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LEGAL NOTICE

This report was prepared by the Gas Technology Institute as an account of work sponsored by
California Energy Commission (Energy Commission). Neither the Energy Commission nor any
person acting on their behalf:

a. Makes any warranty or representation, express or implied, with respect to the accuracy,
completeness or usefulness of the information contained in this report, or that the use of any
information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

b. Assumes any liability with respect to the use of, or for any and all damages resulting
from the use of, any information, apparatus, method or process disclosed in this report.
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PREFACE

The California Energy Commission Energy Research and Development Division supports
public interest energy research and development that will help improve the quality of life in
California by bringing environmentally safe, affordable, and reliable energy services and
products to the marketplace.

The Energy Research and Development Division conducts public interest research,
development, and demonstration (RD&D) projects to benefit California.

The Energy Research and Development Division strives to conduct the most promising public
interest energy research by partnering with RD&D entities, including individuals, businesses,
utilities, and public or private research institutions.

Energy Research and Development Division funding efforts are focused on the following
RD&D program areas:

e Buildings End-Use Energy Efficiency

e Energy Innovations Small Grants

e Energy-Related Environmental Research

e Energy Systems Integration

e Environmentally Preferred Advanced Generation

e Industrial/Agricultural/Water End-Use Energy Efficiency
e Renewable Energy Technologies

e Transportation

Implications of Natural Gas Interchangeability for California Customers is the final report for the
Implications of Natural Gas Interchangeability for California Customers project (CEC-500-05-
026) conducted by Gas Technology Institute and Lawrence Berkeley National Laboratory. The
information from this project contributes to Energy Research and Development Division’s
Energy-Related Environmental Research Program.

For more information about the Energy Research and Development Division, please visit the
Energy Commission’s website at www.energy.ca.gov/research/ or contact the Energy
Commission at 916-327-1551.
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ABSTRACT

This study provided guidance on fuel interchangeability and the potential environmental
impacts — with a focus on emissions and exposures to air pollutants — of increased variability in
California’s natural gas supply, specifically related to the use of imported liquefied natural gas.

Industrial and commercial burners were examined with their combustion control systems,
commercial foodservice equipment, and residential furnaces, water heaters, and cooking
burners. Air quality and exposure impacts were evaluated for outdoor and indoor air.
Interchangeability considerations included performance and safety, in addition to the
environmental impacts of liquefied natural gas and other substitute gases relative to traditional
natural gas formulations.

Laboratory and field tests identified classes of industrial burners most sensitive to changes in
natural gas composition. Various gas compositions that provided acceptable interchangeability
for specific burners were identified, and protocols were developed to adapt them to a wider
range of natural gas compositions. Adjustments that allow substituting different gas
compositions for industrial burners were found to vary from none to numerous adjustments in
operating and control protocols.

Appliance tests in the laboratory and in homes measured performance and emissions of various
gas compositions and all appliances and industrial burners operated safely over the range of
natural gas compositions tested. Appliance impacts on indoor air quality were measured and
modeled. Impacts to outdoor air quality were modeled based on potential changes to emissions.
Commercial cooking appliances were tested in the laboratory, and divided into those requiring
no, minor, or significant adjustments to address interchangeability with varying gas
compositions. The performance of multiple range hoods was measured, with performance
found to vary significantly.

Keywords: interchangeability, natural gas, LNG, industrial burners, appliances, air quality,
emissions

Please use the following citation for this report:

Rue, David M., Chudnovsky, Yaroslav, Johnson, Frank, Wagner, John C. (Gas Technology
Institute). Singer, Brett C., Lunden, Melissa M. (Lawrence Berkeley National
Laboratory). Tonse, Shaheen R. (TST Scientific Consulting), Carerras-Sospedra, Marc
(University of California at Irvine), 2013. Implications of Natural Gas

Interchangeability for California Customers. California Energy Commission.
Publication number: CEC-500-2014-021-APD-F

iv



APPENDICES

Appendix D: Burner Testing RePOIts.........cceveveviiciciciiicccc e,
Appendix E: Commercial Foodservice EQUipment ..o

Appendix F: Simulation-Based Estimates of Indoor Exposures to Pollutants from Natural Gas
COOKING BUIMETS ...t



APPENDIX D:
Burner Testing Reports

D-1



END USE SOLUTIONS

Industrial Burner Evaluations:
Infrared Burner Interchangeability Test Report

Prepared by
Tanya Tickel, Ph.D.
John Wagner, Ph.D.

Gas Technology Institute
1700 S. Mount Prospect Road
Des Plaines, 1L 60018

(GTI Project No. 20352)

For

California Energy Commission
Contract No. CEC-500-05-026
Commission Project Manager

Marla Mueller

September 2009

Gas Technology Institute
1700 S. Mount Prospect Rd.
Des Plaines, lllinois 60018
www.gastechnology.org

D-2



e TABLE OF CONTENTS

[0 153 1T 5 7R
W2 0 03 (0T T4 1 S
Activities Performed ... iccniniiincninniiniinncinncisscisscssscssssisssssssssssssssssesssssssssesssscases 11
] N
LT [ T .15 10 4T TN
ANALYSIS weririrriiiriinriiniiininiiniiiesisese sttt s bbb s bbb bbb Sebestessates
CONCIUSIONS ..ucvenrrireiicnineiineiitceiesnseeesssesesssssssssse s sssssssssssessssssssssessssssessasanssssssens sesssssssnens
Selected Photographs.......iiiiiiniiniiiinnninnssssssssessssssssssssens 42
e TABLES
Table 1. Performance metrics for the infrared burner............ccvecevcvncnncsnscsnncnnncnnenes 6
Table 2. Summary of test inStruments...........eererrcicciicccn s 7
Table 3. SUMMATY Of test GASES......ccuiiiuiriireiiiiii s ssssssanes 9
Table 4. Average temperature and firing rate during continuous operation................. 12
Table 5. Heat flux with the burner tuned to fire Adjust L........cccevevuvrevvencrencrencrenncnnns 27
Table 6. Heat flux with the burner tuned to fire Adjust 2.........cccuouvvevvevuvrivinnrcererunnnnne 27
Table 7. Heat flux with the burner tuned to fire Adjust 3.........cceueeeiiiceceeneennnnne 27
e FIGURES
Figure 1. Sketch of the dilution sampling system setup........cccevevurureiresusrieresrsreresesnenenens 8
Figure 2. Test schedule for the inrfrared bUurner ..........eivivnniinnnescsnnesiesneniaene 10
Figure 3. Average firing rate for each fuel at all burner adjustments ............ccccueucueuc. 13

Figure 4. Continuous test, tuned to Adjust 1: Infrared burner face temperature and
FITING TALE vttt s s e s b b ne s b ne 15

Figure 5. Continuous Test, Tuned to Adjust 1: Infrared Burner Face Temperature and
Blending Station Manifold Pressure.........inncnineninenininsinenisescssessseensesnens 16

Figure 6. Continuous Test, Tuned to Adjust 2: Infrared Burner Face Temperature and
Firing RAte ...ucucvuiiiuiiniiiniiiniiiniitiiniinniesiissiisseisscnssesssssssissssesssssssssessssssssssssssssssnens 17



Figure 7. Continuous Test, Tuned to Adjust 3 Infrared Burner Face Temperature and

Firing RAte c...ucuevuiiiuciniiiiiiiniininiiniinncesncinncissenssissssssssisssessesssssssssesssssssssssssssssassens 18
Figure 8. Volume %02 in dry exhaust, with the burner tuned to Adjust 1.................... 19
Figure 9. Volume %QO2 in dry exhaust, with the burner tuned to Adjust 2.................... 19
Figure 10. Volume %O2 in dry exhaust, with the burner tuned to Adjust 3.................. 19
Figure 11. CO concentration in the exhaust with the burner tuned to Adjust 1............ 20
Figure 12. CO concentration in the exhaust with the burner tuned to Adjust 2............ 20
Figure 13. CO concentration in the exhaust with the burner tuned to Adjust 3............ 20
Figure 14. THC concentration in the exhaust with the burner tuned to Adjust 1......... 21
Figure 15. THC concentration in the exhaust with the burner tuned to Adjust 2......... 21
Figure 16. THC concentration in the exhaust with the burner tuned to Adjust 3......... 21
Figure 17. NOx concentration in the exhaust with the burner tuned to Adjust1......... 22
Figure 18. NOx concentration in the exhaust with the burner tuned to Adjust 2......... 22
Figure 19. NOx concentration in the exhaust with the burner tuned to Adjust 3......... 22
Figure 20. Particulate emissions in the burner’s with it tuned for Adjust 1................... 24
Figure 21. Particulate emissions in the burner’s with it tuned for Adjust 2 .................. 25
Figure 22. Particulate emissions in the burner’s with it tuned for Adjust 3 .................. 26

Figure 23. Continuous Test, Tuned to Adjust 1: Heat Flux through one Burner Face.. 28
Figure 24. Continuous Test, Tuned to Adjust 2: Heat Flux through one Burner Face.. 29

Figure 25. Continuous Test, Tuned to Adjust 3: Heat Flux through one Burner Face.. 30

Figure 26. Burner Tuned to Adjust 1--Compare Adjusts ........c.ccvuvurreerurnerieresnsncesesnenennas 31
Figure 27. Burner Tuned to Adjust 1--Compare Substitute 1 Blends..............ccccuuuuuu.. 32
Figure 28. Burner Tuned to Adjust 1--Compare Substitute 2 Blends...............ccuuuuuu.. 33
Figure 29. Burner Tuned (Lean) to Adjust 2--Compare Adjusts........ccceuereerururueeruruencnene 33
Figure 30. Burner Tuned (Lean) to Adjust 2--Compare Substitute 1 Blends.................. 34
Figure 31. Burner Tuned (Lean) to Adjust 2— Compare Substitute 2 Blends................. 34
Figure 32. Burner Temperature (Left) and Total Btus Used (Right) after 2 Minutes at
Low Fire, with Burner Tuned (Lean) to Adjust 2........ucvveeriicrnresienncrenncsencsnsscnnne 35
Figure 33. IR Burner Tuned (Not Lean) to Adjust 2--Compare Adjusts.........ccceeereuneune. 35

D-4



Figure 34. IR Burner Tuned to Adjust 3--Compare Substitute 1 Blends......................... 36

Figure 35. IR Burner Tuned to Adjust 3--Compare Substitute 2 Blends......................... 36
Figure 36. Infrared Burner Test Apparatus...........ereveseseeisisncnnnnnnnnnnenineecceeesnssnnes 42
Figure 37. Motorized Valve atop the Premix Blower...........uocieeninreennnnnnennisecneennenenene 42
Figure 38. Two Views of the Blending Station with Constituent Gases .............cccueuuuc. 43
Figure 39. Emissions Analyzers (left) and Gas Chromatograph (right) ...........ccecuueueee. 43

Figure 40. Infrared Burner with 4” Tall Insulating Walls and a Thermocouple (on the
Bottom Right tile) for Burner Temperature Control ...........cveeveveeriernnnnncrcsnsnenenens 44



Tl
Objective

The purpose of the infrared burner interchangeability tests is to assess the performance
of an infrared burner and industrial control system when fired with different natural gas
compositions. The burner’s performance when firing selected Adjust Gases was
compared with its performance when firing selected Substitute Gases with and without
different levels of nitrogen ballasting.

Approach

The tests used a laboratory setup intended to mimic industrial operating conditions. The
burner was first tuned to operate with an “adjust” gas composition. Ignition tests and
operating/switching tests were then performed. During these tests several “substitute”
gas compositions were fired in sequence on the burner. Ignition tests were performed
from the same start conditions of approximately 85°F, and operating tests were
performed with the burner maintained at 1500°F by a PID control scheme. These tests
were then repeated with the other “adjust” gases as a basis.

Table 1. Performance Metrics for the Infrared Burner

BASIC PERFORMANCE METRICS

Pollutant emissions, including ultrafine particles

Average heat transfer

Temperature distribution on the burner surface

Controller response upon ignition

Controller response upon switching

Test Apparatus

The infrared burner used for this test was a Type 50 assembly of four Maxon RadMax
burners. It and the rest of the experimental setup are shown in Figure 37 through Figure
41. The assembly was mounted to fire vertically into an insulated four-walled chamber
with an open top. The walls extended 4 inches above the burner surface to protect the
burner face from drafts and the operator from the radiant heat. The air and fuel supply
were fed using a Maxon PM200 premix blower. Simulated natural gas compositions
from a custom blending station was regulated to a pressure of 6" water column
upstream of the blower. A thermocouple’s signal, sent as input to a Fuji Electric
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feedback controller attached to a motorized butterfly valve for air flow, was used to
maintain a burner surface temperature of 1500°F. A spring attached to the motorized air
valve was set to calibrate the fuel-to-air ratio for the whole range of firing rates. This
ratio was reset for each adjust gas.

A spark-ignited pilot and flame sensor assembly was used during ignition tests only; the
flame safety system included a normally-closed solenoid on the gas line. Instruments
used to perform this test are listed in Table 3; they will be described below.

Table 2. Summary of Test Instruments

Instrument Parameter Range Accuracy
LabView software, National
Instruments Field Point Data logging — —

Modules, and laptop

Burner surface

Greater of 2°C or

Type K thermocouple temperature Up to 1370°C 0.75% of value
Medtherm 68-10 SB-1 Convective + Radiative Upto 10 139
Heat flux transmitter heat transfer Btu/ft*/sec °
Converts heat flux
Medtherm H-201 transmitter output (mV) to 0-10 mV +2% nonlinearity

Digital heat flux meter

Btu/ft*/sec
Velmex BiSlide and VP9000 Position of heat flux 80" horizontal
controller unit transmitter 15" vertical

Thermo Environmental 42C ppm NOy 0_01'8(5) ggg to +0.4 ppb / 500 ppb

Beckman Industrial 755 % O, Span 3.92%
Rosemount Analytical 880A ppm CO Span 830 ppm 1% full scale
Rosemount Analytical 880A %CO, Span 18.0% 1% full scale
Rosemount Analytical 400A ppm THC 1% full scale

National Instruments GPIB

Data collection

Span 341 ppm

Dekati Fine Particle Sampler

Sampling and dilution

Dilution ratio to
be measured

To be measured

TSI Ultrafine condensation
particle counter

Particle size and number

3 nm-20 pm

+10%

Varian CP-4900 Gas
Chromatograph

ppm CO,, ppm O,

Depends on
calibration gas;
can detect as low
as | ppm

<0.5% relative
standard deviation
under constant
conditions

The measured flow rates of the fuel gases supplied from the custom blending station to
the burner were recorded using National Instruments Field Point Modules. The fuel gas
compositions were commanded through a separate program and its user interface that
was dedicated to the blending station. The burner face temperature was recorded using
a type K thermocouple, and additional thermocouples at the inlet and outlet of a water-
cooled plate calorimeter determined heat transfer to a simulated load —the water flow
rate was measured using a rotameter. The Medtherm heat flux transmitter and heat flux
meter together provided a digital measurement of the heat flux through 60 locations on
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the burner’s surface. The heat flux transmitter was fitted to a probe that was held

1” above the surface of the burner. The probe support was on a movable platform called
the Velmex BiSlide. A VP9000 controller unit moved the platform to position the heat
flux transmitter above each of those 60 locations. The probe was held for ten seconds to
stabilize measurement before moving to the next location. It was returned to its zero
position after each test so that the heat flux would be measured above the same locations
for each test.

The heat flux data and the emissions data were collected simultaneously over different
halves of the burner assembly to conserve fuel. To sample emissions at approximately
the same velocity as the flow from the burner, a funnel with the appropriate cross-
sectional area was attached to the end of the sample line. The sample flow divided so
that 5.5 cubic feet per minute flowed through the rack-mounted analyzers (listed

in Table 3) and the remaining exhaust entered the Dekati dilution system upstream of
the ultrafine particle analyzer. The diluted flow went to the ultrafine condensation
particle counter, and excess flow was directed outdoors through an exhaust line. Figure
2 shows a sketch of the sample probe.

gas exhaust, if needed, for
maintaining isokinetic flow rate
at probe inlet & desired diluter
sample rate.

cross (S5) can be

replaced by 3/8"
Swagelok cross at end

of 3/8" tube/probe

3/8" x ~24" (ube,

. 316 35 or inconel

gas monitor

(e.g.COZ

flow rate 7) funnel with ~ 181/2" inlet
3/8" Swagelok : -

Dekati two stage diluter -« and ~ 3/8" outlet

<¢¢ ___________ AR :
exhaust —
(20-30 slpmr_ —t ——— - - — — — — —

C J .

particulate
instruments
(2 slpm) T
+ exhaust
(20-30 slpm) compressed air E
conditioned in
Dekati cabinet BURNER
(50-75 slpm)

Figure 1. Sketch of the dilution sampling system setup

A Fuji Electric PID temperature controller (Model PXZ4REY2-5VC26-D) was used to
control burner temperature from the thermocouple placed on the burner face. It was
tuned manually to P=8.0, i=42, d=8.0, AL=32, AH=1720, HYS=0, bal=30, Ar=50. Automatic
controller tuning failed after two tries, possibly because of the nonlinear response of the
premixed flow to the angle the butterfly valve was opened.

D-8



Test Gases

The test gases were selected to match compositions distributed in California, and
international compositions that may be imported into California. The compositions
distributed in California are designated “adjust gases” and the burner was tuned for
optimum performance on each of them. The remaining gases are designated “substitute
gases;” they were fired on the burner to compare performance with the substitute gases
to performance with the adjust gases. Table 4 summarizes the gases used. Adjust 1 is
representative of natural gas in the Sacramento area, Adjust 2 is an average value for the
state of California, and Adjust 3 is representative of some areas in California with higher
Btu content due to local natural gas production. The two substitute gases, Sub 1 and

Sub 2, were selected from a set of potential LNG compositions available to California;
Sub 1 has a relatively low Wobbe Number (1408) compared with the other LNG
compositions, and Sub 2 has a relatively high Wobbe Number (1425). Because it is
possible that these gases will be conditioned with nitrogen prior to distribution in
California, additional compositions with nitrogen added to make the Wobbe Number
match those of the selected adjust gases were also test-fired.

Table 3. Summary of Test Gases

Name Gas Composition, mol % HHV | Wobbe
Cl C2 C3 C4 C5+ | N2 | CO2
Adjust1 | 932 | 252 | 041 | 0.14 | 0.093 | 2.691 | 0.920 | 1010 1309
Adjust2 | 94.5 | 255 | 042 | 0.14 | 0.094 | 1.361 | 0.931 | 1024 1332
Adjust3 | 90.61 | 245 | 3.41 | 1.25 | 0.094 | 1.305 | 0.893 | 1094 1374

Subl | 924 | 49 | 19 [ 079 | 00 | 00 | 00 | 1099 1408

@1385 | 913 | 48 | 19 [ 079 | 00 | 12 | 00 | 1086 | 1387

@1375 1 907 | 48 | 19 [ 079 | 00 | 19 | 00 | 1080 | 1375

@1332 | 883 | 48 | 1.8 | 079 | 00 | 44 | 00 | 1053 | 1331

@1308 | 878 | 46 | 1.8 [ 070 | 00 | 55 | 00 | 1036 | 1308

Sub2 | 894 | 71 | 25 | 104 | 00 | 00 | 00 | 1131 1426

@1385 | 875 | 7.0 | 24 | 100 | 00 | 21 | 00 | 1106 | 1387

@1375 | 869 | 6.9 | 24 | 100 | 00 | 27 | 00 | 1098 | 1376

@1332 | 845 | 67 | 24 | 100 | 00 | 54 | 00 | 1070 | 1330

@1308 | 836 | 6.6 | 23 | 100 | 00 | 65 | 00 | 1057 | 1310




Test Schedule

The ignition tests were performed separately from the performance tests, because the
pilot flame for the Maxon Radmax burners interfered with the heat flux measurements;
the burner assemblies are usually larger, with more than four individual burners per
assembly, and it would usually be possible to measure the heat flux through a single
burner without interference from the pilot. For this reason, the burner air-to-fuel ratio
was adjusted twice for each Adjust Gas: once with the pilot firing, before all of the
ignition tests were performed for that Adjust Gas, and once without the pilot firing,
before all of the performance tests for a given Adjust Gas. Figure 3 illustrates the
schedule.

Pre-tast | ___ Shakedown
| setup using House Gas

= Ignition tests | Heating Time Tests —#| Operating tests

t

Repeat with Repeat with
Substitute Gases Substitute Gases
and Conditioned and Conditioned
Substitute Gases Substitute Gases

Figure 2. Test schedule for the inrfrared burner

D-10



Activities Performed

Ignition Tests

The ignition tests measure whether the burner lights and the controller response. For the
ignition tests only, a spark-ignited pilot was used. An integral flame sensor was used for
the flame safety switch; loss of flame results in a single attempt to re-light, followed by
shutdown of fuel flow. Attempts to re-light, if there were any, were noted. The burner
was cooled back to room temperature (approximately 85°F) between tests.

Heat Flux and Heat Transfer Measurement

With the burner firing and the controller maintaining a 1500°F (+ about 5°F) surface
temperature, a heat flux sensor stepped across one single burner tile in one-inch
increments to assess the surface heat flux distribution. The rate of heat transfer to a
water-cooled plate calorimeter was calculated from the flow rate of water through the
plate and the water’s temperature rise.

Exhaust Composition and Ultrafine Particle Emissions
Measurements

With the burner firing and the controller maintaining a 1500°F (+ about 5°F) surface
temperature, a probe 0.15 inches above the center of one burner tile was fitted with a
funnel to sample emissions at the exhaust flow velocity. Part of the flow was diverted to
a drying train and then to the emissions analyzers listed in Table 3. The remaining flow
was diluted with nitrogen, cooled, and then sent to the ultrafine particle counter. The
number of particles must be multiplied to account for dilution: to determine the dilution
ratio, the %Oz and the %CO:z in the dry emissions were compared with the %Oz and the
%CO: from the diluted sample; the diluted sample was passed through a drying train
prior to entering a gas chromatograph.

Observation of Controller Response

Pressure changes in the mixing manifold of about +12% occurred during switching from
one gas composition to the next; this will be discussed further in the conclusions section,
but it is important because it means the controller response is better interpreted from the
ignition tests than the continuous operation tests.

D-11



Results

Data for each of the three tests, with the burner tuned for Adjust 1, Adjust 2, and
Adjust 3, are presented in this section. The Calculations section follows, to explain how
these data were redacted.

Continuous Test Results

During the continuous-firing tests, emissions data were collected every two minutes,
ultrafine particle sampling took about four minutes per set of three samples, and burner
temperature and firing rate were averaged over a 25-second window, with data
automatically recorded every five seconds.

Firing Rate

In all the figures for the continuous tests, the shaded areas of the figure denote periods when the Adjust
Gas is firing, and the unshaded areas denote periods when the Substitute Gases are firing. Figure

5, Figure 7, and Figure 8 show the burner temperature (top, blue) and the firing rate (bottom, red) of the
infrared burner over the course of the continuous test. The first 30 seconds of each run, where pressure
changes in the blending station manifold correlate with spikes in the flow rate, were discarded; Figure 6
illustrates that pressure spikes occur during fuel switching for Adjust 1—the same phenomenon occurs
for the other adjust gases. Multiple regulators in the stream protect the burner from the large pressure
spike, but some increase in flow is observed that does not indicate a controller response but an artifact of
this instantaneous pressure increase. The average firing rate and burner temperature for each fuel over
its time period are listed in Table 5. The burner temperature is nearly the same for all tests, and so is not
plotted. The average firing rate is shown in Figure 4.

