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Advanced Power Systems
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[J. Phillips, “IGCC 101", GTC 2009] http://www.gasification.org/library/overview.aspx



Why Use Modeling?

Cost effective approach for evaluating performance,
operational impacts & emissions

» Improve understanding

» Estimate performance

» Assist with conceptual design
» ldentify operational problems

» Cheaper than testing

» More detailed information than testing

» Helps engineers make better, more informed decisions



Entrained Flow Gasifier Model

 Model Development
— CFD + Process models

Axial Gas

o > Velocity, m/s
* Allows modification of m 2C0
— Process conditions, burner characteristics -
— Fuel type, slurry composition | J.

— gross geometry
« Generic Configurations:
— downflow / upflow
— 1 stage / 2 stage
— based on public information

* Define Parameters with DOE
— Improved physical models
» pressure effects on radiation heat transfer

e reaction kinetics - 0.35
— high pressure, gasification w / inhibition Particle
. . .Char Fraction
» slag, ash (vaporization), tar, soot

e Collaboration
— N. Holt (EPRI)
— T.Wall,.. (Black Coal CCSD, Australia)
— K.Hein (IVD, U. of Stuttgart)

[Clearwater 2001-2008], [PCC 2002-2009],
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Glaclier Software

Glacier is REI's in-house, CFD-based
combustion simulation software

e Over 30 years of development

Over 15 years of industrial application

Designed to handle “real-world” applications
— Judicious choice of sub-models & numerics
— Qualified modelers



Modeling Coal Combustion 7

« Computer model
represents

— Furnace geometry

Combustion
Chemistry

Radiation &
Convection

— Operating conditions

Finite-rate
Chemistry

— Combustion processes

— Pollutant formation Surface

Properties

e Accuracy depends on
— Input accuracy

Particle
Reactions

Particle
_ Deposition
— Numerics
— Representation of physics
& chemistry



Flowing Slag Model
 Model accounts for: To/o—o/{i

— Wall refractory properties G
— Back side cooling
— Fire side flow field + heat transfer [y "
— Particle deposition on wall
» Local Deposition Rate
* Fuel ash properties

» Composition (ash, carbon)
e Burning on wall

e Slag model computes
— Slag viscosity
» Tcv = critical viscosity
» ash composition
— Slag surface temperature
— Liquid & frozen slag layer thickness Based on work by
— Heat transfer through wall - [Benyon], [CCSD],
[Senior], [Seggiani]

ﬂ Liquid Slag Hot Particles
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For model details see
- Pittsburgh Coal Conference 2002

[Dogan et al,
GTC2002]
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Presentation Notes
Flowing slag model is based on a slug flow flowing under gravity down a wall. 
couples flow field, heat flux and particle deposition on fire side to wall heat transfer. 
Can have back side cooling in model (shell type gasifiers do this).
Refractory life is a limiting item for gasiifers for power generation applications. 
Hence a model to provide insight on fuel impact on slagging is useful.
Used pieces of models from CCSD and Connie.
This is probably the best model around….most detailed, most thought,most physcis & chemistry….But is still only an approximation.
The concept of frozen slag on the wall is convenient for modeling, but probably not really physcially what happens.


Gasifier Slag Viscosity Model

*Derived for a range of coal ashes

=Curve fit as a function of SiO2, TiO2, Al203, Fe203,
CaO, FeO, MgO, Na20, K20 and temperature.

=References:

Kalmanovitch , D.P. And Frank, M., “An Effective Model of Viscosity of Ash
Deposition Phenomena,” in Proceedings of the Engineering Foundation
Conference on Mineral Matter and Ash Deposition from Coal, ed., Bryers, R.W.
And Vorres, K.S.,Feb. 22-26, 1988.

Urbain, G., Cambier, F., Deletter, M., and Anseau, M.R., Trans. J. Gr. Ceram.

SOC., Vol. 80’ P. 1391 1981. Based on mole fractions:
1. Calculate 14 = CaO + MgO + NayO + K50 + FeO +2Ti0

2. Calculate o =1+ AlhOg + FeqOg)

3. Calculate B= By + B1SiOg + By(8i09)2 + B3(5i07)3, where
By=13.8 +39.9355x - 44.04922
By =30.481 — 117.1505 2 + 129.9978 %
By = -40.9429 + 234.0486  — 300.04 22

53=060.7619 - 153.9276x + 211.1616 22

4. Caleulate 4 =-0.2812F5 - 11.8279
5. Caleulate '=0.43429%(4 + In(T) + 10005/T), T1s temperature in K

6. Finally: = 101, L8 the viscosity in Pa-s. %



Viscosity Model
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100

= Slag A measured
—a— Slag A model

Slag B measured
Slag B model
Slag F measured
Slag F model
Slag G measured

Viscosity (Pa s)

Slag G model

Slag K measured
—4a— Slag K model
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Gasifier slag data from Mills, K.C., and Rhine, J.M., “The measurement and
estimation of the physical properties of slags formed during coal gasification 1.
Properties relevant to fluid flow.,” Fuel vol. 68, pp. 193-198, 1989.



