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* Overview, Challenges, Objectives
 Material characterization

* Proximate analysis
« Ultimate analysis
 Calorific value analysis

* Low fidelity simulation

» Equilibrium constant approach
« Gibbs energy minimization approach

 High fidelity simulation
» Reaction kinetics using Arrhenius equation
* Numerical simulation using CFD (Cold Flow Analysis)
* Numerical simulation using coupled CFD with Discrete particle in reactive flow Env.
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Definition: To convert carbonaceous solid material (CH,O\N,S,)

into a mixture of CO and H2 in an O2 deprived environment. Heu- CO, for

provided by combusting part of the fuel.

*storage

Synga Gas cooler sulur

4

Air

Syngas Electri

Stage 2:
2 -4 burners

upper: Lean O, Unit
Lower: Stoichiometric O I=1,000-1,500°C Heat recovery steam
Stage 1: lash [ P=20-40bar Steam ” Gsteleun
2 -4 burners 1200 1600 .
Temperature, °C J Flue gas
Advantages ol Electi
- Control over produced energy l ower
- Capability for carbon capture and storage. .
S
- Flexibility in feedstock and products. Condenser
- Alternative to “bury or burn” policy.
- Hydrogen-based energy systems (near zero-CO,
emissions).
- Small scale gasifiers for distributed generation.
[ Gasfcaon | versus | Combustion
co C co,
H, H H,0
N, N No,
H,S S SO,




Challenges

Current needs Physical aspect Modeling implementation
& technology
challenges

Feedstock flexibility Dynamic and intrinsic behavior Accurately models fuel switching
sFeedstock and char characterization —proximate&ultimate and associated reactions
analysis

Slag *Turbulence-chemistry-radiation interactions Accurately models slag flow,

blockage/removal -Accurate Slag characterization composition and temperature

distribution and turbulence

Downstream fouling Particle dispersion and inhomogeneous distribution Accurately flow modeling,

and poisoning -Agglomeration, swelling and fragmentation particle conversion, ash distribution and
mechanisms pollutant formation

Nitrogen and sulfur production

Wall/refractory -Particle dispersion and inhomogeneous heat distribution Accurately model wall

failure sTurbulence-chemistry-radiation interactions interactions, thermal stresses,
-Slag wall build up pressure effects and abrasion

Injector failure *Turbulence-chemistry-radiation interactions Accurately model flow and
temperature distribution
Space efficiency -Particle dispersion Accurately model flow and
Turbulence-chemistry-radiation interactions conversion
Cycle Fuel Temp low (0C) | Temp High (0C) | Carnot ()| Actual (n) | Car(n)/Act(n)%
Conventional Steam Power Plant Coal 27 540 63 40 63
Ditto Ultra Super Critical Coal 27 650 67 45 67
1GCGCC Coal 27 1350 Q2 A6 [N~
Open Gas Turbine Cycle Gas 27 1210 80 43 54
Combined Cycle Gas 27 1350 82 58 71
Low Speed Marine Diesel (LSMD) | Heavy Fuel Oil 27 2000 87 48 55
LSMD with Super Charger Heavy Fuel QOil 27 2000 87 53 61




acterization

« What does the -

Carbonaceous fuel
organic polymers c
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Lighter products,
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*Drying
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=Combustion
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MATERIAL
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Weight (%) Temperature (K)/10

50 - ~200 21 Moisture 0.3001
N 503 volatiles | 37.8147
> S " | |Fived Carbon | 54.6571
= AN it low 2 o Ash 7.2281
0 10 20 %?ne (m?r?) 50 60 70 TO'[ al 100 >
DSC/TGA curve of RTC-Coal with respect to time. Simultaneous DSC/TGA Q600

Proximate analysis is used to calculate the weight percentage of
moisture, volatiles, fixed carbon and Ash present in the sample.
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MATERIAL

