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Agenda

e Overview of NETL’s Office of Research and
Development’s Gasification R&D

 Overview of Gasification Modeling Activities Part 1
— Refractory Improvement
— Conversion and Fouling
— AVESTAR Center

 Overview of Gasification Modeling Activities Part 2:
Low Rank Coal Optimization

— Carbonaceous Chemistry for Computational Modeling
(C3M)

— Three Examples of Uncertainty Quantification (UQ)
— Multiphase CFD
— Proximate and Ultimate Analysis
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Gasification Team

Gasification Team R&D Structure

Refractory

Improvement

Improved
capacity
factor for
lower COE

Conversion &
Fouling

Higher
efficiency

by enabling
syngas heat
recovery
without fouling

URS Carnegie Mellon

N - B

Low Rank Coal
Optimization

Enable low-
rank coal and
mixed feed
gasification
performance
prediction and
improvements

PENNSTATE

[ Zive)

Warm Gas Clean-
up

R&D to
address EPA
trace metal
rules

WestVirginiaUniversity

AVESTAR Center

Develop IGCC
training
strategy and
approach.

[ VirginiaTech

Invent the Future
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Refractory Improvement: Modeling

INPUT

- Ash Data

COMPUTER
MODEL

chemistry
quantity
pct. -
- Gasifier Conditions
temperature

- Thermodynamic Computations
- Computer Modeling Predictions
- Literature

- Laboratory Test Data

OUTPUT

- Slag Characterization
melting point
solid/liquid/vapor phases formed
viSCosity

gas environment

"| - Predict and Control

additives to capture specific gas phases in slag
refractory/slag interactions

additives to control slag viscosity/corrosion

GOALS
e Primary - control

refractory wear and

slag flow

e Secondary -
minimize syngas
cooler fouling

j -\
.
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-1 N

L

Refractary
corrosion

BER &% ..Griﬂféafélag"flow
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Conversion and Fouling: Modeling

Goals: Model the effects of
various coal and/or petcoke
fuel properties (for various
density and size fractions) on
unconverted carbon and
syngas cooler fouling in

b
2
o~

w
Q
=

=
=]
&~

Wit% of flyash unburned carbon
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entrained flow gasifier

systems.

50% _Ir_,_,_,_,,_,_,_,

FCThreshold, %

™
40 ~—
25 T
15
463

Mean Particle Size, microns

0 675

Objectives

Develop heuristic spreadsheet-based reduced
order model (ROM) to predict mineral matter
split between slag and flyash for entrained-flow

gasifiers.
Develop sub-models for particle-slag

interaction, particle fragmentation, and mineral
matter chemistry (sulfur release) and implement

into CFD multiphase model.

N - B

WestVirginiaUniversity
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AVESTAR"Center:

Modeling

Advanced Virtual Energy

Simulation Training And Research
* Mission: « High-Fidelity Dynamic Model

— Comprehensive training, — Normal base-load operations
education, and R&D on the

efficient, safe, and reliable

— Mulitzonal kinetic reactor models

operation of clean energy — Startup, shutdown, load following
systems  Facilities:
e Tools: —NETL, WVU/NRCCE in Morgantown, WV

— Dynamic Simulators with
Operator Training Systems  , partners:
(OTS) 'Y

— 3D virtual Immersive IN=TL
Training Systems (ITS) (e

. Regional University Alliance

WestVirginiaUniversity.

e Simulators:
— IGCC w/ CO, capture
(OTS-3/11, ITS-2Q12)
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Low Rank Coal Optimization: Multiphase Models

Goal

— To develop an hierarchy of
models for numerical
simulations of gasifiers with
a framework in place, to
guantify the uncertainty
associated with each
model’s predictions.

ROM

Filtered-continuum

PIC Continuum

Objective

— NETL’s open source suite of
multiphase solvers such as
MFIX-DEM, MFIX Time-to-solution
continuum, MFIX-PIC and

rl\r/llgldtleplga\llsl(lal Ik:\))eedlé%eddtc?;clic?l;n Quantifying uncertainty, implementation of
u kinetic sub-models and time-to-solution are

the design and optimization . . . _
of operating conditions and the primary needs in reacting multiphase
CFD models

establishing performance
trends in the NCCC/TRIG.
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Agenda

 Overview of Gasification Modeling Activities Part 2:
Low Rank Coal Optimization

— Carbonaceous Chemistry for Computational Modeling
(C3M)
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What i1s C3M?

