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Tendencies within Premixer Passages for High
Hydrogen Content Fuels
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Trends in Advanced Lean Burning Gas Turbines*

 Higher Combustor Inlet Temperatures
« Improved Fuel/Air Mixing

* Risk of Auto-Ignition/Flashback
 Role of Fuel Type/Composition

Major Question

If a Reaction is Initiated in the Premixer,

Will the Reaction be “Held” on a Wall Recess?

* Stationary Gas Turbine Engines
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Motivation

Double Skin Impingement
Cooled Com bust-::-\

High Hydrogen Main Burner
Content
Fuels
On

N.G.
injectors

Pilot Burner

Radial Swirler

Desired:

Tools to guide premixer
design for robustness
relative to flame attachment
and disgorgement
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Background

Large Body of Literature on Blowoff/Flameholding

Findings
 Only ~25% Focus on Natural Gas, <10% Hydrogen
« Most Focus on Centerbody Stabilization vs. Wall Effects
 Most Seek How to Stabilize, Not How to Avoid

Studies of Particular Relevance

« Cambel, et al. (1957, 1962)

— Wall Perturbations

— Limited Conditions

— Suggested Mechanism “Similar to Centerbody Stabilized”
« Correlation work for CB Stabilized

— Damkohler scaling seems to capture behavior

— e.g., work of Lefebvre, others

—e.g., Shanbhogue, Husain, and Lieuwen

UTSR Workshop, Columbus, OH, October 2011 7146




Research Questions

Major Question

If a Reaction is Initiated in the Premixer,

Will the Reaction be “Held” on a Wall Recess?

Related Question #1

To What Extent do “Damko6hler Type” expressions (based

mainly on bluff body stabilized flames) apply to “small” wall
recesses and/or perturbations?
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Research Questions

Major Question

If a Reaction is Initiated in the Premixer,

Will the Reaction be “Held” on a Wall Recess?

Related Question #2

If the reaction holds on a wall feature, what is required to

dislodge it (experience suggests strong hysteresis)
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Research Questions

Major Question

If a Reaction is Initiated in the Premixer,

Will the Reaction be “Held” on a Wall Recess?

Related Question #3

What is role of T, P, fuel composition, and level of vitiation?
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Research Questions

Major Question

If a Reaction is Initiated in the Premixer,

Will the Reaction be “Held” on a Wall Recess?

Related Question #4

How does the geometry of the wall feature affect the

flameholding tendency?
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Project Goal

Develop design guides to predict flameholding
tendencies within premixer passages as a function
of:

 Pressure

« Temperature

* Fuel Type/Composition

* %02 in the air (vitiation levels)
« Geometry Features
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Approach and Schedule

Task Description Year 1 Year 2 Year 3
M1 M7 M13 M19 M25 M31
k4 = =
Task 1—Project Management and T T r ¥
Planning*

Task 2—Preparation

-Task 2.1—Fuel/Module Selection
-Task 2.2—Fabrication

-Task 2.3—Diagnostics/Rig Setup
-Task 2.4--Commissioning

Task 3—Experimental Studies
-Phase | Y

-Phase Il

Task 4— Analysis and Model h 4 . 4
Development
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Approach

* Preparation
 Fuel/Module Selection
« Fabrication
« Diagnostics / Rig Setup
« Commissioning

 Experimental Studies

 Analyze and Correlate Results
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The test rig will leverage existing high pressure
testing capability developed through support of

NASA, DOE, and industry

1st FLOOR 2nd FLOOR

EMTRY |

ANALYSIS

AVYMIIYH

><]

SUPPORT
O T
line (T el
OFFICE

PROJECT 3 2
room 22X !