Sample ID Nitrogen | Carbon |Hydrogen | Sulphur|Oxygen | Ash Balance
Wit(%) | Wt(%) | Wt(%) | Wt(%) | Wit(%) | Wt (%)
1 2.2926 | 76.5178 | 5.3233 | 0.8075 | 8.1136 6.9452
2 21930 | 73.2217 | 5.0185 | 1.0848 | 7.7913 10.6908
3 2.2319 | 73.8664 | 5.0861 | 1.0148 | 7.6337 10.1671
4 21340 | 66.7894 | 4.6437 | 1.0004 | 7.8425 17.5901
5 21348 | 71.1166 | 4.7098 | 1.0794 | 7.7338 13.2257
Awerage | 2.1972 |72.3024| 4.9563 |0.9974|7.8230| 11.7238

Results of ultimate analysis for RTC-coal

Ultimate analysis is used to calculate
the elemental composition of the
sample
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Flash 2000 CHNSO analyzer (TCD)

& ﬂt l;ﬁm ,g‘

Wt(%)

Ultimate Wit(%)| Molar Carbon
analysis |Previous| New |[number|normalization
Nitrogen 2.49 250 | 0.1784 0.0260
Carbon 8190 | 82.17 | 6.8475 1.0000
Hydrogen| 5.58 5.60 | 5.5967 0.8173
Sulfur 1.13 1.13 | 0.0354 0.0052
Oxygen 8.57 8.60 | 0.5376 0.0785
Total 99.68 100

Empirical formula of RTC-coal using

ultimate analysis ¢ H

0.817300.0785N 0.0260




MATERIAL

Sample ID |Weight (gms) |HHV (MJ/KQ)
1 3.4027 30.2205
2 1.7868 30.8207
3 1.7145 30.4197
4 1.6064 30.2232

Average HHV (MJ/KQg) 30.4210

Higher heating value of RTC-Coal

HHV (11:'—;) = —0.03(Ash) — 0.11(Moisture) + 0.33(Volatiles) + 0.35(Fixed Carbon)

M
HHV (K_;) =0.3491C + 1.1783 H + 0.1005S5 — 0.1034 O — 0.0151 N — 0.0211 A4

Parr 6100 Bomb calorimeter

S
Feedstock | C %Wt | H %Wt | O %Wt | N %Wt | %Wt

RTC coal 83.36 5.52 7.44 2.53 1.15

Pine needles | 4858 | 630 | 4364 | 148 | 0.0 1817 Biomass
Ply-wood 49.59 6.28 43.74 0.39 0.00
Lignite 66.03 4.65 25.64 2.07 1.62
Feedstock | Empirical formula | HHV HHV

KJ/Kmole | MJ/Kg 206 B dle & ol y

Ine neeale -WOO!
RTCcoal | CHy 704500 0570Noooso | 502928 | 35.34 04 OLignit Py
Pine needles CH1555000.6736No.0261 | 489784 | 19.83 0.2 Anthracite @RTC Coal
Ply-wood CH1.5106006615No.00s7 | 487566 | 20.14 0 I I T R L |
ngnlte CH0_345000_2912N0.0268 469939 | 26.28 8 0.2 04 06 0.8
Atomic O/C Ratio




lelity Model

Can a zero dinr erformance?

pressure increase

= Simplest level

= No dimensi

time/s
=

=Entrain

fluidized-bed gasifi

1800 1900

1100 1200 1300 1400N\500 1600 1704

temperait




L OW FIDEL
Stant approach

Global Gasification reaction
CHxOyNZ + m(Oz + 3.76 Nz) - lez + x2C0 + x3C02 + X4H20 + XSCH4 + x6C + (Z/Z + 376771) Nz

2 A 85
*Elemental balance 18 1 Maximum CGE (78.65%) - 80
Carbon balance @1530K LT
*Hydrogen balance <167 )
«Oxygen balance g,
*Nitrogen balance £
Equilibrium constant equation 212
For Bouduard reaction: C, +CO, <=>2CO g
*For CO shift reaction:  CO+H,0<=>CO,+H, |&*
*For Methanation reaction:3H, +CO <=>CH, +H,0 %0.8
*Energy balance between reactant and product s
©0.6
N . _ N _ . E
Zni(ho+hs)+Q: Zni(h0+hs) 20, ]
i_prod=l i_react=l
0.2
*Conversion Metrics
0 T T T i T = = —= —= = 40
E _ xl (283800) + X2 (28323712) + X5 (889000) o2 oz 0}'<3moleof airoi'r?p?ut per ngigof feedsto(():'lé15 0o 095