@Flowing Slag Model

Slag Surface Liquid Slag Solid Slag
Temperature Thickness Thickness
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Test case: -
—&— Seggiani

- 1 stage, upflow Prenflo Gasifier

at Puertollano, Spain IGCC plant
- 2600 tpd, dry feed, opposed fired
- water jacket to cool refractory

Benyon
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Presentation Notes
Comparison of REI, CCSD (benyon) and another researcher model for prenflo (shell type) gasifier. 
Qualitatively similar results. No data available for comparison. Show average values as function of elevation in gasifier. 
Probably biggest difference in models is number of grid points. 
In general, people think
 - liquid thickness is few mm. 
 - solid thickness is ~cm.
 note that in gasifier, solid slag penetrates the refractory so probably a poorly defined concept. 
We “work” with DOE-ALRC and Wate Bakker (EPRI), both of which are important groups working 
On refractory corrosion (trying to improve refractory mat’l).



Carbon Conversion

. 12
. Gas Temp., K

m 2300

e Carbon Conversion vs Time in PFR
» Contributions of Volatile Release and

Gasification Rxns

» [Roberts, Tinney, & Harris, CCSD, 2005]
» symbols refer to different coals

I1OOO

[Bockelie et al, 2002]

100
| o
— : o _____ 6 ---------
s 8049 1 Ty Axial Gas
c 4l o Particle Coal Fraction y . Velocity, m/s
o ¥ Char Gasification 0.80 200
9 60 i :J m-
o 8 I
: .
5 0.00 50
O 40-
c
@)
£
5 20|
o
0 . ;
0 2 4 6
Residence Time (s) Particle Char Fraction
m0.35
Figure 20: The stages of coal conversion highlighted using data generated in the PEFR. Up to I
approximately 0.5 s coal conversion is achieved by volatile release. The slower char conversion 0.00

processes are then apparent at residence times above about 1 s.



Effect of CO Inhibition on Carbon Gasification Rate
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 [Roberts, Tinney, & Harris, CCSD, 2005]
* symbols refer to different coals
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~ Gasification Kinetics — with inhibition

. CO, CO,, H,, H,0
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Presentation Notes
Inhibition due to CO is dominant. Slurry feed = co/co2 ~3, dry feed co/co2 ~ 40
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Gasification Kinetics — CO effects

Gasification Rate, g/g/s
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Gaslifier Issues

16

Reduce carbon conversion =» increase refractory liner Life
(Tampa Electric Polk Plant)

Carbon Conversion (% Per Pass)

99
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\
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40

Liner Life (Months)

50

@ Startup Liner

Commercial Liner

Humphrey Pittsburg #8

[TECO, July 2000]
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Presentation Notes
Classic slide from TECO plant DOE Final Report.  Shows that increase gasifier temperature reduces refractory life. 
Lower life => more plant shutdown which is expensive for refractory lined surface 
   shut-down, repair and re-start requires long time for refractory lined furnace.
This was motivation for the refractory improvements R+D performed by DOE in recent years. 


. o
Effect of Temp. on Carbon Conversion

* Increase gasifier volume (residence time) = small benefit
* Increase temperature = increase carbon conversion
BUT can reduce refractory life

Carbon Conversion vs. Residence Time

100

S 70 atm.
c
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>
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8 Increase
5 Stoichiometric
O 754 Ratio
0 ® =dry feed,
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Residence time, s 2079K (3200F)
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Presentation Notes
For dry feed, must go to higher gas temperatures for burnout relative to slurry feed because of lower water vapor concentrations 
and higher CO concentrations. CO2 gasification reactivity is lower than H2O reactivity.



Tar & Soot Model
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e Semiempirical model*
— Coal-derived soot is assumed to form from only tar.

— Tar yields is calculated by CPD model™ based on
measured coal characteristics.

— Three equations for conservation of the mass of soot
and tar, and the number of soot particles.

* Brown, A.L.; Fletcher, T.H. Energy Fuels 1998, 12, 745-757.

T Fletcher, T.H.; Kerstein, A. R.; Pugmire, R. J.; Solum, M. S.; Grant, D. M.
Energy Fuels 1992, 6, 414-431.



Assumed Soot Formation Mechanism

Brown, A.L.; Fletcher, T.H. Energy Fuels
1998, 12, 745-757.

