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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

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

— Manage all formatting and units for code specific implementation
— Provide information for other computational models
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Solution: Use Tools from UQ

Uncertainty Quantification

Input Uncertainty Propagation and Quantification (Non-intrusive method)

‘ Application inputs
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Solution: Use Tools from UQ

Uncertainty Quantification
PCCL with PRB Example

Example Response Surface

Sample Design Space
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Solution: Use Tools from UQ

Build Surrogate Model in CFD
PCCL with PRB Example

Average T, in domain to get T,

Calc HR from Energy Balance

N

XFinal = E(HRJTR)

N Aroe = F(HR,Tg)
Ear,. = G(HR, Ty)

Y, = H(HR, Ty)

xcnar/x |
ash

_ xchar/x

5 __ Dry
XCha.'r' - 1

aSthr'y,Inifial

y

_Earge
i = Ps&sXchonsAtor€ K™ (Xpinat — Xchar)Yi

7 component coal model: Ash Moisture, Carbon, Hydrogen, Oxygen, Nitrogen, Sulfur
Each gas formed during devolatilization has it's own chemical formula and rate:

aC, + BCy +yCo + 8Cy + €Cs — CoHpgO,N5S,
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10cm

Example Test Case

Pseudo 2D Transport Reactor

—» Pressure Outlet

& Fresh Coal Feed

{=—Recycle Ash

Grid: 10 x 320 (~1cm res)
N,/Recycle at 1280K
Outlet Pressure 1.55 Mpa

PRB injected at 298K,
0.1qg/s

Heats of Reaction
Calculated

Tr estimated from solids
temp at outlet
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10cm
P A

I Example Test Case

Coal Conversion at Exit

0.6
3m— —CharX
—Max CharX
& Fresh Coal Feed 0 5 5 — s A “
o
y
T—>)< <—Recycle Ash ‘E ﬁ M ﬂ m
7]
) > 05 "U V U
o
O
=
0.45 n
o
kS W
[
o
The coal conversion W
at the outlet is high 0.4
and relatively closely
follows the trends in
the maximum 0.35
conversion predicted 0 10 20 30 40
by PCCL Time (s)
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10cm
A

I Example Test Case

Solids and Reactor Temperature at Exit

1300
M —Solids Exit
—Reactor
&« Fresh Coal Feed 1 2 50
Lx «— Recycle Ash g \/F(n) — QF(TL - 1) + (1 - g)f(n)
i @ 1200
N2 o
>
]
o
o ﬂ A
= 1150
Reactor temp. is A
calculated by time A
filtering the solids 1100 u | Ty v U I
temp. at the exit of
the reactor
_ 1050 l l
move from inlet to .
outlet Time (s)
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10cm
L

N Example Test Case
Fractional Product Yield, Mass Basis at exit
0.35
om— THR TR e i e
/ C2H4 s C2HB Tar
0.3 7
& Fresh Coal Feed
’L «—Recycle Ash g 025 B R 3 TR
2 2
<L e — |HR }TR
» N2 . © 02 ——

Initial heatlng rate 1s o ( —‘q-\\ﬁ_—qm
very high, and » -
calculated reactor g 0.15
temp is high @

_ O 01
Heating rate falls
quickly as solids
cool the path to 0.05
travel _—

0 T

Cooler solids exit 0 10 20 30 40
reactor and begin to Time (s)
set the reactor temp
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10cm
L

~ Pressure Outlet

3m—

&= Fresh Coal Feed

y

T_) — Recycle Ash
X

t

N2

Initial heating rate is
very high, and
calculated reactor
temp is high

Heating rate falls
quickly as solids
cool the path to
travel

Cooler solids exit
reactor and begin to
set the reactor temp

Example Test Case

oal Volume
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Understanding Product Yields

Time: 0.0000

1300

1250

1200

1150

Temperature (K)

1100
1050

0.6

Reaction
Energy 055
g 80

|

Fractional Conversion

—Solids Exit
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) 10 20 30 40
Time (s)

—CharX
—Max CharX

l 10 20 30 40 l
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10cm
L

3m—

-

< Pressure Outlet

& Fresh Coal Feed

«—Recycle Ash

The important
takeaway is that
this method allows

char to be

represented by
more than just
carbon and that the
exit composition is
relatively close to
PCCL predictions

DAF Carbon Fraction

Example Test Case

Char Composition at Exit

1 /WVW 0.12
0.9 \/
0.8 ﬂ
0.7
- 0.08
0.6
0.5 '\MN 0.06
0.4
- 0.04
0.2 hh k
\ ' . - 0.02
0.1 - “'ﬁ"‘ $
0 MI — | | L| 0
0 10 20 30 40
Time (s)
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Where Can You Find C3M?

https://mfix.netl.doe.gov/imembers/download C3M.php
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Thank You for Your Attention!
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Reserve Slides

NATIONAL ENSRGY TECHNOLOGY LASORATORY



What’s New in C3M?