« Chemical Kinetics Management Software

— Provide a user friendly, comprehensive interface between
reliable sources of kinetic data and reacting, multi-phase
CFD models, spreadsheet or ROM’s and other models

— Provide “Virtual Kinetic Laboratory” for quickly assessing
the validity of a chemical equation sets before going to full
scale expenswe models

MFiX

ANSYS FLUENT

StandAloneMode |
(Virtual Kinetic Laboratory) [

BARRACUDA

Process,
Spread Sheet,
Reduced Order Models

SOEEE

NATIONAL ENSRGY TECHNOLOGY LASORATORY



Why is C3M Needed?

1. Multiphase chemistry is complex (especially gasification)

— Real world chemistry can involve hundreds if not thousands of
chemicals and reactions

— Modelers simplify to as few as 10 or up to about 30 to capture
major effects

2. The literature availability is vast, searching for and applying
Kinetics Is very time consuming

Not all kinetic expressions are suitable for or stable in CFD
Literature values are prone to error and have to be validated

5. The process of gathering, implementing, testing, and
validating kinetic expressions in a CFD or other model can
cost 100’s of man hours

B W

» C3M can provide tested and validated kinetics to a modeler or
researcher in minutes saving time and money in multi-phase,
reacting, CFD or other model development
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What Does C3M Provide?

 Direct links to kinetic data sources termed “Kinetic Packages” with appropriate
licensing

— MGAS, PCCL, CPD, FG-DVC, and NETL Data
« Chemical expressions and kinetic rates for gasification
— Moisture Release
— Pyrolysis (Primary, Secondary, and Tar Cracking)
— Char Gasification
— Soot Gasification
— Water-Gas-Shift
— Gas Phase Combustion
— Char Oxidation
— Soot Oxidation
— Tar Oxidation
e Thermodynamic data for “Pseudo Species”

» Fuel Composition to be used in CFD (fixed carbon, volatile matter, moisture, and
ash)

— Note: the information is similar to the proximate analysis for a fuel but determined
under different heating rates and temperatures than the standard test, so the values
may be different

 Graphical plots showing product composition and rates
« A comprehensive report detailing all equations in the chemical system

 Formatted input files for ANSYS FLUENT, CPFD BARRACUDA, and NETL’s MFIX and
custom options for specific output
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E, [kJ/mol] or ko [1/s]

What Does C3M Provide?

Sample

“CasE Do o Kinetic Data for Fuel Flexibility
— Completed test campaign for
Quartz southern pine and PRB for co-
To Vent pyrolysis

Drierite
Filter

— Found that product gas
distributions vary linearly with
o7 &TG Vs biomass weight fraction but

Spec

) I kinetic rates do not

— Data analysis is complete and
reduced to a functional module
within C3M

— Testing is under way for co-

i I e gasification kinetics

Filter
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What Does C3M Provide?

@ C:/C3M_Working_Dir/Project/ - C3M v.2.0

File  Tools  Help
Hllinois #6

METL Co-Pyrolysis Data
Water Gas Shift

Gas Phase Combustion
Tar Oxidation

Ny = By ™ Mg £ vy,

1; Bdrar = ad
Bdi=MF 1007 (1-FC_m}
ad =1-Z; B
A= (K + 7)™ Koin

Add - ———— e

Fuel
Proximate Analysis
Fixed Carbon wolatile Matter Ash
45.97 34.70 9.10
Ultirmate Analysis
Carbon Hydrogen Oygen Nitrogen
79.67 5.23 10,04 1.49
Kinetics
Chemistry Sub-Madel Kinetic Packages - Pyrolysis Canditian
Pyrolysis mMeas | e
Char Oxidation PCCL
Soot Oxidation CPD
Mpisture Release FG-DvVC
Gasification

Moisture

10.23

Sulfur
3.47

Heating Rate = 1000
Heating Rate = 1500

Equations

Devolatilization Only:

Volatile Matter -» + CO+ CO, + CHy +
H, + H.O + HCM + HzS + ONHz +
CoHg + CaHe + CaHs + 0C3Hg