ONILNdINDD

UTSR Workshop, Columbus, OH, October 2011

High Pressure Test Cells
15/46



Air Compressor

4 |b/s air; 1000 deg F preheat; diluents (stored tanks)

Pressures to 18 atm

UCICL HIGH PRESSURE FACILITY 1/08
AIR & NATURAL GAS SYSTEMS

UTSR Workshop, Columbus, OH, October 2011

AIR HEATERS
4" SS
Building Air @ ﬁ FLEX LINE
Compressors o e PRIMARY AIR >
(x3) _ Filter/Water @ ’\_ TO VESSEL
! Separator/ 4" SCH 40
150 psig p Red Mass
Supply Tank Flow Meter
> H&d %
Heater
Bypass
gXE PID CONTROLLER
High Pressure @ ﬁ
Air Compressor SECONDARY
0.63 Ib/s To AIR % O > RM 217
350 psig § Drain (0-400 SCFM) Yemss
1" SCH 40
4% H&H— {%} Flow Meter
TERTIARY AIR %
(0-60 SCFM)
RM 117 AIR RM 217 AIR — O rm117
NG HOSE SUPPLY  HOSE SUPPLY WINDOW
Compressor Ecj PURGE
Up To 400
Natural psig
Gas
Supply
Line
45psig Pneumatic E-Stop Ball Valves
(Near Experiment, Automatic &
L MAIN FUEL Manual Trigger)
. ﬁ - % RM 217 _
Pneumatic L —
iy Manual ®) High & Room
ee Shut Off . I Low Flow Critical pe, 1177217
Dgﬂ D@j | < Devices (Orifice Selelctor
Flow High/ Low or Venturi) Valve
Control Selector Check Valve
Valve valve —1 %
To
Vent
=
o
DAQ
Push Tank Tank  Redline
Button TC P Relay




UCICL HIGH PRESSURE FACILITY 1/08

WATER QUENCH & DI WATER
SYSTEMS

Overpressure
Alarm Switch

Overtemp
Alarm Switch

Water Quench
Injectors

Eprerrcment Qi{ ¢ ] CP

Rig Spool
Water Quench
Radiators
X
X

A

Cooling
Water
Quench
Throttling
Water Quench Valve &
Injector Flow Meter
Pump Orifice

(600 psig)

Back
pressure
valves

Pressure
Relief Rupture | 1 |
Disk 2 - ; : Y
T' Y ‘Wati rS s
Secondary Back )
Water Pressure =
Water Dropout Control N wil
Quench Tank Tank Valves
(@experimen <P {%}
t pressure,
P ) > To Stack
Blue Manual
To Drain
To Drain
e
D.l. WATER SYSTEM
DI TANK
Building DI w/ Float Valve
H20

VAN
Primary/
Secondary
Make-Up
Water <?
Pumps
R DR D&Y Low Level | |
Al Switch
Building am Swite
Make-Up o
Water —~X E
(o]
|_
DI Pump
5-10 gpm
(300psia)

(1 ) Series Contacts with Fuel E»Stog Switches
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Preparation

Apparatus

 Modular, leveraging elements of a flow reactor used for
UTSR, CEC, and EPRI supported ignition delay studies

UCICL Ignition Delay Flow Reactor

Pressure: 1 to 15 atm
Temperature: 300 to 950K
Flow Rate: 30-300 scfm
Residence Time: 30-1000ms /
Reynolds #: 15K - 150K i l;l
Reactor Length: 3.95 m
Reactor Diameter: 38.0 mm
Reactor: Stainless Steel

| || @075

150

eeeeeee
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Preparation

Apparatus: Hydrogen/Air ignition

 Beerer & McDonell (2008): Autoignition of Hydrogen and Air inside a Continous
Flow Reator with Application to Lean Premixed Combustion, J. Engr Gas Turb
Power, Vol 130, pg 051507-1

jo" o 1250K 1000 _ 833 714 625 K 10"
E T T T 4 T T T T T T E
| i e Shock tube, this study g
~ B Flow reactor, this study 3
O UTRC data (1985) 3
& Walton et al. data (2007) - 109
E Model, Davis et al. (2005)
—_ - = Model, RAMEC (1999) =
[ 3 - - - - Model, Sun et al. (2007)
= ] Madel, San Diego (2006) 1107
[)) 3 —-— Model, Li et al. (2007) E
£ : .
[
= | {110°
B & 1
S L ]
c 2
5 ]
110°
:
1 N 1 M Ll ' T ' 1 M ] 101
8 10 12 14 16 18
10%T (K™
Available online at www.sciencedirect.com _—
e s
) *.* ScienceDirect Combustion
£ 80 and Flame
ELSEVIER Combustion and Flame 149 (2007) 244-247

ww.elseviercom/locate/combustflame
Brief Communication

New syngas/air ignition data at lower temperature and
elevated pressure and comparison to current kinetics models