Table 4. Average Temperature and Firing Rate over 4 minutes During Continuous Operation; Burner
Adjust Gas is Listed in Each Column Header

Average Firing Rate (Btu/hr) and Temperature (°F)

Sub| \ Adj — Adjust 1 Adjust 2 Adjust 3
Adjust 80,356 1492 85,401 1495 85,514 1496
Sub1-1308 83,317 1498 86,189 1498 87,783 1498
Sub2-1308 86,696 1499 85,553 1498 88,290 1498
Sub2-1332 81,992 1496 85,425 1498 87,421 1498
Sub1-1332 80,922 1498 86,720 1498 88,395 1498
Sub1-1375 76,185 1499 85,211 1498 84,772 1499
Sub2-1375 76,391 1500 85,277 1498 87,106 1499
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Sub1-1385 78,338 1497 84,481 1499 84,020 1499
Sub2-1385 73,962 1501 85,461 1498 84,430 1499
Subl 76,858 1502 83,723 1499 -- -

Sub2 69,852 1496 81,921 1499 82,415 1499

Continuous Tests for All Adjust Gases--IR Burner
90
& Adj1
881 4 A
£ é] A O Adj2
E 86 - B 0 0 A Adj 3
8 84 o I\ =
L 4
* 82 * &
Q L 4
5 80 .
L 4
2 78 $
IC
% 76 TS
j(; 74 -
72 -
*
70 T T T T T T
1,300 1,320 1,340 1,360 1,380 1,400 1,420 1,440
Wobbe Number, (HHV in BTU)

Figure 3. Average firing rate for each fuel at all burner adjustments

Emissions

Emissions data collected during the last 10 minutes of each continuous-firing test gas
run determined the average values presented. Since the burner was controlled to
maintain a 1500°F surface temperature, the air flow and the fuel-to-air ratio were not
constant during the test. During tuning an effort was made to maintain a consistent air-
to-fuel ratio with approximately 8.5% O: in the exhaust stream, but the ratio varied by
about +0.5% along the operating range, and also changed with direction of valve travel
(opening or closing). Tuning was performed with the emissions sampling probe
approximately 0.15 inches above the burner surface because less air was entrained
during tuning. During continuous data collection, the probe was moved to 0.4 inches
above the burner surface to keep temperatures low enough for the ultrafine particle
counter sampling conditions to simulate the particle formation in air. With different fuel
gas compositions, the air-to-fuel ratio changes. Also, at the higher height above the
burner, the %0O: measured increases, possibly because of entrainment of the
surrounding air.
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Figure 9 through Figure 20 show the volume fraction (dry) of the %02 and chemical pollutant emissions
from the burner, as a function of both the Wobbe Number and the Weaver Air Index. Figure 21

through Figure 23 show the particulate emissions; the sample range is for a spherical diameter between
12 nm and 673 nm. Error bars for all plots show the entire range of data collected, not a standard
deviation.. The pollutant emissions data are below 20% of their calibrated scale. The intent of the high
calibration was to accurately capture an instantaneous emissions excursion; no excursion occurred. It is
still reasonable to expect a repeatability of 1% or 2% of the full-scale value, meaning these data can be
used to identify qualitative trends and how they relate to the fuel-gas Wobbe Number.
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Continuous Test; Burner Tuned to Adjust
1

Continuous Test; Burner Tuned to Adjust 1
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Figure 8. Volume %0, in dry exhaust, with the burner tuned to Adjust 1
Continuous Test; Burner Tuned to Adjust 2 Continuous Test; Burner Tuned to Adjust 2
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Figure 9. Volume %0, in dry exhaust, with the burner tuned to Adjust 2
Continuous Test; Burner Tuned to Adjust 3 Continuous Test; Burner Tuned to Adjust 3
1 . 12 . , - .
11 9 11 1
> N
8 10 1 * O 10 *
X > *
9 . 9 A
8 . . . . . : 8 . T T =
1300 1320 1340 1360 1380 1400 1420 1440 0.98 1.00 1.02 1.04 1.06 1.08

Wobbe Number

Weaver Air Index

Figure 10. Volume %0 in dry exhaust, with the burner tuned to Adjust 3




Continuous Test; Burner Tuned to Adjust 1
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Figure 11. CO concentration in the exhaust with the burner tuned to Adjust 1

Continuous Test; Burner Tuned to Adjust 2 Continuous Test; Burner Tuned to Adjust 2
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Figure 12. CO concentration in the exhaust with the burner tuned to Adjust 2
Continuous Test; Burner Tuned to Adjust 3 Continuous Test; Burner Tuned to Adjust 3
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Figure 13. CO concentration in the exhaust with the burner tuned to Adjust 3
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Continuous Test, with Burner Tuned to Adjust 1

Continuous Test, with Burner Tuned to Adjust 1
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Figure 14. THC concentration in the exhaust with the burner tuned to Adjust 1
Continuous Test; Burner Tuned to Adjust 2 Continuous Test; Burner Tuned to Adjust 2
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Figure 15. THC concentration in the exhaust with the burner tuned to Adjust 2
Continuous Test; Burner Tuned to Adjust 3 Continuous Test; Burner Tuned to Adjust 3
o 10 I
= S 10 f
S 9 | 5
2 8 e g |
hay J
2 7 3 ;]
8 I
Eo 6 o 6 1
8 5 | 50
© o 5 1
g 4 g 4
3 A = 3 A
E 24 E 2
o
= T ‘ — -l g 1 ‘ — H—
1300 1320 1340 1360 1380 1400 1420 1440 0.98 1.00 1.02 1.04 1.06 1.08
Wobbe Number Weaver Air Index

Figure 16. THC concentration in the exhaust with the burner tuned to Adjust 3
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Continuous Test, with Burner Tuned to Adjust 1

75

6.5 -

45 A

35 1

Corrected NOx, ppm

25

1300 1320 1340 1360 1380 1400 1420

Wobbe Number

Corrected NOx, ppm

75

Continuous Test, with Burner Tuned to Adjust 1

6.5

55

45

35

25

S

0.

98

1.00 1.02 1.04 1.06
Weaver Air Index

1.08

Figure 17. NOx concentration in the exhaust with the burner tuned to Adjust 1

Continuous Test; Burner Tuned to Adjust 2
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Figure 18. NOx concentration in the exhaust with the burner tuned to Adjust 2
Continuous Test; Burner Tuned to Adjust 3 Continuous Test; Burner Tuned to Adjust 3
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Figure 19. NOx concentration in the exhaust with the burner tuned to Adjust 3
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For the ultrafine particle count, the sample temperature upstream of the first dilution
ranged from about 350°F to 500°F, and the second dilution brought sample temperatures
below about 100°F, with a goal of room temperature—76°F. A dilution ratio of 17 was
requested —the value is calculated from a pressure difference in the Dekati sampling
probe, but dilution ratios of between 25:1 and 45:1 were calculated by comparing the
oxygen content in the sample stream before and after dilution; the stream was diluted
with nitrogen instead of air in order to allow this calculation.

Calculations using COz instead of Oz indicate a wider range of dilution ratios—up

to 70:1. These occurred rarely and otherwise the dilution ratios were close to 35, so the
O2 dilution ratios were used and the CO: ratios discarded. Each data point in the figures
is averaged from between two and four sets of three two-minute scans. The dilution
ratio for the air sample (in red) in Figure 23 was taken from a previous scan.

The exhaust sample was isokinetically drawn and diluted twice to simulate particle
formation upon exit from the stack. The sample temperature upstream of the first
dilution ranged from about 350°F to 500°F, and the second dilution brought sample
temperatures below about 100°F, with a goal of room temperature—76°F. A dilution
ratio of 17 was requested —the value is calculated from a pressure difference in the
Dekati sampling probe, but dilution ratios of between 25:1 and 45:1 were calculated by
comparing the oxygen content in the sample stream before and after dilution; the stream
was diluted with nitrogen instead of air in order to allow this calculation. Calculations
using CO: instead of Oz indicate a wider range of dilution ratios—up to 70:1. These
occurred rarely and otherwise the dilution ratios were close to 35, so the Oz dilution
ratios were used and the COz ratios discarded.

Each data point in the figures below is averaged from between two and four sets of three
scans. The scan is programmed to identify particles with an apparent diameter of 15 nm
to 673 nm, and one scan takes two minutes. Ambient air was sampled prior to the tests
with Adjust 2 and Adjust 3. The dilution ratio for the air sample (in red) in Figure 23 was
not measured, so it is estimated from the average over all of the scans. It is reasonable
that there are more particles present in the ambient air than in many of the combustion
products of natural gas.
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Particulate Emissions for IR Burner Tuned to Adjust 1
20,000
18,000 -
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g o ¢ o
O T T T T T T T
1300 1320 1340 1360 1380 1400 1420 1440
Wobbe Number
Dilution | Avg Concentration | Estimated Undiluted
Fuel Wobbe ratio (#/cm3), Diluted Concentration (#/cm?)
Adj1 1309 29.5 38 1120
Sub1 1408 31.5 39 1226
Sub1-1308| 1308 30.6 57 1738
Sub1-1332] 1331 30.3 56 1713
+ | Sub1-1375( 1375 31.3 59 1840
3 |Sub1-1385] 1387 | 334 228 7605
B Sub2 1426 | 28.7 151 4336
Sub2-1308| 1310 33.1 150 4958
Sub2-1332] 1330 33.1 277 9164
Sub2-1375 1376 33.7 137 4621
Sub2-1385| 1387 29.6 60 1762

Figure 20. Particulate emissions in the burner’s with it tuned for Adjust 1
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Particulate Emissions for IR Burner Tuned to Adjust 2
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Fuel Wobbe Avg Avg Concer?tration Estimated_UndiIuted
Number | Ratio (#/cm?), Diluted Concentration (#/cm?)
Air only 0 34.9 164 5731
Adj2 1332 34.9 20 694
Sub1 1408 36.5 83 3045
Sub1-1308| 1308 33.8 45 1506
Sub1-1332] 1331 37.0 16 608
~ | Sub1-1375( 1375 36.9 44 1636
‘%’ Sub1-1385| 1387 35.1 24 833
5} Sub2 1426 32.8 20 641
< [Sub2-1308] 1310 35.1 43 1512
Sub2-1332] 1330 34.5 152 5243
Sub2-1375| 1376 34.8 305 10632
Sub2-1385| 1387 34.8 177 6149
Adj1 1309 34.9 11 381
Adj3 1374 34.9 16 569

Figure 21. Particulate emissions in the burner’s with it tuned for Adjust 2
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Particulate Emissions for IR Burner Tuned to Adjust 3
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Avg Avg Concentration Estimated Undiluted
Fuel Wobbe Ratio (#/cm3), Diluted Concentration (#/cm?)
Air only 0 39.2 341 13333
Adj3 1374 47.0 23 1058
Sub1 1408 34.1 20 672
Sub1-1308| 1308 32.5 53 1728
o | Sub1-1332| 1331 41.5 22 932
§ Sub1-1375| 1375 32.6 500 16310
< | Sub1-1385| 1387 48.9 21 1025
< [ sub2 1426 | 42.2 46 1953
Sub2-1308| 1310 41.4 28 1166
Sub2-1332| 1330 34.4 29 1011
Sub2-1375| 1376 41.2 10 410
Sub2-1385| 1387 34.6 29 990

Figure 22. Particulate emissions in the burner’s with it tuned for Adjust 3

Heat flux

A heat flux sensor scanned the burner surface at 1-inch increments. The burner was
controlled to maintain a 1500°F surface temperature, so the overall heat flux should not
vary significantly, although the temperature distribution may change depending on the
firing rate required to maintain the control value. Table 6 through Table 8 show the
average, maximum, and minimum heat flux recorded over the burner surface. Figure 24
through Figure 26 show heat flux contours over the burner face.
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Table 5. Heat flux with the burner tuned to fire Adjust 1

Heat flux, BTU/ft?

Wobbe Max Avg Min
Adj1 1309 6.1 4.19 2.0
Sub1-1308 1308 57 4.17 2.1
Sub2-1308 1310 5.6 4.28 2.1
Sub2-1332 1330 5.9 4.41 2.2
Sub1-1332 1331 6.0 4.34 2.0
Sub1-1375 1375 6.0 4.44 2.8
Sub2-1375 1376 5.9 4.46 2.5
Sub1-1385 1387 6.0 4.34 2.5
Sub2-1385 1387 5.8 4.49 2.1
Sub1 1408 6.0 4.36 2.5
Sub2 1426 6.2 457 2.2

Table 6. Heat flux with the burner tuned to fire Adjust 2

Heat flux, BTU/ft®

Wobbe Max Avg Min
Adj2 1332 5.8 3.98 2.5
Sub1-1308 1375 5.7 3.94 2.2
Sub2-1308 1376 5.8 3.96 2.1
Sub2-1332 1387 5.4 4.11 2.3
Sub1-1332 1387 5.7 4.12 2.0
Sub1-1375 1408 5.9 3.86 1.9
Sub2-1375 1426 5.4 3.99 2.3
Sub1-1385 1374 5.5 3.96 1.7
Sub2-1385 1308 5.5 4.07 2.0
Sub1 1332 5.8 3.94 1.7
Sub2 1331 5.7 3.98 1.9

Table 7. Heat flux with the burner tuned to fire Adjust 3

Heat flux, BTU/ft*

Wobbe Max Avg Min
Adj3 1375 55 3.85 1.5
Sub1-1308 1375 5.5 4.15 2.1
Sub2-1308 1376 6.0 4.21 1.9
Sub2-1332 1387 6.0 4.11 2.1
Sub1-1332 1387 5.7 4.15 1.9
Sub1-1375 1408 6.2 4.22 1.7
Sub2-1375 1426 6.0 4.16 1.8
Sub1-1385 1374 5.7 4.29 1.9
Sub2-1385 1308 6.1 4.22 1.8
Sub1 1332 6.1 4.35 1.7
Sub?2 1331 6.0 4.21 1.9
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Figure 23. Continuous Test, Tuned to Adjust 1: Heat Flux through one Burner Face
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Figure 24. Continuous Test, Tuned to Adjust 2: Heat Flux through one Burner Face
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Figure 25. Continuous Test, Tuned to Adjust 3: Heat Flux through one Burner Face

Ignition Test Results

Firing rate and burner temperature

Figure 26 through Figure 36 show the firing rate and burner temperature during the
ignition tests. They are separated into multiple charts, with the Adjust Gas repeated, to
better show detail of the change with respect to time. The test protocol used for the
Adjust 2 ignition tests in Figure 30 through Figure 33 was different from that used for

D-30




the other tests; the firing rate was held at low fire for two minutes prior to being released
to the feedback controller, which immediately turned to high fire until the burner
reached temperature. The forced-low firing rate was required because the pilot burner,
which taps off of the burner’s manifold, would otherwise blow off or extinguish causing
the safety shutoff to trip. Extinguishment occurred once even with the two minutes of
low-fire built in; this is shown in Figure 30. The burner was adjusted for Adjust 2, and
when it was fired with Adjust 1 the flame went out. The automatic re-ignition sequence
successfully relit the pilot, but this incident demonstrated that the burner should not be
operated so lean with the pilot on. Adjusting the air-to-fuel ratio stopped this from
happening, so the tests with Adjust 1 and Adjust 3 were performed with modified ratios
(the %02 in the exhaust was reduced from about 8.5%+0.5% to about 7%+0.5%).

Adjust 1 Ignition Tests -- IR Burner
, 1860 200
°. \
g 1535 - \ | + 180
=] ) i
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1510 | | T . 1+ 160
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8 1460 - +120 P
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1435 - + 100
| | :
1410 A ‘ ‘ 1 80 §
1385 - ‘ ‘ ‘ leo 2
=
1360 “ “ ; ; ; 40
Time; Approximately 5 Minutes per Test

Figure 26. Burner Tuned to Adjust 1--Compare Adjusts
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Figure 27. Burner Tuned to Adjust 1--Compare Substitute 1 Blends
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Adjust 1 Ignition Tests -- IR Burner
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Figure 28. Burner Tuned to Adjust 1--Compare Substitute 2 Blends
Adjust 2 Ignition Tests--IR Burner--Old Adjustment
1550 o y a o 200
uw ¥ © ¥ ©
o 1525 A + 180
S
s
2 1500 - + 160
=
(0]
|_
5 1475 A + 140
IS
8
1450 - +120 _
£
2
1425 A + 100 m
o
o
e
1400 + 80 s
[
o
1375 A T 60 _g’
LE
1350 40
Time, truncated to 5 minutes between tests

Figure 29. Burner Tuned (Lean) to Adjust 2--Compare Adjusts
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Adjust 2 Ignition Tests--IR Burner--Old Adjustment
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Figure 30. Burner Tuned (Lean) to Adjust 2--Compare Substitute 1 Blends

Adjust 2 Ignition Tests--IR Burner--Old Adjustment
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Figure 31. Burner Tuned (Lean) to Adjust 2—Compare Substitute 2 Blends

D-34




Adijust 2 Ignition Tests -- IR Burner Adijust 2 Ignition Tests -- IR Burner
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Figure 32. Burner Temperature (Left) and Total Btus Used (Right)
after 2 Minutes at Low Fire, with Burner Tuned (Lean) to Adjust 2
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Figure 33. IR Burner Tuned (Not Lean) to Adjust 2--Compare Adjusts
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Adjust 3 Ignition Tests -- IR Burner
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Figure 34. IR Burner Tuned to Adjust 3--Compare Substitute 1 Blends
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Figure 35. IR Burner Tuned to Adjust 3--Compare Substitute 2 Blends
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Calculations

The equation below is the linear correction used to approximately cancel out the
analyzer drift;

s

Xcorr = X meas —[(Zero drift)+ (Span drift)mjT ,
2

Span value
where X is the corrected emissions value, Xues is the measured value, the drift values

are as labeled, T: denotes the time elapsed from the previous analyzer calibration, and T>
denotes the time from the previous analyzer calibration to the next analyzer calibration.

After this correction, the emissions were normalized to 3%0O: using the formula,

21-3%}

X3%02 = Xcorr [m
- 2

where X3%02 is the final value after both the correction for drift and the normalization to
a common %0z in the exhaust.

The Wobbe Number and the Weaver Air index were calculated not from the actual flow
data but from the commanded flows, however the Heating Value indicated for the firing
rate was calculated from the actual flow data. The heating value calculation followed the
ASTM D 3588 — 98(03) standard at 70°F, and the remaining calculations are from the
AGA definitions of the Wobbe Number and the Weaver Air Index.

D-37



Analysis

The charts and data are analyzed in the same sections below as appear in the Results
section.

Continuous Test Analysis
Firing Rate

The average firing rate for all of the tests over the middle four minutes of continuous
operation of the burner are presented in Table 5 and in Figure 4. The firing rate is
monotonically decreasing with respect to Wobbe Number, except with the burner tuned
to Adjust 2. The firing rate for Adjust 2 at 1332 Wobbe was slightly higher than at

1308 Wobbe. The burner temperature and firing rate data for the tests are expanded

in Figure 5, Figure 7, and Figure 8; it is possible to visually see that the firing rate is
lower for the higher-Wobbe Number gases.

Emissions

The emissions data are shown plotted both against the Wobbe Number and the Weaver
Air Index. The Weaver Air Index was selected because the numbers appeared to
correlate better with the data than others of the commonly used AGA and Weaver
indices. The error bars on the plots do not represent a standard deviation, but the entire
range of data collected. %0O: is shown in Figure 9 through Figure 11; there does not
appear to be a clear correlation between the variation and the Wobbe Number (left
charts) or the Weaver Air Number (right charts) because the total range of variation
across the different fuel compositions is often larger than the variation between the
average %QO: for every fuel. This can, but does not necessarily imply that the variation is
insignificant over the range of gases. Since the burner’s firing rate was modulating, the
%QO:2 varied not only over the range of test gas compositions, but also over the firing rate.
The 75% to 100% open part of the valve’s range of motion did not change the firing rate,
so instead the %02 was lowered to maintain a montonically increasing temperature
profile with a maximum of about 1600°F at the 100% open valve position. Still, the
steady position of the valve when firing the adjust gas was about 40% open, and it
would only open further briefly on ignition, or else when firing a gas with a lower
Wobbe Number.

Figure 12 through Figure 14 show the measured ppmv CO, normalized to 3%0O.. With
the burner tuned to Adjust 1, the concentration of CO appears to increase with Wobbe
Number, however for the remaining adjust gases its concentration does not appear to
show a trend. If the data point for 1425 Wobbe were removed from Figure 12, it could be
argued that there is not a trend even for the Adjust 1 data. The same observations are
true for the ppmv THC shown in Figure 15 through Figure 17, and the ppmv NOx
shown in Figure 18 through Figure 20. It is not usual for both CO emissions and NOx
emissions to rise simultaneously. First, the total NOx formation is very small for all
cases; at most about 8% of the calibration gas value. Next, the burner is fired in open air
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the flame quenches quickly. Third, for Adjust 1 the heat flux from the burner surface is
higher than for the other gases; heat flux will be discussed below; so some more NOx
could form before quenching and the CO and the THC would not completely combust.
It would make sense that any such response would be less noticeable when firing
Adjust 2 and Adjust 3, because their Wobbe Numbers are not as low, so the disparity
between these fuels and the Substitute gas compositions is smaller.

The particulate emissions are summarized in Figure 21 through Figure 23. The data, like
the other emissions data, are scattered and do not appear to show a trend with respect to
Wobbe Number. The particle count in the emissions is usually less than and at least
comparable to the particle count in air.

Heat Flux

The heat flux data in Table 6 through Table 8 and Figure 24 through Figure 26 show that
the highest average heat flux occurs when firing Substitute 2 on a burner adjusted to fire
Adjust 1. The biggest difference, a 12% change in average heat flux over the burner
surface, was between Adjust 3 and Substitute 1. These data were collected while the
burner was modulating, so the color pattern does not necessarily reflect a static
temperature distribution. The data demonstrate a relatively consistent heat flux,
sometimes with higher Wobbe Number gases corresponding to a higher heat flux, but
not always.

Ignition Test Analysis

Firing Rate and Burner Temperature

Figure 27 through Figure 36 show three things: first, the higher Wobbe-Number gases
overshoot the setpoint more than the lower Wobbe-Number gases on ignition. Second,
the higher Wobbe Number gases can take longer to settle to the setpoint temperature
than the lower Wobbe-Number gases. Third, it is possible for a poorly tuned; in this case
lean; burner to extinguish when firing a lower Wobbe Number gas. Figure 21 shows
ignition tests with the burner tuned to Adjust 2, and an ignition failure, with successful
relight on Adjust 1. In this case, the Substitute gases with the same Wobbe Number
actually did light, and only Adjust 1 did not light on the first time. These tests are
labeled “Old Adjustment” because they used the same burner adjustment as for the
continuous-firing tests. This appeared to be too lean, and did not provide sufficient heat;
S1-1308 in Figure 31 fired for 20 minutes and still did not reach temperature. The firing
rate is held constant for the first two minutes in an effort to keep the pilot lit. All of this
was abandoned when it became clear the burner was too far out of tune to respond
rapidly enough even when firing the gas it was adjusted to, Adjust 2. For the remaining
tests, the burner was tuned again before ignition tests, to compensate for the pilot. No
ignition problems were encountered after this decision.

The firing rate for ignition began the same for all of the gases. When the burner was
tuned to Adjust 3, all of the Substitute Gas firing rates settled in well under five minutes;
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when tuned to Adjust 2 or Adjust 1, the highest few Wobbe Number Substitute Gases
had not settled after five minutes. It appears that with the burner tuned to Adjust 1
(1308) but igniting with Substitute 2 (1425 Wobbe Number - about a 9% change) the
tiring rate is flat at its lowest but the burner temperature is still rising above 1500°F.
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Conclusions

Conclusions are listed in the same sections below as appear in the Results and Analysis
sections.

Continuous Test Conclusions

Firing Rate

That the firing rate is lower for the higher-Wobbe Number gases makes sense because
the higher-Wobbe gases require more air to burn but are still premixed with the same
amount of air, meaning there is less excess air to absorb heat from the reaction. The data
indicate that when the fuel gas Wobbe Number changes from a smaller to a larger value,
a lower firing rate is needed to maintain the same process temperature for the burner.

Emissions

It appears that the variation in emissions across the fuel gases tested is comparable to the
variation in emissions for a single fuel over time. When the burner tuned to Adjust 1

was fired with Substitute 2, there was a clear increase in NOx, THC, CO. This could
imply that the burners tuned to Adjust 1, with a Wobbe Number of 1308, should not be
expected to fire Substitute 2, with a Wobbe Number of 1425. Further, it could imply that
a burner adjusted to Adjust 2 or Adjust 3 can be expected to fire Substitute 2 without a
significant measurable change in emissions. There also does not appear to be a
correlation between Wobbe Number and particulate emissions for any of the Adjust
Gas/Substitute Gas pairings.

Heat Flux

The heat flux through the burner does appear to increase slightly, up to 12% at most,
with an increase in Wobbe Number, even though the burner face temperature is held at
a set temperature.

Ignition Test Conclusions

Firing Rate and Burner Temperature

For these test gases, an excessively lean burner adjustment to Adjust 2 caused an
ignition failure using Adjust 1, although the burner did light once the relight sequence
engaged. When the burner was tuned so that it could reach its setpoint in about a
minute when firing on its Adjust Gas, there were no ignition problems. Still, it may be
that a change from Adjust 1 to Substitute 2 exceeds the turndown ability of the burner—
it cannot fire low enough on Substitute 2 to meet the setpoint temperature. Ignition tests
could not be conducted with the same air-to-fuel settings on the modulating valve as
were set for the continuous operation tests. This was discovered during the first set of
ignition tests for Adjust 2: with the continuous pilot on, the flame appeared to burn very
lean. The flame monitor lost flame detection in a few cases, and when the fuel was
switched from Adjust 2 to Adjust 1, the flame would not re-light. With a new air-to-fuel
ratio, the flame monitor did not lose flame detection for any of the tests.
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Selected Photographs

Figure 37. Motorized Valve atop the Premix Blower
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Figure 39. Emissions Analyzers (left) and Gas Chromatograph (right)
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Figure 40. Infrared Burner with 4” Tall Insulating Walls and a Thermocouple
(on the Bottom Right tile) for Burner Temperature Control
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Tl
Objective

The purpose of the line burner interchangeability tests is to assess the performance of a
linear ribbon burner, used in industrial food processing operations, when fired with
different natural gas compositions. The burner’s performance when firing selected
Adjust Gases was compared with its performance when firing selected Substitute Gases
with and without different levels of nitrogen ballasting.