7] Texp (- JRTs ) & pe™ (Mam - XC)

y=%M, Tar, CO, COz, CHa, Hz, Hz0, HeS, NH3, CzHz, CoHs, CabHa, CeHe; B =

Easy, Intuitive, Reliable, and
Graphical User Interface

— No cryptic text based
systems

— Intuitive work flow
— Easy data visualization

— Speed in building complex
chemistry models

— Reliable and tested sources
of information
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Work Flow: Open C3M

4 N

C3M

a m Carbonaceous Chemistry for
3™ computational Modeling

g L

N 7
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Work Flow: Input Standard Fuel Properties

File Tools  Help

® Add Fuel ﬁ

Requirerments
Proximate Analysis == 100
Ulitmate Analvsis == 100

Narne: | linois #6

Proxirmate Analysis
Fixed Carbon  Volatile Matter Ash Moisture

4597 (& |m70 4 910 3 ez 2

[ Normalize Pi = 100 |

Ultimate Analysis - Dust Ash Free
Carbon  Hydrogen  Owxygen Nitrogen Sulfur
70.67 5.3 10.04 140 (& 347

| Mormalize LA = 100 |

Surmmation
Proximate Analysis = 100
Ultirmate Analysis = 100

[ Set ] [ Cancel ]

Add Remove
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Work Flow: Run All Desired Sub-Models
n
® C:/C3M_Working_Dir/Project/ - C3M v.2.0 M= X
File Tools Help
Illinois #6 el
Froximate Analysis
Fixed Carban Yalatile Matter Maisture
45.97 34.70 10.23
Ultimate Analysis
Cartion Hydrogen Qxygen Mitrogen Sulfur
79.67 5.33 10.04 1.49 3.47
Kinetics
Chemistry Sub-Model Kinetic Packages - Pyralysis Condition
Pyrolysis MGEAS
Char Oxidation {PCCL
Soot Oxidation CFD
Moisture Release FG-DVC
Gasification METL Co-Pyralysis Data
\ater Gas Shift
Gas Phase Cormbustion
Tar Oxidation
Fun
Equations
Devolatilization Only: 2
Wolatile Matter -» adr, + ﬁngCO + ﬁdCDQCOQ + ﬁdCchH4 + ﬁdHQHQ + ﬁdHQDHQO
+ BducnHCN + BduzsHzS + PduwaMNHz + PdezniCoHa + PdeonsCats + PdeansCabHs | =
+ BdezueCate
ra=ATexp(-Ea/RTs )" &7 ps " (Hum - )
My = By ™ Mhavag / Moy,
W= VM, Tar, CO, COz, CH4, Hz‘ HQO, HQS, NHg, CQHQ, CQHB, CgHg, CBHS; BdVM =
1, Pdra = ad
Bdi=MF 1007 (1-FC_m)
ad =1-%;Bd
o= (K0 + %)™ X min
w
Add ][ Remave ]
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Work Flow: Run All Desired Sub-Models

LV
® | X
llinois #6 FLel
Proximate Analysis
Fined Carbon Yolatile Matter Ash Maisture
45,97 34,70 9,10 10.23

Ultimate &nalysis

Carbon Hydrogen Oxygen Nitrogen Sulfur
79.67 5.33 10.04 1.49 3.47
Kinetics
Chemistry Sub-Model Kinetic Packages - Pyralysis Condition
Pyrolysis MGEAS
Char Oxidation PCCL
Soot Oxidation PO
MDISTIN
saoncd @ PCCL Testplan Data ﬁ
Water
?:rsg; () Mat Specified (%) Devolatilization Cnly
S TEAS
') gy () Tar Cracking
O Sweep Pressure
() Sweep DP () Secopdary Pyrolysis/

Sook F i
@ Sweep Heating Rate i

Equatio Set

Devolatilization Only: i

Wolatile Matter -» adr, + PdeaCO + BdeozCOy + BdepsCHa + PdpzHz + BdpzoH:0O
+ BdpcnHCMN + BluzsHzS + BelupaMHz + BdeznaCoHa + PdezreCabs + PdcaneCaHa
+ PdoaneCats

re=A*exp(-Ea/RTs )" &% ps* (Hym-5C)
My = B, ™ Tl £ Il
y = VM, Tar, CO, COy, CHa, Hz, Hz0, HzS, NHs, C2Hz, CzHs, CsHs, CoHe; Bl =

T, Pdrar = ad
Bd =MF /1007 {1-FC_m}
ad=1 —Zi Bd.

