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» Few studies of auto-ignition behaviors: syngas/H, -1
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e, Objectives and Approach
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1. Where do certain auto-ignition behaviors happen?
2. Can we predict them?

3. How does it affect accuracy of typical homog. modeling?

University of Michigan — Rapid Compression Facility

Combine results with previous; map as f(P,T,op)

Identify strong ignition limit, compare to predictions

Compare T, to predictions from typical O-D modeling

Y
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Methods: Experimental &

™ “?

cOmMbUSHION a5 o - WP v Computational
University of Michigan — Rapid Compression Facility
Test  Phantom
Section '
Camera
Sabot
e, (@
Kistler 6125B
Pressure X-ducer Transparent
End-wall
Measurements
Transient bulk pressure & Axial high-speed images
Conditions

Pressure ~ 3, 5, 10, 15 atm, Temp. ~ 950-1150 K
¢ =0.1&0.5, H,:CO = 0.7, ~Air Dil. With N, (CO,, Ar)

Computations

CHEMKIN 0-D homogeneous reactor and flame speed calculator, Li 2007
mechanism* with A-factor uncertainty (H+0, = OH+0 & H+0,(+M)=HO,(+M))
*J. Li, Z. Zhao, A. Kazakov, M. Chaos, F.L. Dryer, J.J. Scire, Int. J. Chem. Kinet. 39 (2007) 109—-136
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Pressure (atm)

P(t)

Homog. Ignition, (¢ =0.1)
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End-of-Compression  Minimum Pressure

P=10.5 atm
T=1,070K

I
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AT,
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Maximum Pressure

Ignition Event

= 6.1 ms

1
- !
-t >,

T, =1/2(25+154)=9.3 ms

0 5 10

Time (ms)

15 20

. Typical Pressure Time History

For each experiment:

Assigned state (P,T)
Calculated T;y, A

Classified auto-ign.
behavior



: /i, Typical High Speed Imagin
combustion ae o wror v yP J P Jing
Homogeneous Inhomogeneous

(P=9.2atm, T=1019 K, @ = 0.5)

(P=3.3atm, T=1043K, ¢ = 0.1)

Ignition Imaging .. :
I . Auto-Ignition Behavior

Classification Characteristics J

Strong Spatially uniform only Homogeneous

Weak Flame-like structures only Inhomogeneous

Flame-like structures - spatially
uniform in unburned

* Re-classified previous results [7-11]

Mixed Inhomogeneous > homogeneous



 lgnition Behavior Map, ¢ = 0.5
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This study D Mixed O Weak X Nolgn
Kalitan et al. A Strong /A Mixed
Blumenthal et al. 4p Strong <P Mixed > Weak

£ P P KD
Strong Ign. Limit

50

| szo QO C'@ og%'

—
=
|

Pressure (atm)

1 T T
850 875 900 925 950 975 1000 1025 1050 1075 1100 1125 1150

Temperature (K)

» Excellent agreement across devices, mixture variations
» Strong ignition limit identified; Functionof ¢, P, T
» First comprehensive integrated mapping



comblUstion™ , ., Prediction: Sankaran Criterion

Homog. Inhomog.
This study @)
Kalitan et al. A A

Blumenthal et al. 4p ¢

50
e ¢ 000 0000 > .
- Predicted Strong /////0

Ignition Limit

| o oo % wq’c ///;" 4

[
<o
1

] 000 004000 qeegee
16 & 000

Initial Pressure (atm)

1 Measured Strong
Ignition Limit >

1 — = T
850 875 900 925 950 975 1000102510501075110011251150
Initial Temperature (K)

« Criterion captures strong ign. limit, both ¢, all P, T
* First application to experimental data
» A priori prediction, from basic modeling (t, s, °)!