Equilibrium analysis for RTC coal showing CGE,
re and product gas composition

HHV,,
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Alr Alr-steam solar
gasification | gasification | gasification
Ilazdrmn CGE 70.94%% 71.64% O0.67%,
Termperature () 1247 1087 1516
co
(Kmoles) 07985 04582 0.94558
Ha
(Krnoles) 0.3113 06609 1.306
Ch
(Krnoles) 0.1611 049589 0.0141
Feedstock consurmption
(weight %) 16.a0%: 46.52% 1.32%%
Airinput
(Frnoles) 057 (.56 0
HazOritpat
(Kmole) 0 0.95 0.95
Additional Heat input
(I role) 0 0 2640710

Gibbs Energy minimization using Lagrange : G; , = g(n,,n,.....,ny)
multiplier
AGfl +RT1H( ) Z/lkalk = 0 (l = 1,2,. ,TL)
Niotal
List of species considered in the model
Species
C(g) CH|CH, [CH3 | CH, |CoHo [ CoHy | CoHg | CHg H H,
O |0, CO|CO, | OH | H,O [H,O, |HCO | HO, N N>
NCO |NH [NH, |NH3 |N,O | NO [ NO, | CN |HCN [HCNO|S(g)
S,(9)| SO | S0, | SOs[COS| €S | €S, | HS | HoS | C(s) |S(s)
1 P 10000
09 emperature (K
* T P (K) 2000 1000
0.7 - '\ 100
: - 1500 &
200 A @ T 10
EO.S 1 /" § E
Xo04 - e B - 1000%-’ z 1
03 ’,/:',./'-.__. [ o1
02 | ' - 500
o1 N 0.01
0.1

0.3

0.5

0.7

0.9
Air ratio (Kmole/Kmole of RTC-coal)




HIGH FIDELI"

la Arrhenius equatia

-1
. . =-=5C/min
Arrhenius Equation ----10 (/:/min
d X 95 4N e 15 C/min
— RN —20 C/min
_—— K (1 — X ) n ; K = Ae( E/RT) 90 - <« —Heat/flow-10C/min(W)
dt NN - 01
85 P
g Event 3 (Boudouard reaction/fi‘xed carbon) %
sIntegral method: £ N
= b5
In(l_ X) E AR 75 7 L ?):_01
In _ [ _I_ In Event 1 (drying/Moisture release)|
T? RT L E 7 ]
. . 65
*Direct Arrhenius plot method: | )
60 i i 0.001
20 220 420 620 820
1 XT - XT E 1 A Temperature (C)
In| — 2 Lll=——| = |[+Ih—
1 - X T2 - Tl R T ﬂ METHODS: INTEGRAL METHOD DIRECT ARRHENIUS APPROX. TEMP.
PLOT METHOD INTEGRAL METHOD
*Method of approximate temperature integral: heating Rate] Events  [EGa/mol] A (sect) [Eta/mon] Atsec) | E(0/mon | Atsech
d In P(u) C Drying 15.9 2.22E-01 8.3 3.26E-02 17.0 3.97E-01
— b + s 20 K/min Devolatization 64.5 2.19E+02 60.7 1.51E+02 66.7 3.02E+02
d u u Boudouard 152.0 4.71E+05 172.0 7.98E+06 155.8 5.59E+05
Drying 5.9 4.70E-03 8.0 1.96E-02 6.9 1.16E-02
15 K/min Devolatization 65.8 2.13E+02 64.2 2.16E+02 68.0 2.92E+02
Boudouard 173.8 8.03E+06 182.2 2.76E+07 177.8 9.18E+06
Drying 5.6 2.30E-03 4.7 3.90E-03 6.6 5.80E-03
10 K/min Devolatization 65.3 1.73E+02 60.5 9.66E+01 67.6 2.38E+02
A and E can be used in high Fidelity simulation Boudouard | 1712 | 3256406 | 1453 | 1166405 | 1753 | 3.76E406
Drying 10.9 5.80E-03 5.0 1.60E-03 11.9 1.18E-02
Devolatization 65.8 1.17E+02 56.2 2.62E+01 68.0 1.60E+02
Wednesday, October 12, 2011 Boudouard 168.1 1.61E+06 122.2 4.19E+03 172.2 1.87E+06