Approach

The tests used a laboratory setup intended to mimic industrial operating conditions.
Ignition tests and Operating/switching tests were then performed. During these tests,
the burner was first tuned to operate with an “adjust” gas composition, then several
“substitute” gas compositions were fired in sequence on the burner. These tests were
then repeated with the other two “adjust” gases as a basis.

Ignition tests were performed from the same start conditions of an approximately 180°F
chamber temperature to the same end conditions of an approximately 360°F chamber
temperature at 25-30% firing rate as recommended by the manufacturer.

Operating tests were performed in two modes, constant firing rate and constant
chamber temperature. Both tests used a zero gas governor and venturi mixer to
maintain the gas flow rate proportional to the air flow rate. Constant firing rate tests
were performed with the air flow rate set manually, yielding a firing rate of about 80,000
Btu/hr. Constant temperature tests were performed with a PID-loop temperature
controller manipulating a control valve on the air line to maintain the chamber
temperature at 950°F.

For all test sequences, the chamber was first warmed up on house gas. The fuel was
then switched to an "adjust" gas, and the burner was tuned so that the exhaust gases
contained 3% Os.

Table 9 shows the specific performance measurements.

Table 8. Performance Metrics for the Line Burner

BASIC PERFORMANCE METRICS

Gaseous Pollutant Emissions

Chamber and Exhaust Temperatures

System or Controller Response upon Switching
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Test Apparatus

The linear burner used for this test was an EXTRUded Band Burner BB102A by Flynn
Burner Corporation rated for 4,000 Btu/inch of flame space with a stable turndown to
200 Btu/inch. Two linear ribbon burners were selected to simulate baking oven operation
and eliminate any wall effects. Flame space of 36 inches was selected for each burner.
The burners were ignited and their flames were sensed using a combination spark
ignition rod/flame rod for each burner. Two flame safeguards were used, one for each
burner. They were wired such that if either burner lost flame during operation, the gas
to both burners would be shut off. The burner assembly is shown in Figure 37.

The test burners fired into a cylindrical furnace chamber equipped with four water-
cooled load simulators located above the burners and three thermocouples to measure
temperatures inside the furnace. One of these was used for temperature control. A
fourth thermocouple measured the exhaust temperature. The overall view of the test
rig is shown in Figure 67. Water was flowed in series through the load simulators. The
water flow rate was measured a by magnetic flow meter. The water temperature was
measured with thermocouples before the first load simulator, between the second and
third load simulators, and after the fourth load simulator.

Added to the exhaust of the test chamber was a stainless steel sampling probe, which
was connected through a filtering and drying train to a set of continuous emissions
analyzers for THC, NOx, COz, CO, and Oz. These are shown in Figure 68.

A custom-built blending station was used to provide simulated natural gas
compositions to the test chamber at 0.5 psig. The blending station allowed for one of
two main streams, house gas and methane, to be selected, to which metered amounts of
ethane, propane, butane, and nitrogen could be added. The house gas was the normal
natural gas delivered to GTI. The methane was the basis for all the "adjust" and
"substitute" gases. House gas was used only for warming up the burners.

Mass flow controllers were used in "wide open" mode to measure house gas and
methane flows. Which mass flow controller was "wide open" and which was "shut" was
used to select one of these two main streams. The "wide open" mass flow controller was
ordered to flow the maximum amount of gas. The system only allowed so much gas to
flow, so this method allowed the mass flow controllers to act as mass flow meters. The
"shut" mass flow controller was simply commanded to flow a zero amount of gas.

Mass flow controllers were used to add ethane, propane, butane, and nitrogen to the
main stream. Methane was supplied from one of two gas cylinders, which could be
switched on the fly, allowing an empty one to be swapped out while keeping the
experiments running. Ethane was supplied from a single gas cylinder, propane was
supplied from the gaseous outlet of a liquid cylinder, and nitrogen was supplied from
GTTI's header, which is fed by a liquid tank. Butane was supplied from a heated
evaporation tank and delivered as a gas at a pressure well above its saturation vapor
pressure of about 14 psig. The evaporation tank was replenished from a liquid cylinder.
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Table 9. Summary of Test Instruments
Instrument Parameter Range Accuracy
4-20 mA, 16 bit input current;
National Instruments Data logging 0-5V,0-10V, | 12 bit input voltage;
Field Point Modules and control +100 mV, 12 bit output current;
on/off (relay) 16 bit temperature
LabView software Data logging — —
Custom software Control — —
Data logging
Laptop computer and control — —
Chamber and
Type K thermocouple Exhaust 2502°F —
temperatures
ABB Mini-Mag 0.5% of rate @
10D1475W Water flow rate | 26.42 gpm > 7% full scale
Water o
Type T thermocouple temperatures 752°F —
Rosemount Analytical THC 0-1000 ppm, o
400A concentration Span 889 ppm 1% full scale
Rosemount Analytical 0, 0-25%, 0.01% O, or
755R concentration Span 8.0% 1% full scale
Thermo Environmental NO conc, 0-100 ppm, 0.5 pom
42C High Level NOx conc. Span 76.7 ppm ~ PP
Rosemount Analytical CO 0-1000 ppm, o
880A concentration Span 790 ppm 1% full scale
Rosemount Analytical CO, 0-20%, o
880A concentration Span 18.0% 1% full scale
Brooks Instruments House gas flow 0.7% of rate plus
58533 rate 335 SCEH 1 0204 of full scale
Brooks Instruments Methane gas 0.7% of rate plus
58533 flow rate S2USCEH 1 0504 of full scale
Brooks Instruments Ethane gas flow 0.7% of rate plus
58503 rate 2448CEH 1 204 of full scale
Brooks Instruments Propane gas 0.7% of rate plus
5850 flow rate 103 SCFH 1 0504 of full scale
Brooks Instruments Butane gas flow 0.7% of rate plus
58508 rate 426 SCEH 1 204 of full scale
Brooks Instruments Nitrogen gas 0.7% of rate plus
58503 flow rate 220SCEH 1 204 of full scale
Brooks Instruments Air gas flow 0.7% of rate plus
58643 rate B9 SCEH | 204 of full scale
Wika S-10 Mixed gas 0-200 psig 0.25% of span
pressure
Mixed gas
Type T thermocouple temperature 7520 —

All gases except butane were regulated down to about 50-100 psig before or upon
entering the blending station. The selected main stream was further regulated down to
about 15 psig before the other gases were blended in. A pressure transmitter and
thermocouple were used to monitor the mixed gas pressure and temperature. A mass
flow meter was added to the blending station to measure air flow rate. Air was supplied
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by GTI's compressed air header and regulated down to 0-3 psig. The blending station
with constituent gases is shown in Figure 69. The steam pressure transmitter,
turnaround and exhaust thermocouples, continuous emissions analyzers, mass flow
meters and controllers, and motorized ball valves were connected to a data acquisition
and control system. Instruments used to perform this test series are listed in Table 3.

The measured flow rates of the fuel gases and air supplied from the custom blending
station to the burner were recorded using National Instruments Field Point Modules and
a LabView program running on a laptop computer. The fuel gas compositions were
commanded through a separate, custom program on the same laptop computer. The
custom program used the measured flow rate of the main stream to determine the flow
rates of the added gases. A table of ratios of each added gas to the main stream for each
"adjust" and "substitute" gas was created for the custom program.

The temperature of the test chamber was controlled with a Fuji Electric PXZ4 1/16 DIN
PID-loop temperature controller driving a Honeywell Modmotor actuator mounted on a
butterfly valve installed in the air line supplying the burners. Gas from the blending
station was regulated with a Maxitrol zero gas governor before entering a Flynn FUM
venturi mixer installed in the air line via a needle valve. The needle valve was used to
tune the burners by adjusting the air/fuel ratio.

Test Gases

Test gases were selected to match compositions distributed in California, and
international compositions that may be imported into California. The compositions
distributed in California are designated “adjust gases” for tuning the burners for
optimum performance on each of them. The remaining gases are designated “substitute
gases” to compare performance with substitute gases to performance with the adjust
gases. Table 4 summarizes the gas compositions. Adjust 1 represents natural gas in the
Sacramento area, Adjust 2 is an average California state value, and Adjust 3 is
representative of some areas in California with higher Btu content due to local natural
gas production. The two substitute gases, Sub 1 and Sub 2, were selected from a set of
potential LNG compositions available to California; Sub 1 has a relatively low Wobbe
Number (1408) compared with other LNG compositions, and Sub 2 has a relatively high
Wobbe Number (1425). Because it is possible that these "substitute" gases will be
conditioned with nitrogen prior to distribution in California, additional compositions
with nitrogen are added to make the Wobbe Number match those of the selected
"adjust” gases.
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Table 10. Summary of Adjust and Substitute Gases

Gas Composition, mol %

Name =ET—5T 3 | ca | Csr | N2 | coz | oHVY | Wobbe
Adjust1 | 932 | 2.52 | 0.41 | 0.14 [ 0.093 | 2.691 | 0.920 | 1010 | 1309
Adjust2 | 945 | 255 | 0.42 | 0.14 | 0.094 | 1.361 | 0.931 | 1024 | 1332
Adjust3 | 90.61 | 2.45 | 3.41 | 1.25 [0.094 | 1.305 | 0.893 | 1094 | 1374

Subl | 924 | 49 | 19 [ 079 | 00 | 00 | 00 | 1099 | 1408

@1385 | 913 | 48 | 1.9 [ 079 | 00 | 12 | 00 | 1086 | 1387

@1375 | 907 | 48 | 1.9 [ 079 | 00 | 19 | 00 | 1080 | 1375

@1332 | 883 | 48 | 1.8 | 079 | 00 | 44 | 00 | 1053 | 1331

@1308 | 878 | 46 | 1.8 [ 070 | 00 | 55 | 00 | 1036 | 1308

Sub2 | 894 | 7.1 | 25 | 104 | 00 | 00 | 00 | 1131 1426

@1385 | 875 | 7.0 | 24 | 100 | 00 | 21 | 00 | 1106 | 1387

@1375 | 869 | 69 | 24 | 100 | 00 | 27 | 00 | 1098 | 1376

@1332 | 845 | 67 | 24 [ 100 | 00 | 54 | 00 | 1070 | 1330

@1308 | 836 | 6.6 | 23 | 100 | 00 | 65 | 00 | 1057 | 1310

For small-scale testing (up to about 40,000 Btu/h), it is practical to purchase cylinders
with these exact compositions, with only nitrogen being blended in as needed. For

medium-scale testing (up to about 350,000 Btu/h), multiple cylinders with the same exact
composition would be needed, so it becomes practical to create these compositions from
cylinders of pure gases using a blending station. The "adjust" gases could be simulated

(same heating value and Wobbe index) by blending in ethane, propane and butane from

cylinders, and nitrogen from a liquid tank into GTT's house gas or into methane.

Methane was chosen as the basis for consistency. The final compositions are shown

in Table 12.
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Table 11. Summary of Test Gases

Gas Composition, mol %

Name Methane | Ethane | Propane | Butane | Nitrogen HHV | Wobbe
Adj1B 93.00% | 2.50% | 0.50% | 0.30% | 3.70% | 1010.4 | 1313.7
Adj2B 94.30% | 2.50% | 0.50% | 0.30% | 2.40% | 1023.6 | 1337.0
Adj3B 90.10% | 2.30% | 4.00% | 1.50% | 2.10% | 1105.7 | 1386.9
Subl 92.41% | 490% | 1.90% | 0.79% | 0.00% | 1098.9 | 1408.4

Sub1-1385 | 91.25% | 4.84% | 1.88% | 0.78% | 1.26% | 1085.0 | 1385.5

Subl-A3 90.67% | 4.81% | 1.86% | 0.77% | 1.89% | 1078.0 | 1374.1

Subl-A2 88.35% | 4.68% | 1.82% | 0.75% | 4.40% | 1050.4 | 1329.2

Subl-Al 87.33% | 4.63% | 1.80% | 0.75% | 5.50% | 1038.3 | 1309.7

Sub2 89.36% | 7.10% | 2.50% | 1.04% | 0.00% | 1130.6 | 1425.6

Sub2-1385 | 87.49% | 6.95% | 2.45% | 1.02% | 2.10% | 1106.8 | 1387.7

Sub2-A3 86.95% | 6.91% | 2.43% | 1.01% | 2.70% | 1100.0 | 1377.0

Sub2-A2 84.54% | 6.72% | 2.37% | 0.98% | 5.40% | 1069.3 | 1329.2

Sub2-A1l 83.55% | 6.64% | 2.34% | 0.97% | 6.50% | 1056.9 | 1309.9

Figure 42 through Figure 44 illustrate actual fuel heating values produced by the
blending station for the linear ribbon burner testing.
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Tests with Adjustment 1 Gas and Substitute Gases
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Figure 41. Actual Wobbe Indexes and Heating Values
for Line Burner Tests with Adjust1 Basis
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Figure 42. Actual Wobbe Indexes and Heating Values
for Line Burner Tests with Adjust2 Basis
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Tests with Adjustment 3 Gas and Substitute Gases
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Figure 43. Actual Wobbe Indexes and Heating Values
for Line Burner Tests with Adjust3 Basis

Test Schedule

1140

The ignition tests were performed first for all three "adjust" gases. The performance
tests with constant firing rate were performed next for all three "adjust" gases. These
were followed by performance tests with a constant chamber temperature for all three

"adjust" gases.

The ignition tests were performed separately from the performance tests, because
otherwise heat-up and cool-down time would be prohibitive. Figure 45 illustrates the
overall setup, testing, and analysis schedule. Table 13 shows the schedule of test

sequences. Each sequence of tests (each column in Table 13) was performed during a

single day.
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Pre-test setup - usmggaf;ouse = Ignition tests | Continuous test | Modulating test processing ™
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Repeat with Repeat with Repeat with
main and main and main and
conditioned conditioned conditioned
Substitute Substitute Substitute
Gases Gases Gases
Figure 44. Test Schedule for the Linear Ribbon Burner
Table 12. Test Schedule
Type Ignition Constant Firing Rate Constant Chamber Temperature
Basis Adj2B Adj1B Adj3B Adj1B Adj2B Adj3B Adj1B Adj2B Ad;j3B
Subs Subl Subl Subl Subl Subl Subl Subl Subl Subl
Sub1-1385 | Subl-1385 | Subl-1385 | Subl-1385 | Subl-1385 | Subl-1385 | Subl-1385 | Subl-1385 | Subl-1385
Sub1-A3 Sub1-A3 Sub1-A3 Sub1-A3 Sub1-A3 Sub1-A3 Sub1-A3 Sub1-A3 Sub1-A3
Subl-A2 Subl-A2 Subl-A2 Subl-A2 Subl-A2 Subl-A2 Subl-A2 Subl-A2 Subl-A2
Subl-Al Subl-Al Subl-Al Sub1-Al Sub1-Al Subl-Al Subl-Al Sub1-Al Subl-Al
Sub2 Sub2 Sub2 Sub2 Sub2 Sub2 Sub2 Sub2 Sub2
Sub2-1385 | Sub2-1385 | Sub2-1385 | Sub2-1385 | Sub2-1385 | Sub2-1385 | Sub2-1385 | Sub2-1385 | Sub2-1385
Sub2-A3 Sub2-A3 Sub2-A3 Sub2-A3 Sub2-A3 Sub2-A3 Sub2-A3 Sub2-A3 Sub2-A3
Sub2-A2 Sub2-A2 Sub2-A2 Sub2-A2 Sub2-A2 Sub2-A2 Sub2-A2 Sub2-A2 Sub2-A2
Sub2-Al Sub2-Al Sub2-Al Sub2-Al Sub2-Al Sub2-Al Sub2-Al Sub2-Al Sub2-Al
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Activities Performed

Setup

Preliminary tests with the typical manufacturer-recommended burner setup were
conducted to verify ignition of the burners on house gas and to determine typical
chamber temperatures, water flow rate for the simulated load, fuel and air delivery
pressures, the functionality of the blending station (by switching between the different
gases), the functionality of the continuous emissions analyzers, and the functionality of
the data acquisition system.

Ignition Tests

The ignition tests measured whether the burner lights and the rate of heating on various
"substitute" gases with the burner tuned for a particular "adjust" gas.

The test plan was to calibrate the continuous emissions analyzers, fire the burners on
house gas, bring the test chamber up to an operating temperature of about 600°F, switch
to an "adjust" gas, tune the burner on the "adjust" gas by adjusting the air/fuel ratio, set
the firing rate to around 25-30% of the burner nominal rated capacity (20,000-25,000
Btu/hr per burner), shut off the fuel, and allow the chamber to cool to 180°F. Next was
to have a discounted ignition (#0) on the "adjust" gas, allow the chamber to warm to
360°F, shut off the fuel, and allow the chamber to cool to 180°F. This was followed by
three consecutive ignition-warm up-shut off-cool down cycles with recorded ignitions
(#'s 1-3) on the "adjust" gas before switching the blending station to one of the
"substitute" gases. With this "substitute" gas, there was a discounted ignition-warm up-
shut off-cool down cycle (#0), followed by three recorded ignition-warm up-shut off-cool
down cycles (#'s 1-3). This series of four cycles was repeated with the nine other
"substitute" gases. The calibration of the continuous emissions analyzers was then
checked.

The above process was repeated for the second "adjust" gas and all 10 "substitute" gases,
and then repeated again with the third "adjust" gas and all 10 "substitute" gases.

Continuous Tests — Constant Firing Rate

The continuous tests with constant firing rate measured how the system responds, i.e.,
how the chamber temperature varies and how heat transfer to the load varies, when
various "substitute" gases are fired at a fixed rate with the burner tuned for a particular
"adjust" gas. These tests are useful for predicting how a system will respond when there
is no feedback control.

The test plan was to calibrate the continuous emissions analyzers, fire the burners on

house gas, bring the test chamber up to an operating temperature of about 950°F, switch
to an "adjust" gas, tune the burner on the "adjust” gas by adjusting the air/fuel ratio, and
set the firing rate to around 50% of the burner nominal rated capacity (50,000 Btu/hr per
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burner) by manually adjusting the air valve. Next was to allow the chamber
temperature to settle and then collect chamber temperature, simulated load data, and
emissions for twenty minutes. The blending station was then switched to one of the
"substitute" gases. The emissions were allowed to settle and then chamber temperature,
simulated load data, and emissions were collected for twenty minutes. This series of
switching gases and collecting data was repeated with the four other "substitute" gases.
The calibration of the continuous emissions analyzers was then checked and reset as
needed. The series of switching gases and collecting data was then repeated with the
other five "substitute" gases. The calibration of the continuous emissions analyzers was
then checked.

The above process was repeated for the second "adjust" gas and all 10 "substitute" gases,
and then repeated again with the third "adjust” gas and all 10 "substitute" gases.

For all of the above sequences with constant firing rate, the response of the system's
performance in terms of chamber temperature and simulated load data was recorded
with the emissions data at 5 second intervals.

Continuous Tests — Constant Chamber Temperature

The continuous tests with constant chamber temperature measured how the controller
responds, i.e., how the firing rate varies, when various "substitute" gases are fired with a
system with a fixed operating condition with the burner tuned for a particular "adjust"
gas. These tests are useful for predicting how a system will respond when there is
teedback control.

The test plan was to calibrate the continuous emissions analyzers, fire the burners on
house gas, bring the test chamber up to an operating temperature of about 950°F, switch
to an "adjust" gas, tune the burner on the "adjust” gas by adjusting the air/fuel ratio, and
connect the temperature controller to the air flow valve actuator. Next was to allow the
firing rate to settle and then collect firing rate, simulated load data, and emissions for
twenty minutes. The blending station was then switched to one of the "substitute" gases.
The emissions were allowed to settle and then firing rate, simulated load data, and
emissions were collected for twenty minutes. This series of switching gases and
collecting data was repeated with the four other "substitute" gases. The calibration of
the continuous emissions analyzers was then checked and reset as needed. The series of
switching gases and collecting data was then repeated with the other five "substitute"
gases. The calibration of the continuous emissions analyzers was then checked.

The above process was repeated for the second "adjust" gas and all 10 "substitute" gases,
and then repeated again with the third "adjust” gas and all 10 "substitute" gases.

For all of the above sequences with constant chamber temperature, the response of the
controller's performance in terms of firing rate was recorded with the simulated load
data and emissions at 5 second intervals.
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Results

Ignition Tests

The ignition tests measured whether the burner lights and the rate of heating. All the
ignition efforts were successful. No ignition failure was observed during the

tests. Figure 46 shows the warm up, tuning, and typical on-off cycling during the
ignition tests for one of the "adjust” gas tunings.
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Figure 45. Typical Cycle Pattern during Ignition Testing

Continuous Tests — Constant Firing Rate

The major results from the continuous tests with constant firing rate are the emissions
and the chamber temperature (the system's response) when the burner is tuned for a
particular "adjust” gas, and the fuel is switched to various "substitute" gases. Figure 47
through Figure 49 show the emissions over the 20 minute data collection intervals.
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CO emmisions (corrected to 3% O2), ppm (Continuous) Continuous
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Figure 46. CO Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O2)

D-63

1440



Line Burner Continuous . NOx emmisions (corrected to 3% O2), ppm
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Figure 47. NOx Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)

D-64

1440



Line Burner Continuous. THC emmisions (corrected to 3% O2), ppm
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Figure 48. THC Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)

Continuous Tests — Constant Chamber Temperature

The major results from the continuous tests with constant chamber temperature are the
emissions and the fuel flow rate or heat input (the controller's response) when the
burner is tuned for a particular "adjust” gas, and the fuel is switched to various
"substitute" gases. Figure 50 through Figure 55 show the firing rate and emissions over
the 20 minute data collection intervals.
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Figure 49. Firing Rate for Adjustl tuning and All Substitute Gases
for Continuous Testing with Constant Chamber Temperature
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Figure 51. Firing Rate for Adjust3 tuning and All Substitute Gases
for Continuous Testing with Constant Chamber Temperature
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CO emmisions (corrected to 3% 0O2), ppm (Modulation)
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Figure 52. CO Emissions for All Substitute Gases
for Continuous Testing with Constant Chamber Temperature

(Corrected to 3% O3)
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Line Burner Modulation . NOx emmisions (corrected to 3% O2), ppm
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Figure 53. NOx Emissions for All Substitute Gases
for Continuous Testing with Constant Chamber Temperature

(Corrected to 3% O3)
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Line Burner Modulation. THC emmisions (corrected to 3% O2), ppm
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Figure 54. THC Emissions for All Substitute Gases
for Continuous Testing with Constant Chamber Temperature

(Corrected to 3% O3)

Continuous Tests — Constant Firing Rate vs. Modulating

Figure 56 through Figure 64 illustrate then differences between emissions when firing at
a constant firing rate versus modulating the firing rate to maintain a set chamber
temperature.

For the entire range of the test gases the carbon dioxide emissions were measured in the
limits of 9.8-10.6% while total unburned hydrocarbons did not exceed 65 ppm (corrected
to 3% Oz) and shown in Figure 65.
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CO emmisions (corrected to 3% 02), ppm
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Figure 55. CO Emissions for Adjustl tuning and All Substitute Gases
for Constant Firing Rate vs. Modulating Firing Rate

(Corrected to 3% O3)
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CO emmisions (corrected to 3% O2), ppm
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Figure 56. CO Emissions for Adjust2 tuning and All Substitute Gases
for Constant Firing Rate vs. Modulating Firing Rate

(Corrected to 3% O3)
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CO emmisions (corrected to 3% 02), ppm
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Figure 57. CO Emissions for Adjust3 tuning and All Substitute Gases
for Constant Firing Rate vs. Modulating Firing Rate

(Corrected to 3% O3)
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NOx emmisions (corrected to 3% O2), ppm
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Figure 58. NOx Emissions for Adjustl tuning and All Substitute Gases
for Constant Firing Rate vs. Modulating Firing Rate

(Corrected to 3% 0O2)
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NOx emmisions (corrected to 3% O2), ppm
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Figure 59. NOx Emissions for Adjust2 tuning and All Substitute Gases
for Constant Firing Rate vs. Modulating Firing Rate

(Corrected to 3% 0O2)
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NOx emmisions (corrected to 3% 02), ppm
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Figure 60. NOx Emissions for Adjust3 tuning and All Substitute Gases
for Constant Firing Rate vs. Modulating Firing Rate

(Corrected to 3% 0O2)
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THC emmisions (corrected to 3% O2), ppm
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Figure 61. THC Emissions for Adjustl tuning and All Substitute Gases
for Constant Firing Rate vs. Modulating Firing Rate

(Corrected to 3% O2)
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Figure 62. THC Emissions for Adjust2 tuning and All Substitute Gases
for Constant Firing Rate vs. Modulating Firing Rate

(Corrected to 3% 0O2)
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THC emmisions (corrected to 3% O2), ppm
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Figure 63. THC Emissions for Adjust3 tuning and All Substitute Gases
for Constant Firing Rate vs. Modulating Firing Rate
(Corrected to 3% O3)
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Figure 64. THC Emissions for All Substitute Gases

(Corrected to 3% 0O2)
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Calculations

The equation below is the linear correction used to approximately cancel out the
analyzer drift;

s

Xcorr = X meas —[(Zero drift)+ (Span drift)mjT ,
2

Span value

where X is the corrected emissions value, Xues is the measured value, the drift values
are as labeled, T: denotes the time elapsed from the previous analyzer calibration, and T>
denotes the time from the previous analyzer calibration to the next analyzer calibration.