Surface Response Modeling with CHONS Coal
PCCL with PRB Example

E total [ adjusted R"2 = 0.99111 ]

17.76140.0019267* x-1.7205e-007*x*x+1,0137e-011 ¥x* x* x+2.8015e-01 1 *x*x*y-1.75372-006% x*y+6.2122e-010*x*y*y-0.0 18678 *y+6.057 1e-006*y *y+1.2963e-010% y*y*y ——
‘summary_for r.bod' every 2::2u1:2:5 %

heating_rate (x)

E total
residuals of E_total

temperature (y)

Frequency
1500 2000 2500
| |
fit

1000

500
|
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Frequency

1000 2000 3000 4000 5000 G000

1}

8000
7000
6000
5000
4000
3000
2000
1000

800

residuals of A_total

85

What’s New in C3M?

Surface Response Modeling with CHONS Coal
PCCL with PRB Example

A_total [ adjusted R*2 = 0.989776 ]

(0.676448* x + -38.9549)%*1.3369 * (0.00664942* y + -3.2821)*¥*-3.20472 ——
‘summary_for_r.bd' every 2::2 u 1:2:4 ¥

4000

300
9 5000

5
temperature (y) 11006000

3000
heating_rate (x)
A total

1000 2000 3000 4000 5000 6000
| | |

0
|

T T T T
0 2000 4000 6000
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Frequency

1000 1500 2000

500

What’s New in C3M?

Surface Response Modeling with CHONS Coal
PCCL with PRB Example

Y total [ adjusted R*2 = 0.99468 |

-111.98-0.0070278* x+1.1109e-007*x* x+5.6659e-012*x* x* x-2e-010%x*x* y+1.2813e-005*x* y-5.2187e-009* x* y* y+0.43719*y-0.00039735* y* y+1.2376e-007* y* y*y ——

55
54
53
52
51
50
49
48
47
46
45

residuals of Y_total

'summary_for_r.txt' every 2::2u1:2:3 ¥

temperature (y)

2000 Y_total
3000 :

heating_rate (x)

52
|

43

T T T T
45 48 50 52
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Frequency

What’s New in C3M?

Surface Response Modeling with CHONS Coal
PCCL with PRB Example

co [ adjusted R*2 = 0.99774 ]

-0.14732+2.2382e-006% x+1.1241e-009%x* x-1.1396e-013* x* x*x+4.5706e-013% x* x* y-1.6922e- 008 x* y+5.9254e-012* x*y*y+0.00051444* y-1.6355%-007* y*y-2.5615-01 1 *y* y*y ——
'summary_for_r.bt' every 1::2u 1:2:6 ¥

2000 i temperature (v) &6
residuals of co

1200

heating_rate (x)

1000

047
|

a00
|

013

o - T T T T T T

r T T T T T 1 0.13 0.14 0.15 0.18 017 0.18
-0.0015 -0.0010 -0.0005 0.0000 0.0005 0.0010 0.0015
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What’s New in C3M?

Uncertainty Quantification
PCCL with PRB Example
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What’s New in C3M?

Uncertainty Quantification
PCCL with PRB Example
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Work Flow: Open C3M

g D

C3M

fa .n- Carbonaceous Chemistry for
j '__':‘:Eﬁ"‘ Computational Modeling

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

Narme: | llincis #6

Proximate Analysis
Fixed Carbon  Wolatile Matter Ash Moisture

4597 = |m70 3 91w 3 ez 2

[ Mormalize P4 = 100 |

Ultimate Analysis - Dust Ash Free
Carbon  Hydrogen  Owxygen Nitrogen Sulfur

7067 [ 533 (&) 1004 B 140 3 247 3

i Normalize LU = 100 ]

Surmmation
Proximate Analysis = 100
Ultimate Analysis = 100

[ Set ] [ Cancel ]

Add Remove
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Work Flow: Run All Desired Sub-Models

® C:/C3M_Working_Dir/Project/ - C3M v.2.0 =] Ed
File Tools Help
Ilinois #6 el

Froximate Analysis
Fixed Carbon Volatile Matter ash Moistre
45.97 34.70 9,10 10.23

Ultimate Analysis

Carbon Hydrogen Oxygen Mitrogen Sulfur
FR.67 5,32 10,04 1.49 3.47

Kinetics

Chemistry Sub-Model Kinetic Packages - Pyrolysis Condition

Pyrolysis MEAS

Char Oxidation PCCL

Soot Oxidation CPD

Moisture Release FE-OMC

Gasification MWETL Co-Pyrolysis Data

\ater Gas Shift
Gas Phase Combustion
Tar Cxidation

Equations

Devolatilization Only: &

Yolatile Matter -» ddq,, + |3dchO + ﬁdcogCOz + |3dCH4(3H4 + ﬁdHQHQ + ﬁdHQDHQO
+ BlucuHCN + PdizsHzS + BduusMNHs + PdeansCaHa + BeznsCabs + PdeansCaHs
+ BdezueCate

re= A" axpl -EalRTs )& " P (Hum- 30
My = Bady ™ Melavgg £ Moy,
W= Wi, Tar, CO, COz, CHa, Hz, HoO, Ho S, MHg, CaHa, CaHe, CaHg, CalHs, BdVM =