=a Behaviors and model accuracy
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¢ =0.1 @ =0.5

Temperature (K) Temperature (K)
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200 ' 1 " 1 " | s 1 L | L | " 1 L 1000 ' | . | L | " | L 1 L | L | L | L
EMixed Ign. A 15am A 10atm & 5atm A\ 3am L2
100 4 Prediction {Weak Ign. W 15atm sk 10atm $¢ 5atm Y 3 atm -
] Measured i A 5 Predicted _.*~
2 I)& | E100- -
f ry ) . :
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Ol S N e e D S [ S B, e ) 0.1 4+——— e e e
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» ¢ =0.1: Excellent agreement, regardless of ign. behavior
» ¢ = 0.5: Poor agreement, worse as T 1, all inhomog. Behavior

» Inhomogeneous behavior correlated to modeling error



The effects of impurities on
syngas combustion




combustiont sz o . ™o v

Background

 Numerous impurities in real syngas, with
significant impacts on reactivity pis-21

« Particular concern for Organic Si species

— Silanols, Siloxanes increasing in concentration in
landfill-based syngas ps

— Known to foul: effects on combustion?

— SiH, has marked effect on H,, likely also the case for
SYNQgas [zs, 2g]

. 3
—

[Pierce, 2005]



S iy Project Objectives and Approach
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1. Effect of Trimethylsilanol (TMS) on syngas reactivity.

— Unstudied impurity related to commonly found Si-
species in landfill-based syngas 2o

- Compare ignition times to predictions from typical modeling
- Use model to interpret and analyze observations

P ~5&15atm, T ~ 1010 — 1110 K
@ = 0.1, ~Air Dil. with N, (CO,, Ar)

(1) syngas: 30% H,, 70% CO
(2) syngas + 10ppm TMS
(3) syngas + 100ppm TMS



Results: Typical Pressure

o 4

combustion xs o= #ror v Time Histories
15 atm 5 atm
Two-step ignition One-step ignition
19 (Pure syngas) 6.0 (Pure syngas) 0.3
EOC Min. Pressure Max. Pressure 3 .

18 | o l 14 T Eoc P(t)
~17 _- P . =150atm v —3 = 0.2
g ) % z
& AL — g
~16 — 7 = o g
g 1) G v 3
315 = 1 ] = 2 0.1Z
% 4/ i, =11 E § E
e e e 15 < &

4 it e | s AR o
13 15, =25 ms | = = 0.0
1 1, =6.1ms : 7
12 T - T T T T -
| | I | | | 40
0.0 2.5 5.0 o 100 125 Time (
Time (ms) ime (ms)

» 2-step ignition never before reported
» Modeling trends indicate worse for higher P, more CO

- For each experiment, assigned:
- Thermo. State (P,T), Ty, » and Ty, ; (if 2-step)
- Sources of uncertainty: direct meas. and post-processing filters



", Results: T;

cOmMbUStIONT A s o « *Pom v Iign,2
5> atm 15 atm
Temperature (K) Temperature (K)
1087 1075 1064 1053 1042 1031 1020 1010 1124 1111 1099 1087 1075 1064 1053 1042 1031 1020
100 ——d | | | | | | 50 L by b L bl il o] g
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A
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= | =l g +100ppm TMS
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10T K :
0'/Temperature (K™) 10%/Temperature (K

- 10 ppm TMS ~ negligible - 10 ppm TMS ~ negligible?
- 100ppm TMS decrease by ~20-30% - 100ppm TMS decrease by ~50-70%

» TMS effect consistent and drastically promoting at 100 ppm!



=1 Results: TMS and P Dependence
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"t.

ign,2
Temperature (K) - 100ppm TMS virtually eliminates P
1124 1111 1099 1087 1075 1064 1053 1042 1031 1020 1010
100 — bl s s balbalbidol dependence

—_ - 15 atm 3atm
< /H./co -0- -0- -
\?)—’ dn/conoppmmvs A A . - SuggeStS TMS effect is on HOZ/
£ Jroroemie 2 /:M/ s H,0, chemistry: supported by
5 oA modeling
i D@/EE‘ -
5 - Very similar effects seen for
B another Si compound, SiH,, in H,
g [petersen][mclain]
4: 1 1 I 1 I ] I ] I 1 I 1 I 1 I I l ] I 1

8.9 9.0 9.1 92 93 94 95 9.6 9.7 9.8 99
10%/ Temperature (K'l)

