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Problem definition

Of the 1.2 billion generated tires only 50% of waste tire are being recycled worldwide [rubber biv., 2008]
None bio-degradable and can last 100 years or more if no proper handling is carried out

lllegal dumping/burning can be seen everywhere and incorrect disposal is environmentally hazardous

quted resources/business opportunities:
Rereading and granulation

Introduction

Material Melbourne Australia 2006, tire pile

. . ® Energy & chemicals fires lasted over a month sending up
Characterization ®  Carbon black an acid black plume that seen miles 2
® Metal away contains toxic chemicals and air 8
d LICIUId and gas fuel etc.! pollutants just as toxic chemicals are :

released into surrounding water :
supplies by oily runoff from tyre fires | ™
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Stock availability and potential

° Worldwide, an estimated 1.2 billion waste tiers are generated every year. Only a fraction of these tyres are currently
recycled with the majority bemg incinerated, dumped or stockpiled.
Introduction
Location Generation (million) Stockpile (million)
USA 240 500 to 3,000
Material Australia 8 20
Characterization
Japan 100 100
Europe 250 3,000 52755

Low Flde|l1')' ° UAE: 2,500 tiers is collected in Sharjah per day or 63 tons/daily, [Sharjah Municipality, 201 2]

®  Abu Dhabi available stock over 5,000,000 tiers or 126,000 tons [CWM, 201 2]

® 120 tons daily gasifier ensure stocks for 3 years, but within these three years another 69,000 is collected,
®  This quantity will last for 19 months, by the end of this 19 months another 35,910 tons is collected

¢ This will last for approxmately 10 months...and so on.

Simulation

High Fidelity
Simulation o

Other 4 Emirates: Ajman, Umm Alqaiwain, Ras AL Khaima and Al Fujaira together produce and have in stock twice as
much as the Emirate of Abu DthI at this moment [Beah, 2012].

Sharjah Emirate has at this moment over 5,000,000 tires in stock [Beah, 201 3]
Conclusion ® Dubai Emirate has over 5,000,000 ties in stock [Duabi Municipality, 2011]
Emirates have got all the potential to have their own plants as Abu Dhabi.

* Small tire weight/availbility 12kg/60%, large 45kg/60% production is based on 345 days per year).



Motivation and Obijective

. Motivation Objective
Introduction

0 Gasification: 0 Material characterization
T m  Efficient way to convert solid feedstock to fuel [ | Proximcﬂ'e, ultimate and calorific
ateria . .
Characterization (syngas & chemicals) value ano|y5|s

m  Feedstock /product flexibility

. . m  Syngas is used in IGCC as fuel O Low fldellty simulation
Low Fidelity

. . o ® Thermodynamic analysis of
Simulation | gasification
Sulfur \Hz

High Fidelity e e [ o High fidelity simulation

Simulation m Coupled CFD analysis with
radiation and reaction kinetics

Electric
Powe

Heat recovery steam
generator

P=20-40bar

l Flue gas

Conclusion

Electric
Powe

Condenser

Pump



Gassification

0 Gasification is a thermo-chemical pathway to convert any carbonaceous

Introduction )
feedstock into syngas.

Global Gasification Reaction

Chqf’;‘c‘:::;ﬁon CH,O,N, +m (O, +3.76 N,)+n H,0/CO, = x, CO+Xx, H, +x, CH, +X, CO, +x; H,0+3.76m N,
Feedstock  Oxidizer Moderator Syngas Combustion products
Low Fidelity Intermediate Gasification Reactions [Higman et. al.]
Simulation 1) Combustion reactions 3) Water gas reaction
C+%OZ=CO —111 MJ /kmol C+H,0- CO+H, +131 MJ/kmol
. . . Stage 2:
High Fidelity CO +%Oz = CO, —283 MJ/kmol 4) Methanation reaction 2 -4 burners

Simulation C+2H, <>CH, —75 MJ/kmol

5) CO shift reaction

CO+H,0 < CO, +H, —41 MJ/kmol ;5%

2 -4 burners
6) Steam methane reforming reaction
CH,+H,0- CO+3H, +206 MJ/kmol

H, +100,=H,0 -242 MJ/kmol
2) Boudouard reaction
C+CO, «>2CO +172 MJ/kmol

Conclusion




Material Characterization

0 Proximate analysis | Composition [ Tire _
Introduction . . : Proximate (Wt.%)
7 Ulfimate andlysi  Moistwe  JRKC
0 Calorific value analysis Volatile Matter 68.0
Material Fixed Carbon 23.2
Characterization Ash (dry) 8.8
Ultimate (Wt.%) (dry)
Low Fidelity e 738
Simulation L H R
I N -
s EE
Figh Fidelity o X
Simulation A X
HHV (MJ/kg) 36.0
MW (kg/kmole) 14.83