1. BdTAIZO:d
Bdi=MF /100" (1-FC_m)
ad=1-%, pel

Koz (K + %) ™ K nin
Add ][ Remave ] -
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Work Flow: Run All Desired Sub-Models

L] o [ml ¢

llinois #6 Fugl

Proximate Analysis
Fined Carbon Volatile Matter Ash Maisture
45,97 34.70 9.10 10,22

Ultimate &nalysis

Carban Hydrogen Qxygen Nitrogen Sulfur
79.67 5.33 10.04 149 3.47
Kinetics
Chemistry Sub-Model Kinetic Packages - Pyrolysis Condition
Pyrolysis MEAS
Char Oxidation PCCL
Soot Oidatinn PN
IMoistur
caerid @ PCCL Testplan Data ﬁ
Water
?:I’Sg:l () Mot Specified (%) Devolatilization Cnly
S TGAS
O suesp () Tar Cracking
O Sweep Pressure
() Sweep DP () Secopdary Pyrolysis/

Sook F i
@ Sweep Heating Rate LR

Equation Set

Devolatilization Only: i

Wolatile Matter - adra + PdeaCO + Bdeo:C0; + BdensCHa + PdpzHz + BdpzoHz0O
+ BelucuHCMN + BlyzsHzS + BelupaMHz + BdeznaCaHa + PdezreCabs + PdeaneCata
+ PecaneCats

ra=A*exp(-Ea/RTs 1" &7 . (Kum- X
My = B, ™ MWl £ Il
y =\, Tar, CO, CO,, CHa, Hz, H2O, He'S, MH3, CaHz, CoHs, CaHa, CaHea, B =

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

K= (K00 + 3 0%:] " Xnin

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

L] o [ml ¢

llinois #6 Fugl

Proximate Analysis
Fined Carbon Volatile Matter Ash Maisture
45,97 34.70 9.10 10,22

Ultimate &nalysis

Carban Hydrogen Qxygen Nitrogen Sulfur
79.67 5.33 10.04 149 3.47
Kinetics
Chemistry Sub-Model Kinetic Packages - Pyrolysis Condition
Pyrolysis MEAS
Char Oxidation PCCL
Sioot Oxidation RO
IMoistur
caerid @ PCCL Testplan Data ﬁ
Water
Gas Pl | na @ Condition ﬁ o
ar O
O swe -
Condition Mame
O Swe -
O Swe Heating Rate = 500| o
© _
Devolatilization Only: i

Wolatile Matter - adra + PdeaCO + Bdeo:C0; + BdensCHa + PdpzHz + BdpzoHz0O
+ BelucuHCMN + BlyzsHzS + BelupaMHz + BdeznaCaHa + PdezreCabs + PdeaneCata
+ PecaneCats

ra=A*exp(-Ea/RTs 1" &7 . (Kum- X
My = B, ™ MWl £ Il
y =\, Tar, CO, CO,, CHa, Hz, H2O, He'S, MH3, CaHz, CoHs, CaHa, CaHea, B =

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

K= (K00 + 3 0%:] " Xnin

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

5
. | SR N

F= 'B3PC Coal Lab File Setup =0

Illinai

Fuel Desciiption

COAL_NAME

FC P Ash Ioisture
45.9 4.7 31 1023
| i | ‘ | coalt |1 j
#C %H #0 =M %5
|Fa67 533 [10.04 143 [347
g read a Get Properties
wiite to Coalpe execute Coalpe.dat file from DB
label by Operating conditions ~ Fate law Calculate rate parameters for...  Report options
T Tinitial [C]  [25 ¥ SFOR v Weight loss Iv Major products
. Tlultimate [C]) [1225 25 [~ DAEM ¥ Tarrelease ¥ Moncondensible gases
[T C25M ¥ Gasrelease ¥ Hydrocarbons
0, (C#s) |500 ¥ COZ ielease [ Mitogen-species
oz %02 o ¥ H20 releass I¥ Oxpgen-species
Iv CO release Iv Tar compositions
PT P [MP3) [0506625 "
TR/QO Iv Hydrocarbon release I¥ Char compositions
Tlel(s) [4 : i
¥ HCN release IV Assign global devolatiization rates
e dp [micron] {100 I Wolatile-nitrogen release Report secondary pyrolysis products

[ Char-nitrogen evolution &y M CT

Tests Iv Assign global char conversion rates
53l 2Equence [ show zcreen output A
¥ Report char conversion histories 3

