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Direct-fired sCO, combustion

|deal Oxy-fuel combustion

CO, is directly-fired based on CH, + O, + CO, > CO, + H,0

the Brayton Cycle Concept
Typically highest pressures
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Knowledge gaps

Existing state-of-the-art, such as GRI-3.0

1e-1 2080
Mechanism, has only been validated for o
L 2070 on ——
pressures up to 10 atm el T —— .
kﬁhﬁ"““—‘—**‘"“i‘_‘;:_ 20 | e —
— =mp
1e-3 -—.__________:_:_:-—_:-— I 2050

Mechanisms have not been developed
for CO, diluted mixtures

F 2030
Updated/new mechanism will allow for = \ [ 2020

T(K)

F 2040
1= o

mole frac

accurate combustor modeling with multi- _, | . . 2010
. . . 1 10 100 1000

step combustion using a validated b (atm)

mechanism

Effects of Increasing Pressure. Equilibrium calculation for
CH,/0,/CO, at ¢ = 1. Figure adapted from Strakey, 2014,

Current CFD combustion models do not $CO2 symposium
consider non-ideal effects

Thermodynamics and kinetics are
currently unknown!!

Fundamental work can shed light into
this challenge
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State-of-the-knowledge

State-of-the-art models differ in their predictions even at atmospheric pressure with high CO,
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* GRI3.0is still a widely used mechanism created 15 years ago
* Aramco Mech 2.0 is a recent well-validated mechanism
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Combustion chemistry snapshot

MODEL

Reaction
Mechanism

Fuel +0,+CO,

Development

1. Decomposition
Pathways

time=0
Initial H-Abstraction
Decomposition & Oxidation
Products Products

2. Intermediate

Species Sub-Mechanisms

3. Full Mechanisms
4. Reduced Mechanisms

5. Validation
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time= pus

OH, CH,, C,H,, C,H,, H,, CO, etc.

L

Ignition

I )

CO, CO,, H,0

time= ms

time=s {

EXPERIMENTS

Kinetic

Targets
(Shock Tubes, Flames
Reactors)

1. Ignition Time
Measurements

2. Species
Time-Histories

3. Direct Rate
Measurements

4. Flame speed

5. Ignition energy;,
pressure rise




Combustion chemistry/kinetics are
different at high pressure

0.00679

0.0477

Scale = 1.1e+06
Reaction path diagram following C

Scale =95

Reaction path disgram foklewing (Strakey, SCO2 symposium 2018, NETL)
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Project/Task Summary

Task 1: Project Management

Tasks 2&3: Acquire kinetics and 1gnition data in highly
CO, diluted mixtures with shock tube experiments

Task 4: Refine and validate a chemical kinetic mechanism
for Supercritical Carbon Dioxide (sCO,) Mixtures

Task 5: Develop a CED Code that utilizes mechanism for
sCO, combustors




Overall Progress from this project in 3 years
Oxy-Combustion/SCO,

E 20 Journal Papers
- 3 in J. Engineering for Gas Turbines and Power (ASME)
- 4 in J. Energy Resources Technology (ASME)
E 2 in Combustion and Flame
- 7 in J. Physical Chemistry A
- 2 in Energy & Fuels
E 1 IntJ Chemical Kinetics
E 1 Proc. of Combust. Inst.

- > 30 conference papers at ASME Turbo Expo, sCO2 symposium, AIAA Meetings,
Combustion Institute Meetings

E 4 additional journal papers currently in review
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Sample Experiments Results
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Shock tube operation: Pre-shock filling

Pressure Ontical
. transducers ptica
Diaphragm l “" diagnostics for

absorption,

emission

Driver section Driven section

(high-pressure) (low-pressure)

= Shock tubes are 1deal for studying combustion chemistry
= Step change in T, P and well-defined time zero

= Simple fuel loading

" Accurate mixtures and pre-shock conditions

gATE@ing to the energy needs of society



Laser absorption spectroscopy

Photo detector FF1

1
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species

Spectral absorption coefficient
k, = S(T)®(TPX)
S(T): line strength, ®(T,P,X): line shape
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XcHa