---------------

Motivation:

1. Coal-derived soot undergoes different mechanism than
gaseous fuel (limited acetylene involvement)
nght Gas 2. The sum of soot and tar is relatively constant during

pyrolysis.
S S

‘mw FH AT SoA e A
R

Gasmcatlcllr

CPD Soot Model



Soot Model Evaluation
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NOXx, ppm
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Mineral Matter Transformation Pathways

MINERAL INCLUSION
(1-40y1) VAPOR

Hg, Se, As,...
Na, As, Se, He, ...
Mggiﬁﬁg“ggﬁggﬁgbs (Na. s, Se. He, ) CONDENSATION & SURFACE REACTIONS
FUME
(Cr, Co, V...) .' 0.01-0.50 n
e - OXIDATION &
\ NUCLEATION
,’ \ (Si0, ALO, Fe, \
1 Ca, Mg)
PYROLYSIS OAGULATION
e RESIDUAL FLY ASH
& 1-100 p
Fe, Si0, Mg,... GENERATED IN ASH PARTICLE ® ®
INTERNAL LOCALLY REDUCING e @
ENVIRONMENT CHAR BURNOUT - 0
& °0
PULVERIZED COAL CHAR PARTICLE ASH TRANSFORMATION & BEHAVIOR MECHANISMS
PARTICLE (50u)
[Lee, 2000]

DECREASING TEMPERATURE

1) Fly ash (residual solid)
2) Organometallics (solid + vapor)

3) Vapor (fume) created by reduction of stable condensed metal oxide (SiO2, MgO,
CaO, Al203, FeO) to more volatile suboxides (SiO, Al20) or metals (Mg, Ca, Fe)

MO, (c) + CO < MO, ,(v) +CO, N
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2 Stage Gasifier — Vaporization Along Representative Particle Trajectories

25 to 60 micron

. -t

Vaporized Fraction Mg Vaporized Fraction All Ash Vaporized

Fe
w1.0E-0QO01 »5.0E-002 w1.0E-001 w2.0E-001
IO.OE+OOO IO.OE+OOO IO.OE+OOO IO-0E+OOO

Fraction Si0 Vaporized F‘raotio



Ash Vaporization Summary
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Mass Fraction of Inlet Ash Vaporized

(relative to initial total ash mass)
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Dry feed systems operate at a higher temperature than slurry feed, resulting in 
More ash vaporization. 


Syngas Cooler Fouling
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REI fouling model = mechanistic model that
iIncludes impacts of

— ash properties (individual particle composition, particle
size, temperature, density, viscosity, surface tension),

— included/excluded minerals (e.g., pyrite),

— local conditions (gas composition, temperature, heat
flux to surfaces)

— properties of deposits (composition, temperature,
density, viscosity, surface tension (if wet)).

— refine model to account for data from NETL gasification
studies [Gibson, 2009]
Model predicts
— properties of particles exiting furnace in-flight,
— deposition rate (growth rate)
— properties of sintered deposits on walls,

— impacts of fouling on gas phase properties, overall heat
transfer, etc.

— emissions of Ca, Mg, Fe, SIO from ash that react in the
gas phase to produce submicron aerosols (e.g., FeS)
observed by Brooker [1993, 1995] which forms part of
the glue for the sticking

Model builds on work of many investigators

— [Walsh et al., 1990, 1992], [Wall et al., 1979, 1993],
[Gallagher et al., 1990, 1996],
[Senior and Srinivaschar, 1995],
[Wang et al., 1997, 1999], [Quann and Sarofim, 1982]

B 4
Flgure 1. Example of plugged CSCinlet
tubesheet [Polk, 2002].

Heat Transfer

Poond g+~ Cconv e ot Gas
Qreft Qe
Tsurf
IGas Flow

Particulate  Highly sintered
Deposit Deposit

Figure 2. Schematic of REI Fouling Model.
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Deposition Rate
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-

Figure 4. Predicted deposition rate on rear
wall of 800 MWe coal fired boiler.



Gasifier - CFD Model - transient

Center Plane Near Wall Mean / Max
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Challenges for IGCC / Gasification

NYMEX Matural Gas Futures Near-Month Contract Settlement
Price, West Texas Intermediate Crude Qil Spot Price, and
Henry Hub Natural Gas Spot Price

$12 1 -
& http://tonto.eia.doe.gov/oog/info/ngw/ngupdate.asp
= I |
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_ = = = =WTlSpot Price
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Moate; The West Texas Intermediate 0WTH crude oil price, in dollars per barrel, is converted to $MMBtU using a conversion
factar of 5.80 MMBtU per barrel. The dates marked by vertical lines are the MYMEX near-month cortract settlement dates.
Source: Matural gas prices, NGFs Daily Gas Price Index (hitp iinteligencepress com); WTl price, Reuters Mews Service
[http: Moy reters . com).

Coal-fired gasification power plant cost rises by $530 million

16 April 2010 ~ Duke Energy Indiana told regulators the cost of its 618 MW
Edwardsport coal gasification plant under construction in southwest Indiana
will rise from $2.35 billion (or $3,800/kW) to $2.88 billion (or $4,660/kW).

[http://www.duke-energy.com/indiana.asp] %
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