" FF v S
Write to Testplan

. ~ &
condiion 8 |7 =] drop tube + wire grid

=] ead a
testplan.dat file

i
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Work Flow: Run All Desired Sub-Models
| |
 C:/C3M_Working_Dir/Project/ - C3M v.2.0 MEX
File Tools Help
llinois #6 Fugl
Proximate Analysis
Fined Carbon Volatile Matter Ash Maisture
45,97 34,70 9,10 10.23
Ultimate &nalysis
Carban Hydrogen Qxygen Nitrogen Sulfur
79.67 5.33 10.04 149 3.47
Kinetics
Chemistry Sub-Model Kinetic Packages - Pyrolysis Condition
Pyrolysis MGEAS ‘Heating Rate = 500
Char Oxidation RICIEL Heating F.ate = 1000
Soot Oxidation CPD Heating Rate = 1500
Moisture Release FE-DVC
Gasification MWETL Co-Pyrolysis Data
Wiater Gas Shift
Gas Phase Combustion
Tar Oxidation
RLin
Equations
Devolatilization Only: i
Volatile Matter = 0497133 + 0.086218C0 + 0.0452645C0; + 0.0775862CH, +
0.0310385H; + 0.112083H;0 + 0.0125016HCN + 0.0676812H,S + ONH; + E
0.0334095CH, + 0.00991507 CoHg + 0.0271587C5Hg + 0C3H;s
rg=107.9 % exp (TG0 FRTs ) &7 ps ™ (Ko - X0
My = B, ™ MWl £ Il
y = WM, Tar, CO, COy, CHa, Hz, H:O H:S, NH;, CaHz, CaHs, CaHs, CoHs, Bdhw =
T, Pdrar = ad
Bdi =MF 1007 {1-FC_m)
ad=1- Zi Bd.
K= (K00 + 3 0%:] " Xnin
[
Add ][ Remove ]
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Work Flow: Compare Results

@ Analysis

Pyrolysis |

Package Selection

Dynamic Repaork

linois #6:Pyrolysis PCCL Heating Rate - 500
linois #6:Pyrolysis. PCCL . Heating Rate - 1000
Ilinols #6:Pyrolysis.PCCL Heating Rate - 1500

Devolatilization Only:

Yolatile Matter -> 0.497133 + 0.086218C0 + 0.045264

PCCLANG_=wHR/(HR=500)
PpocLime, (HR=1000) m
P

+0.0775962CH, + 0.0310385H; + 0.112083H,0 +
0.0125016HCN + 0.0676812H,5 + ONH; + 0.0334005 ot
0.00991507C;He + 0.0271587C;3Hs + 0C3Hs
ra= 1079 % exp (-T060/ BT 1% & ps ™ (Hum - X7}
Ny = By ™ Mg [ Mg é
y = YW, Tar, CO, COs, CHa, Hz, H2O, HoS, MHy, CoHa, C° |
C3Hg, CoHe, By = 1, Bdrar = ad 02
Bdi=MF 1007 (1-FC_m}) s
ad=1-% Bd
K= 0m + X% ™ Kain
All Yialds
Devolatilization Only: (|
“PCCLING_swHR/(HR=1500)"
Volatile Matter -» 0.516082 + 0.0819844C0 + 0044145 = B
+0.0756779CH, +0.028169H, + 0.109313H,0 + &:z i
0.0MT7T21HCN + 0.0653773H,5 + ONH; + 0.0319529C | wo =
0.00945974C;Hg + 0.0260668C;Hs + 0C3Hs " i |2
ra= 17187 exp (6790 RTs 17 &7 ps™ [Mum - K]
Ny = By ™ Mg [ My,
y = WM, Tar, CO, COs, CHa, Hz. H20, HyS, NHs, CaHa, Co !
CsHs, CoHe Bh = 1; Bdrar = ad
Bdi=MF /1007 (1-FC_m})
ad=1-% Bd
Plok
Species Reaction Min Max s s
o M Devolatilization yields ws. time ZLER 0.0 0.45 ;::Gma =)
Egz - - - - - - - *
L |cHe o
:go R M o ousz R R RS
Tar ”
—— Al Viglds
lagia)
logiE}
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Work Flow: Select Input for Global Model
riExport ﬁ

inois #6

Kinetics

Pyrolysis MIGAS Heating Rate = 500
Gasification PCCL [[] Heating Rate = 1000
\Water Gas Shift CFD [] Heating Rate = 1500
Condensed Phase Combustion FG-OMC

Gas Phase Corbustion METL Co-Pyrolysis Data

Tar Combiustion

Dynamic Fepart

Devolatilization Only:

Yolatile Matter -= 0.497133 + 0.086218C0 + 0.0452645C0; + 0.07T7T5962CH, +
0.0310385H; + 0.112083H,0 + 0.0125016HCHM + 0.0676812H,S + ONH; +
0.0334005C;H, + 0.00991507CHs + 0.02T1587 CaHg + 0C;H;

ra=107.9% exp (-TO60 FRTs )" &7 p. ™ (Mo - X}
My = B, ™ Whad £ Wi,

W= VM, Tar, CO, COZ. CHq, HQ, HzO, HzS, NHg, Cszl CzHﬁl C3H3, CEHE; BdVM =
1. BdTar = Ctd

