two species, thes& and GAF
(physical transformation). Since a physical transfation (deformation, phase change,
dissolution) does not change the nature or charsiite properties of matter (atoms and

molecules do not change), we consider mgt“q are identical toR-™**'. Some authors
attribute the formation of the liquid phase to gresence of aluminum and iron, and say that
the liquid phase is the basis for the formatiomaditional coating (adhesive), which has the
advantage of protecting refractory materials agaimear having regard to the thermal
constraints that they are facing [29].

B. Waste
The mass conservation equation of g waste spexiasdeled by the equation (10) below:

d . .
e (PuicAncwieydyiee) = AucREE (10)

Q species constituting waste is composed of MOg@igMatter), Char, ash, and®l_lig. The
reaction termg/* are calculated based on the data in table 8.
As well as for the meal, mass conservation eqoatithe bed is modeled by the equation (11):

%(Alitulityéigcplit) = Alitz RIS (11)
q

B1. Organic Matter
Dealing with the organic matter held in the incogwaste (and/or biomass) it has been chosen
to follow its composition (in terms of ultimate dysis) all over the bed. Hence, equation (12)
is derived where subscript “d” stands for atom€pif, O, N, S, and Cl. The mass conservation
equation is modeled by the equation (12), whejé is computed as a function of the
heterogeneous rates of reactions and of the cotiposi the products of these reactions:

d . ,
e (PucAucwey i *yis yit.) = AR (12)
C. Gas

The equation (13) represents the mass consenddtibgas specigdz, Oz, NO, CH;, Hz, H20,
CO, CQ, H.S, HCN, HCI, GHs, Ci0Hs, CsHsO, and GHs).

d . ’
e (PutAucuieyy “yits) = Aue(REO™ + R532 +RGeV) (13)

Wherer/2y andrie” represent respectively the formation rate ob@@duced by calcination
reactions of meal, and the formation rate of gasepecies from the pyrolysis reaction and,
gasification and combustion reactions of solid pysis residue.

The mass conservation equation of gas in the bewdeled by the equation (14).

d . )
o (PucAucwieylits) = Aue (Z REeV + Récf;z) (14)
]

Since neither mass cannot be created nor destlmpybdmogeneous reaction in gas phase, the
sum of homogeneous formation rate is zgy®}f°™° =0 ).

4.1.2.2. Bed Temperature

The enthalpy of the bed is computed by the equétibyusing the compositions of each species
of the bed.
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NCfaSol T NCfaliq

lit . . .

hzit(Z)={ > @ (h}’,k+ f cp.k(T>dT>y,§;l+ > yﬁlq(z)(h?,ka)yﬁ;q}y}x
k=1 k=1

Tre f

NCdec Tuie
Y e (hgq+ | cp,q(T)dT> Y,
q=1

Tref

NCgaz Tur '
+ Z ygeC(Z) (h}),b + f Cpb (T)dT> y};gz (15)
b=1

Tre f

4.1.2.3. Energy conservation equation
The energy conservation equation in solid bed idetenl by equation (16) below:

%(PlitAlitulithlit) = 05 nLlue + Pyaren—lic + Ofoue mdy + @fame_ Liie (16)

The first member represents the energy variationhe solids bed. The second member
represents the sum of the flows exchanged betvinedpetd of solids (meal, and waste, and gas),
the freeboard gas and the kiln wall. The variousl@sovhich the heat transfer in the bed occurs
are given in figure 2 aboveSsrys_., ogarrs_1 9o, €lofer._, are respectively the flow of specific
heats exchanged by convection between the gas pindsthe bed of material, by radiation
between the gas phase and the bed of materialpiuction between the kiln walls and the
bed, and by radiation between the kiln walls ardl B&ese are given in the table 9 below.

