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» Background
» Soot Model
» Experimental

» Pilot-scale Study
e Model verification

e Impact of burner and OFA operation

» Conclusions
» Future Options
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> Low NOx combustion can
result in significant
concentrations of submicron
soot particles.

» Potential Impacts:

— Increase in fine particulate
emissions and opacity

— Boiler heat imbalances due
to enhanced lower furnace
radiation

— Potential decrease in
effectiveness of air staging
for NOx control

— Ash salability

» Computational Fluid
Dynamics

17th Annual ACERC Meeting, Salt Lake City, Utah

‘-J % s (= e . - :
Veranth, J.M.; Fletcher, T.H.; Pershing, D.W. and
Sarofim, A.F. Fuel, 79(9), 1067-1075 (2000).
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GLACIER Overview
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Y

Advanced CFD Code

» Over 100 combustion
system modeled

» Over 8 years of
industrial application

» Designed to handle
“real-world”
applications

— Judicious use of sub-
models & numerics

— Qualified modelers

Combustion
Chemistry

Radiation &
Convection

Particle
Reactions

CO & Sulfur
Chemistry

Surface
Properties
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Soot Model
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» Semiempirical model*

— Soot is assumed to form from only tar.

— Tar yields is calculated by CPD model™ based
on measured coal characteristics.

— Three equations for conservation of the mass
of soot and tar, and the number of soot
particles.

* Brown, A.L.; Fletcher, T.H. Energy Fuels 1998, 12, 745-757.
1 Fletcher, T.H.; Kerstein, A. R.; Pugmire, R. J.; Solum, M. S.; Grant, D. M.
Energy Fuels 1992, 6, 414-431.
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Assumed Mechanism
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Devolatilization
Char

/ Light Gas
.

é Ii _ Agglomeration
Coal Tar F()rm{: Primary Soot —» Soot Agglomerates

Gasification

Light Gas

+ Oxidation of Soot and Tar

CPD Soot Model
Brown, A.L.; Fletcher, T.H. Energy Fuels 1998, 12, 745-757.
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Conservation Equations
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—> > —> 'Ll —>
g g
o)
X S

Mass of Soot Ye Sy, =Tpe —For
Mass of Tar Yr _ g :

SYT =Ver = Vrc —Yor —Tor
Number of Soot N N _ _
Particles Sye = —Mcémin Fre =Ty

Brown, A.L.; Fletcher, T.H. Energy Fuels 1998, 12, 745-757.
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Reaction Rates
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Reaction Rate

Formation of Tar top =SP,,

Oxidation of Tar For = Poler e, 1Aore 5™

Gasification of Tar A I e

Formation of Soot Fre = lcp | e "™

Oxidation of Soot e =S4, ?10/5 A, e FoclRT . A,C:pg(mc){% f
| | |

e (T 4 YA

Brown, A.L.; Fletcher, T.H. Energy Fuels 1998, 12, 745-757.
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Arrhenius Constants
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Term A E (kJ/gmol)
Tar Oxidation 6.77 x 10° (1/s) 52.3

Tar Gasification  9.77 x 10'° (1/s) 286.9

Soot Formation 502 % 108 (1/s) 198.9

Soot Oxidation 1.09 x 104 (K”Z/s) 164.5

Brown, A.L.; Fletcher, T.H. Energy Fuels 1998, 12, 745-757.
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.arbonization Rate
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2000 1800 1600
10 : :
8 |« A [sec] E
\ [kd/mol]
~ ~—— R. A. Dobbins etal. [1996] 1.78x10° 113
= w6 B __\\ A. L. Brown et al. [1998] 5.02x10® 198.9
= ¥ \*\,\ LN B.S. Haynes etal. [1983] 1.3 x 10" 180
-U _\/ - -
-kE ‘E 4 \x\l\x\
= © \ * Reference can be found in ‘Brown, A. L.;Fletcher, T.H. Energy
< f ) & Fuels 1998, 12, 745-757.
- R A Dobbins gg%/_r;e% B. S.;Wagner, H.G. Z. Phys. Chem. [N.S.] 1983, 133,
0 - = =A.L.Brown
—x— B.S. Haynes
-2
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10000/T [K]
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Pilot-scale Test Furnace
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» The horizontal-fired combustoris 1.1
m X 1.1 m square and 12.5 meters