K= (O + 30" K i

-
Add Remove
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Work Flow: Run All Desired Sub-Models

. LV
F .
File | % 5 = ?
% PC Coal Lab File Setup Q ; .
Illinai
Fuel Desciiption
COAL_NAME
FC P Ash Ioisture
45.9 347 91 10.23
| A | ‘ | coalt |1 j
#C %H %0 N %5
|ra67 533 [10.04 143 [347
g read a Get Properties
wiiite ta Coalpe execute Coalpe. dat file from DB
label by Operating conditions  Fate law Calculate rate parameters for...  Report options
o Tintial [C) 25 v SFOR v Weightloss Iv Major products
o Tlultimate (C]) [1225 25 [~ DAEM | Tarrelease I¥ Moncondensible gases
[T C25M ¥ Gasreleaze ¥ Hydrocarbons
@, (C/s) [500 v CO2Z release [ Mitiogen-species
o2 %02 g V¥ H20 releass ¥ Dupgen-species
b P (MPa) (0506625 ¥ CO release ¥ Tar compositions
TR/Q0 * ¥ Hydrocarbon release I¥ Char compositions
Tlirp] [5] ’4— . e
v HCN releaze v Azsign global devolatiization rates
' p [micron] (100 olatile-niragen release eport secondary pyrolysis products
op dp [micron] I “olatile-nit | R d I d .
™ Char-nitrogen evolution (O ¢ N T [fad]
TestS Iv Azsign global char conversion rates
SR DEGERES I~ show screen output 1
¥ Repart char conversion histories =
" FF v G
‘wiite to Testplan
[=]| " drop tube (* wire grid
condtion# |1
=] read a
testplan. dat file
-
4
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Work Flow: Run All Desired Sub-Models
n
 C:/C3M_Working_Dir/Project/ - C3M v.2.0 M= X
File Tools Help
llinois #6 FLel
Proximate Analysis
Fined Carbon Yolatile Matter Ash Maisture
45,97 34,70 9,10 10.23
Ultimate &nalysis
Carbon Hydrogen Oxygen Nitrogen Sulfur
79.67 5.33 10.04 1.49 3.47
Kinetics
Chemistry Sub-Model Kinetic Packages - Pyralysis Condition
Pyrolysis MGEAS ‘Heating Rate = 500
Char Oxidation [FEEIL Heating Rate = 1000
Soot Oxidation CPD Heating Rate = 1500
Moisture Release FG-DVC
Gasification METL Co-Pyrolysis Data
Wiater Gas Shift
Gas Phase Combustion
Tar Oxidation
Run
Equations
Devolatilization Only: 24
Volatile Matter -= 0.497133 + 0.086218C0 + 0.0452645C0; + 0.0775562CH, +
0.0310385H; + 0.112083H0 + 0.0125016HCN + 0.0676812H;S + OMH; + E
0.0334095CH, + 0.00991507C Hg + 0.0271587C3Hg + 0C;Hg
rg=107.9% exp (-T060 FRTs )" &7 0: ™ (Ko - X0
My = B, ™ Tl £ Il
y = WM, Tar, CO, CQy, CHa, Hz, H2O, H:S, MNHz, C2Hz, CaHs, CaHe, CoHs, B =
T, Pdrar = ad
Bdi=MF; /1007 (1-FC_m)
ad=1- Zi Bd.
K= (O + 30" K i
[v
Add ][ Remove ]
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Work Flow: Compare Results