After this correction, the emissions were normalized to 3%0O: using the formula,

21-3%}

X3%02 = Xcorr [m
- 2

where X3%02 is the final value after both the correction for drift and the normalization to
a common %0z in the exhaust.

The Firing Rate was calculated from the actual flow data. The heating value calculation
followed the ASTM D 3588 —98(03) standard at 70°F.
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Analysis and Conclusions

The charts and data are analyzed in the same sections below as appear in the Results
section.

Ignition Tests

Since all 132 startups (11 gases times 4 ignitions times 3 tuning bases) were successful,
comparisons are not possible. With proper setup, the spark ignition does not appear to
be affected by the fuel used.

Continuous Tests — Constant Firing Rate

For the most part, "substitute" gases with lower Wobbe indexes yielded lower NOx
emissions, while "substitute" gases with higher Wobbe indexes yielded higher NOx
emissions. There were no excursions but also no discernable trends for CO and THC
emissions.

Continuous Tests — Constant Chamber Temperature

NOx emissions followed the same trend with Wobbe index as with the constant firing
rate tests (higher NOx for higher firing Wobbe gases). As with the constant firing rate
tests, there were no excursions but also no discernable trends for CO and THC
emissions.

The firing rate tended to inversely follow the Wobbe index. This was not unexpected
since the heat input to the burner is directly tied to Wobbe index.

In comparing constant firing rate with modulation, NOx emissions may have been
slightly lower for only “Adjust” 1 tuning with modulation versus constant firing rate
and about the same for “Adjust” 2 and “Adjust” 3 tuning. There were no discernable
trends for CO emissions for constant firing rate versus modulation. THC emissions
were lower for “Adjust” 1 tuning and “Adjust” 2 tuning with modulation and higher for
“Adjust” 3 tuning with modulation.
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Figure 65. Linear Burners and Simulated Load
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Figure 66. Test Chamber
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Figure 67. Continuous Emissions Analyzers
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Figure 68. Blending Station with Constituent Gases
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Objective

The purpose of the interchangeability tests is to assess the performance of a high velocity
burner, used in ceramics and metals industries, when fired with different natural gas
compositions. The burner’s performance when firing selected Adjust Gases was
compared with its performance when firing selected Substitute Gases with and without
different levels of nitrogen ballasting.

Approach

The tests used a laboratory setup intended to mimic industrial operating conditions.
Ignition tests and Operating/Switching tests were then performed. During these tests,
the burner was first tuned to operate with an “adjust” gas composition, then several
“substitute” gas compositions were fired in sequence on the burner. These tests were
then repeated with the other two “adjust” gases as a basis.

Ignition tests were performed from the same start conditions of an approximately 180°F
exhaust temperature to the same end conditions of an approximately 600°F exhaust
temperature at firing rate of 20% or 200,000 Btu/hr, a low firing rate as recommended by
the burner manufacturer.

Operating tests were performed in two modes, constant exhaust temperature and
constant firing rate. Both tests used a ratio regulator to maintain the gas flow rate
proportional to the air flow rate. Constant temperature tests were performed with a
PID-loop temperature controller manipulating the speed of the combustion air blower to
maintain the exhaust temperature at about 1140°F. Constant firing rate tests were
performed with the air flow rate set manually, yielding a firing rate of about 75% or
750,000 Btu/hr.

For all test sequences, the chamber was first warmed up on house gas. The fuel was
then switched to an "adjust" gas, and the burner was tuned so that the exhaust gases
contained 3% O.

Table 9 shows the specific performance measurements.

Table 13. Performance Metrics for the High Velocity Burner

BASIC PERFORMANCE METRICS

Gaseous Pollutant Emissions

Exhaust Temperature

System or Controller Response upon Switching
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Test Apparatus

The high velocity burner used for this test was a Thermjet TJ0100 (TJ100) by Eclipse, Inc.
rated for 1,000,000 Btu/hr with a stable turndown to 100,000 Btu/hr on ratio. The burner
was ignited and its flame was sensed using a spark ignition rod and UV sensor. The
burner assembly is shown in Figure 37.

The test burner fired into an octagonal furnace chamber equipped with water-cooled
panels located behind insulated walls and a thermocouple to measure the temperatures
of the exhaust gases. This thermocouple was used for temperature control. The overall
view of the test rig is shown in Figure 67. Water was flowed in four parallel streams of
cooling panels. The water flow rates were measured by magnetic flow meters. The inlet
water temperature was measured with a thermocouple before the cooling panels, and
thermocouples after each of the four sets of cooling panels.

The exhaust stack of the chamber included a damper, which was manually adjusted to
maintain a neutral pressure inside the chamber. Added to the exhaust stack was a
stainless steel sampling probe, which was connected through a filtering and drying train
to a set of continuous emissions analyzers for THC, NOx, CO2, CO, and O2. These are
shown in Figure 68.

A custom-built blending station was used to provide simulated natural gas
compositions to the ratio regulator at 0.9 psig. The blending station allowed for one of
two main streams, house gas and cleaned gas, to be selected, to which metered amounts
of ethane, propane, butane, and nitrogen could be added. The house gas was the normal
natural gas delivered to GTI, and was the basis for all the "adjust" gases. The cleaned
gas was the basis for the "substitute" gases. House gas without additions was used for
warming up the burner.

Mass flow meters were used to measure the house gas and cleaned gas flows.
Motorized ball valves were used to select one of the two main streams. Mass flow
controllers were used to add ethane, propane, butane, and nitrogen to the main stream.
Ethane was supplied from a bank of 5 gas cylinders, propane and butane were each
supplied from the gaseous outlet of liquid cylinders, and nitrogen was supplied from
GTI's header, which is fed by a liquid tank. All gases were regulated down to about 15
psig before or upon entering the blending station except butane, which is delivered at its
saturation vapor pressure of about 14 psig. The selected main stream is further
regulated down to about 5 psig before the other gases are blended in. A pressure
transmitter and thermocouple were used to monitor the mixed gas pressure and
temperature. The blending station with constituent gases is shown in Figure 69.

The exhaust and water thermocouples, continuous emissions analyzers, mass flow
meters and controllers, and motorized ball valves were connected to a data acquisition
and control system. Instruments used to perform this test series are listed in Table 3.
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Table 14. Summary of Test Instruments

Instrument Parameter Range Accuracy
4-20 mA, 16 bit input current;
National Instruments Data logging 0-5V,0-10V, | 12 bit input voltage;
Field Point Modules and control +100 mV, 12 bit output current;
on/off (relay) 16 bit temperature
LabView software Data logging — —
Custom software Control — —
Data logging
Laptop computer and control — —
Type K thermocouple Exhaust temperature 2502°F —
ABB Mini-Mag 0.5% of rate @
10D1475W Water flow rates 26.42 gpm > 79% full scale
Type T thermocouple Water temperatures 752°F —
Rosemount Analytical . 0-100 ppm, N
A00A THC concentration Span 79 ppm 1% full scale
Rosemount Analytical 0. concentration 0-25%, 0.01% O, or
755R 2 Span 8.0% 1% full scale
Thermo Environmental NO concentration, 0-100 ppm, 0.5 pom
42C High Level NOx concentration Span 76.7 ppm > PP
Rosemount Analytical . 0-1000 ppm, o
R30A CO concentration Span 790 ppm 1% full scale
Rosemount Analytical . 0-20%, o
R80A CO, concentration Span 18.0% 1% full scale
o
Brookgjggs;guments House gas flow rate 2066 SCFH 8 27(;) Sff 1{31t1e Slzlaulse
. (1)
o
Brook§52n6s3t1éuments Cleaned gas flow rate 1826 SCFH 8 270//: (())tf t{SItle slz:laLise
o
Brookssggs;guments Ethane gas flow rate 224 SCFH 8 270/A) (c))ff t{;‘ltle slz:laulse
. (V]
o
Brookssggsltguments Propane gas flow rate 68.5 SCFH 8 270//;) (())tf ;Si[le Srélzﬁse
o
Brookssggsltguments Butane gas flow rate 31.4 SCFH 8 270;) (())E ;:Hf src):lalise
. 0
o
Brookssggsltguments Nitrogen gas flow rate 141 SCFH 8 270;) (())E ;:Hf src):lalise
. 0
Sierra Instruments . 1% of rate plus
7808 Air flow rate 20000 SCFH 0.5% of full scale
Wika S-10 Mixed gas pressure 0-200 psig 0.25% of span
Type T thermocouple | Mixed gas temperature 752°F —

The measured flow rates of the fuel gases supplied from the custom blending station
and measured flow rate of air to the burner were recorded using National Instruments
Field Point Modules and a LabView program running on a laptop computer. The fuel
gas compositions were commanded through a separate, custom program on the same
laptop computer. The custom program used the measured flow rate of the main stream
to determine the flow rates of the added gases. A table of ratios of each added gas to the
main stream for each "adjust” and "substitute" gas was created for the custom program.
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The temperature of the exhaust gas was controlled with a Fuji Electric PXZ4 1/16 DIN
PID-loop temperature controller driving a process controller and variable frequency
drive installed on the positive displacement air blower supplying the burner. Gas from
the blending station was controlled with a Model ES366 ratio regulator before entering
the burner. The impulse line for the ratio regulator was connected to the air line
upstream of a globe valve located before the burner. The globe valve was used to tune
the burner by adjusting air pressure before the burner independent of the air flow rate
thus setting the gas pressure and therefore the air/fuel ratio.

Test Gases

Test gases were selected to match compositions distributed in California, and
international compositions that may be imported into California. The compositions
distributed in California are designated “adjust gases” for the purpose of tuning the
burner for optimum performance on each of them. The remaining gases are designated
“substitute gases” for the purpose of comparing the performance with substitute gases
to the performance with the adjust gases. Table 4 summarizes the gas compositions.
Adjust 1 represents natural gas in the Sacramento area, Adjust 2 is an average value for
the state of California, and Adjust 3 is representative of some areas in California with
higher Btu content due to local natural gas production. The two substitute gases, Sub 1
and Sub 2, were selected from a set of potential LNG compositions available to
California; Sub 1 has a relatively low Wobbe Number (1408) compared with other LNG
compositions, and Sub 2 has a relatively high Wobbe Number (1425). Because it is
possible that these "substitute" gases will be conditioned with nitrogen prior to
distribution in California, additional compositions with nitrogen are added to make the
Wobbe Number match those of the selected "adjust" gases.
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Table 15. Summary of Adjust and Substitute Gases

Gas Composition, mol %
Cl | c2 [ C3 : c4 | s+ | N2 [ cop | HHV | Wobbe
Adjust1 | 932 | 2.52 | 0.41 | 0.14 | 0.093 | 2.691 | 0.920 | 1010 1309
Adjust2 | 94.5 | 2.55 | 042 | 0.14 | 0.094 | 1.361 | 0.931 | 1024 1332
Adjust3 | 90.61 | 2.45 | 3.41 1.25 | 0.094 | 1.305 | 0.893 | 1094 1374

Subl | 924 | 49 | 19 | 079 | 00 | 00 | 00 | 1099 1408

Name

@1385 | 913 | 48 | 1.9 [ 079 | 00 | 12 | 00 | 1086 | 1387

@1375 | 907 | 48 | 1.9 [ 079 | 00 | 19 | 00 | 1080 | 1375

@1332 | 883 | 48 | 1.8 | 079 | 00 | 44 | 00 | 1053 | 1331

@1308 | 878 | 46 | 1.8 [ 070 | 00 | 55 | 00 | 1036 | 1308

Sub2 | 894 | 71 | 25 | 104 | 00 | 00 | 00 | 1131 1426

@1385 | 875 | 7.0 | 24 | 100 | 00 | 21 | 00 | 1106 | 1387

@1375 | 869 | 69 | 24 | 100 | 00 | 27 | 00 | 1098 | 1376

@1332 | 845 | 6.7 | 24 | 100 | 00 | 54 | 00 | 1070 | 1330

@1308 | 836 | 6.6 | 23 | 100 | 00 | 65 | 00 | 1057 | 1310

For small-scale testing (up to about 40,000 Btu/h), it is practical to purchase cylinders
with these exact compositions, with only nitrogen being blended in as needed. For
medium-scale testing (up to about 200,000 Btu/h), it is practical create these
compositions from cylinders of pure gases using a blending station. For large-scale
testing (over 1,000,000 Btu/h), the amount of pure methane needed requires a tube
trailer, but none were available from GTI's gas supplier during the time of the test
campaign. The "adjust" gases could be simulated (same heating value and Wobbe
index) by blending in ethane, propane and butane from cylinders, and nitrogen from a
liquid tank into GTI's house gas. However, the pure "substitute" gases and conditioned
(nitrogen-diluted) "substitute" gases with higher Wobbe indexes could not be simulated
this way because of the amount of inerts (COz and N2) in the house gas.

For another project, GTI assembled a CO: stripper which utilized three columns (towers)
to remove the CO: from the house gas. The first tower performed the function of
absorbing the CO: from the desired amount of house gas and an additional amount of
house gas. The desired amount of cleaned gas went onto the burner being tested, while
the additional amount went through the second tower, a heater, and the third tower
before being vented or flared. The third tower performed the function of desorbing the
CO:2 from the absorbent using the heated gas, while the second tower was being cooled
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by the cleaned gas. The towers rotated their function every 3 hours, so the process was
regenerative.

The cleaned gas with the heavy molecular weight CO2 removed was then used as the
basis for simulating the "adjust" gases and the conditioned "substitute" gases. The pure
"substitute" gases were still not quite reached, so the points of maximum heating value
and Wobbe index, along the same lines as the conditioned "substitute" gases, were used
in their place. The final compositions are shown in Table 12.

Table 16. Summary of Test Gases

Gas Composition, mol %

Name Blomse | Clisemed Ethane | Propane | Butane | Nitrogen HHV' | Wobbe
Gas Gas

Adj1Q 97.28% | 0.00% | 0.00% | 0.84% | 0.00% | 1.89% | 1010.0 | 1309.0

Adj2Q 98.49% | 0.00% | 0.00% | 0.90% | 0.00% | 0.61% | 1024.0 | 1332.0

Adj3Q 92.02% | 0.00% | 4.62% | 1.95% | 0.81% | 0.59% | 1094.0 | 1374.0

SublQM | 0.00% | 93.62% | 3.99% | 1.69% | 0.70% | 0.00% | 1090.3 | 1394.3

Sub1Q-Hi | 0.00% | 93.17% | 3.97% | 1.68% | 0.69% | 0.49% | 1085.0 | 1385.5

Sub1Q-A3 | 0.00% | 92.57% | 3.95% | 1.67% | 0.69% | 1.12% | 1078.0 | 1374.1

Sub1Q-A2 | 0.00% | 90.20% | 3.85% | 1.63% | 0.67% | 3.65% | 1050.4 | 1329.2

Sub1Q-A1 | 0.00% | 89.16% | 3.80% | 1.61% | 0.66% | 4.76% | 1038.3 | 1309.7

Sub2QM 0.00% | 90.82% | 5.75% | 2.43% | 1.00% | 0.00% | 1122.0 | 1411.9

Sub2Q-Hi | 0.00% | 89.58% | 5.67% | 2.40% | 0.99% | 1.36% | 1106.8 | 1387.7

Sub2Q-A3 | 0.00% | 89.03% | 5.64% | 2.38% | 0.98% | 1.96% | 1100.0 | 1377.0

Sub2Q-A2 | 0.00% | 86.56% | 5.48% | 2.32% | 0.96% | 4.68% | 1069.3 | 1329.2

Sub2Q-A1 | 0.00% | 85.56% | 5.42% | 2.29% | 0.95% | 5.79% | 1056.9 | 1309.9

Figure 42 illustrates the fuel heating values and Wobbe indexes used for the high
velocity burner testing.
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Figure 69. Wobbe Indexes and Heating Values for High Velocity Burner Tests

Test Schedule

The ignition tests were performed first for all three "adjust" gases. The performance
tests with constant firing rate were performed next for all three "adjust" gases. These
were followed by performance tests with a constant chamber temperature for all three

"adjust" gases.

The ignition tests were performed separately from the performance tests, because
otherwise heat-up and cool-down time would be prohibitive. Figure 45 illustrates the
overall setup, testing, and analysis schedule. Table 13 shows the schedule of test
sequences. Each sequence of tests (each column in Table 13) was performed during a
single day.
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Figure 70. Test Schedule for the High Velocity Burner

Table 17. Test Schedule

for processing

>

Type

Ignition

Constant Exhaust Temperature

Constant Firing Rate

Basis

Adj2Q

Adj1Q

Adj3Q

Adj2Q

Adj1Q

Adj3Q

Adj2Q

Adj1Q

Adj3Q

Subs

Sub1Q

Sub1Q

Sub1Q

Sub1Q

Sub1Q

Sub1Q

Sub1Q

Sub1Q

Sub1Q

Sub1Q-Hi

Sub1Q-Hi

Sub1Q-Hi

Sub1Q-Hi

Sub1Q-Hi

Sub1Q-Hi

Sub1Q-Hi

Sub1Q-Hi

Sub1Q-Hi

Sub1Q-A3

Sub1Q-A3

Sub1Q-A3

Sub1Q-A3

Sub1Q-A3

Sub1Q-A3

Sub1Q-A3

Sub1Q-A3

Sub1Q-A3

Sub1Q-A2

Sub1Q-A2

Sub1Q-A2

Sub1Q-A2

Sub1Q-A2

Sub1Q-A2

Sub1Q-A2

Sub1Q-A2

Sub1Q-A2

Sub1Q-Al

Sub1Q-Al

Sub1Q-Al

Sub1Q-Al

Sub1Q-Al

Sub1Q-Al

Sub1Q-Al

Sub1Q-Al

Sub1Q-Al

Sub2Q

Sub2Q

Sub2Q

Sub2Q

Sub2Q

Sub2Q

Sub2Q

Sub2Q

Sub2Q

Sub2Q-Hi

Sub2Q-Hi

Sub2Q-Hi

Sub2Q-Hi

Sub2Q-Hi

Sub2Q-Hi

Sub2Q-Hi

Sub2Q-Hi

Sub2Q-Hi

Sub2Q-A3

Sub2Q-A3

Sub2Q-A3

Sub2Q-A3

Sub2Q-A3

Sub2Q-A3

Sub2Q-A3

Sub2Q-A3

Sub2Q-A3

Sub2Q-A2

Sub2Q-A2

Sub2Q-A2

Sub2Q-A2

Sub2Q-A2

Sub2Q-A2

Sub2Q-A2

Sub2Q-A2

Sub2Q-A2

Sub2Q-Al

Sub2Q-Al

Sub2Q-Al

Sub2Q-Al

Sub2Q-Al

Sub2Q-A1l

Sub2Q-Al

Sub2Q-Al

Sub2Q-Al

D-97




Activities Performed

Setup

Preliminary tests with the typical manufacturer-recommended burner setup were
conducted to verify ignition of the burner on house gas and to determine typical
chamber temperatures at various firing rates on house gas and cleaned gas, fuel and air
delivery pressures, the functionality of the blending station (by switching between the
different gases), the functionality of the continuous emissions analyzers, and the
functionality of the data acquisition system.

Ignition Tests

The ignition tests measured whether the burner lights and the rate of heating on various
"substitute" gases with the burner tuned for a particular "adjust" gas.

The test plan was to calibrate the continuous emissions analyzers, fire the burner on
house gas, bring the test chamber up to an operating temperature of about 750°F, switch
to an "adjust" gas, tune the burner on the "adjust" gas by adjusting the air/fuel ratio, set
the firing rate to around 20% of the burner nominal rated capacity (200,000 Btu/hr), shut
off the fuel, and allow the chamber to cool to 180°F. Next was to have one (or two)
discounted ignition (#0) on the "adjust” gas, allow the exhaust temperature to reach
600°F, shut off the fuel, and allow the chamber to cool to 180°F. This was followed by
three consecutive ignition-warm up-shut off-cool down cycles with recorded ignitions
(#'s 1-3) on the "adjust" gas before switching the blending station to one of the
"substitute" gases. With this "substitute" gas, there were one (or two) discounted
ignition-warm up-shut off-cool down cycles (#0), followed by three recorded ignition-
warm up-shut off-cool down cycles (#'s 1-3). This series of four cycles was repeated with
the nine other "substitute" gases. The calibration of the continuous emissions analyzers
was then checked.

The above process was repeated for the second "adjust" gas and all 10 "substitute" gases,
and then repeated again with the third "adjust” gas and all 10 "substitute" gases.

Continuous Tests — Constant Exhaust Temperature

The continuous tests with constant exhaust temperature measured how the controller
responds, i.e., how the firing rate varies, when various "substitute" gases are fired with a
system with a fixed operating condition with the burner tuned for a particular "adjust”
gas. These tests are useful for predicting how a system will respond when there is
feedback control.

The test plan was to calibrate the continuous emissions analyzers, fire the burner on
house gas, bring the test chamber up to an operating condition with an exhaust
temperature of about 1140°F, switch to an "adjust” gas, tune the burner on the "adjust"
gas by adjusting the air/fuel ratio, and connect the temperature controller to the process
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controller and variable frequency drive installed on the air blower, Next was to allow
the firing rate to settle and then collect firing rate and emissions data for twenty
minutes. The blending station was then switched to one of the "substitute” gases. The
emissions were allowed to settle and then firing rate and emissions data were collected
for twenty minutes. This series of switching gases and collecting data was repeated with
the nine other "substitute" gases. The sampling trains for the continuous emission
analyzers were purged as needed between "substitute" gases. The calibration of the
continuous emissions analyzers was then checked.

The above process was repeated for the second "adjust" gas and all 10 "substitute" gases,
and then repeated again with the third "adjust"” gas and all 10 "substitute" gases.

For all of the above sequences with constant exhaust temperature, the response of the
controller's performance in terms of firing rate was recorded with the emissions data at 5
second intervals.

Continuous Tests — Constant Firing Rate

The continuous tests with constant firing rate measured how the system responds, i.e.,
how the exhaust temperature varies, when various "substitute" gases are fired at a fixed
rate with the burner tuned for a particular "adjust" gas. These tests are useful for
predicting how a system will respond when there is no feedback control.

The test plan was to calibrate the continuous emissions analyzers, fire the burner on
house gas, bring the test chamber up to an operating temperature of about 1140°F,
switch to an "adjust" gas, tune the burner on the "adjust" gas by adjusting the air/fuel
ratio, and set the firing rate to around 75% of the burner nominal rated capacity (750,000
Btu/hr) by manually setting the process controller and variable frequency drive installed
on the air blower. Next was to allow the chamber temperature to settle and then collect
exhaust temperature and emissions data for twenty minutes. The blending station was
then switched to one of the "substitute" gases. The emissions were allowed to settle and
then exhaust temperature and emissions data were collected for twenty minutes. This
series of switching gases and collecting data was repeated with the nine other
"substitute" gases. The sampling trains for the continuous emission analyzers were
purged as needed between "substitute" gases. The calibration of the continuous
emissions analyzers was then checked.

The above process was repeated for the second "adjust" gas and all 10 "substitute" gases,
and then repeated again with the third "adjust” gas and all 10 "substitute" gases.

For all of the above sequences with constant firing rate, the response of the system's
performance in terms of exhaust temperature was recorded with the emissions data at 5
second intervals.
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Results

Ignition Tests

The ignition tests measured whether the burner lights and the rate of heating. All the
ignition efforts were successful. No ignition failure was observed during the
tests. Figure 46 through Figure 74 show the on-off cycling during the ignition tests.
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Figure 71. Cycle Pattern during Ignition Testing for Adjust 1 Basis
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Ignition Test for Adjust 2. Exhaust Temperature, F
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Figure 72. Cycle Pattern during Ignition Testing for Adjust 2 Basis

Ignition Test for Adjust 3. Exhaust Temperature, F
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Figure 73. Cycle Pattern during Ignition Testing for Adjust 3 Basis
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Continuous Tests — Constant Exhaust Temperature

The major results from the continuous tests with constant exhaust temperature are the
emissions and the fuel flow rate (the controller's response) when the burner is tuned for
a particular "adjust” gas, and the fuel is switched to various "substitute" gases. Figure 75
through Figure 86show the emissions and firing rate data over the 20 minute data
collection intervals for each of the three "adjust" gas tunings separately. Figure 47
through Figure 90 show the affect of Wobbe Number on emissions and firing rate data
for the three different tunings combined.