Exchange Modes Equations

Conv — L
PgazFB-L = hgazFB—LAzit(TgazFB - Tlit)

board-Bed Convection
Gas Freeboard-Be egTurn—agTH
¢§Z;FB—L = opAjy, (e + 1) (—g g FZB g “)
Radiation
) ¢§3?§B—F = hgazFB—FA}iaur(TgazFB - Tfour)
treeboard-kil Convection
Gas freeboard-kiln T asr =g T ur
(pSZZFB—F = CTBA](Zour(‘%‘our + 1) (%)
Radiation
Cond — c
. (pfour—L - hlitFAfour(Tfour - Tlit)
. Conduction
Kiln-Bed Ray . . .
L Prour-1 = UB-Am-fzit-ffour-Q(Tfour - Tlit)
Radiation

Table 9: Heat exchange inside the rotary ko]

Heat transfer coefficients for convection betweas fyeeboard and bed, and gas freeboard and
kiln are calculated using relations given by Tshand Watkinson [31], returned by Mujumdar
and al[30], and are given respectively by the equatidmd and (18) :

k
Rgazra-i = 046 = Ref 5 Rel10% 0341 (17)
e
ke 0.575p,—0.292
hgazFB—F = 1.54D—R6D' Rem : (18)

4.1.2.4. Densiteies of bed
The bed density is modeled by the equation (19vpelvherer; represents the formation rates
of gaseous species.

d NESGAZ
v
E(plitAlitulit) = —Ay Rggz + Z R; (19
=

4.1.2.5. Geometrical parameters of the kiln
A. Bed height
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The evolution of the bed height is modeled by tinga¢ion (20) below, outcome of the work of

Vahl and Kingma [32], of Kramers and al [33], aa#lén back by Mujumdar and al [30]. This

model estimates the bed height at each position.
Aty (z) tg Sfour 39y <2Hlit(z) Hlitz(z)>_3/2

=t it
dz g Puic 7 rlz

- - (20)
Sin Spour  AMNpoyr 1y

Where z is the axial position of the solids in rgtkiln, &, the inclination angle of kiln with

the horizontal axisy, the volume flown;,,,, the kiln rotational speed, amgthe radius of kiln.
B. Fill degree

The degree of filling, given by equation (21) belf84], is a very important factor to estimate

the height of the bed at the inlet of rotary kiln.

f= %(2 cos™?t (m) —sin [2 cos™t (m)]) 21D

A diagram is available in the literature which gihe degree of filling based on the number

Froude, rotational speed and height or depth ob#te There exists acceptable ranges of the

Froude number for each bed movement mode. Theeleff#ling is expressed as a percentage.
C. Repose angle of bed (kiln slope)

The repose angle of bed is an important geomefiacabr in the axial motion of bed. It is also

called the dynamic angle of repose, and is givethbyequation (22) below. It is taken from

the expression of average speed of axial trangplug flow) along the rotary kiln [34].

. (Ouc(z
uye(2)sin (”tT()) — 21T Nsour Sfour

(22)

cos@ir(2) = FE—"
D. Intercept angle of bed
The intercept angle of bed is a fundamental greatrieallows the determination of the width
of the bed, the bed's repose angle, and other gaoatgparameters of the kiln. It is given by
the equation (23) below [27]:
84, (2)

81t (2) = sin(8e(2)) = —3 (23)
1
E. Transverse surface of bed
The transverse surface of bed is given by the exquét4) below [30] :
Ay = %(7’15111(2) — L (2). (- Hlit(z))) (24)

F. Width of bed (Mid Cord)
The width of the bed is also a significant magretirdthe study of the 1D model of the bed. It
is given by the equation (25), derived from thergetry of the bed [1], [27].

liie(z) = d; sin (61%(2)> (25)

G. Angle between surface of bed material and kiln axis
Of the proceedings of Vahl and Kingma [32], we haxplicited the angle between surface of
bed material and kiln axis. In fact, since the beayht, from input to output is decreasing, it is
necessary to estimate at each point in this amgieh is strongly linked to the bed height and
angle at rest bed. It's given by the relation be(@®):

dHy;
tanf (z) = — 1z

(26)