Ignition Results: Without CO,

« Comparison of measured and simulated methane concentration for
— Stoichiometric ignition of 3.5% CH, in Argon, 1600K

* Ignition delay times measured

015 — X, (Measured) —— CH* 25 from the arrival of reflected
.......... X, (Aramco) Pressure shockwave to rise of the pressure
- — X, (GRI) 42.0 trace
0.10 |- é  Arrival of shockwave determined
15 = as midpoint of the second
% pressure rise (rise due to
1.0 o reflected shock)
0.05
* Rise of OH Emissions measured as
0.5 the intersection between the
baseline and the tangent line
0.00 drawn from maximum rise of OH

0 500 1000 1500 2000 0.0 With out CO, addition there is pressure

Time [usec] rise after ignition
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XcHa

Ignition Results: 60% CO, addition

« Comparison of measured and simulated methane concentration for
— Stoichiometric ignition of 3.5% CH, in Argon diluted with 30% CO, 1600K

0.15 2.0
—_— XCH4 (Measured) — CH*
.......... CH4 (Aramco) Pressure
----- (GRI)
T Ko 1.5 With CO, addition
0.10 T there is no pressure
& . ...
—  rise after ignition—>
: 1.0 £ True observation for
© .
— o —  all mixtures?
o
0.05
- e —40.5
0.00 l - - 0.0
0 100 200 300 400 500
Time [usec]
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Ignition Results in CH, Under SCO2
Conditions: 77. 5% 002 addition

20 . . . . 0.5

75%CH/15%O /CO - ”w

_ With CO, addition

1277 K, 111.8 atm h .

© = 367 s L 04 there is some pressure
—~ 7 rise (7.5% fuel) after
w i . . .
g OH* Emission s e ignition—> but not as
= .2 bad as the ones
> 10 € without CO,
D Non-reactive Pressure L
? O
L 5-
o Pressure - 0.1

—— ——— 0.0
0 100 200 300 400 500

Time (us)

gATERing fo the energy needs of society { W) UCF




Ignition Results in CH,/O, Under SCO,
Conditions: 85% CO, addition

15 | , | | 0.02 With CO, addition

3.91% CH,/ 9.92% O, /CO, there is no pressure rise
1352 K, 75.1 atm after ignition (4% fuel)
Tgn = 541 us
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Low CH4 Loading: 3.9% CH,/O,/CO, data: ¢=0.78

85% CO, addition
Temperature (K)
1429 1250 1111
10000 + | - | - |
] . * Small scatter in IDT data
g ’
o 260 atm « ARAMCO and FFCM in excellent
= -~ .
= _ agreement with IDT up to 80 atm
& 1000+ M/
é) ] * But two models differ significantly at
2 high pressure (260 atm)
= Modeling:
- Solid: ARAMCO Ver. 2 (2013)
Dash: FFCM (2018)
100 . - . - .
0.7 0.8 0.9
1000/T (1/K)
Next: How do the models compare with higher fuel
loading?
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Ignition Delay Time (us)

AVER ng to the energy needs of society

10000 -

1000{  33atm ~
1004

10 T

High CH4 Loading 7.5% CH,/O,/CO, data: ¢=1.0

85% CO, addition

Temperature (K)

1429 1250 1111 1000
| L | L | L

Modeling:
Solid: ARAMCO Ver. 2 (2013)
Dash: FFCM (2018)

0.7 | dS | Ob
1000/T (1/K)

1.0

* Good agreement of models with data at

33 atm

* Continue good agreement up to 110

atm

* But models diverge at low T
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-diluted Ignition Experiments are challenging:
ngf‘n -Speed Imaging for Accurate Ignition Determination

gATERing to the energy needs of society &) (2



« Bifurcation is a result of differences in the energy level between the
boundary layer and core flow. Occurs with diatomic and polyatomic

molecules in the driven section

i
 Bifurcation induces inhomogeneities 4c

_ 1

Normal
Shockwave

Fluid

Bifurcated
Structures

Shockwave
—

Oblique (h}
Shockwaves

pmhiri'g beam ‘.