Continuous Tests — Constant Firing Rate

The major results from the continuous tests with constant firing rate are the emissions
and the exhaust temperature (the system's response) when the burner is tuned for a
particular "adjust" gas, and the fuel is switched to various "substitute" gases. Figure 91
through Figure 102 show the emissions and exhaust temperature data over the 20
minute data collection intervals for each of the three "adjust" gas tunings

separately. Figure 103 through Figure 106 show the affect of Wobbe Number on
emissions and exhaust temperature data for the three different tunings combined.
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Figure 74. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 1

(Corrected to 3% O3)
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CO Emissions (corrected to 3% O2), ppm
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Figure 75. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 1
(Corrected to 3% O2)
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Figure 76. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 2

(Corrected to 3% 0O2)
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Figure 77. Firing Rate for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 1
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Figure 78. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 2

(Corrected to 3% 0O2)
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Figure 79. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 2
(Corrected to 3% O3)
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Figure 80. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 3

(Corrected to 3% 0O2)
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Figure 81. Firing Rate for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 3
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Figure 82. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 2

(Corrected to 3% O2)
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Figure 83. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 3

(Corrected to 3% O3)
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Figure 84. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 3

(Corrected to 3% 0O2)
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Figure 85. Firing Rate for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 3
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Figure 86. NOx Emissions for All Substitute Gases
for Continuous Testing with Constant Exhaust Temperature

(Corrected to 3% O2)
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Figure 87. CO Emissions for All Substitute Gases
for Continuous Testing with Constant Exhaust Temperature
(Corrected to 3% Oz)
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Figure 88. THC Emissions for All Substitute Gases
for Continuous Testing with Constant Exhaust Temperature

(Corrected to 3% O2)
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Figure 89. Firing Rate for All Substitute Gases
for Continuous Testing with Constant Exhaust Temperature
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Figure 90. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1

(Corrected to 3% O2)

D-110



CO Emissions (corrected to 3% 02), ppm
N

[ 5@ o © o o v 6 © 9
500 Adjust 1 y ;&o .(b‘b \,g\ w\rb \,50 ) \\)\Q) :\(bq) \({)\ <§o .fbg%
N 3 3 2 2} %\p% & Y & &
450 -
400
350 -
300 ekt
250 -
200 |
150
100 -
50
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0:00 0:30 1:00 1:30 2:00 2:30 3:00 3:30 4:00
Elapsed time
Figure 91. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1
(Corrected to 3% O2)
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Figure 92. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2

(Corrected to 3% 0O2)
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Figure 93. Exhaust Temperature for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1
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Figure 94. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2

(Corrected to 3% O3)
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Figure 95. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2

(Corrected to 3% O3)
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Figure 96. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3

(Corrected to 3% 0O2)
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Figure 97. Exhaust Temperature for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3
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Figure 98. NOx Emissions for All Substitute Gases for Continuous Testing

with Constant Firing Rate with Burner Tuned for Adjust 2

(Corrected to 3% O3)
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Figure 99. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3

(Corrected to 3% O3)
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Figure 100. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3

(Corrected to 3% 0O2)
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Figure 101. Exhaust Temperature for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3
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Figure 102. NOx Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 103. CO Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate
(Corrected to 3% O3)
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Figure 104. THC Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O2)
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Figure 105. Exhaust Temperature for All Substitute Gases
for Continuous Testing with Constant Firing Rate

Calculations

The equation below is the linear correction used to approximately cancel out the
analyzer drift;

il

Xcorr = Xmeas —((Zero drift)+ (Span driﬁ)MjT ’
2

Span value

where X is the corrected emissions value, Xwmes is the measured value, the drift values
are as labeled, T: denotes the time elapsed from the previous analyzer calibration, and T>
denotes the time from the previous analyzer calibration to the next analyzer calibration.

After this correction, the emissions were normalized to 3%0O: using the formula,

21-3%
21-%0, )’

X3%02 = Xcorr[

where X3%o02 is the final value after both the correction for drift and the normalization to
a common %0z in the exhaust.
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The Firing Rate was calculated from the actual flow data. The heating value calculation
followed the ASTM D 3588 —98(03) standard at 70°F.
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Analysis and Conclusions

The charts and data are analyzed in the same sections below as appear in the Results
section.

Ignition Tests

Since all 132 startups (11 gases times 4 ignitions times 3 tuning bases) were successful,
comparisons are not possible. With proper setup, the spark ignition does not appear to
be affected by the fuel used.

Continuous Tests — Constant Exhaust Temperature

For all three "adjust" gas tunings, "substitute" gases with higher Wobbe indexes yielded
slightly higher NOx emissions, and yielded significantly lower CO and THC emissions.

The firing rate tended to inversely follow the Wobbe index. This was not unexpected
since the heat input to the burner is directly tied to Wobbe index.

Continuous Tests — Constant Firing Rate

The CO and THC emissions followed the same trend with Wobbe index as with the
constant exhaust temperature tests (lower CO and THC for higher Wobbe indexes). The
NOx emissions did not vary significantly with Wobbe index.

The exhaust temperature tended to follow the Wobbe index. This was not unexpected
since the heat input to the burner is directly tied to Wobbe index.
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Selected Photographs

Figure 106. High Velocity Burner
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Figure 107. Test Chamber

Figure 108. Continuous Emissions Analyzers
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Figure 109. Blending Station
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Objective

The purpose of the interchangeability tests is to assess the performance of an oxy-gas
burner, used primarily in the glass melting industry, when fired with different natural
gas compositions. The burner’s performance when firing selected Adjust Gases was
compared with its performance when firing selected Substitute Gases with and without
different levels of nitrogen ballasting.

Approach

The tests used a laboratory setup intended to mimic industrial operating conditions.
Operating/Switching tests were then performed. During these tests, the burner was first
tuned to operate with an “adjust” gas composition, then several “substitute” gas
compositions were fired in sequence on the burner. These tests were then repeated with
the other two “adjust” gases as a basis. No ignition tests were performed since this type
of burner is typically ignited once and fired continuously for years. Oxygen-gas
mixtures are self-igniting at high temperatures, so this type of burner commonly has no
need of an ignition source or flame sensor.

Operating tests were performed in two modes, constant chamber temperature and
constant firing rate. Both tests used mass flow meters for fuel and oxygen, a control
valve for fuel, and computer-based control system to maintain the fuel flow rate
proportional to the oxygen flow rate. Constant chamber temperature tests were
performed with a PID-loop temperature controller manipulating a control valve for
oxygen to maintain the chamber temperature at about 2450°F. Constant firing rate tests
were performed with the control valve for oxygen set manually, yielding a firing rate of
about 75% or 1,125,000 Btu/hr.

For all test sequences, the chamber was first warmed up on house gas. The fuel was
then switched to an "adjust” gas, and the burner was tuned so that the exhaust gases
contained 12% Os.

Table 9 shows the specific performance measurements.

Table 18. Performance Metrics for the Oxy-Gas Burner

BASIC PERFORMANCE METRICS

Gaseous Pollutant Emissions

Chamber Temperature

System or Controller Response upon Switching
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Test Apparatus

The oxy-gas burner used for this test was a Primefire 300 by Eclipse, Inc. rated for
1,500,000 Btu/hr. The burner was ignited using a spark ignition rod. The burner
assembly is shown in Figure 37.

The test burner fired into a rectangular furnace chamber equipped with a water-cooled
panel located on the floor and covering about the first 30% of the floor and a
thermocouple protruding through the roof to measure the chamber temperature. This
thermocouple was used for temperature control. The overall view of the test rig is
shown in Figure 67. Water was flowed through the cooling panel. The water flow rate
was measured by a magnetic flow meter. The inlet and outlet water temperatures were
measured with thermocouples.

The exhaust duct of the chamber included a damper, which was manually adjusted to
maintain a slightly positive pressure inside the chamber. A water-cooled stainless steel
sampling probe was installed at the end of the furnace chamber. Due to the high water
vapor content of exhaust gases from oxy-gas combustion, a water knock-out trap and
peristaltic pump were added after the sampling probe so most of the water condensed
from the sampled exhaust gas before sending the gas through a filtering and drying
train to a set of continuous emissions analyzers for THC, NOx, COz, CO, and O2. These
are shown in Figure 68.

The oxygen for the burner was supplied from GTI's header, which is fed by a liquid
tank. It was regulated down to about 80 psig before the oxygen control valve.

A custom-built blending station was used to provide simulated natural gas
compositions to the fuel control valve at 3.2 psig. The blending station allowed for one
of two main streams, house gas and cleaned gas, to be selected, to which metered
amounts of ethane, propane, butane, and nitrogen could be added. The house gas was
the normal natural gas delivered to GTI, and was the basis for all the "adjust" gases. The
cleaned gas was the basis for the "substitute" gases. House gas without additions was
used for warming up the furnace chamber.

Mass flow meters were used to measure the house gas and cleaned gas flows.
Motorized ball valves were used to select one of the two main streams. Mass flow
controllers were used to add ethane, propane, butane, and nitrogen to the main stream.
Ethane was supplied from a bank of 5 gas cylinders, propane and butane were each
supplied from the gaseous outlet of liquid cylinders, and nitrogen was supplied from
GTI's header, which is fed by a liquid tank. All gases were regulated down to about 15
psig before or upon entering the blending station except butane, which is delivered
unregulated at its saturation vapor pressure of about 14 psig. The selected main stream
is further regulated down to about 5 psig before the other gases are blended in. A
pressure transmitter and thermocouple were used to monitor the mixed gas pressure
and temperature. The blending station with constituent gases is shown in Figure 69.
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The chamber and water thermocouples, continuous emissions analyzers, mass flow
meters and controllers, and motorized ball valves were connected to a data acquisition
and control system. Instruments used to perform this test series are listed in Table 3.

Table 19. Summary of Test Instruments

Parameter Range Accuracy
Instrument
4-20 mA, 16 bit input current;
National Instruments Data logging 0-5V,0-10V, | 12 bit input voltage;
Field Point Modules and control +100 mV, 12 bit output current;
on/off (relay) 16 bit temperature
LabView software Data logging — —
Custom software Control — —
Data logging
Laptop computer and control — —
Type R thermocouple | Chamber temperature 3218°F —
— S
A]?(I?Dl\;lir%%ag Water flow rates 26.42 gpm 2570//0 %ﬁlrla:za%
s 0
Type T thermocouple Water temperatures 752°F —
Rosemount Analytical . 0-100 ppm, o
400A THC concentration Span 79 ppm 1% full scale
Rosemount Analytical 0. concentration 0-25%, 0.01% O, or
755R 2 Span 8.0% 1% full scale
Thermo Environmental NO concentration, 0-1500 ppm, 0.5 ppm
42C High Level NOx concentration Span 197.8 ppm - PP
Rosemount Analytical . 0-1000 ppm, o
880A CO concentration Span 924 ppm 1% full scale
Rosemount Analytical . 0-100%, o
380A CO; concentration Span 80.0% 1% full scale
(V)
Brookssgl653trsuments House gas flow rate 2066 SCFH (()) 27(;) (())E;Si[f silaulz
. 0
0,
Brookssgl653trsuments Cleaned gas flow rate 1826 SCFH (()) 27(;) (())E;Si[le silauli
. 0
0,
Brookssggs;rsuments Ethane gas flow rate 224 SCFH (()) 27(;) (())E;Si[f silauli
. 0
0,
Brookssérgsfguments Propane gas flow rate 68.5 SCFH (()) 27(2) (())tf ;ji[le srélaulz
(V)
Brookssglssltrsuments Butane gas flow rate 31.4 SCFH (()) 27(2) (())gli[le silaulz
0,
Brookssér;sltguments Nitrogen gas flow rate 141 SCFH (()) 27(;) 3;;2;16 s%laulse
. (V]
Sierra Instruments 1% of rate plus
7808 Fuel flow rate 2000 SCFH 0.5% of full scale
o
Magnetrol Oxygen flow rate 4000SCFH | 176 otrate plus
Wika S-10 Mixed gas pressure 0-200 psig 0.25% of span
Type T thermocouple | Mixed gas temperature 752°F —
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The measured flow rates of the fuel gases supplied from the custom blending station
and measured flow rate of oxygen and fuel to the burner were recorded using National
Instruments Field Point Modules and a LabView program running on a laptop
computer. The fuel gas compositions were commanded through a separate, custom
program on the same laptop computer. The custom program used the measured flow
rate of the main stream to determine the flow rates of the added gases. A table of ratios
of each added gas to the main stream for each "adjust" and "substitute" gas was created
for the custom program.

The temperature of the furnace chamber was controlled with a Fuji Electric PXZ4 1/16
DIN PID-loop temperature controller driving the oxygen control valve. Gas from the
blending station was controlled with the fuel control valve. The fuel control valve was
driven by the above mentioned custom program on the laptop computer. The custom
program used the measured flow rate of the oxygen to determine the flow rate of the
fuel via a simple proportioning ratio determined during the tuning of the burner. The
desired fuel flow rate was sent to a process controller which drove the fuel control valve.

Test Gases

Test gases were selected to match compositions distributed in California, and
international compositions that may be imported into California. The compositions
distributed in California are designated “adjust gases” for the purpose of tuning the
burner for optimum performance on each of them. The remaining gases are designated
“substitute gases” for the purpose of comparing the performance with substitute gases
to the performance with the adjust gases. Table 4 summarizes the gas compositions.
Adjust 1 represents natural gas in the Sacramento area, Adjust 2 is an average value for
the state of California, and Adjust 3 is representative of some areas in California with
higher Btu content due to local natural gas production. The two substitute gases, Sub 1
and Sub 2, were selected from a set of potential LNG compositions available to
California; Sub 1 has a relatively low Wobbe Number (1408) compared with other LNG
compositions, and Sub 2 has a relatively high Wobbe Number (1425). Because it is
possible that these "substitute" gases will be conditioned with nitrogen prior to
distribution in California, additional compositions with nitrogen are added to make the
Wobbe Number match those of the selected "adjust” gases.

D-131



Table 20. Summary of Adjust and Substitute Gases

Gas Composition, mol %
Cl | c2 [ C3 : c4 | s+ | N2 [ cop | HHV | Wobbe
Adjust1 | 932 | 2.52 | 0.41 | 0.14 | 0.093 | 2.691 | 0.920 | 1010 1309
Adjust2 | 94.5 | 2.55 | 042 | 0.14 | 0.094 | 1.361 | 0.931 | 1024 1332
Adjust3 | 90.61 | 2.45 | 3.41 1.25 | 0.094 | 1.305 | 0.893 | 1094 1374

Subl | 924 | 49 | 19 | 079 | 00 | 00 | 00 | 1099 1408

Name

@1385 | 913 | 48 | 1.9 [ 079 | 00 | 12 | 00 | 1086 | 1387

@1375 | 907 | 48 | 1.9 [ 079 | 00 | 19 | 00 | 1080 | 1375

@1332 | 883 | 48 | 1.8 | 079 | 00 | 44 | 00 | 1053 | 1331

@1308 | 878 | 46 | 1.8 [ 070 | 00 | 55 | 00 | 1036 | 1308

Sub2 | 894 | 71 | 25 | 104 | 00 | 00 | 00 | 1131 1426

@1385 | 875 | 7.0 | 24 | 100 | 00 | 21 | 00 | 1106 | 1387

@1375 | 869 | 69 | 24 | 100 | 00 | 27 | 00 | 1098 | 1376

@1332 | 845 | 6.7 | 24 | 100 | 00 | 54 | 00 | 1070 | 1330

@1308 | 836 | 6.6 | 23 | 100 | 00 | 65 | 00 | 1057 | 1310

For small-scale testing (up to about 40,000 Btu/h), it is practical to purchase cylinders
with these exact compositions, with only nitrogen being blended in as needed. For
medium-scale testing (up to about 200,000 Btu/h), it is practical create these
compositions from cylinders of pure gases using a blending station. For large-scale
testing (over 1,000,000 Btu/h), the amount of pure methane needed requires a tube
trailer, but none were available from GTI's gas supplier during the time of the test
campaign. The "adjust" gases could be simulated (same heating value and Wobbe
index) by blending in ethane, propane and butane from cylinders, and nitrogen from a
liquid tank into GTI's house gas. However, the pure "substitute" gases and conditioned
(nitrogen-diluted) "substitute" gases with higher Wobbe indexes could not be simulated
this way because of the amount of inerts (COz and N2) in the house gas.

For another project, GTI assembled a CO: stripper which utilized three columns (towers)
to remove the CO: from the house gas. The first tower performed the function of
absorbing the CO: from the desired amount of house gas and an additional amount of
house gas. The desired amount of cleaned gas went onto the burner being tested, while
the additional amount went through the second tower, a heater, and the third tower
before being vented or flared. The third tower performed the function of desorbing the
CO:2 from the absorbent using the heated gas, while the second tower was being cooled
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by the cleaned gas. The towers rotated their function every 3 hours, so the process was
regenerative.

The cleaned gas with the heavy molecular weight CO2 removed was then used as the
basis for simulating the "adjust" gases and the conditioned "substitute" gases. The pure
"substitute" gases were still not quite reached, so the points of maximum heating value
and Wobbe index, along the same lines as the conditioned "substitute" gases, were used
in their place. The final compositions are shown in Table 12.

Table 21. Summary of Test Gases

Gas Composition, mol %

Name Blomse | Clisemed Ethane | Propane | Butane | Nitrogen HHV' | Wobbe
Gas Gas

Adj1Q 97.28% | 0.00% | 0.00% | 0.84% | 0.00% | 1.89% | 1010.0 | 1309.0

Adj2Q 98.49% | 0.00% | 0.00% | 0.90% | 0.00% | 0.61% | 1024.0 | 1332.0

Adj3Q 92.02% | 0.00% | 4.62% | 1.95% | 0.81% | 0.59% | 1094.0 | 1374.0

SublQM | 0.00% | 93.62% | 3.99% | 1.69% | 0.70% | 0.00% | 1090.3 | 1394.3

Sub1Q-Hi | 0.00% | 93.17% | 3.97% | 1.68% | 0.69% | 0.49% | 1085.0 | 1385.5

Sub1Q-A3 | 0.00% | 92.57% | 3.95% | 1.67% | 0.69% | 1.12% | 1078.0 | 1374.1

Sub1Q-A2 | 0.00% | 90.20% | 3.85% | 1.63% | 0.67% | 3.65% | 1050.4 | 1329.2

Sub1Q-A1 | 0.00% | 89.16% | 3.80% | 1.61% | 0.66% | 4.76% | 1038.3 | 1309.7

Sub2QM 0.00% | 90.82% | 5.75% | 2.43% | 1.00% | 0.00% | 1122.0 | 1411.9

Sub2Q-Hi | 0.00% | 89.58% | 5.67% | 2.40% | 0.99% | 1.36% | 1106.8 | 1387.7

Sub2Q-A3 | 0.00% | 89.03% | 5.64% | 2.38% | 0.98% | 1.96% | 1100.0 | 1377.0

Sub2Q-A2 | 0.00% | 86.56% | 5.48% | 2.32% | 0.96% | 4.68% | 1069.3 | 1329.2

Sub2Q-A1 | 0.00% | 85.56% | 5.42% | 2.29% | 0.95% | 5.79% | 1056.9 | 1309.9

Figure 42 illustrates the fuel heating values and Wobbe indexes used for the oxy-gas
burner testing.
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Figure 110. Wobbe Indexes and Heating Values for Oxy-Gas Burner Tests

Test Schedule

Performance tests with constant chamber temperature were performed first for all three
"adjust" gases. These were followed by performance tests with a constant firing rate for
all three "adjust" gases. Ignition tests were not performed because this type of burner is
typically ignited once and fired continuously for years.

Figure 45 illustrates the overall setup, testing, and analysis schedule. Table 13 shows the
schedule of test sequences. Each sequence of tests (each column in Table 13) was
performed during a single day.
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Figure 111. Test Schedule for the Oxy-Gas Burner
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Activities Performed

Setup

Preliminary tests with the typical manufacturer-recommended burner setup were
conducted to verify ignition of the burner on house gas and to determine typical
chamber temperatures at various firing rates on house gas and cleaned gas, fuel and
oxygen delivery pressures, the functionality of the blending station (by switching
between the different gases), the functionality of the continuous emissions analyzers,
and the functionality of the data acquisition system.

Continuous Tests — Constant Chamber Temperature

The continuous tests with constant chamber temperature measured how the controller
responds, i.e., how the firing rate varies, when various "substitute" gases are fired with a
system with a fixed operating condition with the burner tuned for a particular "adjust"
gas. These tests are useful for predicting how a system will respond when there is
feedback control.

The test plan was to calibrate the continuous emissions analyzers, fire the burner on
house gas, bring the test chamber up to an operating condition with a chamber
temperature of about 2450°F, switch to an "adjust” gas, tune the burner on the "adjust”
gas by adjusting the oxygen/fuel ratio, and connect the temperature controller to
theoxygen control valve. Next was to allow the firing rate to settle and then collect
firing rate and emissions data for twenty minutes. The blending station was then
switched to one of the "substitute" gases. The emissions were allowed to settle and then
tiring rate and emissions data were collected for twenty minutes. This series of
switching gases and collecting data was repeated with the nine other "substitute" gases.
The sampling trains for the continuous emission analyzers were purged as needed
between "substitute" gases. The calibration of the continuous emissions analyzers was
then checked.

The above process was repeated for the second "adjust" gas and all 10 "substitute" gases,
and then repeated again with the third "adjust” gas and all 10 "substitute" gases.

For all of the above sequences with constant chamber temperature, the response of the
controller's performance in terms of firing rate was recorded with the emissions data at 5
second intervals.

Continuous Tests — Constant Firing Rate

The continuous tests with constant firing rate measured how the system responds, i.e.,
how the chamber temperature varies, when various "substitute" gases are fired at a fixed
rate with the burner tuned for a particular "adjust" gas. These tests are useful for
predicting how a system will respond when there is no feedback control.
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The test plan was to calibrate the continuous emissions analyzers, fire the burner on
house gas, bring the test chamber up to an operating temperature of about 2450°F,
switch to an "adjust" gas, tune the burner on the "adjust" gas by adjusting the
oxygen/fuel ratio, and set the firing rate to around 75% of the burner nominal rated
capacity (1,125,000 Btu/hr) by manually setting the oxygen control valve. Next was to
allow the chamber temperature to settle somewhat and then collect chamber
temperature and emissions data for twenty minutes. The blending station was then
switched to one of the "substitute" gases. The emissions were allowed to settle and then
chamber temperature and emissions data were collected for twenty minutes. This series
of switching gases and collecting data was repeated with the nine other "substitute"
gases. The sampling trains for the continuous emission analyzers were purged as
needed between "substitute" gases. The calibration of the continuous emissions
analyzers was then checked.

The above process was repeated for the second "adjust” gas and all 10 "substitute" gases,
and then repeated again with the third "adjust" gas and all 10 "substitute" gases.

For all of the above sequences with constant firing rate, the response of the system's
performance in terms of chamber temperature was recorded with the emissions data at 5
second intervals.
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Results

Continuous Tests — Constant Chamber Temperature

The major results from the continuous tests with constant chamber temperature are the
emissions and the fuel flow rate (the controller's response) when the burner is tuned for
a particular "adjust” gas, and the fuel is switched to various "substitute" gases. Figure 75
through Figure 86show the emissions and firing rate data over the 20 minute data
collection intervals for each of the three "adjust" gas tunings separately. Figure 47
through Figure 90 show the affect of Wobbe Number on emissions and firing rate data
for the three different tunings combined.