@ Analysis

Pyralysis ‘

Package Selection

Drynamic Repork

&
I

053

PCCLANG_swHR/(HR=500) M

NATIONAL ENSRGY TECHNOLOGY LASORATORY

linois #oPyrolysis PCCL Heating Rate - 500 o recunclllC R o ==
Tllinois #6:Pyrolysis PCCL. Heating Rate - 1000 Devolatilization Only: o8t
flince &8 Byiclle FOCLI e Mg Reita 2B Volatile Matter - 0.497133 + 0.036218C0 + 0.045264  aus|
+0.0775962CH, + 0.0310385H; + 0.112083H,0 +
0.0125018HCN + 0.0676812H,S + ONH, + 00334095 s f
0.00991507C2Ha + 0.0271587CaHa + 0C:He
rg=107.9% exp [ 7060 /RTe ) * 67 e ™ (Kuym - 5
My = By ™ My [ Wl é
y= UM, Tar, CO, COz, CHa, Ha, 20, HaS . NHs, CoHa, C & °
CaHg, Ceble; By = 1, Bdvar = ad 02l
B =MF /100 {1-FC_m)
od=1- % Bd;
o
K= (K0 + 2% ) Ko
e coz o
Devolatilization Only: [
“PCCLANGE_swHR/(HR=1500)"
Yolatile Matter -> 0.516082 + 0.0819844C0 + 0.044145 =5 =
+0.0756779CH, + 0.028169H; + 0.109313H.0 + &
0.01M7T21HCN + 0.0653773H,5 + ONH, + 0.0319529C | weo -
0.00945974C,Hs + 0.0260668C:Hs + 0CaHe e |
= 1718 7 exp [ 6790/ RTe )" &7 e ™ (Kum - 5)
My = B, ™ M /Wl
y= VM, Tar, CO, COz, CHa, Ha, H:0, HS, MHs, CoHz, G, "
CzHs, Cebley B = 1, Bdrar = ud
Bd; = MF, /1007 {1-FC_m )
od = 1- F; B
Plat
Spedes Reaction in Mazx s s
o M Devolatiization vields vs. time RS ] 0,45 j::Gma &
ECO)2 > > % > » - x » x
- CH4 o
:so Expnrt - M o 0.0822 0.868 M:m.lul;“ 142 122 133 1.46 18 1.76 1.54 2.4 236 an
Tar ”
—— 4l vields
loaia)
loa(E}



Work Flow: Select Input for Global Model
rliExport ﬁ“

lllinois #5 Kinetics
Pyralysis MGAS Heating Rate = 500
Gasification FCCL ] Heating Rate = 1000
Water Gas Shift CPD [] Heating Rate = 1500
Condensed Phase Combustion FG-OWC
Gas Fhase Combustion METL Co-Pyrolysis Data

Tar Combustion

Dynarmic Report

Devolatilization Only:

Volatile Matter -= 0.4597133 + 0.086218C0 + 0.0452645C0; + 0.0TT75862CH, +
0.0310385H; + 0.112083H,0 + 0.0125016HCM + 0.0676812H:5 + ONH; +
0.0334095CH, + 0.00981507TCaHg + 0.0271587 CaHg + 0C3Hs

ra= 1079 % exp (-7T060/RTs ) ¥ & ™ o™ (Haym - )
My = Bk, ™ Mty £ Mo,

y =W, Tar COLCOy, CHa, He, H:O, HeS, MHs, CaHz, CoHe, CalHs, CalHs, Bokaa =
1. BdTar = [-Id

B =MF 1007 {1 -FC m}

sdd | Remove ] CFD Code: L Export
i
TR
AMEYS FLUEMT
BARRACLIDA
Report
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Work Flow: Generate Input Files for CFD

# This file vas generated by G3K
version 1500

# Naterial properties ... must be before init
HaterialProp 1
o atace 5
density 2.931000e+03
mwolecular_weight 1.200000e+02 o ifs A AR R A R
10_hi_temp 10000006403
aelea nt (298) 50000008 430

ena Faverial
endiaterialProp

# Particles (aka Solids)

Solids 1

solidsDeseription
Zolidspeld
massPerval 0.000000+00
solidMaterial
materiallame “C"
massFraction 4.342000e-01
endSolidNaterial
solidMaterial
materinliame "Ash”
massFraction 2.051000e-01
endsolidnaterial
solidMaterial
materiallame "H2O_s"
massFraction 1.8000002-01
endsolidfaterial

[CH4] ¢ p solidMaterial
materialName "VOL"
o . massFraction 1.807000e-01
endgoliaNatecial