End
wall

@ Reflected shock
Adapted from
Yoo, Hanson, et al. 2010

Adapted from
Kline et al. ISSW 1992
Penyazkov et al., 2016 SW



Methane/O,/CO, Ignition Imaging Results c02=89.5%
0.5

—— Absorbance
Measured Pressure
T, = 2038 K t 0 41.0 Experiments with
P.=0.61 atm o, laser MS CO2 addition is not
o Xcps = 0.035 : 'g‘ trivial in shock
Q X,, = 0.070 S, tubes—> Boundary
8 X_., = 0.895 £ layer effects, shock
(o) (7)) . .
2 0.5 g bifurcation
< o
0.0 b———
|
|
l _
| | to,pressure - 34 HS
| |
l : 4 0.0
-100 0 100
Time [us]

Solution - Use multiple diagnostics to study ignition process
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Methane/O,/CO, Ignition: High-Speed Imaging Results
CO,=0 %

Normalized CH* Emission
—— Measured Pressure 120 :éﬁ'.'“
T.= 1920 K . 005 e
3
E F‘_.":.'"Bj-ﬂh‘n " 116 = .
B 11 %o, = 0,005 51 g z
E | X007 e T g 3
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t=420 ps (1) b= 435 ps (2) b= 449 us (3) t= 464 ps |4) t=479.3 ps (5) b= 494 ps (6)




Normalized Emission

-—

Methane/O,/CO, Ignition Imaging Results
C02=85%

T.=1839K

X, = 0.05
X, = 0.10
X.o, = 0.85

|l B

L |

| P,=0.993 atm

Normalized Sidewall Emission
— — Normalized Camera Emission
Measured Pressure

ol

200
Time [us]

t=196.5 ps (3)

0.10
25 Methane Concentration
’ Normalized Sidewall Emission

x%
2.0 —
—_— =
£ O
5 ®
1.5 g §
3 o
E (&
1.0 o
(1]
=
@
05 =

0.0 0.00

t=211

t=226

4 ps (4)

t=241.2 ps (6)

3 ps (5)
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Methane/O,/CO, Ignition Results With Imaging

1200+ ® Sidewall S-I Mixture 1
e Camera - Sl _
— 1000k * 50% Peak S
(2] (o) ‘
E v 100% Peak N
» Laser i
dg’ 800 <« Pressure At =39.5 us
=
>
o
g 0ol §At=655ms
<
2
'c
=2 gAt =43.0 us
400 | At,,, =90 us
1 1 1 1
0.56 0.57 0.58 0.59 0.60
1000/T [K]

Ignition Delay Times [us]

600

400

200

m  Sidewall S-I Mixture 2
e Camera- S|
A 50% Peak ;
v 100% Peak -
Laser At =107 ps
& At=96.5pus
|
A At=37 us
|
At = 80 us
1 | | [ 1 | |
0.52 0.53 0.54 055 0.56 0.57 0.58

1000/T [K]

(a) Mixture 1: XCH, = 0.035, XO, = 0.07, XCO, = 0.00, XAr = 0.895. No CO,
(b) Mixture 2: XCH, = 0.035, XO, = 0.07, XCO, = 0.60, XAr = 0.295. 60% CO,

Difference in various definitions increase with addition of CO,
However, the data can be compared to modeling predictions for various definitions

23
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Select Syngas/O,/CO, Ignition Delay Times

Note: Syngas fuel is a mixture of CO and H,

gATERing to the energy needs of society



Ignition Results in syngas Under SCO2

Conditions: 65% CO, addition

Normalized Emission

1.2 - — 180
Normalized OH* Emission
Measured Pressure 4160
1.0F na: )
Mixture: 140
CO=16.653%
0.8 F 120
H2= 6.969%
100
06} O2=11.887%
C02=64.491% 180
0.4 1 =1203K 60
P =120 atm
0.2 |- Tpeak= 76.5 us 40
Tslope= 62 us 420
0.0 1 0
-200 0 200