Continuous Tests — Constant Firing Rate

The major results from the continuous tests with constant firing rate are the emissions
and the chamber temperature (the system's response) when the burner is tuned for a
particular "adjust” gas, and the fuel is switched to various "substitute" gases. Figure 91
through Figure 102 show the emissions and chamber temperature data over the 20
minute data collection intervals for each of the three "adjust" gas tunings
separately. Figure 103 through Figure 106 show the affect of Wobbe Number on
emissions and chamber temperature data for the three different tunings combined.
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Figure 112. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 1

(Corrected to 0% O3)
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Figure 113. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 1
(Corrected to 0% O2)
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Figure 114. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 1

(Corrected to 0% O3)
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Figure 115. Firing Rate for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 1
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Figure 116. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 2

(Corrected to 0% O2)
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Figure 117. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 2
(Corrected to 0% O2)
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Figure 118. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 2

(Corrected to 0% O3)
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Figure 119. Firing Rate for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 2
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Figure 120. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 3

(Corrected to 0% O2)
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Figure 121. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 3

(Corrected to 0% O2)
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Figure 122. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 3

(Corrected to 0% O2)
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Figure 123. Firing Rate for All Substitute Gases for Continuous Testing
with Constant Chamber Temperature with Burner Tuned for Adjust 3
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Figure 124. NOx Emissions for All Substitute Gases
for Continuous Testing with Constant Chamber Temperature

(Corrected to 0% O2)
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Figure 125. CO Emissions for All Substitute Gases
for Continuous Testing with Constant Chamber Temperature
(Corrected to 0% O>)
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Figure 126. THC Emissions for All Substitute Gases
for Continuous Testing with Constant Chamber Temperature

(Corrected to 0% O2)
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Figure 127. Firing Rate for All Substitute Gases
for Continuous Testing with Constant Chamber Temperature
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Figure 128. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1

(Corrected to 0% O2)
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Figure 129. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1
(Corrected to 0% O2)
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Figure 130. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1

(Corrected to 0% O2)
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Figure 131. Chamber Temperature for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1
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Figure 132. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2

(Corrected to 0% O2)
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Figure 133. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2

(Corrected to 0% O3)
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Figure 134. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2

(Corrected to 0% O2)
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Figure 135. Chamber Temperature for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2
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Figure 136. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3

(Corrected to 0% O2)
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Figure 137. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3
(Corrected to 0% O>)
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Figure 138. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3

(Corrected to 0% O2)
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Figure 139. Chamber Temperature for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3
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Figure 140. NOx Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 0% O2)
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Figure 141. CO Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate
(Corrected to 0% O2)
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Figure 142. THC Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 0% O2)
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Figure 143. Chamber Temperature for All Substitute Gases
for Continuous Testing with Constant Firing Rate

Calculations

The equation below is the linear correction used to approximately cancel out the
analyzer drift;

o

Xcorr = Xmeas —((Zero drift)+ (Span driﬁ)MjT ’
2

Span value

where X is the corrected emissions value, Xwmes is the measured value, the drift values
are as labeled, T: denotes the time elapsed from the previous analyzer calibration, and T>
denotes the time from the previous analyzer calibration to the next analyzer calibration.

After this correction, the emissions were normalized to 0%0O: using the formula,

100% — 0% ]

XO%OZ = XCO”EIOO%—%Oz

where Xo%o02 is the final value after both the correction for drift and the normalization to
a common %0z in the exhaust. This formulas uses 100% as the minuend in the
numerator and denominator of the normalizing ratio instead of 21% because of the use
of oxygen instead of air as the oxidant for combustion. The normalization basis used
here is 0%O: (the subtrahend in the numerator) instead of 3%0O: due to industry
conventions.
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The Firing Rate was calculated from the actual flow data. The heating value calculation
followed the ASTM D 3588 —98(03) standard at 70°F.
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Analysis and Conclusions

The charts and data are analyzed in the same sections below as appear in the Results
section.

Continuous Tests — Constant Chamber Temperature

For all three "adjust” gas tunings, "substitute" gases with higher Wobbe indexes yielded
slightly lower NOx and THC emissions. For the two lower Wobbe "adjust” gas tunings,
"substitute" gases with higher Wobbe indexes yielded significantly higher CO emissions.
For the highest Wobbe "adjust" gas tuning, "substitute" gases with higher Wobbe
indexes had virtually no effect on CO emissions.

For the two lower Wobbe "adjust" gas tunings, the firing rate trended higher with
"substitute" gases with higher Wobbe indexes. This may have been due to incomplete
combustion as indicated by the higher CO emissions. For the highest Wobbe "adjust"
gas tuning, the firing rate tended to inversely follow the Wobbe index. This was not
unexpected since the heat input to the burner is directly tied to Wobbe index.

Continuous Tests — Constant Firing Rate

The NOx, CO, and THC emissions followed the same trend with Wobbe index as with
the constant chamber temperature tests (lower NOx and THC for higher Wobbe indexes
and higher CO for higher Wobbe indexes except for the highest Wobbe "adjust" gas
tuning).

The chamber temperature tended to follow the Wobbe index. This was not unexpected
since the heat input to the burner is directly tied to Wobbe index.

The low Wobbe numbers for Adjust3 were due to a shortage of ethane gas. This did not
affect the trends observed in the data.
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Selected Photographs

Figure 144. Oxy-Gas Burner

Figure 145. Test Chamber
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Figure 147. Blending Station
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Objective

The purpose of the radiant tube burner interchangeability tests is to assess the
performance of a radiant tube burner and industrial control system when fired with
different natural gas compositions. The burner’s performance when firing selected
Adjust Gases was compared with its performance when firing selected Substitute Gases
with and without different levels of nitrogen ballasting.

Approach

The tests used a laboratory setup intended to mimic industrial operating conditions. The
burner was first tuned to operate with an “adjust” gas composition. Ignition tests and
operating/switching tests were then performed:. During these tests several "substitute"
gas compositions were fired in sequence on the burner. Ignition tests were performed
from the same start conditions with an approximately 200°F furnace, and operating tests
were performed with the furnace maintained at 1600°F by a high/low firing control
scheme was selected. These tests were then repeated with the other “adjust” gases as a
basis.

Table 23. Performance Metrics for the Infrared Burner

BASIC PERFORMANCE METRICS

Pollutant emissions, including ultrafine particles

Flame shape

Temperature distribution on the radiant tube

Controller response during steady operation

Rate of temperature rise during ignition

Test Apparatus

The radiant tube burner used for this test was a North American Evenglow 4725-3-E
rated for 300,000 Btu/hr. It and the rest of the experimental setup are shown in Figure 37
through Figure 182. The burner fires into a 4-inch diameter radiant U-tube that extends
approximately 59 inches from the inner wall of the furnace to its turn. The U-tube is one
of three radiant tubes inside of GTT’s full size heat treat furnace; it is the north U-tube,
with supplementary heat available from a second U-tube installed in the south half of
the furnace, plus a 7” diameter single-ended radiant tube and burner installed above
and between the U-tubes.
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The air supply for the furnace is coupled to the fuel flow through a North American
Bulletin 7218-1 air/gas ratio regulator. The air flow is controlled by using a motorized
valve to select “high fire” or “low fire”. The setpoint temperature is entered into a
Honeywell UDC3000 Universal Digital Controller; a hysteresis, or deadband, range of
0.5% (8°F) above or below the setpoint was selected. A Honeywell UDC2000 Mini-Pro
Universal Digital Controller in Limit Control Mode was used as the high limit controller.

A separate fuel supply line was added upstream of the air/gas ratio regulator for the
subject burner, and a solenoid shutoff valve for the new line was connected in parallel to
the existing gas solenoid valve on the furnace. This separated its fuel supply from the
south burner, which always fired GTI's house natural gas. Simulated natural gas
compositions from a custom blending station were regulated to 2 psig upstream of the
subject burner’s air/fuel ratio regulator. The burner adjustment was to 3% Oz in the
exhaust: a butterfly valve adjusted the air flow, and fuel flow was set using a limiting
orifice. The high firing rate was 250,000 Btu/hr for two test cases and 150,000 Btu/hr for
the other. The burner firing House Gas was purposely adjusted to match the subject
burner, with the intent that any observed effect would be approximately twice as large
as is recorded for these experiments.

The air-to-fuel ratio was different at low fire—for all of the Adjust Gases the low-fire
regime, with firing rate 80,000 or 110,000 Btu/hr, had approximately 1.8% to 2% Oz in the
exhaust. The burner was spark-ignited and the spark was manually shut off as soon as
ignition was achieved. Industry practice would be to either operate a flame monitor or
spark continuously until the furnace temperature reached 1400°F; instead periodic
visual checks were made; the continuous spark disrupts the signals for data collection.
Instruments used to perform this test are listed in Table 3; they will be described below.

The measured compositions of the fuel gas supplied from the blending station to the
burner were recorded using National Instruments Field Point Modules. The fuel gas
compositions were commanded through a separate program that was dedicated to the
blending station and its user interface. The radiant tube temperature distribution was
recorded using type K thermocouples placed at selected locations along the tube, and
the exhaust temperature was measured using a type R thermocouple placed in the
exhaust stack.

The temperature data and the emissions data were collected simultaneously. A 1/4”
diameter stainless steel probe was inserted just downstream of the type R thermocouple,
and the emissions sample was drawn from inside the stack. About 3 to 5 scfh of the
exhaust sample traveled to the combustion emissions analyzers, and another 17 to 23
scfh (8 to 11 Ipm) of exhaust traveled through the Dekati fine particle sampler to be
conditioned and diluted prior to size separation and counting in the TSI devices.
Dilution ratio was calculated from the pressure drop across parts inside of the Dekati,
but the temperature of the fuel gas varied by as much as 200°C, which affects the density
of the flow and thus the accuracy of the flow measurement. The gas chromatograph was
used to better measure the dilution ratio; the method is described in a later section.
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Table 24. Summary of Test Instruments

Instrument Parameter Range Accuracy
LabView software, National
Instruments Field Point Datalogging — —
Modules, and laptop
Opto 22 Data Acquisition .
System Datalogging — —
Radiant tube surface o Greater of 2°F or
Type K thermocouple temperature K up to 2282°F 0.4% of value
Burner exhaust o o Greater of 1°F or
Type R thermocouple temperature R 32°F to 2642°F 0.1% of value
Span gases:
. ) ppmv NOy, 197.8 ppmv NOy
Horiba PG-230 Portable Gas % 0, 7.924% O, 2% full scale
Y % CO, 17.90% CO,
ppmv CO 144.3 ppmv CO
Rosemount Analytical 400A ppm THC Span 79.7 ppm 1% full scale
. 0-0.05 ppm to +0.4 ppb /
Thermo Environmental 42C ppm NOy 100 ppm 500 ppb
Rosemount Analytical 755 % O, Span 3.92%
Rosemount Analytical 880A ppm CO Span 830 ppm 1% full scale
Rosemount Analytical 880A % CO, Span 18.0% 1% full scale
Dekati Fine Particle Sampler Sampling and dilution Dilution ratio to be To be measured
measured
TSI Ultraﬁne condensation Particle size and number 3 nm-20pm +10%
particle counter
Depends on <0.5% relative
Varian CP-4900 Gas m CO mo calibration gas; can | standard deviation
Chromatograph pp 2 ppm L detect as low as under constant
1ppm conditions
Test Gases

The test gases were selected to match natural gas compositions distributed in California,
and international compositions that may be imported into California. The compositions
distributed in California are designated “Adjust Gases” and the burner was adjusted for
optimum performance on each of them. The remaining gases are designated “Substitute
Gases;” they were fired on the burner to compare performance with the Substitute Gases
to performance with the Adjust Gases. Table 4 summarizes the gases used. Adjust 1 is
representative of natural gas in the Sacramento area, Adjust 2 is an average value for the
state of California, and Adjust 3 is representative of natural gas in the Southern
California area. The two Substitute Gases, Sub 1 and Sub 2, were selected from a set of
potential LNG compositions available to California; Sub 1 has a relatively low Wobbe
Number (1408) compared with the other LNG compositions, and Sub 2 has a relatively
high Wobbe Number (1425). Because it is possible that these gases will be conditioned
with nitrogen prior to distribution in California, additional compositions with nitrogen
added to make the Wobbe Number match those of the selected adjust gases were also
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test-fired. These are labeled in the table with “@####” where the numbers indicate the
Wobbe number of the Substitute Gas when conditioned with the indicated amount of
nitrogen. The values listed are the commanded values; actual values may fluctuate by
around *#2% of the instrument’s full scale but remain near the commanded values.

Table 25. Summary of Test Gases

Name Gas Composition, mol % HHV | Wobbe
C1 C2 C3 C4 C5+ N2 CO2

Adjust1 | 93.2 | 252 | 041 | 0.14 | 0.093 | 2.691 | 0.920 | 1010 1309

Adjust2 | 945 | 255 | 042 | 0.14 | 0.094 | 1.361 | 0.931 | 1024 1332

Adjust3 ] 90.61 | 245 | 3.41 | 1.25 | 0.094 | 1.305 | 0.893 | 1094 1374

Sub1l | 924 | 49 | 1.9 | o079 | 00 | 00 | 00 | 1099 1408

@1385 | 913 | 48 | 19 | 079 | 00 | 12 | 00 | 1086 1387

@1375 | 907 | 48 | 19 | 079 | 00 | 19 | 00 | 1080 1375

@1332 | 883 | 48 | 18 | 079 | 00 | 44 | 00 | 1053 1331

@1308 | 878 | 46 | 1.8 | 070 | 00 | 55 | 00 | 1036 1308

Sub2 | 894 | 71 | 25 | 104 | 00 | 00 | 00 | 1131 1426

@1385 | 875 | 70 | 24 | 100 | 00 | 21 | 00 | 1106 1387

@1375 | 869 | 69 | 24 | 100 | 00 | 27 | 00 | 1008 1376

@1332 | 845 | 67 | 24 | 100 | 00 | 54 | 00 | 1070 1330

@1308 | 836 | 66 | 23 | 100 | 00 | g5 | 00 | 1057 1310

Test Schedule

The ignition tests were performed separately from the performance tests, because
otherwise heat-up and cooldown time would be prohibitive. Figure 3 illustrates the
schedule.
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Activities Performed

Firing Rate

The fuel use with different fuels is observed by recording the actual flow through the
mass flow controllers used to simulate the selected LNG compositions.

Observation of Controller Response

Pressure changes in the mixing manifold of about +12% occurred during switching from
one gas composition to the next in a previous test for a different burner. With pressure
variation upstream, the burner’s transient response to rapid changes in gas composition
could not be distinguished from the response to the pressure impulse. The controller
response test was instead changed to measure the steady-state cycling of firing rate over
at least five cycles; one cycle took approximately 20 minutes. This steady response was
recorded for three different gas compositions, mostly to compare for fuel use and the
total duration of high fire compared to low fire periods.

Exhaust Composition and Ultrafine Particle Emissions
Measurements

With the burner firing and the controller maintaining a 1600°F (+ 8°F) furnace
temperature, a 4" diameter probe was inserted near the base of the radiant tube exhaust
stack to sample emissions at the exhaust flow velocity. Part of the flow was diverted to a
Nafion dryer assembly and then to the emissions analyzers listed in Table 3. the
remaining flow was diluted with nitrogen, cooled, and then sent to the ultrafine particle
counter. The number of particles must be multiplied to account for dilution: to
determine the dilution ratio, the %O: and the %CO: in the dry emissions were compared
with the %02 and the %CO: from the diluted sample; the diluted sample was passed
through a drying train prior to entering a gas chromatograph.

Ignition Tests

The ignition tests measure whether the burner lights and the rate of heating. Attempts to
re-light, if there were any, were noted. The furnace was cooled to approximately 200°F
between tests.

Tube Temperature Distribution

The temperature distribution on the radiant tube is one measure of burner performance.
Radiation is the primary mode of heat transfer in a radiant tube furnace, so the more
even the surface temperature of the heat source —the radiant tube —the more uniform
the heat transfer to the parts. The temperature distribution along the tube was measured
with seven thermocouples (visible in Figure 37 and Figure 38). The thermocouple
placement is illustrated in Figure 150; distances are given from the interior of the furnace
wall.
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Figure 149. Thermocouple placement on the radiant U-Tube
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Results

Data for each of the three tests, with the burner tuned for Adjust 1, Adjust 2, and
Adjust 3, are presented in this section.

Continuous Test Results

During the continuous-firing tests, emissions data were collected either by hand every
two minutes, or later during the testing electronically every 5 seconds. Ultrafine particle
sampling took about four minutes per set of three samples (a set of 3 were averaged to
one data point), and burner temperature and firing rate were automatically recorded
every five seconds.

Firing Rate

The furnace control system switches between two rates: High Fire and Low Fire, to
maintain the 1600°F setpoint. During the continuous test, at least one firing cycle was
run using the Adjust Gas after having fully adjusted the burner, and at least one cycle of
each of the Substitute Gases was run. Table 5 shows the average high and low firing
rates of the burners for the different gas compositions. The tests for Adjust 1 and

Adjust 3 were performed on the same day, and a higher firing rate was selected than
when tuning to Adjust 2. These same data are also presented in Table 28 and Figure 4 as
a percent difference with respect to the Adjust Gas.

Figure 5, through Figure 8 show the firing rate of the radiant tube burner during the
entire test. In Figure 5, the grayed area indicates a time period when butane flow was
not as expected. The flow was switched to Adjust 3 and the problem solved prior to
continuing. Figure 152 shows the relative time spent at high and low fire during one
period.

Table 26. Average High and Low Firing Rates over at Least 1 Cycle
During Continuous Operation

Average High and Low Firing Rate (Btu/hr)
Adjust 1 Adjust 2 Adjust 3
Sube \ Adje
High Low High Low High Low
Adjust 217,770 | 101,129 | 132,464 79,835 228,632 | 122,474
Sub1-1308 224,342 | 104,051 | 132,979 79,353 223,262 | 118,393
Sub2-1308 227,164 | 106,284 | 135,115 80,404 225,495 | 119,016
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Sub2-1332 229,666 108,232 136,675 82,038 228,563 121,307
Sub1-1332 225,619 105,678 135,221 80,930 225,376 119,467
Sub1-1375 233,792 104,125 130,112 85,875 231,389 124,100
Sub2-1375 235,847 111,193 140,400 83,375 234,785 123,072
Sub1-1385 241,416 119,298 140,862 83,127 235,067 126,030
Sub2-1385 236,948 110,617 141,807 84,909 235,779 125,404
Subl 245,713 114,022 141,940 84,390 238,342 129,715
Sub2 241,475 112,186 144,980 87,615 235,167 127,644

Table 27. Percent Difference from Adjust Firing Rate over at Least 1 Cycle

During Continuous Operation

Average High and Low Firing Rate Percent Difference

Adjust 1 Adjust 2 Adjust 3
Sube \ Adje

High Low High Low High Low
Adjust 0.0% 0.00% 0.0% 0.0% 0.0% 0.0%
Sub1-1308 3.0% 2.89% 0.4% -0.6% -2.3% -3.3%
Sub2-1308 4.3% 5.10% 2.0% 0.7% -1.4% -2.8%
Sub2-1332 5.5% 7.02% 3.2% 2.8% 0.0% -1.0%
Sub1-1332 3.6% 4.50% 2.1% 1.4% -1.4% -2.5%
Sub1-1375 7.4% 2.96% -1.8% 7.6% 1.2% 1.3%
Sub2-1375 8.3% 9.95% 6.0% 4.4% 2.7% 0.5%
Sub1-1385 10.9% 17.97% 6.3% 4.1% 2.8% 2.9%
Sub2-1385 8.8% 9.38% 7.1% 6.4% 3.1% 2.4%
Subl 12.8% 12.75% 7.2% 5.7% 4.2% 5.9%
Sub2 10.9% 10.93% 9.4% 9.7% 2.9% 4.2%
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Figure 150. Percent difference from the Adjust Gas to each Substitute Gas firing rate
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Figure 151. Percent of period spent at High Fire/Low Fire at all burner adjustments
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Figure 152. Continuous test, tuned to Adjust 1: Radiant tube burner firing rate
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Figure 153. Continuous test, tuned to Adjust 2: Radiant tube burner firing rate
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Figure 154. Continuous test, tuned to Adjust 3: Radiant tube burner firing rate
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Controller response

The longer duration controller response tests give a clearer picture of how a change in
fuel composition affects fuel usage and frequency and duration of switching between
High Fire and Low Fire. Table 29 shows the controller response data for the three long-
duration tests with the burner tuned to Adjust 2. Baseline performance is compared with
Substitute 2, with a Wobbe Number of 1425, and 52-1385 with a Wobbe Number of 1385.
52-1385 is Substitute 2 diluted with nitrogen.

Table 28. Controller Response Data for the Three Long-Duration Tests

Wobbe Firing rate Duration, 5 cycles % high fire

% diff Btu % diff. | minutes | % diff. | % high | % diff.

Adj 2 1332 80,980 51:45 36.50%

S52-1385 | 1385 | 3.98% | 84,213 | 3.99% 52:15 0.97% | 31.30% | -14.2%

Sub 2 1425 | 6.98% | 86,774 | 7.15% 53:30 3.38% | 31.90% | -12.6%

The furnace was run with automatic control for 5 cycles to collect enough data for
comparison. Only the named gases were run to conserve fuel and time. Adjust 2 was
selected because it represents the California average composition. Substitute 2 was
selected because it is the most different from Adjust 2 of any of the Substitute Gases and
any change in performance would be more dramatic. At the time of the tests 1385 was
the highest allowable Wobbe Number natural gas permitted in California. Figure 156
presents the burner’s firing rate as a function of time, and Figure 157 shows that firing
rate integrated to become the fuel consumption over the period examined.
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Figure 155. Firing rate as a function of time for the Continuous Tests,
with the burner tuned to Adjust 2
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Figure 156. Cumulative fuel consumed as a function of time for the Continuous Tests,
with the burner tuned to Adjust 2
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Emissions

Emissions data were collected online during the continuous firing tests. The air-to-fuel
ratio during High Fire was different from that during Low Fire, so emissions are
separated, but presented on the same charts. High Fire data are designated with larger,
darker icons than the Low Fire data. A one minute lag was presumed between a change
in firing rate and the change in emissions, meaning the averaging window used for the
emissions data lagged the measured change in firing rate by one minute. It is still the
change in fuel composition, and not the beginning of the averaging window, that is
denoted by the vertical separating lines in Figure 9 through Figure 20. Total
hydrocarbon data are not reported; the measured values were nearly always below the
detection limit; only occasionally did the instrument read anything besides a negative
number. When the carbon monoxide readings saturated the instrument (at 5000 ppmv),
total hydrocarbon readings were positive.

Tuning of the radiant tube burner was performed only on the High Fire setting. The Low
Fire setting was allowed to follow naturally, although it is possible to “tighten up” the
fuel-to-air ratio by adjusting a part on the air/fuel ratio regulator. Tuning only at High
Fire is not an uncommon industry practice. First, after successful ignition the furnace
was placed in manual override and set to High Fire. A butterfly valve on the air line,
downstream of the mechanized control valve and the air/fuel ratio regulator, was
adjusted to set the air flow to the desired rate. A limiting orifice on the fuel line was then
adjusted to obtain 3% Oz in the exhaust. This value tends to decrease slightly from
morning into the afternoon. With the air/fuel ratio regulator’s settings left untouched,
the oxygen in the burner exhaust at low fire was about 1.5% O2 to 2% O..

Figure 9 through Figure 20 show the volume fraction (dry) of the %Oz and chemical
pollutant emissions from the burner, as a function of the Wobbe Number. The time-
history of the data is also presented to show emissions at both High Fire and Low Fire; it
will also help with interpretation of data in the next section of this report. Figure 21
through Figure 23 show the concentration of ultrafine particles in the exhaust; the
detection range is between 12 nm and 673 nm. Error bars for both particle and gas
emissions show the entire range of data collected, not a standard deviation.

For the ultrafine particle measurement, the sample temperature upstream of the first
dilution ranged from about 350°F to 500°F, and the second dilution brought sample
temperatures below about 100°F, with a goal of room temperature; around 76°F. A
dilution ratio of 17 was commanded. The commanded ratio, which is measured by
comparing pressures at different locations in the probe, does not agree with the dilution
ratios of between 25:1 and 45:1 were calculated by comparing the carbon dioxide content
in the sample stream before and after dilution; the stream was diluted with nitrogen
instead of the usual air in order to allow this calculation.

Calculations using Oz were less repeatable than the CO2 measurements, and indicated
impossible dilution ratios—sometimes below 1. As can be seen from Figure 9
through Figure 11 there was often little O2 in the exhaust stream to begin with, meaning
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a diluted sample may have been near the detection limit of the gas chromatograph. CO:
measurements were more repeatable, so the CO: dilution ratios were used and the O
ratios discarded to determine particle count. Each data point in the figures is averaged
from between one and three sets of three two-minute scans. The dilution ratios for
Adjust 3 (in green) in Figure 23 were estimated because the gas chromatograph was not
functioning reliably during the test. The commanded ratio was steady at 9, and the
previous commanded ratio of 7 yielded a relatively consistent ratio of 33 to 38. The Air
sample for Adjust 2 was drawn from the static air in the radiant tube once the dilution
nitrogen had been turned off; the Air sample for Adjust 3, however, was drawn from the
hot radiant tube immediately after the gas had been turned off.