Pdi=MFA100%(1-FC m)

fdd | Remove ] CFD Code: v Export
|
MR
AMSYS FLUENT
BARRACUDA
Report
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Work Flow: Generate In

Finclude muat.n
#include "gasification.h’

static void TarCombustion(double ftc,double fth,double fto, dounle wy
static void read_cim_data():

static dovble £3_1 = 0., £33 = 0., £3_6 = O.;
double alphad, alphac;

double ftc, fth, fto, ftn, fra; /* Tar composition */
double heatfd;

double betad_co = 0., berad_coz = 0., betad chd = 0., betad_czhd = 0.
douple betad_c3hS = 0., bevad cens = 0., betad ha =

double X ! n
dow1e
dounle hetac e3ns = 0., X 2
static douwble mu_tar = 144.0; /7 might be changed via the file : £
static double mw c2hz = 26.0;

static dowble my_vol = S6;
static dovble mw_soot;
static dowble mw_pah;
static dovble mv_oils

static double beta oil;
static double beta_soot:
static dovble beta_pah
static double beta_cZhz:
static dowble cam_akd;
static dowble cim_aed;
static dowble c3m_ake:
static double cim_aec:
static dowble c3m_asm:
static double cim_skm:
starie douple cdm_ass:
static dowble c3m_aki;
static dowble cim_asZ;
static dowble c3m_wg3:

F

uel # 1

void volatile wass_fractionsi)
[

COAL(1) = O

COAL_pyrolysis(1) = D

COAL_gasification(1) = 0

COAL_vater_gas_shift

COAL_coal_combustion

1)

1)

=0

=0

COAL_gas_phase_combustion(1] = 0

COAL_tar_combustion(1)

BDAF(1) = F

# Proximate Analysis|

PAFC{1)
PAVH(1) =
PAM(1}) =
PAA(1)

# Ultimace Analysis

UAC({1) = O
UAH{1) = O
UAO{1) = 0
0
o

UAN {1} =
UiS (1)

=0

# Fixed carbon
# Volatile Marter
# Moisture

# ish

double ep_a = 0.3
double mass_total d = 0., mass total c = O.
double mw_co = 28.01055, mv_co? = 44.00995, mw_chd = 16.04303, ww_czh

double heatd,

is file vas generaced by C3M
my_nh3 = ion 1500
static double ™
terial properties ... must be before init
.- rialProp 13
fc_ar Pe Carbonaceous Chemistry fi Jiiiiiim.g :
vio_ar AP Computational Modeling terial
ash_ar . formula_description  "heh"
moist_sc chen_forxula "ash"
stace s
/% ultimace snalysis */ density 2.931000e403
carben = 0; thermal 1. o.
hydregen = 0; wass_diZ a o.
woen = 0: o

lecular_veight 1.200000e+02

, petad_nzo = o

0., betac_chd = 0., betac_czh4 = O

0., betac_hz = 0., betac_hZo

of

mu_cIh8 = 44, xw c6hE = 78, mw h2 = 2.01594, mw h2o = 18.01534)

Files for CFD

Species

NHAZ(O)

W _gi1)
W _gi2)
m_g(3)
g4}
M _g(S)
M _g(6)
mw_gi(?)
mW_gie) =

&S

C3M

ssr. Carbonaceous Chemistry
> Computational Modeling

NMAZ (1)

Mi_si1,1)
M si1,2)

12 # Fixed Carbon (FC)
56 # Volatile Matter (VI

MV s{1,3) = 18 # Moisture

Lo_ni_texp 1. oD0000=403
deTea nt (208) 0-000000e400
Co_hi  1.007750e+03 1.1886s2e400
Cpilo  -2.152112es02 3.0484908400

end_material
endMaterialProp

# Particles (aka Solids)
golids 1
solidsDeseription
solidSpeld
mazsPeriol 0.0000002 400

materiallame "C*
mazsFraction 4.342000e-01

materialliame "Ash”
massFraction 2.051000e-01

materiallame "HZO ="
massFraction 1.800000e-01
endSolidMaterial
aolidMaterial
materialName "VOL"
massFraction 1.807000e-01
endSolidMatecial

-4.529250e-04 5.365411e-06 -6
1.318064e-03

-4.4205468-05 2

type
radiusl
radius2
dragfodel
typelrag
maltiplier

3M ,

e« Carbonaceous Chemistry f
Computational Modeling

BARERS

gt

agglomerat 100
radcut 1.80000e-05
radFile "

endigglomeration

1
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The Future of C3M

Uncertainty Quantification

 In order to accelerate technology deployment from pilot scale
to commercial scale, CFD model predictions have to take into
account and quantify various sources of uncertainty.

|dentify and characterize all sources of uncertainty (Aleatory or
Epistemic)

uncertainty due to numerical approximations (discretization,
round off, convergence)