Eric L. Petersen »*, Danielle M. Kalitan ®, Alexander B. Barrett®,
Shatra C. Rechal®, John D. Mertens ©, David J. Beerer?,
Richard L. Hack !, Vincent G. McDonell ¢
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Preparation

Apparatus: Alkanes i 7'/ , e -
+ Beerer and McDonell  fm] i 4 C‘l o [ S
(2010’ 2011)__a| kan eS ;Elm :;xﬁ:::l:aneﬁmane E - E:m%angnhln;ﬂ;a::b Cl’ C2
I ™ Al BN [+ ovint b O2C
1.05 1. lm!;::. Im:l 1,30 1.25 1.05 1.10 lm;.-r!:. *ulk 1.20 1.35

Available online at www.sciencadirect.com

e Proceedings
e
P’ H H of
b i | .~ ScienceDirect Compe .
P —— . _ _ Institute
ELSEVIER Proceedings of the Combustion Institute 33 (2011) 301-307

wrw elsevier comflocate/prod

An experimental and kinetic study of alkane
autoignition at high pressures and
intermediate temperatures

David J. Beerer, Vincent G. McDonell *

All tabulated data available
In supplemental material
997 ignition measurements

An Experimental Ignition Delay
Study of Alkane Mixtures in

oviasesrer | TUrbulent Flows at Elevated
vienwooner’ | Pressures and Intermediate
scansamuesen | TEMperatures

J. Engr Gas Turb Power (2010)
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Apparatus

 Modular, leveraging elements of a flow reactor used for
UTSR, CEC, and EPRI supported ignition delay studies

]
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Schematic

 Modular, leveraging elements of a flow reactor used for
UTSR, CEC, and EPRI supported ignition delay studies

Existing Test Section
available from a
short duration
industry study

in early 2000’s

--actually predated
flow reactor
configuration

--2.5” semi-square
Cross section

i
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Preparation

)

",.,(,__ : \ $2
Legacy Test Section

—
-~

J-5POINT FUELTNJ EJ{TJQN; S
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Legacy Test Section

| |
L- we— |GNITER

' - | sTEP VIEW PORT

=
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TORCH IGNITER ON

TORCH IGNITER OFF

Current Project:

High Speed OH* Imaging
will be used as well
Phantom 7.2 CMOS w/

external intensifier
UTSR Workshop, Columbus, OH, October 2011 25/46
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Velocity/Turbulence Mapping
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Approach

* Preparation
 Fuel/Module Selection
« Fabrication
« Diagnostics / Rig Setup
« Commissioning

 Experimental Studies

 Analyze and Correlate Results
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Fuel Space

Table 1. Summary of Fuels of Interest (clean, dry, mole fractions).

Fuel Space

Constituent H- co CH, C.Hg,Cyt CcO. N
Hydrogen {H2)" 100-90 | 0-10 0 0 0 0
Coal/Petcoke 37 46 1 0 14 2
syngas (“Syngas”)—
nominalvalues shown
N2 diluted 23 31 1 10 35
coal/petcoke
syngas? (“Dilute
Syngas”)—nominal
values shown
LNG {LNG)/Shale Gas* | 0 0 90 5/5
*For pipeline injection. For onsite use can find 50%+ ethane
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Operating Conditions

Operating Conditions

Table 2. Operating Conditions and Parameter List.

Parameter Units Minimum | Center | Maximum Comment
Pressure atm 1 K 14
Temperature Deg F 500 750 1000
Turbulence Intensity | % ofthe | 5 10 15

Mean
Owverall Equivalence MNone 0.6 0.8 1.0
Ratio {or low

limit)

Freestream Velocity m/fs 40 70 100
%02 {diluents will be | % wvol
CO2,N2)

Autoignition may constrain some of this space

UTSR Workshop, Columbus, OH, October 2011 29/46



Test Module Selection

Test Section

» Will consider modified version
to allow top access
« Downstream ignition?

* Replace 5 point fuel injection
with ignition delay venturi injector

UTSR Workshop, Columbus, OH, October 2011
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Test Module Selection

Potential Geometries

a) Baseline (step expansion b) Angle Expansion

UTSR Workshop, Columbus, OH, October 2011
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Test Module Selection

Potential Geometries

Table 3. Geometric Conditions and Parameter List.