Dangerous trend for Si species?
Warning for future syngas with

Svnaas more Si

- 5to 15 atm > ~ 100% increase in T, CH, T
Syngas + 100ppm TMS \ / H\\‘-)Si\

- 5to 15 atm - ~ negligible increase Si H

ch;  OH

Molecule images:
http://en.wikipedia.org/wiki/



Experimental study of OH
time histories during
syngas auto-ignition



- .
- New OH Laser Absorption System
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~532 nm 306.687 nm :
, ..... 11
DAQ : (Burner)
Goal
\\ Measure yq4(t) during
— (Ref) UM-RCF syngas auto-ignition.
: S Test Section Conditions
S Q- P ~ 5 atm, T ~ 1000-1090 K
& &[1.Probe) ... i 0=01, ~AirDil. Ny ()
................. u 1 Fuel: 30% H,, 70% CO
- \ / Computations
. Li 2007 mech.
Heated Window Ports NUIG 2013 mech. pis]

* Low precision targets dominate (tigy,, s, °) available kinetic data

* Important O, OH, H radical data very limited for H, (high-T, low-P, ultra dilute) 29,
unstudied for syngas


Presenter
Presentation Notes
R1(5) line of A2Σ+  X2Πi (0,0) band of OH spectrum (ν0 = 32606.556 cm-1  / 306.687nm)

Common target in OH spectroscopy given its simplicity,  strength, and isolation [Donovan, He, Rey] 

All transitions are in 1 electronic state

306.4nm is band head, one of set of strongest for A-X transition

(0,0) are upper and lower vibrational levels – strongest absorption near combustion conditions

Lines within band head are from rotational sub-levels

R1(5)

5 = rotational quantum number of ground state, 1 = ?

Going from ground state (X) to first excited state (A)
Laser hits OH, absorbs, and bumps OH from X to A
Then can back out total OH from calculation of % that are in ground state
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Raw Signals
6.5 20
< roc P(t)
=0 ms -
6 0 S t’=5.l atm
~ T= ],075 K f--‘\
s 1155
E/ 3.5 = \Ignition Event i—:/
o | <
5 5
2 5.0 == Test Input (I ) 7p]
£ . =105
= 4
45 — ! =
Test Output (I)
4.0 5

Vsl bl o
0.0 2.5 5.0 7
Time (ms)

» Clear absorption feature

Pressure, P (atm)

Typical o time history

Xonu(t)
6.5 400
. P()
EOC —1350
t=0ms -
6.0 4 p=51am —1 300
Jr-1075K >~ il
5 Ignition Event - 250
5.5 — \ v 1. E
Maximum Yoia =200 g
2| -
sy — 150 .
, M d ] |
b L Predicted - 100
45 =]  (NUIG2013)f 150
—0
4.0

0.0 2.5 5.0 Tin
Time (ms)

» Excellent agreement between measured and predicted (1)

» Interrogation of multiple features possible (magnitudes, slopes),

to improve chemical kinetics
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Thank you!
Questions/Comments?

http://www.netl.doe.gov/research/coal/energy-systems/turbines
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2 Strong Ign. Limit Prediction
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We mapped the strong ignition limits
...can we predict their location a priori?

 Previous attempts (800 — 1300K, < 3 atm)
— 2nd explosion limit; Voevodsky and Soloukhin, 1965

— Thermal sensitivity, (dt;,,/dT),; Meyer and Oppenheim, 1971

« New method here, based on computational work

— Sankaran Criterion; Sankaran, Im, Hawkes, Chen, 2005

st (P, T, ...) = Uprop(P, T, ...) = strong ignition limit

-1

Distributed thermal gradients u _ dTign dT
- prop

drive local prop. fronts dT dx



., H,/0, 2nd Explosion Limits
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This study P Mixed O Weak X Nolgn
Kalitan et al. A Strong /A Mixed
Blumenthal ct al. 4p Strong < Mixed > Weak

2 > P D

50

Extended 2" [imit

—_
(=]

Classical 2" limit

Pressure (atm)

1

850 875 900 925 950 975 1000 1025 1050 1075 1100 1125 1150

Temperature (K)

e P <5atm: explosion limits ~ capture strong ign. limit

« P >5atm: Poor correlation
» Chemistry is important, but its not the whole story



Ny | hermal sensitivity, (dtig,/dT),

This study P Mixed O Weak X Nolgn
Kalitan et al. A Strong /A Mixed
Blumenthal et al. ’ Strong <Jp Mixed <> Weak

A oA

-10 ms/K ‘| -0.7 ms/K 'O 04 ms/K

50

—_—
f=1
|

Pressure (atm)