Propagate input uncertainties through the model

Estimate model form uncertainty

Determine total uncertainty in the predicted system response

 In order to assess uncertainty in CFD, one has to assess the
uncertainty in kinetics, which means that C3M must be able to
produce Probability Distribution Functions (PDF, not to be
confused with portable document files) to pass to a CFD code
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The Future of C3M

Uncertainty Quantification

Example: Gas Production response to Heating Rate, Temp., and Press. within the
PCCL pyrolysis model

Uncertain input parameters
— Heating rate (oC/s) [200 — 9727]
— Temperature (0C) [500 - 1010]
— Pressure (kPa) [861 — 3447]

0.34 ]\

Mesh Plot for Xg!ar Contour Plot for }(g'ar

1000

o3z

« Response surfaces for output variables such as
volatile gases are generated

0_3..- LN

Xgar

Temp

028"

026

« PSUADE UQ toolbox is used to generate PDFs

for input parameters for Monte Carlo s
simulations: SRS
— Heating rate: Normal (1 = 3000, o = 1000) 1000 5000 :
— Temperature: Normal (1 = 800, o = 100) TeMP 5o o HeatRate %% 2000 4000 6000 8000

HeatRate

— Pressure: Normal (1 = 2000, o = 500)

Response surface for propagating input
 Propagation of input uncertainties are uncertainty in tar pyrolysis process
examined by 10,000 Direct MC simulation and
10,000 MC simulation via surrogate model
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The Future of C3M

Uncertainty Quantification

Example: Gas Production response to Heating Rate, Temp., and Press. within the
PCCL pyrolysis model

Histogram of tar, RS_tar
Normal
0.21 024 027 030 033 036 039
tar RS_tar direct MC (tar)
1800 Mean 03248
StDev 001376
1600 M 10000
) e RS_tar
1400 i Mesn 03245
StDew  0.01366
E’ 1200 / N " 10000
g 1000 \
g
= 800
600
400
200
021 024 027 030 033 036 039
Direct Monte Carfo Simulation MC Simulation via Surrogate Model

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

038

D:I , Species Mass Fractionfor tar

0l- 0

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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The Future of C3M

Uncertainty Quantification
Example: Gas Production response to Heating Rate, Temp., and Press. within the
PCCL pyrolysis model

Sensitivity of Gas Products to Input Variables

Pressure
® Temperature
Heating Rate
d | /

90% -
Resp.1: Resp.2: Resp. 3: Resp. Resp. Resp. Resp.
CO CO2 tar 4:H2 5:H20 6:CH4 7VM

NATIONAL ENSRGY TECHNOLOGY LASORATORY

100%
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70% -
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The Future of C3M

Uncertainty Quantification

« The example was done manually with a lot of hard
work

 Everything could be done programmatically

 Work plans call for development of a module within
C3M that will allow for generation of response
surfaces and PDF’s from any portion of the kinetics
In C3M for any input variable.
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Work Flow: Run CFD with C3M Chemistry

Example: Single Cell Virtual Drop Tube with Python Controller Running Barracuda Solver

Constant Pressure * Initial Conditions
Outlet o ) -V, =0.01 m/s

Sollqls_ Frozen — Tgas imit = 1200 K

within Cell Ty = 300 K

— D, =200 x10 ‘m

— G)S = 0.001

— ps = Mixture Law

— Cq init = Set By C3M

— Cy iy = [CO=.05, CO,=.05,
H.=105, 0,=0.1, H,020.75]

« Boundary Conditions
/ — Pouier = 1 atm
— Ta = 1200 K
_ Tgas inlet — 1200 K
_ Vgas inlet -SFFV
- C =C

g_inlet — “~qg_init

inlet_init —

Constant Temp.

1 _—  Walls

inch

Variable Velocity
Gas Inlet
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Work Flow: Analyze Results

Example: Single Cell Virtual Drop Tube with Python Controller Running Barracuda Solver

— Particle Acceleration

Acceleration (m/s”~2)
I |
£ LS

1
o

Time (s)

Result: Particle Acceleration
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Work Flow: Setup and Run CFD

Example: Single Cell Virtual Drop Tube with Python Controller Running Barracuda Solver

0.00

=0.05 ¢

=0.10¢

Velocity (m/s)

-0.15

—0.200
Time (s)

Result: Particle Velocity
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Work Flow: Virtual Drop Tube

Example: Single Cell Virtual Drop Tube with Python Controller Running Barracuda Solver

0.0

=04}

Position (m)

-0.6

Time (s)

Result: Particle Position
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Work Flow: Setup and Run CFD

Example: Single Cell Virtual Drop Tube with Python Controller Running Barracuda Solver

1400

— Gas
— Particle

1200

1000

800 |

Temperature (K)

600

400

2000

Time (s)

Result: Gas and Particle Temperature
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Work Flow: Setup and Run CFD

Example: Single Cell Virtual Drop Tube with Python Controller Running Barracuda Solver

1.0

0.8

0.6

Particle Mass Fraction

0.4

0.2}

0.0

— Water

— Volatile

— Carbon
Ash

Time (s)