Parameter Units Minimum Maximum Comment

Sudden Will build 3

Expansion (2D) )
Step (legacy parts available)
Height | Inches 1/32 0.375

Transition Deg 15 90 will build 3

Angle {2D) Will use 0.25” expansion height

T overall with different angles. 90

degree corresponds to step
expansion case above

Channel (2D} will build 4
Width Inches 0.125 0.375
Height | Inches 0.125 0.375
Strut/vane (3D) will build 4
() Diameter | Inches 0.125 0.375 Full length corresponds to
Height Inches 0.125 Full Length extending across the test section

opening to the far wall. Shape can
be round or square or vane. TBD
with input from OEMSs

Bolt/Rivet
D Diameter | Inches 0.125 0.375 Will build 4
Height Inches 0.125 0.375
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Approach

* Preparation
 Fuel/Module Selection
« Fabrication
« Diagnostics / Rig Setup
« Commissioning

 Experimental Studies

 Analyze and Correlate Results
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Legacy Tests: Go/no go Findings

Limited studies carried out in 2002 examined “go/no
go” type tests to establish max step feature for
natural gas premixing to disgorge

* Only step “expansion” geometry studied

* Test intended to evaluate->do 1/32” or 1/8” steps hold
flame?

* Fuel/Velocity Distributions non-ideal (post test)

» Results can serve as a baseline for the current effort

« Also provide “seed results” for correlation evaluation

— ANOVA Current
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Test Plan

PARAMETER UNITS MINIMUM | CENTER MAXIMUM
Pressure atm 2 4.5 7
Temperature deg F 600 825 900

(K) (588) (714) (755)
Equivalence Ratio 0.6 0.8 1.0
(or limit)
Freestream Velocity ft/s 100 150 200
(m/s) (30.5) (45.7) (61.0)
Step Heights == in 0.0313 0.125 0.250
T (mm) (0.79) (3.18) (6.35)

Do steps hold flame?
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Test Matrix

Hold/No Hold Test

* 1 mm step didn’t
hold flame

¢« 3.2& 6.4 mmdid

* LBO point noted
as “afterthought”

LBO Point:

4 factor

2 level

Full factorial
w/Centerpoints

Allows ANOVA

Temperature
degrees F
600
600
600
600
600
600
600
600
600
900
900
900
900
900
900
900
900

600
600
600
600
600
600
600
600
600
825
900
900
900
900
900
800
900
900
900
900

Pressure
Atm

e e B VB LS I L L L B e B s DA A AL I LW ]
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Velocity
ft/s
100
100
100
200
200
100
100
200
200
100
100
200
200
100
100
200
200

100
100
100
200
200
100
100
180
180
150
100
100
100
200
200
100
100
100
200
200

Equiv. Ratio

08
073
1
08
1
086
1
08
1
086
1
0.8
1
086

Expansion
inches

0.25"
0.25°
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"
0.25"

0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
0.125"
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Analysis of Variance

Results from ANOVA

WE =0.99 — 0.00017*Temp — 0.091* Pressure — 0.0013*Velocity + 0.0006* Pressure *Velocity

Step Height not statistically significant (0.125/0.25” step)
Effect of velocity depends on pressure

* Low pressure, velocity has no effect

* High pressure, significant velocity effect

Lack of fit is significant

* Indicative of non-linear behavior

* Evaluation of log/In response still indicates lack of fit

Insufficient results to generate strong conclusions
* Need for additional measurements
* More systematic studies
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Legacy Tests: Correlation?

Limited studies carried out in 2002 examined “go/no
go” type tests to establish max step feature for
natural gas premixing to disgorge

« Also provide “seed results” for correlation evaluation

* Results can serve as a baseline for the current effort l
—e.g., vs Cambel?

Current
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AIEWAES

* PROPANE
Cambel, et al. (1957, 1962) . NO TEMP VARIATION

* NO PRESSURE VARIATION

350
PREDICATED LINE FOR DECOMPOSITION
DATA REFERENCE (8)
£ +62,000 %allq-mol!
a:6.4x10'Y 1/3ec
300 (o) .
4+ PREDICTED LINE FOR
COMBUSTION DATA,
+ CALCULATED FROM
Ol K hd GERSTEIN REF Ui}
5 280 Ao E238000 cat/g-mole
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w
:
&
o
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O RECESS NO6
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® RECESS NO.8
Fuel Distribution?
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MAIN STREAM EQUIVALENCE RATIO, &
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Legacy Tests: Correlation?