P [atm]

With CO, addition
there 1s no significant
pressure rise after
1gnition




Syngas /02/CO2 Ignition Delay Time Measurements:
Comparisons with Modeling

C02=850/0
100000

1A —
: IC;,;‘;;; P, = 40.374 atm
1 pavs Constant U,P , o
1 6 = 0.11 12 Literature kinetic
[T Kermones 4 =1.0 mechanisms tested

—@—Li-2015 X =010

—— NUIG Fuel

10000 - —@—San Diego XCOZ= 0.85 )
1-9-usc All mechanisms
: —Ié_\l\:lif:ured Data iy .
] overpredict data
at high pressure !
1000
100 4 ?
] | | | | | | | |

0.78 0.79 0.80 0.81 0.82 0.83 0.84 0.85 0.86
1000/T (K™
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Reaction Mechanism for sC0O2
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Chemical Mechanism
Development Summary

e Combustion kinetics model refinement/development

e EXxisting kinetic models are only valid at low pressures <
50 atm

* We used multi-scale simulations to extend their validity
to mixtures up to 300 bar by:

1. Quantum Mechanic simulations of the activation
enthalpies in gas vs. CO, environment

2. Molecular Dynamic simulations of reaction
processes




List of Reactions

Rxn#5: O2+H = O+OH

Rxn#26: H202+OH = H20+HO2
Rxn#30: OH+HO2 = H20+02
Rxn#31: OH+HO2 = H20+02
Rxn#32: 2HO2 = H202+02
Rxn#34: H+02(+M) = HO2(+M)
Rxn#36: CO+OH = CO2+H
Rxn#46: CH4+OH = CH3+H20
Rxn#47: CH4+HO2 = CH3+H202
Rxn#49: CH3+HO2 = CH4+02
Rxn#90: CH3+02 = CH30+0
Rxn#91: CH3+02 = CH20+OH
Rxn#99: CH3+HO2 = CH30+OH
Rxn#105: CH302+CH3 = 2CH30
Rxn#153: CH20+02 = HCO+HO2
Rxn#156: CH20+OH = HCO+H20
Rxn#157: CH20+HO2 = HCO+H202
Rxn#158: CH20+CH3 = HCO+CH4
Rxn#194: 2CH3(+M) = C2H6(+M)
Rxn#248: C2H4+0OH = C2H3+H20

Sensitivity Analysis

OH Sensitivity: Methane mixture 300 bar

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
Normalized OH Sensitivity
29 NSTC & UCF
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List of Reactions

Sensitivity Analysis

CH Sensitivity: Methane mixture at 300 bar

Rxn#3: H2+OH = H+H20
Rxn#4: 20(+M) = O2(+M)
Rxn#5: O2+H = O+OH

Rxn#26: H202+OH = H20+HO2
Rxn#30: OH+HO2 = H20+02
Rxn#31: OH+HO2 = H20+02
Rxn#34: H+O2(+M) = HO2(+M)
Rxn#36: CO+OH = CO2+H
Rxn#37: CO+OH = CO2+H
Rxn#43: CH3+H(+M) = CH4(+M)
Rxn#44: CH4+H = CH3+H2
Rxn#46: CH4+0OH = CH3+H20
Rxn#47: CH4+HO2 = CH3+H202

Rxn#48: CH4+CH302 = CH3+CH302H

Rxn#49: CH3+HO2 = CH4+02

Rxn#89: CH3+02(+M) = CH302(+M)

Rxn#90: CH3+02 = CH30+0
Rxn#91: CH3+02 = CH20+0OH

Rxn#140: CH30+02 = CH20+HO2
Rxn#174: CH30(+M) = CH20+H(+M)

-0.6 -0.4 -0.2 0:0 0.2 04 0.6 0.8 1

Normalized CH Sensitivity
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The important elementary steps in high-pressure
CO-C4 fuel combustion

Table 4 Important reactions and the source of their rate constants used in the mechanism. Rate coefficients are in units of cal,
mol, cm®, K. Rate constants are calculated as k= A*T"*Exp(-Ea/RT) where T represents temperature and R represents the gas
constant.