Result: Mass Fraction of Solid Species within Particle
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Work Flow: Setup and Run CFD

Example: Single Cell Virtual Drop Tube with Python Controller Running Barracuda Solver

5

— C2H2
— CH4
— Co
2l - o2 ||
H2
H20
— H2s
— HCN
15} — nz N
— - - — 02
_— S03
_— SOOT
10 ///
=) -
E //
3 5 ,
K] -
£
i / -
P P —
0 T m—
¥ ——-__,,__h:_\____\_\-\
- ‘--‘-_""\--\_\______\_\_-_
-5 T

Time (s)

Result: Integration of Gas Species Flux Into and Out of System
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Work Flow: Run CFD with C3M Chemistry

Example: Virtual Drop Tube Run in MFIX-DEM

gas and solids
inlet
liry:

lin
(PE—
Gas velocity: 100 {cm/sec)
100in Gas Pressure: 1 (atm)
Gas Temperature: 147315 (K)

Total solids sample: 0.99866 (g)
Solids Feed Rate: 10,000 particles/sec

gravity Total particles: 1,000

|

Coal Type: Rosebud

Proximate Analysis:
Fixed Carbon: 0.3545

Volatiles: 0.2910
Moisture: 0.2648
Ash: 0.0897

Ultimate Analysis:

Carbon: 0.4985
Hydrogen: 0.0340
Oxygen: 0.0950
Nitrogen: 0.0080
Sulfur: 0.0100

gas and solids
outlet
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Work Flow: Run CFD with C3M Chemistry

Example: Virtual Drop Tube Run in MFIX-DEM

1,650 250
1500 225
200
1,350
175
1,200
=
g
2 150 _
® x
% 1,050 '_CJ'
- &
= 125 =
[
3 &
& -
E 900 'g
¥ 100 §
T
>
=
750 Average Particle Temperature
75
— = Inlet gas temperature
Particle Temperature Standard Deviation
600
50
450 35
300 ; [}
0 0.5 1 15 2

Residence Time (sec)
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Work Flow: Run CFD with C3M Chemistry

Example: Virtual Drop Tube Run in MFIX-DEM

1,650
1500 | P,
—————————————————————————————————.—l:_'."_:.:_;_:;—_—.-.-l'_..-“l-_'h_'._—.'—_'t—'
+ 1 ./L.H:#
1,350 /
1,200 /
£ 1050
-
2
[
@
£
900 |
=
*
750 |
*
1 / - =+ Maximum Bin Temperature
00 | . / - Mean Bin Temperature
/ - = Minimum Bin Temperature
L ]
- — — —Inlet Gas Temperature
450 /
¥ / -
Lo T
300 1
0.0 0.5

1.0 15 20
Residence Time (sec)
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Work Flow: Run CFD with C3M Chemistry

1,650

1500 |

1,350

1,200

-
[=]
o
(=1

Temperature (K)

750 |

600 |

450

8

Example: Virtual Drop Tube Run in MFIX-DEM

—— Mean Bin Temperature
+  Maximum Bin Temperature
= Minimum Bin Temperature
+
*
*
+*
-
* /
A/ 11
/ o0 500 L DD 1300
¥ /’ -
q_...-—-—u—-——-l"';- s
0.0 0.5 10 15 2.0

Residence Time (sec)
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Work Flow: Run CFD with C3M Chemistry

Example: Virtual Drop Tube Run in MFIX-DEM

Skl 1 - Sxl0*
Average Drying Rate
+ Max Bin Drying Rate
= Min Bin Drying Rate
a1 b Standard Deviation -
g 10 + L 310
T =,
s §
F &
F, i
£ ?
e 3
(=
¥ oo + - 2x10° E
il v
>
-4
LTI + - Ax10*
0 + + 0
0 0.5 1 15 2

Residence Time (sec)
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Work Flow: Run CFD with C3M Chemistry

Example: Virtual Drop Tube Run in MFIX-DEM

S5x10% 1 - Sxl10+

Average Devolatilization Rate
+ Max Bin Devolatilization Rate
= Min Bin Devolatilization Rate
Standard Deviation

410 1+ - 4x10
—
Q 3x10* 1+ - 3xl0*
x' * 2
.3 . 4 0+ T E
3 £
@ &
= I
S 2
¥ 210 1+ - w10 m
5 w
=
x

110 T - Ixl0®

Residence Time (sec)

NATIONAL ENSRGY TECHNOLOGY LASORATORY



Work Flow: Run CFD with C3M Chemistry

Example: Virtual Drop Tube Run in MFIX-DEM

1,650

1,500 A

1,350

1,200

1,050

Average Particle Temperature (K)

750

600

450

300

200

= fAverage Particle Temperature
—i— Average Devolatilization Rate

=8 Average Drying Rate

0.5

T 5x10°*

+ dx10*

+ 3x10

Devolatilization

1T 2x10%

Average Reaction Rate [g-reactant/sec)