850 875 900 925 950 975 1000 1025 1050 1075 1100 1125 1150
Temperature (K)

P <5atm: Crit. iso-contour captures strong ign. limit
« P >5atm: OK agreement, not quite
» Improvement, but not purely predictive; need to find critical value
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o alitaate rmvamnee o \odel Predictions

Predicted P-t history

(Pure syngas, 1066 K)

1.4
£”13] 5 atm
=}
-
2 1.2
&
=
LRAR
'Té -
S 1.0—
= 15 atm
09 Illllllllilll
6. 2 4 6 8 10 12 14

Time (ms)

- Modeling accurately predicts 2-step
ignition at 15 atm, 1-step 5 atm

- Tignis2 Predictions in excellent

agreement for both P, syn. & syn. + CH,
- System well represented by Li 2007 mech.

and CHEMKIN homog. reactor model

Measurements v.

15 atm

Temperature (K)

1124 1111 1099 1087 1075 1064 1053 1042 1031 1020
00 Illllllllllllllll
p H/CO meas. _ﬂ.__ﬂ._
={|H,/CO pred.
=1 H,/CO/CH, meas. Q 0
—|H,/CO/CH, pred. & O
10

Auto-Ignition Delay Time (ms) .

—

L L L L LI LI LA BN WL
89 90 91 92 93 94 95 96 9.7 98

10/ Temperature (Kl)

5 atm

Temperature (K)
1087 1075 1064 1053 1042 1031 1020 1010

100|||||||||||||
H/CO meas. —H-
H,/CO pred. a
H/CO/CH, meas. 4

o, p‘/ﬁ, /%%

L) I 1 l I I ) I I l ) I L)
92 O 9. 4 9.6 9. 9.9
10 /Temperature (K )

Auto-Ignition Delay Time (ms)
=

—_—
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: o i ion: = ition?
combustornr=. , >, Discussion: Why 2-step Ignition”
Predicted P-t trends Predicted y;-t history
1.4 (Pure syngas, 1066 K) 0.035
) = T 2 = 0.030
= 13 €19 - 0.025
% 1.3 j 518 —- 0-020-§
o o 0.015£
E L1 H:CO Sam 10am ; 17 — %
g g, == = o 0.010 S
5] 31 = 16 —
i 1.0 . — _ 0.005
R T L R R B R = 0.000
0 2 4 6 8 10 12 14 16 18 o
- Dme(ng) 00 25 50 75 100 125 150
- 2-step behavior minimal at 5 atm, L) _
pronounced at 15 atm for high x., 0 ]
- ," —8x10”
Why 2-step ignition? = B
(ROP and sensitivity analysis) Sl e
- CO + OH = CO, + H dominates 217 Tz
- OH lag after step 1, H, exhausted " 16 - / N
- H+0,=0H+0V. H+ 0,(+M) = HO,(+M) R e [
- bl el ool et o]
- Explains P and H,:CO (Tg,,,) dependence 'L 2 s R0

(Pure syngas, 15 atm, 1066 K)



Discussion:
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- Can’t investigate directly...

- Jachimowski & McLain and Petersen:
- SiH, in H,, disrupts formation and/or
enhances consumption HO,

- Simulated these effects using current
model with Li 2007 mechanism

- H+ O,(+M) = HO,(+M) (A x 10%-1-3)

- Trends of increased reactivity and lowered
pressure dependence replicated, but
smaller magnitude

- HO, interaction likely part of TMS effect

- Good qualitative agreement with other Si-
base impurity, SiH,

Why promoting effect of TMS?

Temperature (K)

1250 1000 833 714
,,._\1000 1 I 1 [ [l
g H+0, (+M) = HO,(+M)
EIOO 7 /
i / 5atm 15 at
> A — —
% 10 ! A0 == —-—
A ! |anoo--- ---
g /
= =
= 0.1 :
8
=t
<0.01 | I :

8 12 14

10" Temperature (K’l)
Temperature (K)

1250 1176 1111 1053 1000 952
,,._\1000 1 I 1 l 1 l 1 I 1
E Satm 15 atm

A —

_g 100 AxI00 — — — —
F
E‘ 10
L
A
s !
— 0.1
£
= HO,+HO,=H,0, +0
S 00l

8.0 8.5 9.0 9.5 10.0 10.5

]04/Temperature (K’])
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