HIGH FIDELI
‘reaction kinetics

Mathematical System:

1) Continuity, Momentum, Energy, TKE (k), TDR (g):

20+ Zup--Z{r s,

? ox,

Time rate advective diffusion source

Reductorl «—

2) Transportation equation for m species:
0
S lom)+ 2 (ou,m )== (pD.m +ﬂt/Sct)—+R +5,

1

reductor

OX;

3) Reactlon klnetlcs |

ZVII' i CY> ZVI I’SI

kp,
' i=1 diffuser

N -
Ri,r = Mi,r(vi'tr _Vi',r [k chhgj @
j=1

k — Ae(—E/RT)

’ Symmetry (AXis) ‘

13m 13D

No slip Wall

Diffuser T

throat

4) Discrete Lagrangian particle: T Throat 4 16D
dUp —F ( ) ( ) . dip = combustor = Combustor D/4
U—U,)+0(op — /,OP,T—Up l o - D3
B dm, Ae-ERD[m _(1— £°)m°] The procedure for the calculation of pulverized feedstock conversion:
dt P v/ (a) Solve the continuous phase
T dm (b) Introduce and solve for the discrete phase
m.c, d_tp =hA(T.-T,) +d_tp hg +&,A0(Ty =T,) (c) Recalculate the continuous phase flow, using the inter-phase exchange of

momentum, heat, and mass determined during the previous particle

Wednesday, October 12, 2011
(e) Repeat the previous two steps until a convergence solution



HIGH FIDELIT

Reductor|

A,
- 4

Diffuser

roat

UStOI’I

Inputs

Top view

formation
mesh consists of 1,427,896 finite

hin 30 volumes of surface sweep
late axial scaling.
layer adjacent to the gasifier
Ils.
near-wall resolution to allow for
rather than direct resolution (i.e.

the exact gasifier topography.



ary and Operating

Feedstock Composition
Ultimate (wt%)

Volatile decomposition

Co.87H1.050026N0.024550002 — 0.239 CO + 0.002 H,S+ 0.443 CH,
+0.027 H,0+0.057 H, + 0.012 N, + 0.219 Cog7Ho13

CO Combustion

CO+0.50, — CO,

C
(0)
H
N
S

= Water-gas shift
Proximate (wt%

CO + H,0 < CO,+ H,

H, Combustion

H2+ 0502 i Hzo

CH,; Combustion

CHy+ 1.50, — CO + 2 H,0

CH,4 Reforming
CH, Reforming

CH, + H;0 — CO+ 3 H,
CO +3H, — CHy+ H,0

Tar Combustion

HHV (MJ/kg) 27.4
Gas flow rate (kg/s)

Cos7Ho13 + 0.902 0, — 0.87 CO; + 0.065 H,0

Tar Reforming

Cos7Ho13 +0.87H,0 — 0.87CO + 0.935H,

Char Oxidation

C(s) + 02 =l COZ

Particle loading (kg/s)

CO, Gasification

Ci)+CO; —2C0

H,0 Gasification

C(s)"‘ Hzo - CO0 + Hz

H, Gasification

Cisy+ 2Hy — CHy

Wall Temperature (K)

Pressure (MPa)
Turbulence Model

2.7
K-e Standard




ample Results

2.50e+03
2.39e+03
2.28e+03
2.17e+03
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1.62e+03
1.51e+03
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3.00e+02

perature field distribution. (a)
ing complete geometry. (b, C)
ser look at the combustor and diffuser.

3 Average gasifier temperature = 1493 K



2 Results
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i
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e+01
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* Gasification is . ustainable energy source
and efficiency e '

source for million of
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