C3M

Carbonaceous Chemistry f
Computational Modeling

typebrag
multiplier]
z %

constant

coef1

coetz

aulones at 100 - -y

1.500008-05 #

radfile i
endhgglomerac ion

. betad_e2h4 = 0 .
9., peraa nzo = of ®

petac_c2nd = 0

- via the file : £ .
Coal Injector wmaxio) - o
MU_g{1)
w_aie) \
m_gi3) ™
n_g(4)
n_g(s)
_gi(6) -e«Carbonaceous Chemistry f
:

W gtn) S Computational Modeling

" nV_g(8)
NEAZ (1) »
MV_s{i,1) = 12 # Fixed Carbon (FC)
MU _s(1,2) = 56 # Volatile Matter (VM)
MV s{1,3) = 1B # MNoisture

static douwsle cim_aes:

— No need to research, develop, i B3 S

static dousle cim g3

test, and validate the extremely o

ep_a = 0.;
double mass_total d = 0., mass total ¢ = 0.;
double mw_co = 26.01055, mw_coZ = 44.00995, mw_cht = 16.04303, mw_c2

complex chemistry model e e
C3M

double heatd,
o Carbonaceous Chemistry f

— Can allow for easy testing of ot "] G S oo

ash_ar .

< 4 multiple chemistry models with a s —
minimum of effort
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The Future of C3M

e Current and Planned Activities:
— Release of Version 2.5 with new GUI ( Fall, 2012)

— Incorporation of a virtual drop tube and a high speed TGA
through NETL’'s MFIX-DEM and MFIX-MPPIC models /

— Incorporating Uncertainty Quantification (UQ)

M 111 ./' N
—— /
_ 1200 00 . /
= l
-}
§ . . /
g0 $ € /
- 1 T
B 900 & 00 / L
[3 " / 1
SR
2 g / l
n ) l
: 1
600 00 1 / 1

_ NATIONAL ENSRGY TECHNOLOGY LASORATORY




The Future of C3M

Increase breadth of validation test cases Gasification Sweep_, & s
Gas

— Include kinetics from literature Inlet
— EXxpand co-gasification kinetic database
— High pressure and temperature kinetics
— Expand reactions for minor species (BTX, PCX) f

Drierite

— Include reactions for nox/sox Filter

Build modules for other processes Filtet .
— Mercury Capture R Spec
Ice Bath — Copperpggil
- C02 SOI’bentS Tar Trap
— Chemical Looping -
o WestVirginiaUniversity

— Oxy-combustion

PENNSTATE
i)
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Agenda

 Overview of Gasification Modeling Activities Part 2:
Low Rank Coal Optimization

— Three Examples of Uncertainty Quantification (UQ)
— Multiphase CFD
— Proximate and Ultimate Analysis
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Uncertainty Quantification in Reactive
Multiphase CFD Models

 In order to accelerate gasification technology deployment
from pilot scale to commercial scale, model predictions
have to include the appropriate confidence interval

« Validation standard uncertainty from any model comes
from three sources

— Numerical uncertainty
— Propagation of input uncertainty through the model

— Uncertainty in the experimental data

 Non-intrusive technigues can be used to quantify the
propagation of input uncertainty throughout the model’s

domain
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Input Uncertainty Propagation and
Quantification — Non-intrusive method

‘Applicationinputs e Pk

® o
°
e o o @
“e oo N,
e o o i
o® e
° ™

Sampling €=
‘ design L

UQ engine
(PSUADE)

Dccurence counts

(parameters &
design variables)

Advantages
=No need to modify simulation models: “black boxes”

= No need for analysis of the mathematical structures in the
model

=Probe sub-model sensitivity

N

inputs Simulation
Model

Analysis Model:

 Fit Response Surface

e Conduct UQ

» Analysis on RS, e.g. perform
Sensitivity Study

outputs

(response metrics)

Disadvantages
=May require large sample size for sufficient accuracy

= Model form uncertainty and numerical approximation
uncertainty are disregarded.