Conclusion

CH 1.1 05700.091 5 N0.003SSO.0066




Thermodynamic model of gasification through

Gibbs Energy MinimiZCIﬁOn Lagrange multiplier method

0 A relatively easy method to formulate a large number of product species

as compared to Equilibrium constant method.
X;

Intfroduction

0 Function: AG{; +RT In(——-)+> 4a, =0 (i=1, 2, ... number of species,k =C,H,O,N,S)

Material total k

Characterization

CH O/N.S +m (O,+3.76 N,)+n H,O0+Q

Low Fidelity Feedstock Oxidizer Moderator Heat Input
ed  POSS A4 species: Product of gasification
ngh Fldellfy C(g) CH CH, CH;s CHs GCoH, CoHs CoHg CsHg H H,

Simulation
O 0, CO CO, OH H O H0, HCO HO, N N,

Conclusion NCO NH NH; NH; N,O NO NO, CN HCN HCNO S(g)

Sy SO SO, SOs COS CS CS, HS HS CB) S




Thermodynamic model of gasification through

GibbS Enel‘gy MinimiZCIﬁOn Lagrange multiplier method

Xi

: Model formulation: AG?, +RT In(——)+> A8 =0
Introduction ol K
® Elemental balance
[ T . .
T . Carbon balance Examples of Gibbs Energy Function:
Characterization Hydrogen balance - for Methane,
® Oxygen balance i
N Y9 5 Equations Gy +RT In(XC“4)+(/11+4/12):0
Low Fidelify Nitrogen balance wotal
Simulation ® Sulfur balance ~— for hydrogen,
. . . X
® Gibbs Energy functions —>44 Equations Gf iz +RT In(-*2)+24, =0
High Fidelit . o
o o ° Energy balance > 1 Equation for carbon monoxide,
Simulation
. . X
® Total 50 Equations GPco +RT IN(=E%) + (4, +4,) =0
total
Conclusion




Thermodynamic model of gasification through

GibbS Enel‘gy MinimiZCIﬁOn Lagrange multiplier method

0 Model validation (air ratio (a)=0.3 kmole)

Introduction 0 Feedstock: high vale coal [5]
0 Empirical formula: CHg 46230 2124MN0.010590.0013
Material . .
Characterization O Higher heating value: 21.1 MJ/kg
100 N,
Low Fidelity _ S 10
o o =
Simulation b= o
£ g 1
<4 o
High Fidelity i g o1
. . _c ' -
Simulation E £ 0.01pmodel S
= air ratio: . g a=0.3 R
50001
Conclusion T a=od T " T
0-000800 800 1000 1260 . 1400 1600 0.0001 ‘ ‘ ‘ ‘ |
Temperature (K) Li et al.[5] 600 800 1000 1200 1400 1600

[5] Li, X., et al., Equilibrium modeling of gasification: a free energy minimization approach and its application to a circulating fluidized bed coal gasifier. Fuel, 2001. 80(2): p. 195-207. Temperatu re (K)



Thermodynamic model of gasification through

GibbS Enel‘gy MinimiZCIﬁon Lagrange multiplier method

0 Results

Intfroduction

H,O gasification

Motericl el soccie: | Syngas mole (%)

Characterization - Maximum CGE (51%)@ 1050 K * 7 9
Sos
207 50 12.2
Low Fidelity g 4.57
Simulation 506 - 40 6.63
505 0
'_
= 30 68.4
High Fidelity e CH. 0
Simulation %0'3 -2 Temperature (K) 1051
%0-2 1 Equivalence ratio (D) 1.37
— Zou CGE 51%
n ion o
OoNnciusIo 0 o
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Numerical approach

Coupled thermo-chemical simulation with CFD

Intfroduction

Material
Characterization

Low Fidelity
Simulation

High Fidelity
Simulation

Conclusion

e ol 1:250 \

0 Gasifier geometry and boundary conditions

198.00° pP—mmmm>

- — .
’
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Gasifier Inlet Conditions

Tire inlet condition _

Inlet temperature (K)

Inlet velocity (m/s) 1.70E-04
0.

