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* Advantages of directly fired supercritical
carbon dioxide (SCO,) oxy-combustion
power cycle: o

* Increase the efficiency I ‘
* Capture up to 99% of carbon

* A validated kinetic model is missing but
needed: ' 1

* Lack relevant experimental data for kinetic model .

e

Pressure

validation CO, Concentration

e Our goals:

e Demonstrate the effect of kinetic model selection
on combustor design

* Reduce computational resource from using
detailed kinetic models
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Kinetic model reduction and
optimization

* Kinetic model selection
e Kinetic model reduction and optimization
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Kinetic model reduction and Georgia@l

optimization: Model selection Tech

—

 To: select a proper kinetic model

10°| ——— for sCO, condition
| [ ORIS0 ! * The experimental results deviate
[ USC Mech 11 ' approximately 40% for USC Mech
" 1 Il and 100% for GRI 3.0
|  Also, Coogan et al. (2016) also
shows “USC Mech Il has the best
overall performance” (over 70%
CO, dilute and 10-85 atm)
- * Reduction & optimization: USC
CH/0,/CO,75:10:85 Mech Il = 13 species model
107

0.72 0.73

074 075 076 077 078 e« Comparison: GRI 3.0 - 24 species
10°/T (1K) model by Global Pathway

Measured autoignition delays of CH,/0,/CO, mixture (5:10:85) Selection (G PSl) algorithm

and simulation using kinetic models at 105 atm
(preliminary data of the shock tube from Dr. Sun’s group)
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(reduction only)

1. Gao, X., Yang, S., and Sun, W., "A global pathway selection algorithm for the reduction of
detailed chemical kinetic mechanisms," Combustion and Flame, Vol. 167, 2016, pp. 238-247.
doi: 10.1016/j.combustflame.2016.02.007. 5
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Model reduction & optimization Tech

* To: get an optimized 13 species kinetic model

—

* Reduction:
* based on the USC Mech Il (111 species and 784
reactions) Initialization
» 13 species selected with GPS
« Optimization: Mutaion
* a genetic algorithm f
» objective function: autoignition delay Crossover
» “genes”: pre-exponential factors Y $

Evaluation == Selection

* Covering conditions:
* Pressure:150 - 300 bar l,
* Temperature: 900 - 1800 K
* Equivalence ratio: 0.7 - 1.3
* CO, dilute: around 90%

* Less than 13% error relative to that of USC
Mech Il = accuracy & efficiency

Termination

Fig. Flowchart of genetic algerithm
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Kinetic model reduction and
optimization: Model optimization

Georgia
Tech||

Before optimization
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detailed, 150.0 atm
reduced, 150.0 atm
detailed, 200.0 atm
reduced, 200.0 atm
detailed, 300.0 atm
reduced, 300.0 atm

detailed, 150.0 atm
optimized, 150.0 atm
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Numerical simulations using
3 different kinetic models

* 5 species model built in ANSYS Fluent
* 24 species model reduced from GRI Mech 3.0
e 13 species model reduced and optimized from USC Mech Il
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Numerical simulations using 3 different Georgia@]
kinetic models: OD, autoignition delay Tech
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Autoignition delay times of different initial temperatures ° MOdel . Ca ntera _

(P = 200.0bar, phi = 1.0, 90.671% CO3)
Temperature (K)

150014001300 1200 1100 1000 900 800 ideal gas constant

| —— 5 species I pressure reactor
; 24 i | C
1% e 13 species I * Autoignition delay
g | time:
> 10714 -
3 ] | * Lower T,: 5 species >
= . .
S 102 24 species > 13 species
< 5 : * Higher T,: 13 species >
e 10-3 \ 24 species > 5 species
< é
_ |
104 - |
: I

7 8 9 10 11 12
10000/Temperature (K1)
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Numerical simulations using 3 different Georgia@
kinetic models: 1D, laminar flame speed Tech

—

Flame speed of different initial temperatures Flame speed of different equivalence ratios
100 (P = 200.0bar, phi = 1.0, 90.671% CO,) 0.040 (P = 200.0bar, T = 800K, 90.671% CO;)
—— 5 species —— 5 species
24 species 0.035 1 24 species
801 o 13 speci i
pecies i —&— 13 species
n Ef0030
— — 0.025 1
3 ©] 3
:9::' ;.:_ 0.020 -
v 401 [}
E g 0.015
= © 0.010
20 1
0.005 - . N —
0 T - T T T T OODO T T T T T
600 800 1000 1200 1400 0.6 0.8 1.0 1.2 1.4
Temperature (K) Equivalence ratio ¢
* Model: Cantera — free flame * T,=800K: 13-species > 24-species
* Flame speed: diffusion control > 5-species, little change with ¢

vs. autoignition control
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Numerical simulations using 3 different Georgia@
kinetic models: 1D, laminar flame speed Tech