T Lx1D*

Residence Time (sec)
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Work Flow: Run CFD with C3M Chemistry

Example: Virtual Drop Tube Run in MFIX-DEM

25410 1
Total Heat Source
A
@ 4Ty ] D, 4 4 40, 5O ’
(i) L T = (i ] 50
ol m Gy dr pp T Qprp + Upg t Cpag — AHrs
Convection _',,»]I Heat of Reactiolﬁj
Source Source
*
= 1.5x10* T +*
§ + + + *
=
_E_ Average Bin Heat Source
g + Max Bin Heat Source
¥ ox10+ L = Min Bin Heat Source
E - —— Average Bin Convection Source
) —— Average Bin Heat of Reaction Source
]
£
= . *
soao? + o+ # ML N .
- . +
* il - +
t s 3 & o+
] R - p—— o —— —
[ 05 1 15 - 2
| | ‘_\
5.0x10 Need to look into the thermodynamic

calculations for devolatilization. This
Residence Time (sec) should be endothermic.
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Work Flow: Run CFD with C3M Chemistry

Sx107% T

4x10°% T+

Average Steam Gasification Rate (g-FC/fsec)

1x10# A

3x10® T+

2%10°% T+

Example: Virtual Drop Tube Run in MFIX-DEM

— fAverage Bin Steam Gasification Rate R Overly SIOW GaS|f|Cat|o n
+ Max Bin Steam Gasifiration Rate Rate from LOW Temperatu re
= Min Bin 5team Gasification Rate + leed Bed Klnetlcs

Residence Time (sec)
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Work Flow: Run CFD with C3M Chemistry

Average Particle Mass and Species Mass (g)

10x10°% -

ull* +

Bx107 1

Tall®

6x107 T

5x10° T

4x107 1

3x10° ¢

2x10= +

1x10° 1

Example: Virtual Drop Tube Run in MFIX-DEM

—— Average Bin Particle Mass
+ Max Bin Particle Mass
= Min Bin Particle Mass
—i— Average Bin Moisture Mass
—=— Average Bin Veolatile Matter Mass

—a— Average Bin Fixed Carbon Mass

Applying Wrong Kinetics Resulted in
Almost No Carbon Conversion

- Better to catch this mistake early with
simple and quick tests though C3M!

0 05 1 15 2
Residence Time (sec)
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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 can cost a CFD practitioner
upwards of 1000 man hours and several hundred
computational hours

B W

» C3M can provide tested and validated kinetics to a CFD
practitioner or researcher in minutes saving tremendous time
and money in multiphase, reacting, CFD 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 HPTR Data
» Chemical expressions and kinetic rates for gasification

— Moisture Release
 Sources: MGAS and PCCL

— Pyrolysis (Primary, Secondary, and Tar Cracking)
e Sources: MGAS, PCCL, CPD, FG-DVC, and NETL HPTR Data

— Char Gasification
* Sources: MGAS and PCCL

— Soot Gasification
e Sources: PCCL

— Water-Gas-Shift
e Sources: MGAS

— Gas Phase Combustion
e Sources: MGAS

— Char Oxidation
* Sources: MGAS and PCCL

— Soot Oxidation
e Sources: PCCL

— Tar Oxidation
e Sources: MGAS

» 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
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To Vent
1

Drierite
Filter

Filter

PT &TC

Ice Bath

What Does C3M Provide?

Sample
Drop

Spec

— Copper Coil

Tar Trap

N w w
wv o wv
I

N
o
&

| R?=0.996

=
(%2}

=
o
I

E, [kJ/mol] or k [1/s]

o Kinetic Data for Fuel Flexibility

— Completed test campaign for
southern pine and PRB for co-
pyrolysis

— Found that product gas
distributions vary linearly with
biomass weight fraction but
Kinetic rates do not

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

— Testing Is under way for co-
gasification kinetics
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What Does C3M Provide?

— -"8 o Easy, Intuitive, Reliable, and
Graphical User Interface

9.10 10.23

Ultimate Analysis

Sm o mw m ) mw an — No cryptic text based

Kinetics

Chemistry Sub-mMode| Kinetic Packages - Pyrolysis Condition S S e I I I S
Pyrolysis MGEAS EHeatmg Rate =500 1

Char Oxidation PCCL Heating Rate = 1000

Soot Oncidation CPD Heating Rate = 1500

Moisture Release FG-DVC

Gasification METL Co-Pyrolysis Data

— Intuitive work flow
— Easy data visualization

Equations
! Speed in building complex
Yolatile Matter -= + CO+ COy + CH, + p g p

H: + H0 + HCN + HzS + ONH; +

CaHg + CaHg + CaHg + 0CsHe

chemistry models

Ny = By ™ Mg £ ey,

y = VM, Tar, CO, COgz, CHa, Hz, HzO0, Hz S, NH;, CzHz, CaHg, CaHg, CeHe; Bha =

— Reliable and tested sources

ad=1- %, B

, of information
Add e ——
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