Limited studies carried out in 2002 examined “go/no
go” type tests to establish max step feature for
natural gas premixing to disgorge

» Results can serve as a baseline for the current effort

« Also provide “seed results” for correlation evaluation

—e.g., Ballal and Lefebvre, (1979) 0.16 current

y :{ 225+ 04U ¢+u7]|

PO%T, e %/1%0_D (- B,

— Essentially Damkohler scaling (reaction time/residence time
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Do = {

0.16

2.25]+ 0.4U ¢+u' ] |

Test Matrix PO3T o150 D ¢— B,
PARAMETER UNITS MINIMUM | CENTER MAXIMUM

Pressure atm 2 4.5 7

Temperature deg F 600 825 900
(K) (588) (714) (755)

Equivalence Ratio 0.6 0.8 1.0

(or limit)

Freestream Velocity ft/s 100 150 200
(m/s) (30.5) (45.7) (61.0)

Step Heights == in 0.0313 0.125 0.250
(mm) (0.79) (3.18) (6.35)

Step Heights:

B&L blockage ratio Ag/Ay: 4-34% ) <} Ao

Current “blockage” ratio <1%

Temps: B&L 575 K max
Fuel: B&L Propane
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0.16

225§+ 0.4U ¢+u' ] |

Ballal and Lefebvre (1979) b0 = b
PO#T, e €150_D (- B,
e 025" = 0.125" — Predicted Data
0.70
0.65
E -
J 0.60
c
0
© 055 ==
= i .
L  m
cxs 0.50 ——H —o——1
%’ e —t
5 045 == 5
o —
S 0.40 ———
a —
0.35
0.30
030 035 040 045 050 055 060 065  0.70
Measured Weak Extinction Limit
Fuel/Air control needs improvement (already in place)
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Additional Considerations

« Consider Quench Distance within Blockage Ratio

10
= u>2S,

dq
S, —0.63u'

Klimov expression (1983) used for St
BTW--d, ~ 0.1 mm compared to 0.8 mm for smallest step

BTW—what is S;? (results expected from other UTSR efforts)

* Fuel type: Reaction Order of Methane vs Propane
— Pressure Dependency of Reaction Rate?
— Analysis suggests P*0.3 improves fit
— Lefebvre’s original data suggested very small pressure

dependency (unexpected)
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0.16

225§+ 0.4U ¢+u'_] |

0.70

- : : ¢LBO — — i
Additional Considerations Po3T, e €150 D (B,
Included
¢ 0.25" = (0.125" — Predicted Data

0.70
- 0.65
E
— 0.60
O B B
2 055
5 :
x 050 o —— S N
<Y PR — —ro———
= 045 S -
> H—eo—
% 0.40 +—=—= }
g ——H

0.35 +—

0.30

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
Measured Weak Extinction Limit
0.25” better behaved, yet still fairly poor agreement
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Findings from Limited Natural Gas Data

Steps less than 0.0313” didn’t hold flame
 Quenching Limit?
* Role of conditions, fuel composition?
 Experiment Issues (fuel distribution, fuel/air control)

DOEXx and Analysis of Variance

* No step effect noted (consisted w/Cambel)
— Pressure, Velocity, Temperature, PV Interaction
— Insufficient data to utilize ANOVA reliably

Correlation effort

« Similar trends to Cambel, but differences noted
— Different fuels, etc

« B&L similar trends, but not good agreement
— Different fuels, temperatures
— Large bluff body vs small wall features

Research Questions remain!
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Current Project

Task Description Year 1 Year 2 Year 3
M1 M7 M13 M19 M25 M31
k4 = =

Task 1—Project Management and T T r ¥
Planning*

Task 2—Preparation

-Task 2.1—Fuel/Module Selection

-Task 2.2—Fabrication o]

-Task 2.3—Diagnostics/Rig Setup

-Task 2.4--Commissioning

Task 3—Experimental Studies

-Phase | Y

-Phase Il

FY
Task 4— Analysis and Model . 4
Development
mcdonell@ucicl.uci.edu; 949 824 5950 x121
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