—

Flame speed of different initial temperatures Flame speed of different equivalence ratios
100 (P = 200.0bar, phi = 1.0, 90.671% CO,) (P = 200.0bar, T = 1200K, 90.671% CO-)
—— 5 species 50 4 —— 5 species
24 species 24 species
. 801 o 13 species _ —a— 13 species
Qa L 40
Q o]
2 2 30-
wm 7]
v 40 [}
£ £
S £ 20-
20
104 N\‘*_
0 T - T T T T T T T _ T * T
600 800 1000 1200 1400 0.6 0.8 1.0 1.2 1.4
Temperature (K) Equivalence ratio ¢
* Model: Cantera — free flame * T,=1200K: 5-species > 24-species
* Flame speed: diffusion control > 13-species, little change with ¢

vs. autoignition control
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Numerical simulations using 3 different Georgia@l

kinetic models: 3D, crossflow combustor Tech|
02, 310.93K, 200bar, CH4,310.93K, 200bar, Software  ANSYS Fluent
0.0798 kg/s (total) 0.02kg/s (total)
l l 783,936
20.03x8 @0.03%8 elements
C02,1200K, ‘ | Naesl (quarter
200bar 1.6kg/
@3—+—t———————— —
% ; Ill % model)
—— 2 1] Turbulent .
4_4J nodel k-epsilon
Unit: inch
B = - Turbulence Ec.de .
: Dissipation
-chemistry
interaction Concept
(EDC)
Equation ideal-gas (for
of state simplicity)
Results Steady
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Numerical simulations using 3 different Georgia&
kinetic models: 3D, temperature Tech

| S—

5 Species 3 Reactions ° 5 SpeC|eS 2 Steps

N— chemistry, fastest
Comperure : temperature raising
1600 /

1500 e 24 SpECiES: faster

- 1400

: Iggg 24 Species 130 Reactions C h e m ISt ry
- 1100 = \ H

oo e . 13 species: slower

, e——  'eMperature raising,
600 a longer autoignition
5

' 400 13 Species 46 Reactions d e | ay

300
(K]

* Similar results with
the autoignition
delay (OD model) of
91% CO, dilute and
1200 K
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Numerical simulations using 3 different Georgia&

kinetic models: 3D, heat of reactions Tech
5 Species 3 Reactions ® Reaction SpQEd 5

g ——— > 13 species

::gg 24 Species 130 Reactions o Slmllar reSUItS Wlth
R0 the autoignition
e delay (OD model) of
l;igﬁ | | 91% CO, dilute and
[W]-c.),oos 13 Species 46 Reactions 1 2 O O K
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Numerical simulations using 3 different  Georgia
kinetic models: 3D, CH, & O, mass fraction  Techl

5 Species 3 Reactions 5 Species 3 Reactions

Ch4.Mass Fraction 02.Mass Fraction

|

Contour CH4 Contour 02
0.100 0.100
l_ 0.090 . 0.090
0.080 0.080
0.070 24 Species 130 Reactions 0.070
0.060 0.060
| 10050 | 0.050
0.040 0.040
0.030 0.030
0.020 0.020
I 0.010 13 Species 46 Reactions I 0.010
0.000 \ 0.000
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Numerical simulations using 3 different Georgiaﬁ&

kinetic models: 3D, CO mass fraction Tech

* 5 spceies model:
* Y(CO) < 0.05%
5 Species 3 Reactions * 2-Step ChemiStry

* 24 spceies model:
e High CO mass fraction
. near the wall

| S—

Co.Mass Fraction
Contour CO

0.010
! 0.009

- 0.008 * Diffusion from flame
- 0.007 24 Species 130 Reactions and production from
[ 0.006  — — — - HCCO and CH; (lack of
Ko ' 0.)
[ 0003 * 13 species model:
. 0.002 R :
l 0.001 13 Species 46 Reactions la reer reaction zone
— T —— Area-weighted
>*4 . Kinetic average mass
= — T — model fraction of CO at
outlet
5 species 4.876e-5
24 species 4.476e-3
13 species 3.065e-3
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Wall Effect — 24 Species Ge%lé%ﬁ )