No. Reaction A n Ea Ref.
1 H+0, =0+0H 3.55E+15 —0.4006 1.66E+04 [7]
2 CO+OH =CO,+H 2.20E+05 1.89 —1.16E+403 [7]. A*1.24
3 HCO-+M =H+CO+M 4.75E+11 0.7 1.49E+404 [6]*
+ H+OH+M =H,0+4+M 4.50E+22 -2 0.00E-+00 [19]*
5 C3Hs-a+H(4+M) = CsHg(+M) 2.00E+14 0 0.00E+00 [8]

Low pressure limit: 1.33E+4-60 —-12 5.97E+03

Troe parameters: 0.02, 1.10E+03, 1.10E+03, 6.86E+03

6 CH3+CH3(+M) = C,He(+M) 9.21E+16 —1.17 6.36E+4-02 (71

Low pressure limit: 1.14E+36 —5.246 1.71E+03

Troe parameters: 0.405, 1.12E+03, 69.6, 1.00E+10
7 CH;+HO, = CH;0-+0OH 1.OOE-+12 0.269 —06.88E-+02 [7]
8 CH4+H = CH3+H, 6.14E+05 2.5 9.59E+03 [7]
9 HO,+HO; =H,0,+0, 4.20E+14 0 1.20E+04 [18]°
1.30E+11 0 —1.63E+03

10 CH4+HO, = CH;3+H,0, 1.13E+01 3.74 2.10E+04 [7]
11 CH;30,+CH; = CH3;0+CH;30 5.08E+12 0 ~1.41E+403 [7]
12 CH3+OH = CH»(S)+H,0 4.51E+17 —1.34 1.42E+403 [7]
13 CH;3+0, =CH,O0+0H 2.64E+00 3.283 8.11E+403 [7]
14 CH3+H(+M) = CH4(+M) 2.14E+15 —04 0.00E+00 [

Low pressure limit: 3.31E+30 —4 2.11E+403

Troe parameters: 0.0, 1.00E-15. 1.00E-15, 40.0

15¢ CoHy+H(4+M) = C,Hs(+M) 1.95E+12 0.454 1.82E4-03 (71", A*1.8

Low pressure limit: 2.16E+42 —7.62 6.97E+03

Troe parameters: 0.975, 210, 984, 4.37E-+03

Collision efficiencies: CHy4 2.0, CO 1.9, CO, 3.8, C,Hg 3.0, H,O 6.0, H; 2.0, Ar 0.7.
PRate constant is the sum of tw CXPr

i aik, ¢, V.: Puduppakkam, K. V.: Meeks, E. J Eng Gas Turbines Power
2012, 134, 021504.
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What is really happening during a reaction? Transition
State Theory: 3-D potential energy surface
A+BC— X*— AB+C

Fesction Path eactants
Products

Reaction Coordinate

Need collisions

AP o ATBC

Figure adapted from
Pilling and Seakins

32 NSTC (5, UCF



Gas-Phase Heat release Reaction CO+OH—CO,+H

38.37
trans-TS4
[] ]
32.71
. 32.00
E - 28.37 _*‘JS-TSI ; : cis-TS2
n _.‘I_ OH OC ‘y‘ : .'l [ 1
OHHCO *2——=-"""29.01} ™, : 12088
e e ey I Y
r \  f :. ;
'. N 1595 | X
g | ' HCO, \
y lll 1 19‘03'} 'l :?:'
- Jluity : \ 697
l-‘ : 'rJ 1‘;“ :ll H {02
T
. / 1.77
0.00 cis-HOCO

Pathways shown for gas phase trans-HOCO

gATERing to the energy needs of society NSTC UGCKF




Effects of supercritical solvent within
framework of Transition State Theory

The supercritical solvent can modify predictions of this model

in three ways:

* changing the ability to reach the equilibrium by the
reactants and/or TS

* shifting this equilibrium, and

* changing probability of TS to convert to the products

A?ERing to the energy needs of society NSTC ’UCF




Elementary Reaction CO+OH—CO,+H
(results with covalent CO, addition as a spectator: new mechanism discovered !!)