5. CONCLUSIONS
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A mathematical model for the thermochemical conwearsf waste (Tires, RDF, and Biomass)
in a cement rotary kiln production is presentece Wodel is devoted to the description of the
thermochemical phenomena that occur when the visstged as an alternative fuel in cement
rotary kiln. Although the results are not yet agbie for the moment, has given insights on the
development of 1D bed model. The main assumptionstaoch the model relies on have been
proposed. Also, the main phenomena taken into atdwmyve been described (physicochemical
reactions of meal and waste, heat transfer in ilme ¢harge transport and evolution of bed
height). Subsequently, a description of the systader study is given. It describes the various
wastes considered in this work, from the kinetiod product of pyrolysis point of view. Finally,
the mathematical equations of the model are praoviflee expected results of the 1D model of
bed will be coupled to a 3D model of CFD Fluené€¢loard) to describe the energy conversion
processes occurring in a cement rotary kiln. Thi€la is in fact a route to follow for the 1D
modeling material bed when wastes are used agaiies fuels in cement rotary kilns.

REFERENCES

[1] J. D. Martinez, N. Puy, R. Murillo, T. Garc, V. Navarro, and A. M. Mastral, “Waste
tyre pyrolysis — A review,Renew. Sustain. Energy R28, 179-213 (2013).

[2] N. A. Madlool, R. Saidur, N. A. Rahim, M. Rslam, and M. S. Hossian, “An exergy
analysis for cement industries: An overvieRénew. Sustain. Energy R&6, 921-932
(2012).

[3] B.-J. R. Mungyeko Bisulandu and C. Pongo Poriges énergies renouvelables face a
I'épuisement des énergies fossiles: UtilisatioWabrisation des déchets dans les fours
de cimenterie.,” in7éme Edition COFRETOFRET’'14/ 6/OF-025, (Paris, France,
2014).

[4] U. Kéantee, R. Zevenhoven, R. Backman, andHipa, “Cement manufacturing using
alternative fuels and the advantages of processhiugl” Fuel Process. Technd5,
293-301 (2004).

[5] E. Mokrzycki, A. Uliasz-Bochéczyk, and M. Sarna, “Use of alternative fuels ie th
Polish cement industryAppl. Energy74, 101-111 (2003).

[6] K. T.Kaddatz, M. G. Rasul, and A. Rahman,t&hative Fuels for use in Cement Kilns:
Process Impact ModellingProcedia Eng56, 413—420 (2013).

[7] C. Di Blasi, “Dynamic behaviour of stratifiedbwndraft gasifiers,” irChem. Eng. Sci.
55 2000

[8] A. Aranda Usoén, A. M. Lopez-Sabirdon, G. Feragiand E. Llera Sastresa, “Uses of
alternative fuels and raw materials in the cememtustry as sustainable waste
management optionsRenew. Sustain. Energy R28, 242—-260 (2013).

[9] (CINAT) Cimenterie Nationale, “Données techmés” (Service Controle Qualité, 2010).

[10] U. Camdali, A. Egen, and F. Celen, “Energy and exergy analysesataay burner with
pre-calcinations in cement productioifiergy Convers. Manag5b, 3017-3031 (2004).

[11] A. K. Chatterjee, “Chemistry and engineering the clinkerization process —
Incremental advances and lack of breakthrougbeth. Concr. Redl, 624—641 (2011).

[12] A. A.Boateng and P.V. Barr, “A thermal modet the rotary kiln including heat transfer
within the bed,” 2131-2147 (1996).

[13] F. Marias, “A model of a rotary kiln incindoa including processes occurring within the
solid and the gaseous phas&3gmput. Chem. Eng7, 813—825 (2003).

[14] P. DARABI, “A mathematical model for cemenlris” (University of British Columbia,
2007).