= long

.. > Capable of firing natural gas and/or

pulverized coal at 5 MMBTU/hr

University of Utah L1500 Facility
1.1m
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5 MMBtu/hr Low NOx Burner
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Tertiary Air

» Dual-register
coal-fired
burner

Stabilizing Gas

Secondary Air

Primary Air
and Coal Inlet

Primary Air and Coal Secondary Air Inlet

Tertiary Air Inlet
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Photoacoustic Analyzer
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Microphone
Pressure Piezo disk

Antinode Desert Research Institute

Pressure
Antinode

Sample Input

. SamprOutput | Main Resonator .
. - l Y'Ul I Pressure l a— -
Window — 2 Antinode § —l— Window
Acoustic ) Acoustic
Notch Filter @ Notch Filter @
l Resonance Frequency l Resonance Frequency
Air Outlet Air Inlet
> Principle > Advantages
— Detection of acoustic pressure — Direct method to measure in-
wave resulting from situ light absorption by aerosol
surrounding air expansion by — Elimination of possible sample
light absorbed aerosols contamination and/or loss

when in-direct method is used
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Sampling Set-up
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lair in T water out sampling probe 1

eductor 1

sample out

T water in _
T sample in

3 diffuser

eductor 2 4 PA

airin —

diffuser f

eductor 3

T airin

. L cyclone
critical orifice y

» Water-cooled, air-quenched transpiration sampling probe

» Four stage dilutions: At the transpiration probe tip (1) and
three eductors (2, 3, and 4)

» Various dilution ratios, ranged from 400 to 3800 (at
ambient temperature)
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Soot Measurements
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Sampling probe at the 3 section

44— PA with flow control and data
acquisition system
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Operating Conditions
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Casel Case2 Case3 Case4

Burner Stoichiometry 0.75 0.85 0.95 1.05
Overall Stoichiometry 1.15 1.15 1.15 1.15
Coal Feeding Rate [Ib/hr] 320 323 323 325

Air Flow Rate [Ib/hr]

primary 448 449 450 449

secondary 607 693 796 900

tertiary 1,211 1,382 1,592 1,805
staging 1,197 896 597 383

Exit O,, dry 3.0 3.0 3.0 3.0

» Staging air port (OFA) was located at 4.5 meter from
the burner inlet for all cases
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Coal Properties

» Proximate analysis

As Received

Fixed Carbon 45 .46
Volatile Matter 3942

Moisture 4.68
Ash 10.44
Total 100.0

» Ultimate analysis

As Received

Carbon 69.65
Hydrogen 4.42
Nitrogen 1.25
Sulfur 0.40
Oxygen 9.16
Moisture 4.68
Ash 10.44
Total 100.0

17th Annual ACERC Meeting, Salt Lake City, Utah
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» Coal Particle Size

Size (um)

16.5
26.4
40.4
59.4
86.8
122.6
169.6
278.5

Mass Fraction
0.017
0.063
0.283
0.284
0.233

0.072

0.043

0.005

» Mass Average Diameter

68.0 um
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Soot Volume Fraction
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> Soot volume fraction

1OE-OO§§
; : o easuiement along the centerline of
_ 108005 ) ) the furnace for Case 1
-% 3 0 Under-prediction
% 1-0E-00§§ ) ) before OFA by a
E 30 . . factor of 5
§ 10E-008 ¢ 0 T Over-prediction after
» 31 OFA by a factor of 40
1OR00%1 - Swirl and
2| o recirculation flow
1050105 2 3 4 5 6 7 8 pattern