TS12
44.67

TS16
OH+CO+CO2

31.54

H+2COn
7.12

PC19
5.07

Figure 2. Relative energies (kcal/mol) of the reaction pathway shown
on Scheme 1, with one covalently bound CO, molecule (trans-HOCO
+ CO, system is chosen as the reference point).

€ ATER 3 NSTC (& UCF



Elementary Reaction CO+OH—CO,+H
(results with spectator CO, molecule)

TS34
47.96

OH+CO+CO2

31.54 RC31 TS32

2552 26.7Y
: TS22
25.16 2587 H+2CO0:
7.12
4.87
IN23
-4.98

Figure 3. Relative energies (kcal/mol) of two of the reaction pathways
shown shown on Scheme 2 (in black) and Scheme 3 (in red) with

spectator CO, molecule (the transs-HOCO + CO, system is chosen as
the reference point).

€ ATER 36 NSTC (& UCF



Elementary Reaction of CO+OH—CO,+H
(results with 1 additional spectator CO2)

TS34

E 47,96
n OH+CO+CO:
e 3154  RC31  TS32

2552 26.79
r RCZT  T1S22

2516 25.87 pc3s  HH2C0:
g 6.07 7.12
Yy PC25

4.87

Pathways showh for CO2 autocatalytic effect published in J. Phys Chem A- Masunov & Vasu
(2016)- above work

CO, opens up new pathways and accelerates heat release

Similar catalytic effects by CO2 seen in other reactions (HO,+HO, — H,0, + O,) but not in
H,CO + HO, — HCO + H, 0,

€ ATER 37 NSTC (& UCF




Molecular Dynamic Study: CO+OH—CO,+H
(results)

OVERALL REACTION: -OH + CO - CO, + H: (R1, k)

Actually goes through these 3 reactions including HOCO intermediate

.OH + CO > HOCO- (R2, k,)
HOCO- > -OH + CO (R2r, k.,)
HOCO- > CO, +H- (R3, k,)
k2 ks k. k
A<—=B——( ko= 2l
ks A k,+k
k:L -2 3

38 NSTC & UCF



Molecular Dynamic Study: CO+OH—CO,+H
(results)

Molecule of infermediate in local minima

Optimized within DFT theory, and then this parficle with
optimized geometry was used for MD calculations

€ ATER n NSTC (& UCF



Molecular Dynamic Study: CO+OH—CO,+H
(results)

150 molecules of CO, with HOCO

€ ATER 10 NSTC (& UCF



Molecular Dynamic Study: CO+OH—CO,+H

(results)
QM / MM model was used.
MM layer look like small tubes, QM layer — particle with balls
QM: MNDO; MM: force field CHARMM?27

€ ATER “ NSTC (& UCF



Molecular Dynamic Study: CO+OH—CO,+H
(results)

e T=800 K

={— T=600 K
——@—T=1000K

3.E+12 T=1200K
| —f— T=1400 K

" ‘
§ TR . OH+CO > CO, + H:
S
g
& 3.EH11 (Rl, kl)

3.E+10 “—

0 200 400 600 800 1000
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Molecular Dynamic Study: CO+OH—CO,+H (results)
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* (CO, molecules are among the most efficient to accelerate heat release reaction with

pressure
* mixed quantum mechanics/molecular mechanics (QM/MM) theory level and

molecular dynamics (MD) approach
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Task 5: CFD development and
implementation in OpenFOAM

» Real Gas Equations of State for sCO2
» Thermal properties for sCO, combustor

e CFD simulation status
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sCO2 CFD Modeling

CFD Modeling Development

A CFD code is being developed using an existing open source CFD program called
OpenFOAM, with the incorporation of a thermo-physical library and chemical kinetics
mechanism that are applicable in the super critical regime. The resulting code will be able
to simulate reacting and non-reacting CO2 flow through a large range of thermodynamic
conditions, as experienced in a theoretical super critical engine cycle.