®

24 Species 130 Reactions 02.Mass Fraction 24 Species 130 Reactions

G o ey
ANSYS Contour 02 ANSYS
Pl R18.0 0.100 160
gggg Academic 0.090 Acagemic
0:007 0.080
0.070

| 0.006

0.001 e

0.000 P
0.000
0 0.100 (m) . 0 0.100 (m) I;.
I 4 L X [ | .
0.050 0.050
Temperature #nenien: 130 Reaclions Co.Net Molar Reaction Rate 24 Species 130 Reactions
iy o M) ANSYS Contour Rxn ANSYS

1.967e+002 A
' 1.680e+002 Acatenic
'+ 1.393e+002
1.107e+002

1600 R1B.0
1500 Acagemic

1400

-3.279e+001

-6.147e+001
300 -8.016e+001
(K] (kg m~-3 s7-1]
0 0.100 (m) L_. 0 0.100 (m) I—.
e — -; S LA
0.050 0.050
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Numerical simulations using 3 different Georgia&
kinetic models: 3D, H,0 mass fraction Tech

—

5 Species 3 Reactions ° S| m | | ar tO

e temperature result
l0:027 ~ - .

o * Most heat: H,0

0.021
- 0.018
1 0.015
- 0.012
- 0.009

0.006
I e 13 Species 46 Reactions
0.000 P

24 Species 130 Reactions
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Wall Effect — 24 Species Geg.;%ig&

®

02 Mass Fraction 24 Species 130 Reactions Co2.Net Molar Reaction Rate 24 Species 130 Reactions
on;cur . ANSYS Contour Rxn 1 ANSYS
- R180 5.550e+005 L0
y g'ggg AciGemic 4.564e+005 (e
0.700 1 3.577e+005
| [ 0.800 I 2.591e+005

. oe+Uu

. -2.3420+005

0.000
-3.329e+005
-4.316e+005
[kg m"-3 s*1]
0 0.100 (m) . 0 0.100 (m) .
| | L - | I L_. X
0.050 0.050
Een}per?rture 24 Species 130 Reactions E'z".b”ek Molar Reaction Rate 24 Species 130 Reactions
ontour ontour Rxn
Ao AN 3.693+002 ANSYS
1500 Acaemic 3.216e+002 Acatamie
[ 1400
1300 2.739e+002

1200 2.261e+002
00 :

700 I E 5 e+00

600 s

500 1.2458+001

400 -6.017e+001

300 -1.079e+002

(K] [kg m*-3 s*-1]
0 0.100 (m) I=_. 0 0.100 (m) I_.
S : e — -
0.050 0.050
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* Kinetic model reduction and optimization:
* Section: USC Mech I
* Reduction: 13 species kinetic model by Global Pathway Selection

* Optimization: optimized 13 species kinetic model by genetic
algorithm (13% error)

* Numerical comparison between 3 different kinetic models:
* autoignition delay (200bar, 91% CO, dilute):
* T,<1000K: 5 species > 24 species > 13 species
* T,>1000K: 13 species > 24 species > 5 species

e The simulation is sensitive to kinetic models

* 200bar, 1200K and 91% CO,:
* 5 species: faster chemistry
e 24 species kinetic model: wall effect

» Optimized 13 species kinetic model: longer autoignition delay =
incomplete combustion
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Questions?
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* Optimized 13 species kinetic model

+ 13 species: CH,, CH,, CH,0, HCO, CO, H, O, O,, OH, H,0, H,0,,
HO,, and CO,
* Download: http://sun.gatech.edu/download.htm
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24 species kinetic model 5 species kinetic model

* From GRI 3.0 * From ANSYS Fluent
* 24 species: CH,(S), CH,0, O,, 5 Species:
CH,CHO, CH,0, H,0,, CH,, * CH,, 0,, CO, CO,, and CH,

CH,, CH,, HO,, HCCO, CO, H, 3 reactions:

O, GHg, CyHs, CoHy, CoHs, HCO, L ey 4 150, - co + 2H,0
OH, H,, H,0, CH,CO, and CO, . CO +0.50, & CO,

* 130 reactions



Numerical simulations using 3 different GeorgiaI&
kinetic models: 3D, CO, mass fraction Tech|)

5 Species 3 Reactions

e o= =

Co2.Mass Fraction
Contour CO2

1.000
0.990
0.980
0.970
0.960
0.950
0.940
0.930
0.920 24 Species 130 Reactions
0.910 '
0.800
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