[15] Boris V. L'vov, “Mechanism and kinetics of éhmal decomposition of carbonates,”
Thermochim. Actal-16 (2002).



6™ International Conference on Engineering for Wamste Biomass Valorisation -May 23-26, 2016 — Albarfee

[16] R. Tartarelli and M. Seggiani, “Analisi e nethzione numerica del processo di
gassificazione del carbone in reattori updraft” éAgia Nazionale per le Nuove
Tecnologie, 'Energia e lo Sviluppo Economico Sadige, 2010).

[17] A. A. Boateng and P. V. Barr, “Modelling ofpicle mixing and segregation in the
transverse plane of a rotary killChem. Eng. Scb1, 4167 4181 (1996).

[18] P. Bernada, F. Marias, A. Deydier, F. Coutumad A. Fourcault, “Modelling of a
Traveling Bed WASTE Gasifier Waste Biomass Valorizatid) 333-353 (2012).

[19] M. A. Gbmez, J. Porteiro, D. Patifio, and J.Miguez, “CFD modelling of thermal
conversion and packed bed compaction in biomasdugstion,” Fuel 117, 716—732
(2014).

[20] F. Marias, R. Demarthon, A. Bloas, and JRBbert-arnouil, “Modeling of tar thermal
cracking in a plasma reactoFRuel Process. Technd49, 139-152 (2016).

[21] P. T. Williams, “Pyrolysis of waste tyres: review,” Waste Manag33, 1714-1728
(2013).

[22] M. Materazzi, P. Lettieri, R. Taylor, and Chapman, “Performance analysis of RDF
gasification in a two stage fluidized bed—plasmacpss,”"Waste Manag47, Part B,
256-266 (2016).

[23] J. Werther, M. Saenger, E.-U. Hartge, T. Ggadnd Z. Siagi, “Combustion of
agricultural residues Prog. Energy Combust. S@6, 1-27 (2000).

[24] A. Rahman, M. G. Rasul, M. M. K. Khan, andSharma, “Recent development on the
uses of alternative fuels in cement manufacturmggss, Fuel 145 84-99 (2015).

[25] J. H. Chen, K. S. Chen, and L. Y. Tong, “®@e pyrolysis kinetics of scrap automotive
tires,” J. Hazard. Mater84, 43-55 (2001).

[26] M. W. Seo, S. D. Kim, S. H. Lee, and J. Gel&yrolysis characteristics of coal and
RDF blends in non-isothermal and isothermal cooddj”J. Anal. Appl. Pyrolysi§8,
160-167 (2010).

[27] F. Marias, H. Roustan, and A. Pichat, “Modwl of a rotary kiln for the pyrolysis of
aluminium waste,Chem. Eng. Scb0, 4609-4622 (2005).

[28] E. Mastorakos, A. Massias, C.D. TsakiroglbuA. Goussis, V.N. Burganos, and A.C.
Payatakes, “CFD predictions for cement kilns inolgd=lame modelling, heat transfer
and clinker chemistry,” 55-76 (1999).

[29] K. S. Mujumdar and V. V. Ranade, “CFD modgliof rotary cement kilns Asia-Pac.

J. Chem. Eng3, 106-118 (2008).

[30] K. S. Mujumdar and V. V. Ranade, “SimulatiohRotary Cement Kilns Using a One-
Dimensional Model,Chem. Eng. Res. D&¥, 165-177 (2006).

[31] Tsheng S. H. and Watkinson A. P., “Convectigat transfer on rotary kilns,” @an J
Chem Engg 571979).

[32] L. Vahl and W. G. Kingma, “Transport of saidhrough horizontal rotary cylinders,”
Chem. Eng. Scl, 253-258 (1952).

[33] H. Kramers and P. Croockewit, “The passaggrahular solids through inclined rotary
kilns,” Chem. Eng. Scl, 259-265 (1952).

[34] A. A. Boateng,Rotary kilns-Transport Phenomena and Transport BsseqUnited
States of America, 2012).