300

Air inlet condition -

Inlet temperature (K)

Inlet velocity (m/s)

300
0.195



Numerical approach

Coupled thermo-chemical simulation with CFD

Governing Equations:

A N > n_
Ri, =T -V ( fl_[cvrj _kaC}IfErjand R = MiZRi,r
=1 r=1

Introduction O Mass, momentum and energy
o e o Tronsport equc'rlon
—(@) + —(u@)——— I, — |[+S, om
OX; OX; (pm )+ (pum) (lem+,ut/SC )ngR +S,
i X
Material Time rate advectlve diffusion source o Dlscre-re particle interaction
Characterization . .
(® = density, velocity, temperature di dx
. o P Fy (0 -0,)+ G(pp —p)/ P 2 =1,
Low Fidelit O Reaction terms and kinetics q dt dt
ow Fidelity N Ky N m
, . , P — Ae~ /RN [m_ —(1— £°)m°]
Simulation Zvi,rsi < Vi S dt P v
- m ¢, —= = hA, (T T)+dmph + (e =T
Reaction Kinetic Parameters Aj, Ej [kJ/mol] p~p dt - p\loo fg T€p po' R p
High Fideli’ry R1 2C0+ 0,-2C0, A =10"*[(m3mol-1)-0.75s-1], E = 166.28
Simulati Calculation procedure of feedstock conversion:
imulation R2 2Hy+ 0, - 2H,0 A = le11 [m3mol-1s-1], E = 42 .
R3 C0+ H,0 ©C02+ I, 4= 00265, E= 65.8 (a) Solve the continuous phase
R4 (i + 0, — CO, A=567¢9 [s-1], E = 160 (b) Introduce and solve for the discrete phase
C | R5 ) +C0, »2C0 A =792e4 [m3mol-1s-1], E = 218 (c) Recalculate the continuous phase flow using the inter-
oncilusion
RE G0t 2 = T, A= 792 m3morLs1E = 218 phase exchange of njomentum, heat, f:nd IT.ICISS
R7 () + H,0 > CO+ H, A =792k [m3mol-1s-1] F = 218 (d) Recalculate the discrete phase trajectories
RS vol + 0.40, — 1317 CO + 209 H, A= 1E15 [m3mol-1 s-1],E = 1E8 (e) Repeat c and d steps until a convergence is attained
+0.064 N,




Numerical approach

Coupled thermo-chemical simulation with CFD
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Numerical approach

Coupled thermo-chemical simulation with CFD
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Conclusions

Material characterization is performed to measure the proximate and ultimate
Introduction composition of tire along with its high heating value.

Simulation low vs high fidelity:

O Low fidelity Gibbs minimization approach shows the maximum tire cold gasification
efficiency is 51%.

Material
Characterization
o High fidelity CFD simulation is favorably compared to the results of Gibbs energy

minimization model

Low Fidelity

o The Gibbs energy minimization model can be use initially to predict the quality of syngas
Simulation without going for tedious CFD simulation or experimental approach.
What you need to know:

High Fidelity O Thermochemical conversions is making a strong comeback as sustainable energy source
Simulation and efficiency enhancement.

O This technology can be deployed as renewable source for million of tons of waste streams
disposed of at landfill and risking our ecological system.

Conclusion O Modeling ad simulations are needed at the conceptual level to increase the process
efficiency and throughput.
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Backup slide:

Global Gasification reaction

VA
CH,O,N, + m(0, + 3.76N,) + nH,0 + pCO; = x1Hy + x,C0 + x3C0, + x4H,0 + x5C + (E + 3.76m) N,

Intermediate Gasification Reactions [Higman et. al]

*Elemental balance .
1) Combustion reactions 3) Water gas reaction

*Carbon balance C+ %02 =CO -111 MJ/kmol C+H,0 & CO+H, +131 MJ/kmol s

. 2 ) ; age 2:

.I(-|)yd rogeg bIQIGnce co + 140, =Co, —283 MJ/kmol 4) Methanation reaction ey N
Xygen bdlance % C+2H, < CH., —75 MJ/kmnol

*Nitrogen balance Hy+ })01= Hy0 ~242 MJ/fomol 5) CO shift reaction

*Equilibrium constant equation 2) Reduction reactions CO+H,0 <> CO5+H, —41 MTlkmol 35228
*For Bouduard reaction: C+CO, & 2CO +172 MJ/kmol 6) Steam methane reforming reaction
*For CO shift reaction: CH,+H,0 < CO+3H, +206 MJ/kmol

*For Methanation reaction:
2

*E I t tant t X - .
nergy balance between reactant and produc K, =—2— (Equilibrium const. for Boudouard reaction)

N _ — N _ _ X3Xtotal
_ Zni (ho * hS) +Q :_ Zni (ho * hS) K, = XaXs (Equilibrium const. for CO shift reaction)
i_prod=1 i _react=1 X, X,
*Conversion Metrics K, = XSX_tzota' (Equilibrium const. for Methanation reaction)
X

1

. x,(283800) + x,(283237.12) + x:(889000)
HHeredstock

z
X = X, + X, + X3 + X, + X + (E+3.76m)