=Assumptions on the fidelity of the surrogate model
NATIONAL ENSRGY TECHNOLOGY LASORATORY



Example of UQ Analysis: Multiphase CFD

Goal: To characterize changes in

syngas _com_po_sition due to I s
uncertainty in inflow gas 1724
temperature, in a transport s
gasifier simulation o
 Kinetics generated by NETL's e
C3M kinetic package coupled to l01g
ANSYS/FLUENT CFD model .
« Uncertainty in gas temperature e
— Inflow gas temperature .
varying from 1100 K to 1500 K .
e Output or response variables of 314
Interest:

— Time averaged mole fractions
(CO, H2,CHA4..))

— Reactor temperature and
conversion

(A)

0.51 JL

0.58
0.55
0.52
0.49
(.46
0.43

(B)

0.51
0.48
1.46
0.43
0.41
0.38
0.36
0.33
0.31
0.28

0.25

0.20

0.08

A

Flow
direction

[\

Coal

Recycle

Time averaged temperature (A), coal volume fraction (B) and CO
mass fraction (C)
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Example of UQ Analysis

1. Develop simulation design .
matrix by defining temperature ™ v

range. !E
2. Conduct CFD simulation for 0.06
each point in the matrix. 15
3. Regress response variables 5
into a surrogate model using o
adjusted R? values. o
4. Use surrogate model to i
perform Monte Carlo o o
simulations on the surrogate I ! ’ I .
model to explore the effect a U ¢
certain temperature distribution ()

has on response variables.
5. Sensitivity response and
probability distribution

functions.

. Multiphase CFD

(B)

0.13
012
.11
0.11
0.10
0.09
0.09
0.08
0.08
0.07
0.06
0.06
.05
(.04
(.04
0.03
0.03
0.02
0.01
0.01
.00

Time averaged hydrogen (A), CO,(B)
and Tar mass fraction (C)
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Example of UQ Analysis: Multiphase CFD

 The effect of uncertainty in the inlet temperature was
Investigated by propagating it through the surrogate
model and observing the variability in the response

variables.

« Example, the effect of
Inlet gas temperature
on H, mole fraction:

Histogram and cumulative
distribution function for this test
case for a normal temperature
distribution using a mean of 1400K
and SD of 25K

Relaive Frequencies

Histograrm

Time &veraged HZ Maole Fraction

0.25 01 015

Est. Cumulative Distribution Function
1

i} i
0.25 0.3 0.3z
Time Averaged HE Maole Fraction
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Example of UQ Analysis: Proximate and Ultimate

Analysis

Coal Type: Pittsburgh 8

[Proximate Analysis: Ultimate Analysis: . .
[Source: [ Volatite matter | Fixed Carbon] Moisture | Ash %c | %H | %0 | %N | %s (1) L t t y f I bl
[Refw s I 1.00 780 | 8420 | 610 | 660 | 150 | 160 Iterature surve or avallable
[Refi2 37381 52.07 108 890 | 8421 | 558 | 496 | 153 | 386 . . .
|R:f#3 35.40 56.30 1.40 650 | 8290 | 560 | 770 | 160 | 220 prOX|mate an aIyS|S (PA) and UIt|mate
[Ref#a 35.26 55.63 155 756 | 8219 | 552 | 861 | 165 | 203
|Ref #5 41.10 50.02 2.02 6.86 82.47 547 7.76 1.70 2.60 | H U A d t f Ptt #8
|R:f#6 40389 39.76 194 7a1_| 8230 | 556 | 792 | 171 | 251 ana yS|S ( ) ata 10r Fi
[Ref#7 39.30 49.00 100 | 1070 | 8143 | 521 | 951 | 159 | 227
[Refus 35.66 55.44 166 724 | 8318 | 569 | 584 | 15 | 373
[Ref#a 3$352 57.69 1.00 775 [ 8370 | 598 | 426 [ 15 | 453
[ref 10 3641 57.60 187 203 | sa70 | 540 | 726 | 171 | 093
| (2) Samples generated to reflect the
[Mean 36.89 5413 145 757 | 8313 | 561 | 704 | 161 | 263
|std D 2.79 355 0.41 167 1.06 0.26 163 0.08 111 t 1 t 1 PA d UA
[Max = 4110 57.70 202 | 1070 | 8470 | 610 | es1 | 171 | 453 uncertain y N an .
[Min 33.50 9,00 1.00 403 | 8143 | 521 | 426 | 150 | 093
Distributions
Fixed Carbon Ash % C % 0
(3) The samples generated are then |
simulated in C3M to observe the [ - l H
effect of input variability on the \ ] ; )
T4 H ummary Statistics ummary Statistics Summar y Statistics Summary Statistics Summary S
quantities of interest such as CO Nem  mamms wem o menes M o gen o mews e o omm
Std Err Mean 0.0814866 Std Err Mean 0.0902082 Std Err Mean 0.0724399 Std Err Mean 0.0349737 Std Err My 0.0521293
pper 95% M 37.493874 Upper 95% M 53.829112 Upper 95% M 7.6572118 Upp 5% M 83.0986 tlg\ss: ﬁﬂi?i;ii
N 635