This will entail 4 steps;
1. Incorporate real gas equation of state.
2. Incorporate a super critical thermodynamic library.
3. Incorporate detailed sCO2 kinetic mechanism.

4. Incorporate the non-premixed CMC turbulent combustion model.

Once the CFD code is validated for supercritical CO2 flows, sensitivity and design studies
will be performed on concept burners.




Objective

Objective: To 1dentify necessary thermal and transport models for sCO,
combustor simulations and to calculate elementary thermal properties for
sCO, combustors.

* To find best equation of state for sCO, combustor modeling.

* To develop a model for ‘compressibility factor’.

* To find best viscosity and thermal conductivity models.

* To quantify accurate elementary properties for sCO, combustors.




The comparison of EOS for sCO, and sO,:
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* PRS is accurate for sCO, and SRK i1s accurate for sO.,.
e The EOS has to be validate for mixtures of combustion.
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Comparison of supercritical mixture viscosity mixture models:

mmm (00K == [250K == [500K

10 % deviation lines

EEEEERRRE

Chung et al. ( Kij=1) 1 .
Chung et al. *:-
Lucas et al. *:!—

Wilkes Mixing Rule :_

Welghted average ﬂf I

0.00 0.01 0.02 0.03 004 005 0.06

Mixing Rule

Viscosity (cP)

* No reference data to compare.
* Models predict within 10% of each other.
* Preferred model is identified based on the computational time.
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Comparison of supercritical mixture viscosity models:

HEE Time

Chung Mixing rule with Kij

Chung Mixing rule

Lucas Mixing rule

Mixing rule

Wilkes Mixing rule

Weighted Average

0 5 10 15 20 25 30 35

Computational time (s)

 Times are calculated for 100,000 cells.

 Lucas et al., method 1s more suitable for detailed kinetic mechanisms and
LES or DNS simulations.
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Comparison of supercritical mixture thermal conductivity models:
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Thermal conductivity Mixture model

* Computational time calculated for 100,000 cells.
* Stiel and Thodos is the least expensive computationally and suitable for LES

or DNS.
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Property Conclusions

* Aramco 2.0 , CHEMKIN-RG and PCMC are coupled to
investigate thermal properties of the sCO, mixture.

* Soave-Redlich-Kwong EOS 1s 1dentified as the better accurate
EOS for modelling sCO, combustion density.

* Several preliminary thermal properties of sCO, combustor are
quantified. A model is suggested for ‘Z’ in sCO, combustor.

 Lucas et. al., method 1s 1dentified as the accurate and
computationally advantageous Viscosity correlation for sCO,
combustion.

* An accurate and inexpensive method 1s proposed by using Stiel
and Thodos thermal conductivity correlation.
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Comparing conventional and supercritical combustion:

90m/s-300bar-CO2
-7.451e03 108 215 323 4.308e402
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Chemical Source Term (1/s)

90m/s-1bar-Air
’%’ -5.319e-01 A278 6557 Q8345 1.311e+04

-— U —
Chemical Source Term (1/s)

Simulated DLR-Jet
* Simulation is performed with the premixed CMC in the OpenFOAM RANS
CFD code.
* The current PCMC-OpenFOAM model is capable of using large mechanisms.
The current simulation uses 493 species and 2,714 reactions.
* Stoichiometric CH4/02 with 95% by mass CO2.
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Design strategy identified for future CFD simulation of dilution

Z01¢C:
Mixing strategies in Dilution zone Effect of mixing strategy on PFR emissions
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e Stoichiometric CH4/02 with 95% CO2
by mass. Half of the CO2 injected in
the PSR and the remainder added to the
PFRs.

Real gas code with detailed Aramco
mechanism

T
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Lean operating strategy identified
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* Lean burn sCO2 reduces exit CO and shortens the reactor length.
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