Distance from Burner Exit, meter

17th Annual ACERC Meeting, Salt Lake City, Utah

<<Application of Soot Model to a Pulverized Coal-Fired Boiler>>



Soot Volume Fraction
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Soot Volume Fraction
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> Soot volume fraction

Distance from
the furnace floor

as a function of
radial distance from
the furnace side wall

B 024m for Case 1

® 052m )

Y 080m Non-uniform

v 024 mgewacer  distribution of soot
0 0.52m ) )

5 0.80m Recirculation and

swirl pattern in the
furnace
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Impact of Burner Stoichiomety
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240  A—p 5.0E-007
14.5E-007 A
230 o) 456-007F A  Measurements
_ 140007 € o  GLACIER
220 : o 4.0E-007 |
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210 135E.007 ©
e ool 3.5E-007 82 aseo0rf o
s <— O {3.0E-007 L & I
g o0l g qus 3.0E-007
g 180 | 1258007 5 E 256007

B 4 o =

Z 170 2.0E-007 L 2.0E-007f

160 [ 1156-007 © B i °

A : 88 1sE-007 .
150 | o »»
| 11.0E-007 1.0E-007 ©
A A
ol o 1 5.0E-008 5.0E-008| c
: : : A ~ 0.0E+000 0.0E+000 : . =
0.8 0.9 1.0 1.1 100 150 200 250
Burner Stoichiometric Ratio Exit NOx, ppm

Average soot volume fraction

» With decreasing burner stoichiometry » Soot volume fraction vs. NOx

— Decrease in NOx — Good agreement!
— Increase in soot volume fraction
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Impact of OFA Location
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» Hypothesis:

— Different staging location can be significant in determining soot
concentration in flue gas.

» Two cases (OFA 3 and 9)
— Residence time from fuel injection to OFA port (2 vs 12 sec)
— Temperature at downstream of the air staging port (1800 vs

1000 K)
OFA3 & 9 lllinois #5

Burner Stoichiometric Ratio 0.85 As Received [%]
Overall Stoichiometric Ratio 1.15 C 65.99
Primary air flow rate [Ib/hr] 473 H 3.97
Secondary air flow rate [Ib/hr] 700 O 8.47
Tertiary air flow rate [Ib/hr] 1,392 N 1.29
Staging air flow rate [Ib/hr] 929 S 3.49
Coal feeding rate [Ib/hr] 345 Ash 9.87

Moisture 6.92
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Movies: Soot Volume Fraction
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OFA 3 OFA9

w— 5.0E-008

. 0.2E+000
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OFA 3
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» Complete burnout for OFA 3
» OFA 9 results in high soot concentration in flue gas.

» Increased residence time can cause incomplete burnout
resulting in high soot concentration in flue gas.
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Oxygen Fraction

Soot Volume Fraction
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OFA9
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"Soot Burnout Propensity
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1.2 1.2 - ‘ ‘ ‘
! Diameter; 0.1 um ! !
! dT/dt = - 500 (deg/sec) ! !
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» Burnout level depends on soot particle size, available
O,, and temperature.

17th Annual ACERC Meeting, Salt Lake City, Utah <<Application of Soot Model to a Pulverized Coal-Fired Boiler>>



Conclusions
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@ Predictions showed a good agreement with the
measurements.

@ Predicted impact of burner operating conditions
on soot concentration was in good agreement
with the measurements.

@ The impact of OFA location can be significant on
soot formation/destruction.

@ The level of detail provided by the simulations
can be a valuable aid in understanding the
mechanisms by which combustion modifications
affect soot formation/destruction and NOx
emissions.
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Future Options
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» Full-scale simulation (done! Will be
presented at the 2003 Clearwater meeting)

» Develop a correlation between soot
concentration and visible measurements

» Look at soot impacts on ash properties

» Model improvements:
— OH oxidation
— Thermophoresis
— Deposition
— Nitrogen chemistry
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