- - - Upper ean er ean ean er 9 ean
I e tar I e O r re aCtI O n rates Lower 5% Mean 37.173842 Lower 5% Mean 53.474825 Lower 95% Mean 7.3727094 Lower 95% Mean 82.961243
y . N 635 N 635 N 635 N 635

(4) Sensitivity analysis performed Sensitivity Analysis of Tar Yield
) w.r.t. Ultimate Analysis Elements
using the results to understand the

id%

effect of uncertainty in ultimate ‘
analysis elements on yield or
reaction rates
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Example of UQ Analysis: C3M

Pyrolysis gas yield response to Heating Rate,
Temperature, and Pressure within C3M

e Uncertain input parameters Mesh Plot for Xgar Contour Plot for Xg,ar
— Heating rate (C/s) [200 — 9727]
— Temperature (C) [500 —1010]
— Pressure (kPa) [861 — 3447]

« Response surfaces for volatile gases are oaals 30
generated

-10.31

Temp

P 103
0.28]

E 029

« Conduct Monte Carlo simulations to generate
PDFs for input parameters:

— Heating rate: Normal (u = 3000, 0 = 1000) >
— Temperature: Normal (1 = 800, o = 100)
— Pressure: Normal (1 = 2000, o = 500)

026"

0.28

0.27

1000 0.26 L

5000

. . o Temp 50070 HeatRate =08 2070040-0060008000
« Propagation of input uncertainties are HeatRete

examined by Direct Monte Carlo simulations on
C3M and Monte Carlo simulations via surrogate
model

Response surface for propagating input
uncertainty in tar pyrolysis process
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Example of UQ Analysis: C3M

Pyrolysis gas yield response to Heating Rate,
Temperature, and Pressure within C3M

Jpp—
—
Histogram of tar, RS_tar
Normal
0.21 024 027 030 033 036 039
tar RS_tar direct MC (tar)
1800 Mean 03245
StDew 001376
1600 N 10000
Il T RS _tar
1400 i Mean 03245
StDew  0.01366
g' 1200 / N 10000 — —— 038
g 1000 \ I:D , pecies Mass Fraction for tar
e
£ soo
600
400
200
021 0.24 027 030 033 038 039
Direct Monte Carlo Simulation MU Simulation via Surrogate Model 01- 0].'

No major differences in the output parameters -
between direct MC simulation and MC simulation
via surrogate model

Cumulative Density Function plots generated via Direct Monte
Carlo simulation to assess the likelihood of achieving desired
level of species under prescribed input uncertainties
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Example of UQ Analysis: C3M

Pyrolysis gas yield response to Heating Rate,
Temperature, and Pressure within C3M

Sensitivity of Gas Products to Input Variables

Pressure
B Temperature
Heating Rate

90% -
Resp.1: Resp.2: Resp.3: Resp. Resp. Resp. Resp.
CO Cco2 tar 4:H2 5:H20 6:CH4 7VM

100%

80% -

70% -

60% -

50% -

40% -

30% -

20% -

10% -
|

0%
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Summary

Carbonaceous Chemistry for Computational Modeling (C3M)

— Gasification kinetics are fully integrated with leading multiphase CFD
models

— Provides a virtual kinetic laboratory
UQ can help answer questions about the uncertainty in
— CFD and kinetic model predictions
— Parameters in sub-models
— Reactor operating conditions
— Changes in fuel properties

Computational models being developed cover a broad range of
application for the gasification industry (refractory, slag, fouling,
CFD, kinetics, IGCC training, etc..)
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