Certain difficulties were encountered with the ultrafine particle sampling probe. First,
isokinetic sampling was not fully controlled —the flow rate of the sampling equipment
was set and variations in firing rate were not accounted for. It was also difficult to
maintain the proper temperature ranges inside the ultrafine particle probe. The probe
was to sample from the exhaust stack at around 900°F and then dilute and cool the air to
about 100°F. In reality, cooling was insufficient even at its maximum to properly lower
the temperature. The consequence of this is that some particles may not have formed
that would have otherwise. Another consequence was that during testing the
temperature inside the probe varied as different attempts were made to cool its outside.
These attempts at cooling may have altered the functioning of the dilution device and
thus may have affected measurement.
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Figure 157. Volume %0O2 in dry exhaust, with the burner tuned to Adjust 1
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Figure 158. Volume %02 in dry exhaust, with the burner tuned to Adjust 2
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Figure 159. Volume %02 in dry exhaust, with the burner tuned to Adjust 3
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Figure 160. CO concentration in the exhaust with the
burner tuned to Adjust 1, corrected to 3% O2
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Figure 161. CO concentration in the exhaust with the
burner tuned to Adjust 2, corrected to 3% O2
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Figure 162. CO concentration in the exhaust with the
burner tuned to Adjust 3, corrected to 3% O2
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Figure 163. NOx concentration in the exhaust with the
burner tuned to Adjust 1, corrected to 3% O2
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burner tuned to Adjust 2, corrected to 3% O2
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Figure 165. NOx concentration in the exhaust with the
burner tuned to Adjust 3, corrected to 3% O2
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Adjust 1 Ultrafine Particle Concentration
3.0E+5
) o
£ 2.5E+5 |
(&)
*
= 2.0E+5 -
5
= 1.5E+5
©
=
C |
S 1.0E+5
=
5 5.0E+4 - Adj1 @
O o ®
0.0E+0 +—=® ‘ —
1300 1350 1400 1450
Wobbe Number
Dilution ratio, calculated . . .
Fuel Wobbe | from %CO, in diluted and Averagg diluted Estlmated.Undlluted
. concentration(#/cm?®) | Concentration (#/cm?)
undiluted stream
Adj1 1309 32.2 17 550
Sub1 1408 34.6 120 4,150
Sub1-1385| 1387 33.8 79 2,675
Sub1-1375| 1375 33.6 7736 260,133
= Sub1-1332] 1331 33.7 1205 40,669
3 Sub1-1308| 1308 32.6 63 2,045
2 Sub2 1426 451 6061 273,165
Sub2-1385| 1387 33.5 34 25,003
Sub2-1375| 1376 34.4 34 13,794
Sub2-1332] 1330 33.7 34 1,538
Sub2-1308| 1310 33.8 34 352

Figure 166. Particle emissions with burner tuned for Adjust 1
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Adjust 2 Ultrafine Particle Concentration
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Dilution ratio, calculated . . .
Fuel Wobbe | from %CO, in diluted and Averagg diluted Estlmated.Undlluted
; concentration(#/cm?®) | Concentration (#/cm?)
undiluted stream
Adj2 1332 97.1 143 13,861
Sub1 1408 53.8 166 8,953
Sub1-1385| 1387 41.0 172 7,037
Sub1-1375| 1375 39.5 407 16,092
~ Sub1-1332| 1331 38.2 53 2,009
‘%‘ Sub1-1308| 1308 38.0 23 881
5 Sub2 1426 38.5 3946 151,782
< Sub2-1385| 1387 53.8 1252 67,386
Sub2-1375| 1376 38.8 1375 53,343
Sub2-1332| 1330 38.6 183 7,059
Sub2-1308| 1310 38.3 101 3,881
Air -—- 38.3 1 28
Figure 167. Particle emissions with burner tuned for Adjust 2
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Adjust 3 Ultrafine Particle Concentration
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Fuel Wobbe Dilution ratio, assumed; Average diluted Estimated Undiluted
command = 12 concentration(#/cm?®) | Concentration (#/cm?)
Adj3 1375 42 2 92
Sub1 1408 42 3 111
Sub1-1385| 1387 42 289 12,119
Sub1-1375| 1375 42 106 4,434
P Sub1-1332] 1331 42 11 447
§ Sub1-1308| 1308 42 8 330
5 Sub2 1426 42 28 1,161
< [Sub2-1385| 1387 42 4 172
Sub2-1375| 1376 42 7 306
Sub2-1332| 1330 42 12 484
Sub2-1308| 1310 42 11 460
Air - 42 24 1,023
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Ignition Test Results

Ignition

Figure 170 through Figure 172 show the furnace temperature (200°F to about 600°F) and
the exhaust temperature (to 1600°F) during the ignition tests. The figures show an initial
period where the burner was tuned to the selected adjust gas and then eleven short
periods of temperature rise where ignition was tested. The firing rate at ignition was
around 300,000 Btu/hr; the burner’s rated capacity. It is unusual to ignite at High Fire
and much safer to light at Low Fire. High Fire was thus chosen specifically to present the
most problematic situation to the burner. The sequence of testing was: Adjust Gas,
Substitute 1 unconditioned, Substitute 1 conditioned to 1385, 1375, 1332, and

1308 Wobbe, Substitute 2 unconditioned, and Substitute 2 conditioned to 1385, 1375,
1332, and 1308 Wobbe. Only the time slices when the burner was firing are presented in
the figures. The remaining time in between ignitions, when the furnace was cooling, are
not included in the plot. The back door of the furnace was left open during the ignition
tests to allow faster cooling between runs; this presents a bigger load to the furnace
during ignition. In addition, a blower was attached to a side port on the furnace, and run
between ignition tests to speed cooling.

Ignition temperature data with burner tuned to Adjust1
North Tube Exhaust Temperature
—+—S. Chamber Temperature (Control)
1900 + N. Chamber Temperature (Overtemp)
1700 ~ Sub1 Sub2
(1408) (1425)
1500 ~
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5 1300 Adj1
g
=}
I 1100 ~
g
£ 900 -
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700 -

500 e

s004

f i ;
100 T T T T T T T T T T T
0:00 0:12 0:24 036 048 1:.00 1:12 1:24 1:36 1:48 2:00
Time slices, h:mm

Figure 169. Ignition Tests with Radiant Tube Burner Tuned to Adjust 1
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Temperature

Ignition test temperature data with burner tuned to Adjust 2

1900 4 ——S. Chamber Temperature (Control)
N. Chamber Temperature (Overtemp)
1700 -+ —— North Tube Exhaust Temperature
1500 -
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1300 -
©
1100 - g
900 3
700 1 Ad g
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Figure 170. Ignition Tests with Radiant Tube Burner Tuned to Adjust 2
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Ignition test temperature data with burner tuned to Adjust 3

—— North Tube Exhaust Temperature

S. Chamber Temperature (Control)
1900 - N. Chamber Temperature (Overtemp)
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1500 . \ [ v
1300 + /
1100 + Y
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@
300 -
100 ‘ ‘ ‘ ‘
0:00 0:14 0:28 0:43 0:57 1:12

Time slices, h:mm

Figure 171. Ignition Tests with Radiant Tube Burner Tuned to Adjust 3
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Tube temperature distribution

The tube temperatures at the seven discrete locations along the tube (see Figure 150 for
placement) were recorded during the ignition tests and are displayed in Figure 173
through Figure 175. They are presented the same way as the data for the ignition tests,
as slices of time condensed onto one plot. Overlaying the temperatures all on one time
interval as in Figure 176, or plotting a set of tube temperature profiles for a single instant
in time as in Figure 177 both provide less qualitative information than in Figure 173
through Figure 175. Figure 176 shows an example of furnace temperature overlaid for all
gases tested when the burner was tuned to Adjust 3. Figure 177 shows the instantaneous
tube temperature distribution overlaid for all gases tested with the burner tuned to
Adjust 3. The instants were selected to have a temperature at Position #1 near 825°F.

Ignition temperature data with burner tuned to Adjust1

—— North Tube Exhaust Temperature
1500 - pos.4 past turn (side)
pos.5 past turn (top)
—e—pos.2, turn (back)
—+—pos.1, before turn
1300 - —%—pos.3, turn (side)
L —e—pos.6 straight (side)
—=—pos.7 straight (side)
1100 4 ——S8. Chamber Temperature (Control)
IEL N. Chamber Temperature (Overtemp)
o
=
2 900 -
©
—
()
o
g 700
(]
|_
L
500 : ‘
300 - i3 !
i V]u J 2 LI
-
100 - — : : :

0:00 0:15 0:30 0:45 1:00
Time slices, h.mm

Figure 172. Tube temperature distribution during Ignition Tests
with the radiant tube burner tuned to Adjust 1
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Furnace and tube temperatures, Adjust 2
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Figure 173. Tube temperature distribution during ignition tests

with the radiant tube burner tuned to Adjust 2

Furnace and tube temperatures, Adjust 3
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Figure 174. Tube temperature distribution during ignition tests
with the radiant tube burner tuned to Adjust 3
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Furnace temperature during ignition for Adjust 3
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Figure 175. Furnace temperature rise during ignition,
with radiant tube burner tuned to Adjust 3

U-Tube Temperature Profiles During Ignition
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Figure 176. Tube temperature distribution during ignition tests,
with radiant tube burner tuned to Adjust 3
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Analysis

The charts and data are analyzed in the same sections below as appear in the Results
section.

Continuous Test Analysis

Firing rate

The percent variation in the firing rate with respect to Wobbe Number, presented

in Table 28 and Figure 4, are shown with a linear fit overlaid. The linear fits drawn have
R-squared values of between 5.6 and 8.9; one outlying data point, labeled in Figure 4,
occurred because a methane cylinder ran out before it was exchanged for a new one. It
was not included in the linear fit.

Figure 152 presents the percent duration of High-Fire and Low-Fire for each tests; the
different marker shapes correspond to the three different Adjust Gases used to tune the
burner. With the burner tuned to Adjust 1 and Adjust 3, it appears that there is some
correlation between a change in Wobbe Number and a change in the percent High-Fire
to Low-Fire. The duration of the High-Fire period decreases with Wobbe Number for
these two Adjust Gases. The correlation, is nonexistent or very slight for Adjust 2, and is
in the opposite direction.

Controller response

Only one burner of two is firing the Substitute Gases, all of the noticed effects may
therefore double in a real furnace operation.

The overall average firing rate in Table 29 increases very nearly in proportion to the
Wobbe Number. This is actually a surprise or maybe a coincidence; the cycling time
changed and the % High Fire-to-Low Fire also changed, meaning there should not
necessarily be a correlation between Wobbe Number and firing rate.

Figure 156 shows the cycling of the burner between low and high fire, and Figure 157
shows the fuel use integrated over a five-cycle period. The purpose of Figure 156 is to
show the change in the cycle duration and %High-Fire visually: the high-fire period for
Substitute 2 and 52-1385 are both noticeably narrower than the period for Adjust 2. They
are in fact nearly the same width, which may be a surprise; Substitute 2 may have been
expected to heat more quickly and thus have a shorter % High-Fire than S52-1385.

Figure 157 shows the total fuel use over the 5 cycles of operation. It illustrates that the
total fuel consumed diverges, and the higher Wobbe Number fuels appear to correlate
with slightly more energy consumption over time.

Emissions

The % Oz in the exhaust is presented in Figure 9 through Figure 11. Before comparing in
detail, notice that for Adjust 1 and Adjust 3 the first set of Substitute Gases is the
Substitute 1 family, while for Adjust 2 the first set is the Substitute 2 family. There are
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two important observations for these figures. First, the % O: in the exhaust decreases as
the Wobbe Number increases; this is as expected because there is a higher heat input
combusting with an unchanged volume of air. Second, the % O: in the exhaust at low
tire is lower than the % O2 in the exhaust at High Fire by about 1% across all fuels and all
adjustments.

There are corresponding changes in the CO emissions that indicate incomplete
combustion. Figure 12 through Figure 14 show the measured CO, normalized to 3% O..
The data have a wide spread (partially because it was difficult to determine whether to
associate a data point with High Fire or Low Fire) but the average values still exhibit
trends. For the 1308 Wobbe Number Adjust Gas, 7 of the trials with Substitute Gas had
average CO emissions above 400 ppmv at low fire and 4 had an average that exceeded
400 ppmv at High Fire. For the 1332 Wobbe Number Adjust Gas, 6 trials at Low Fire and
2 at High Fire exceeded 400 ppmv. Finally, for the 1385 Wobbe Number Adjust Gas,

2 Substitute Gases at Low Fire and none at High Fire had an average that exceeded

400 ppmv. 400 ppmv CO is often a regulatory limit. The Substitute Gases that caused the
above-400 ppmv CO emissions at Low Fire were, as expected, the highest. At High Fire,
the correlation was not as clear; the above-400 ppmv CO emissions at High Fire did also
correspond to high Wobbe Numbers, but not necessarily to the highest. This could be
more because of poor selection of where to differentiate between High Fire and Low Fire
than from the actual data. A line drawn at 400 ppmv on each of the continuous data

in Figure 12 through Figure 14 allow for another interpretation of the data.

Figure 18 through Figure 20 show the NOx emissions. With the burner tuned to Adjust 1,
the average ppmv NOx emissions vary by less than 7% at High Fire but by up to 67% at
Low fire. The High Fire / Low Fire splits for Adjust 2 are 9% / 62%, and for Adjust 3 are
3% / 40%. At Low Fire there appears to be a downward trend in average NOx emissions
as the Wobbe Number of the Substitute Gas increases. At High Fire, there does not
appear to be a definite trend.

Particle emissions are summarized in Figure 21 through Figure 23. The data, like the
other emissions data, are scattered and do not appear to show a trend with respect to
Wobbe Number. Air that was sent through the Radiant Tube before sampling had fewer
particles than the exhaust. The maximum average particle count for any Substitute gas
in Adjust 3 was 1.5x10*. With the burner tuned to Adjust 2, that number was 1.2x10°,
and with Adjust 3 and last 2.7x105 with Adjust 1.

Ignition Test Analysis

Ignition

Figure 170 through Figure 172 show that the Radiant Tube Burner ignited for all
Substitute Gases. There are some outlying points on the temperature rise that appear to
be anomalies of the data collection system, and not physical jumps in temperature.
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Tube temperature distribution

Figure 173 through Figure 175 show the exhaust temperature and furnace temperatures
again, as in the previous section, but also include the tube temperature at seven discrete
locations. They appear, qualitatively, to match each other in height and curvature. A
closer look, both by superimposing the temperature trace with respect to time in Figure
176 and by superimposing the tube temperature profiles in Figure 177 show that there
appears to be no qualitative difference between the temperature rise or tube temperature
distribution for the gases tested; the temperature spread is about 6%. There is no
understandable correlation between the ordering of the temperatures from highest to
lowest.
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Conclusions

Conclusions are listed in the same sections below as appear in the Results and Analysis
sections.

Continuous Test Conclusions

Firing Rate

Firing rate should be proportional to the Wobbe Number, all other things held equal, so
it should be expected that the Wobbe Number and the firing rate fit a line for a single
firing rate. Variations can be from small fluctuations in upstream fuel or air pressure or
from a change in ambient temperature.

One explanation why the duration of the High-Fire period decreases with Wobbe
Number for Adjust 1 and Adjust 3 but appears to be flat or decrease for Adjust 2 is that
the High-Fire for Adjust 2 was set at about 120,000-150,000 Btu/hr compared with the
220,000-250,000 Btu/hr for the other two adjust gases. This means that the heating was
more intense for the latter two, and any effect of the heating on time would be amplified.

Controller Response

A reason why Substitute 2 has a longer high-fire period than 52-1385 could be
incomplete combustion. Figure 159 shows 0% Oz when firing Substitute 2 and 0.1% O2
when firing 52-1385. Figure 162 corroborates that there is incomplete combustion when
tiring Substitute 2: the CO emissions exceed 5000 ppmv. Incomplete combustion implies
incomplete release of the chemical energy, meaning some energy leaves the stack and is
not transferred to the product. It makes sense in this context that Substitute 2 has a
longer high-fire period than 52-1385 even though Substitute 2 has a higher Wobbe
Number. Incomplete combustion also makes it reasonable that fuel consumption is
higher for higher Wobbe Numbers.

These observations merit a side comment: the reason it was surprising to see greater fuel
use with a higher Wobbe Number is because it was expected that there would always be
enough air for complete combustion. Then a higher Wobbe Number (up until there are
excessive CO emissions) means a higher efficiency because there is less excess air to
heat. If the initial air-to-fuel ratio had been high enough to avoid incomplete
combustion, a decrease in fuel usage might have been observed with increasing Wobbe
Number. “High enough” appears, from observation during these tests, to be right
around 3% Oz. This allows for a 1.5% decrease in exhaust %O: with 1.5% remaining;
enough to just keep above the high CO emissions.

Emissions

The emissions data in Figure 9 through Figure 20 are consistent across the %Oz, ppmv
CO and ppmv NOx. At Low Fire, there is incomplete combustion with the higher Wobbe
Number fuels: when the %O: in the exhaust passes below about 1.5%, the CO increases
past 400 ppmv. It is reasonable that the NOx emissions did not trend appreciably at high
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fire, because burner design and excess air likely mitigated the peak flame temperature.
At very low exhaust % Oz, NOx emissions decreases, as would be expected for fuel-srich
flames.

The ultrafine particle data in Figure 21 through Figure 23 are scattered and difficult to
interpret, although more particles were counted at higher Wobbe Numbers on burners
that were tuned to the lower-Wobbe Number Adjust Gases. The highest estimated
emissions, 273,000 counts per cubic centimeter, was recorded for Substitute 2 with the
burner tuned to Adjust 1. For perspective, a report by D. Westerdahl' indicates that
industrial burner emissions are usually below 100,000 counts per cubic centimeter.
According to that report, vehicles can produce up to ten times as many counts. The
number of counts read could have been artificially large; sampling was not kept
isokinetic but was pulled at a constant speed. That speed was as much as three times the
speed of the surrounding fluid.

Ignition Test Conclusions

Ignition
The ignition data and operator observation both agree that there was no trouble during
ignition tests.

Tube Temperature Distribution

Indistinguishable tube temperature profiles and a nearly indistinguishable heat-up rate
were not anticipated. Either the ignition test duration should have been longer, to
observe values as they settled out, or there are no major differences in the tube
temperature or its distribution when firing the selected Substitute Gases. The 6%
difference shown in Figure 176 and Figure 177 is above measurement error for the
thermocouples, and could have meaning, but none could be readily inferred.

1 Westerdahl D. 2003. “Operation of an Advanced Mobile Air Monitoring Platform in
Los Angeles: Ultrafine PM and Associated Gaseous Pollutants in Urban Air.” California
Air Resources Board, Chairman’s Air Pollution Seminar Series, August 19, 2003.
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Photographs
Laboratory Set-Up

Figure 177. Radiant Tube in the Heat-Treat Furnace

Figure 178. Radiant Tube with Burner Firing, and Sketch
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Figure 180. Rosemount (left) and Horiba (right) Gas Analyzers
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Figure 181. Gas Chromatograph Case (left) and Electrostatic Classifier
with Scanning Mobility Particle Sizer (right)
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Objective

The purpose of the boiler interchangeability tests is to assess the performance of a low
NOx burner and industrial boiler when fired with different natural gas compositions.
The burner’s and boiler's performance when firing selected Adjust Gases was compared
with its performance when firing selected Substitute Gases with and without different
levels of nitrogen ballasting.

Approach

The tests used a laboratory setup intended to mimic industrial operating conditions. The
burner was first tuned to operate with an “adjust” gas composition.
Operating/switching tests and ignition tests were then performed. During these tests
several “substitute” gas compositions were fired in sequence on the burner. These tests
were then repeated with the other two “adjust” gases as a basis.

Operating tests were performed in two modes, constant firing rate and constant steam
pressure. Constant firing rate tests were performed with the PID loop in boiler's PLC
control system set to manual mode with a fixed 60% output. This value was chosen so
that the firing rate did not exceed 90% of the fuel delivery system's (blending station's)
capacity. The system's response in terms of emissions, steam pressure, and temperature
was recorded.

Constant steam pressure tests were performed with the PID loop in boiler's PLC control
system set to automatic mode with a setpoint of 70 psig steam pressure. This required
tuning of the PID loop so that the swings in firing rate to maintain the desired steam
pressure did not exceed 100% of the fuel delivery system's capacity. The system's
response in terms of emissions, and the controller's response in terms of firing rate were
recorded.

Ignition tests were performed with the boiler cycling between an "on" point of 47.5 psig
steam pressure and an "off" point of 50 psig steam pressure, with the PID loop output
limited to a maximum of 60% during the "on" portion of the cycle. The cycle time varied
between about 6 minutes and 15 minutes, depending on whether or not the boiler was
taking in fresh (cold) water.

For all test sequences, the boiler was first warmed up on house gas, with the firing rate
manually ramped up to 60% and the steam valves adjusted for about 70 psig steam
pressure. The fuel was then switched to an "adjust" gas, and the burner was tuned for
low NOx performance by adjusting the pressure regulator on the boiler's fuel train so
that less than 9 ppm of NOx was measured in the exhaust when corrected to 3% O..

It was not an objective of these interchangeability tests to gauge the emissions
performance of the boiler throughout the firing rate range of the boiler. As with the
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previous burners that had been tested, the tests with the boiler were meant to gauge the
performance of the boiler with different fuels under similar operating conditions.

Table 9 shows the specific performance measurements.

Table 29. Performance Metrics for the Boiler

BASIC PERFORMANCE METRICS

Gaseous Pollutant Emissions

Turnaround and Exhaust Temperature

System or Controller Response upon Switching;:

Steam Pressure or Firing Rate

Test Apparatus

The boiler used for this test was an 80 hp Cleaver Brooks two-pass firetube steam boiler
rated for 150 psig. The boiler was fitted with a Cleaver Brooks low NOx burner,
HawkICS integrated control system (PLC), and parallel positioning system for fuel flow,
air flow, and FGR flow. The burner used a spark-ignited raw gas pilot. A pressure
transmitter for steam was included with the boiler. One thermocouple was added to the
turnaround point between the two passes of the boiler, and another thermocouple was
added to the exhaust of the boiler. Also added to the exhaust of the boiler was a
stainless steel sampling probe, which was connected through a filtering and drying train
to a set of continuous emissions analyzers for THC, NOx, CO2, CO, and O:. It and the
rest of the experimental setup are shown in Figure 37 through Figure 225.

A custom-built blending station was used to provide simulated natural gas
compositions to the boiler at 5 psig. The blending station allowed for one of two main
streams, house gas and cleaned gas, to be selected, to which metered amounts of ethane,
propane, butane, and nitrogen could be added. The house gas was the normal natural
gas delivered to GTI. The cleaned gas was this natural gas processed through a set of
three regenerative scrubbing towers that removed carbon dioxide from the gas. The
cleaned gas was the basis for all the "adjust” and "substitute" gases. House gas was used
only for warming up the boiler.

Mass flow meters were used to measure the house gas and cleaned gas flows.
Motorized ball valves were used to select one of the two main streams. Mass flow
controllers were used to add ethane, propane, butane, and nitrogen to the main stream.
Ethane was supplied from a bank of 4 gas cylinders, propane and butane were each
supplied from the gaseous outlet of liquid cylinders, and nitrogen was supplied from
GTI's header, which is fed by a liquid tank. All gases were regulated down to about 15
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psig before or upon entering the blending station except butane, which is delivered at its
saturation vapor pressure of about 14 psig. The selected main stream is further
regulated down to about 5 psig before the other gases are blended in. A pressure
transmitter and thermocouple were used to monitor the mixed gas pressure and
temperature.

The steam pressure transmitter, turnaround and exhaust thermocouples, continuous
emissions analyzers, mass flow meters and controllers, and motorized ball valves were
connected to a data acquisition and control system. Instruments used to perform this
test are listed in Table 3.

Table 30. Summary of Test Instruments

Instrument Parameter Range Accuracy
4-20 mA, 16 bit input current;
National Instruments Data logging 0-5V,0-10V, [ 12 bit input voltage;
Field Point Modules and control +100 mV, 12 bit output current;
on/off (relay) 16 bit temperature
LabView software Data logging — —
Custom software Control — —
Data logging
Laptop computer and control — —
Setra Systems 256 Steam pressure 0 to 150 psig 0.13% of full scale
Type K thermocouple | Turnaround temperature 2502°F —
Type K thermocouple Exhaust temperature 2502°F —
Rosemount Analytical . 0-1000 ppm, o
400A THC concentration Span 800 ppm 1% full scale
Thermo Environmental NO concentration, 0-200 ppm, 0.5 bom
42C High Level NOx concentration Span 198 ppm - PP
Rosemount Analytical . 0-20%, o
280A CO, concentration Span 18.0% 1% full scale
. CO concentration; 0-1000 ppm,
Rosemount Analytical Span 924 ppm;
1% full scale
Xstream 0, concentration 0-25%,
2 Span 8.05%
Brooks Instruments 0.7% of rate plus
5363S House gas flow rate 2066 SCFH 0.2% of full scale
Brooks Instruments 0.7% of rate plus
5363S Cleaned gas flow rate 1826 SCFH 0.2% of full scale
Brooks Instruments 0.7% of rate plus
53535 Ethane gas flow rate 224 SCFH 0.2% of full scale
Brooks Instruments 0.7% of rate plus
5851S Propane gas flow rate 68.5 SCFH 0.2% of full scale
Brooks Instruments 0.7% of rate plus
5851S Butane gas flow rate 31.4 SCFH 0.2% of full scale
Brooks Instruments . 0.7% of rate plus
5851S Nitrogen gas flow rate 141 SCFH 0.2% of full scale
Inline Ball Valve Main stream o o
with Electric Actuator selection
Wika S-10 Mixed gas pressure 0-100 psig 0.25% of span
Type T thermocouple | Mixed gas temperature 752°F —
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The measured flow rates of the fuel gases supplied from the custom blending station to
the burner were recorded using National Instruments Field Point Modules and a
LabView program running on a laptop computer. The fuel gas compositions were
commanded through a separate, custom program on the same laptop computer. The
custom program used the measured flow rate of the main stream to determine the flow
rates of the added gases. A table of ratios of each added gas to main stream for each
"adjust" and "substitute" gas was created for the custom program.

Test Gases

The test gases were selected to match compositions distributed in California, and
international compositions that may be imported into California. The compositions
distributed in California are designated “adjust gases” for the purpose of tuning the
burner for optimum performance on each of them. The remaining gases are designated
“substitute gases” for the purpose of comparing performance with the substitute gases
to performance with the adjust gases. Table 4 summarizes the gas compositions.
Adjust 1 is representative of natural gas in the Sacramento area, Adjust 2 is an average
value for the state of California, and Adjust 3 is representative of some areas in
California with higher Btu content due to local natural gas production. The two
substitute gases, Sub 1 and Sub 2, were selected from a set of potential LNG
compositions available to California; Sub 1 has a relatively low Wobbe Number (1408)
compared with the other LNG compositions, and Sub 2 has a relatively high Wobbe
Number (1425). Because it is possible that these "substitute" gases will be conditioned
with nitrogen prior to distribution in California, additional compositions with nitrogen
added to make the Wobbe Number match those of the selected "adjust" gases.
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Table 31. Summary of Adjust and Substitute Gases

Gas Composition, mol %
Cl | c2 [ C3 : c4 | s+ | N2 [ cop | HHV | Wobbe
Adjust1 | 932 | 2.52 | 0.41 | 0.14 | 0.093 | 2.691 | 0.920 | 1010 1309
Adjust2 | 94.5 | 2.55 | 042 | 0.14 | 0.094 | 1.361 | 0.931 | 1024 1332
Adjust3 | 90.61 | 2.45 | 3.41 1.25 | 0.094 | 1.305 | 0.893 | 1094 1374

Subl | 924 | 49 | 19 | 079 | 00 | 00 | 00 | 1099 1408

Name

@1385 | 913 | 48 | 1.9 [ 079 | 00 | 12 | 00 | 1086 | 1387

@1375 | 907 | 48 | 1.9 [ 079 | 00 | 19 | 00 | 1080 | 1375

@1332 | 883 | 48 | 1.8 | 079 | 00 | 44 | 00 | 1053 | 1331

@1308 | 878 | 46 | 1.8 [ 070 | 00 | 55 | 00 | 1036 | 1308

Sub2 | 894 | 71 | 25 | 104 | 00 | 00 | 00 | 1131 1426

@1385 | 875 | 7.0 | 24 | 100 | 00 | 21 | 00 | 1106 | 1387

@1375 | 869 | 69 | 24 | 100 | 00 | 27 | 00 | 1098 | 1376

@1332 | 845 | 6.7 | 24 | 100 | 00 | 54 | 00 | 1070 | 1330

@1308 | 836 | 6.6 | 23 | 100 | 00 | 65 | 00 | 1057 | 1310

For small-scale testing (up to about 40,000 Btu/h), it is practical to purchase cylinders
with these exact compositions, with only nitrogen being blended in as needed. For
medium-scale testing (up to about 200,000 Btu/h), it is practical create these
compositions from cylinders of pure gases using a blending station. For large-scale
testing (over 1,000,000 Btu/h), the amount of pure methane needed requires a tube
trailer, but none were available from GTI's gas supplier during the time of the test
campaign. The "adjust" gases could be simulated (same heating value and Wobbe
index) by blending in ethane, propane and butane from cylinders, and nitrogen from a
liquid tank into GTI's house gas. However, the pure "substitute" gases and conditioned
(nitrogen-diluted) "substitute" gases with higher Wobbe indexes could not be simulated
this way because of the amount of inerts (COz and N2) in the house gas.

For another project, GTI assembled a CO: stripper which utilized three columns (towers)
to remove the CO: from the house gas. The first tower performed the function of
absorbing the CO: from the desired amount of house gas and an additional amount of
house gas. The desired amount of cleaned gas went onto the burner being tested, while
the additional amount went through the second tower, a heater, and the third tower
before being vented or flared. The third tower performed the function of desorbing the
CO:2 from the absorbent using the heated gas, while the second tower was being cooled
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by the cleaned gas. The towers rotated their function every 3 hours, so the process was
regenerative.

The cleaned gas with the heavy molecular weight CO2 removed was then used a basis
for simulating the "adjust” gases and the conditioned "substitute" gases. The pure
"substitute" gases were still not quite reached, so the points of maximum heating value
and Wobbe index, along the same lines as the conditioned "substitute" gases, were used
in their place. The final compositions are shown in Table 12.

Table 32. Summary of Test Gases

Gas Composition, mol %

Name Cleaned Gas | Ethane | Propane | Butane | Nitrogen D
Adj1TC 95.90% 0.00% | 0.89% | 0.00% | 3.21% | 1010.0 | 1309.0
Adj2TC 97.10% 0.00% | 0.95% | 0.00% | 1.95% | 1024.0 | 1332.0
Adj3TC 90.71% 4.66% | 1.97% | 0.81% | 1.84% | 1094.0 | 1374.0

Sub1TCM 94.67% 3.34% | 1.41% | 0.58% | 0.00% | 1089.4| 1392.8

Sub1TC-Hi 94.28% 333% | 1.41% | 0.58% | 0.40% | 1085.0 | 1385.5

Sub1TC-A3 93.68% 3.30% | 1.40% | 0.58% | 1.04% | 1078.0 | 1374.1

Sub1TC-A2 91.29% 3.22% | 1.36% | 0.56% | 3.57% | 1050.4 | 1329.2

Sub1TC-A1l 90.23% 3.18% | 1.35% | 0.56% | 4.68% | 1038.3 | 1309.7

Sub2TCM 91.83% 512% | 2.16% | 0.89% | 0.00% | 1121.1 | 1410.5

Sub2TC-Hi 90.66% 5.05% | 2.13% | 0.88% | 1.27% | 1106.8 | 1387.7

Sub2TC-A3 90.10% 5.02% | 2.12% | 0.88% | 1.88% | 1100.0 | 1377.0

Sub2TC-A2 87.60% 4.88% | 2.06% | 0.85% | 4.60% | 1069.3 | 1329.2

Sub2TC-Al 86.58% 4.82% | 2.04% | 0.84% | 5.71% | 1056.9 | 1309.9

Test Schedule

The performance tests with constant firing rate were performed first for all three "adjust”
gases. These were followed by performance tests with constant steam pressure. The
ignition tests were performed last. Table 13 shows the schedule of test sequences.
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Table 33. Test Schedule

Type Constant Firing Rate Constant Steam Pressure Ignition
Basis Adj2TC AdjITC Adj3TC Adj3TC Adj2TC AdjITC Adj1TC Adj2TC Adj3TC
Subl1TC- Sub1TC- Sub1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Sub1TC-
Subs Al Al Al Al Al Al Al Al Al
Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC-
A2 A2 A2 A2 A2 A2 A2 A2 A2
Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC- Subl1TC-
A3 A3 A3 A3 A3 A3 A3 A3 A3
Sub1TC-Hi | SublTC-Hi | SublTC-Hi | SublTC-Hi | SublTC-Hi | SublTC-Hi | SublTC-Hi | SublTC-Hi | SublTC-Hi
Sub1TCM Sub1TCM Sub1TCM SublTCM SublTCM Sub1TCM SublTCM Sub1TCM Sub1TCM
Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC-
Al Al Al Al Al Al Al Al Al
Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC-
A2 A2 A2 A2 A2 A2 A2 A2 A2
Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC- Sub2TC-
A3 A3 A3 A3 A3 A3 A3 A3 A3
Sub2TC-Hi | Sub2TC-Hi | Sub2TC-Hi | Sub2TC-Hi | Sub2TC-Hi | Sub2TC-Hi | Sub2TC-Hi | Sub2TC-Hi | Sub2TC-Hi
Sub2TCM Sub2TCM Sub2TCM Sub2TCM Sub2TCM Sub2TCM Sub2TCM Sub2TCM Sub2TCM

The first test sequence, with Adj2TC, was performed with the tuning developed during
the burner's recent recomissioning, which used house gas with nearly the same exact

heating value and Wobbe index as Adj2TC. The recomissioning process was an

extensive tuning process that involved setting the fuel flow, air flow, and FGR flow with
the parallel positioning system for eight points along a firing rate curve to achieve low
NOx performance as the firing rate ramps up. For interchangeability tests, since most of
the tests were conducted near a fixed firing rate, tuning was achieved by only adjusting
the fuel flow rate, and that was attained by adjusting the fuel delivery pressure to the
burner. This involved adjusting the fuel pressure regulator, avoided reprogramming the
parallel positioning system, and allowed each sequence of tests (each column in Table
13) to be performed during a single day. The initial adjustments to the fuel delivery
pressure from one "adjust" gas to the next were based on achieving the same heat release

in the boiler for the same firing rate output from the boiler's PID loop. This was

followed by a smaller adjustment to ensure low NOx performance. Where the same
"adjust" gas was used on consecutive days, the burner was not necessarily retuned.
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Activities Performed

Setup

Preliminary tests with the boiler were conducted to determine an ideal firing rate (60%)
which was within the ranges of the mass flow meters, and achievable steam pressure (70
psig) at that firing rate, the functionality of the blending station (by switching between
the different "adjust” gases), the functionality of the CO: scrubber, and the functionality
of the continuous emissions analyzers.

Continuous Tests — Constant Firing Rate

The boiler was first warmed up on house gas, at low fire until the water temperature
reached 200 °F. The firing rate was ramped up with the PID loop in boiler's PLC control
system set to manual mode. At about 25 psig steam pressure, the steam valves were
partially opened. As the firing rate was further ramped up, the steam valves were
opened further. When 60% firing rate was achieved, the steam valves were further
adjusted until about 70 psig steam pressure was reached.

The fuel was then switched to Adj2TC, the continuous emissions analyzers were
calibrated, and the burner was observed to have low NOx performance (less than 9 ppm
of NOx was measured in the exhaust when corrected to 3% O2). The steam valves were
adjusted for near constant steam pressure. Twenty minutes of readings were collected
by the data acquisition system at 5 second intervals.

The fuel was next switched to Sub1TC-Al, and another 20 minutes of readings were
collected. This was repeated for Sub1TC-A2, Sub1TC-A3, Sub1TC-Hi, and Sub1TCM.
The continuous emissions analyzers were then recalibrated.

The fuel was subsequently switched to Sub2TC-A1, and another 20 minutes of readings
were collected. This was repeated for Sub2TC-A2, Sub2TC-A3, Sub2TC-Hji, and finally
Sub2TCM. The calibrations of the continuous emissions analyzers were then checked.

The above sequence of tests were repeated on the next day with two changes. The first
change was that Adj1TC was used instead of Adj2TC. The second change was that the
fuel pressure regulator on the boiler was adjusted upward for Adj1TC to achieve the
same heat input into the boiler as Adj2TC. Low NOx performance was observed and
testing proceeded.

This sequence of tests were repeated on the third day with two changes. The first
change was that Adj3TC was used instead of Adj1TC. The second change was that the
fuel pressure regulator on the boiler was first adjusted downward for Adj3TC to achieve
the same heat input into the boiler as Adj1TC. Low NOx performance was not observed
so the fuel pressure was reduced a little more. Low NOx performance was then
observed and testing proceeded.
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For all of the above sequences with constant firing rate, the response of the boiler's
performance in terms of steam pressure was recorded with the emissions data at 5
second intervals.

Continuous Tests — Constant Steam Pressure

The boiler was first warmed up on house gas, at low fire until the water temperature
reached 200 °F. The firing rate was ramped up with the PID loop in boiler's PLC control
system set to manual mode. At about 25 psig steam pressure, the steam valves were
partially opened. As the firing rate was further ramped up, the steam valves were
opened further. When 60% firing rate was achieved, the steam valves were further
adjusted until about 70 psig steam pressure was reached.

The fuel was then switched to Adj3TC, the continuous emissions analyzers were
calibrated, and the burner was observed to have borderline low NOx performance
(exactly 9 ppm of NOx was measured in the exhaust when corrected to 3% Oz).

The fuel pressure regulator on the boiler was first adjusted slightly downward and NOx
dropped below 9 ppm.

The steam valves were adjusted for near constant steam pressure at about 70 psig. The
PID loop in boiler's PLC control system was switched to automatic mode with a setpoint
of 70 psig steam pressure.

The fuel flow to the boiler began to oscillate with a 5 minute period and an increasing
amplitude, indicating unstable control. The peaks of the oscillations exceeded the range
of the clean gas mass flow meter. This mode of operation had not been attempted before
during use at GTI; the boiler has always run under manual control. The proportional
band of the PID loop was then adjusted to dampen the oscillations so that the peaks of
the oscillations were still within the range of the clean gas mass flow meter. Twenty
minutes of readings were collected by the data acquisition system at 5 second intervals.

The fuel was next switched to Sub1TC-A1, and another 20 minutes of readings were
collected. This was repeated for Sub1TC-A2, Sub1TC-A3, Sub1TC-Hi, and Sub1TCM.
The continuous emissions analyzers were then recalibrated.

The fuel was subsequently switched to Sub2TC-A1, and another 20 minutes of readings
were collected. This was repeated for Sub2TC-A2, Sub2TC-A3, Sub2TC-Hj, and finally
Sub2TCM. The calibrations of the continuous emissions analyzers were then checked.

The above sequence of tests was repeated on the next day with two changes. The first
change was that Adj2TC was used instead of Adj3TC. The second change was that the
fuel pressure regulator on the boiler was first adjusted upward for Adj2TC to achieve
the same heat input into the boiler as Adj3TC, and then adjusted slightly downward to
achieve low NOx performance. Testing then proceeded.
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This sequence of tests were repeated on the following day with two changes. The first
change was that Adj1TC was used instead of Adj2TC. The second change was that the
fuel pressure regulator on the boiler was first adjusted upward for Adj1TC to achieve
the same heat input into the boiler as Adj2TC. Low NOx performance was not observed
so the fuel pressure was reduced a little. Low NOx performance was then observed and
testing proceeded.

For all of the above sequences with constant steam pressure, the response of the boiler's
control system in terms of fuel flow rate was recorded with the emissions data at 5
second intervals. In additional, the minimum and maximum output of the PID loop was
manually recorded for one oscillation cycle of the fuel flow rate.

Ignition Tests

For the continuous tests, ignition had not been a concern because the burner was not
shut off and restarted between tests. There had been times when the burner failed to
light (on house gas) on the first try at the beginning of the day's testing, but it usually lit
on the first or second attempt.

To partially automate the process of performing the ignition tests, the boiler's control
system was set to cycle the burner on and off at particular values of steam pressure.
Normally, in automatic mode, the control system would modulate the firing rate to
maintain a set steam pressure. To force the control system to cycle, the steam pressure
setpoint was set outside (above) the "on" and "off" points. The steam pressure setpoint
was set to 70 psig, while the "on" and "off" points were set to 30 psig and 50 psig,
respectively. The maximum firing rate was limited to 60% output by setting another
feature of the control system. The steam valves were opened enough so that the steam
pressure would settle slightly above 70 psig at 60% firing rate had the burner been not
allowed to shut off at 50 psig (i.e., by setting the control system to manual mode). This
allowed for tuning of the burner at the usual conditions (60% firing rate).

The automated operation of the burner was such that at below 30 psig steam pressure,
the burner would start at low fire (0% output), then the firing rate would be ramped up
quickly to 60% output, the steam pressure would rise to 50 psig, the burner would be
shut off, and the steam pressure would fall off, eventually reaching 30 psig. The
observed cycle time between 30 psig and 50 psig and back to 30 psig, or more
practically, between 50 psig and 30 psig and back to 50 psig, was about 20 minutes.
Since multiple ignition tests with the same "adjust" or "substitute" gas were planned, this
time was deemed too long to allow a single sequence of tests to be completed in one day.
Part of the reason for the long cycle time was that the steam pressure would continue to
fall off, as much as 8 psig, while the burner was restarting, which includes a purge
portion. To shorten the cycle time, the "on" point was raised to 40 psig, then 45 psig, and
finally to 47.5 psig. With a 47.5 psig "on" point and a 50 psig "off" point, the cycle time
was reduced to about 5-6 minutes as long as the boiler was not taking in any fresh (cold)
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water to maintain the water level in the boiler. With the boiler taking in fresh (cold)
water, the cycle time was about 12-15 minutes.

The above setup work was done with the burner firing on house gas, and lastly on
Adj1TC when the switch to the 47.5 psig "on" point was made. Also, the regulated gas
pressure on the boiler was raised slightly to help shorten the cycle times while
maintaining low NOx performance (less than 9 ppm of NOx was measured in the
exhaust when corrected to 3% O2) when the firing rate was at 60% during the "on"
portion of the cycle. A test sequence began at this point.

The test plan was to have a discounted ignition (#0) after switching to a particular gas to
allow the pilot line to be filled with that gas, and then to have three consecutive cycles
with ignitions (#'s 1-3) on that gas (with both pilot line and main line filled with that gas)
before switching to the next gas. The pilot only runs during the ignition process.

On the #2 ignition trial with Adj1TC, the burner would not light. Five additional
attempts were made to light the burner. On the first two attempts, the main flame failed
to light, while on the last four attempts, the pilot flame failed to lit. Visual observation
was that the pilot flame was actually lighting, but the flame safeguard, which controls
the purge-pilot ignition-main ignition-run-post purge process, was not seeing the pilot
flame via its attached infrared flame sensor. The pilot and flame sensor follow parallel
paths through the burner, and the pilot flame must be swirled by the combustion air so
that at least a portion of it is visible to the flame sensor. The visual observation was that
the pilot flame was not large enough to be reliably seen by the flame sensor.

Reliable ignition with an "adjust" gas is required for any suitable comparison with the
"substitute" gases, so the pilot had to be adjusted. The fuel was switched back to house
gas, and the pilot gas pressure regulated pressure (independent of the main gas
regulated pressure that was used for tuning) was increased by 50%. After a couple of
successful ignitions, the fuel was switched again to Adj1TC, and unreliable ignitions
again occurred. The pilot gas pressure was raised by another 67%, and successful
ignitions were finally achieved.

The test sequence with the "adjust" gas Adj1TC serving as a basis began on the following
day. The burner was first started on house gas, the control system was placed in
automatic mode, and the boiler was allowed to warm up. At 30 psig steam pressure, the
switch was made from house gas to Adj1TC. At 50 psig steam pressure the boiler's
control system shut off the burner and the steam pressure began dropping. At 47.5 psig
steam pressure, the control system restarted the burner, and thus the discounted #0
ignition cycle began. The amplified flame sensor voltage, as displayed by the control
system, was manually recorded for the pilot ignition and main ignition. The control
system ramped the firing rate up to 60%, the steam pressure increased to 50 psig (after
dropping to almost 40 psig during the purging and ignition), the control system shut off
the burner, and the steam pressure decreased. At 47.5 psig steam pressure, the control
system restarted the burner, beginning the #1 ignition cycle (the first cycle where the
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pilot line was completely filled with the appropriate gas before ignition). Again the
amplified flame sensor voltages were manually recorded for the pilot ignition and main
ignition. The cycle repeated itself two more times (for the #2 and #3 ignitions), with the
amplified flame sensor voltages were manually recorded for the ignitions.

After the #3 ignition with Adj1TC, the fuel was switched to Sub1TC-Al. Four ignition
cycles (the discounted #0 and the recorded #'s 1-3) were allowed to be completed, with
the amplified flame sensor voltages were manually recorded for the ignitions.

After the #3 ignition with Sub1TC-Al, the fuel was switched to Sub1TC-A2 and the
above process of four ignition cycles was performed. This process was then repeated
with Sub1TC-A3, Sub1TC-Hi, and SubITCM. The continuous emissions analyzers were
then recalibrated.

The fuel was subsequently switched to Sub2TC-A1, and the above process of four
ignition cycles was performed. This was repeated for Sub2TC-A2, Sub2TC-A3, Sub2TC-
Hi, and finally Sub2TCM. The calibrations of the continuous emissions analyzers were
then checked.

The above sequence of tests were repeated on the next weekday with two changes. The
first change was that Adj2TC was used instead of Adj1TC. The second change was that
the fuel pressure regulator on the boiler was first adjusted downward for Adj2TC to
achieve the same heat input into the boiler as Adj1TC at 60% firing rate, and low NOx
performance was observed. Testing then proceeded.

The above sequence of tests was repeated on the following day with two changes. The
tirst change was that Adj3TC was used instead of Adj2TC. The second change was that
the fuel pressure regulator on the boiler was first adjusted downward for Adj3TC to
achieve the same heat input into the boiler as Adj2TC, and then further adjusted
downward to achieve low NOx performance. Testing then proceeded.
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Results

Continuous Tests — Constant Firing Rate

The major results from the continuous tests with constant firing rate are the emissions
and the steam pressure (the system's response) when the boiler is tuned for low NOx
performance with a particular "adjust” gas, and the fuel is switched to various
"substitute" gases. Figure 48 through Figure 200 show the emissions, steam pressure,
and boiler temperatures over the 20 minute data collection intervals for each gas.
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Figure 182. NOx Emissions for Adjustl tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)

D-213



_\,_oRnrm wgw-Le :00 L.URQrm
IH-01ZdnS £ | 6981-816:00 ‘ IH-0129NS
ev-olzans = ‘ €v-012ans
Zv-0.1zans Zv-0lzans
Lv-0.12ans LV-012anS

n
WoLlans m WOLlans

D-214

IH-OL1Lang = L IH-0119nS
€v-0L1Lans W
WI | €Vv-0llans
Zv-01ians
Zv-ollang
Lv-0114ans
| Iv-011ans
Olllpy
f olllpy
o o o o o o o _ _
o o o o o o
8 ¢ = & 5 W 2 8 8 & | @ ¢
20 %€ 0} pajoauod ‘wdd ‘0D 20 %€E 0} pajoaiod ‘wdd ‘09D

Figure 183. CO Emissions for Adjustl tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 184. THC Emissions for Adjustl tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 185. CO:z and O: Emissions for Adjustl tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate
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Figure 186. Steam Pressure for Adjust1 tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate
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Figure 187. Exhaust and Turnaround Temperature for Adjustl tuning and
All Substitute Gases for Continuous Testing with Constant Firing Rate
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Figure 188. NOx Emissions for Adjust2 tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 189. CO Emissions for Adjust2 tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate
(Corrected to 3% O2)
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Figure 190. THC Emissions for Adjust2 tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 191. Oz and CO: Emissions for Adjust2 tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate
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Figure 192. Steam Pressure for Adjust2 tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate
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Figure 193. Exhaust and Turnaround Temperature for Adjust2 tuning and
All Substitute Gases for Continuous Testing with Constant Firing Rate
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Figure 194. NOx Emissions for Adjust3 tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 195. CO Emissions for Adjust3 tuning and All Substitute Gases
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for Continuous Testing with Constant Firing Rate
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Figure 196. THC Emissions for Adjust3 tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 197. Oz and CO: Emissions for Adjust3 tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate
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Figure 198. Steam Pressure for Adjust3 tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate
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Figure 199. Exhaust and Turnaround Temperature for Adjust3 tuning and
All Substitute Gases for Continuous Testing with Constant Firing Rate
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Continuous Tests — Constant Steam Pressure

The major results from the continuous tests with constant steam pressure are the
emissions and the fuel flow rate or heat input (the controller's response) when the boiler
is tuned for low NOx performance with a particular "adjust" gas, and the fuel is
switched to various "substitute" gases. Figure 54 through Figure 221 show the
emissions, fuel flow rate, heat input, and boiler temperatures over the 20 minute data
collection intervals, which was about 4 oscillation cycles of the fuel flow rate.

40
- Y] ™ = — I3 ™ =
R RN S S - R - S R S -
S e e lg 2 e e g g 8
O3 <« o o o) 2 =] o) o) o) 2 =]
° =} > = I3} =} = =} D
BN n ] (] » ] (] n 2
£ 25 -
°
o
5}
2 20 -
e}
o
€ 15
a
My
5,
0

Figure 200. NOx Emissions for Adjustl tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure

(Corrected to 3% O3)
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Figure 201. CO Emissions for Adjustl tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure

(Corrected to 3% O3)
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Figure 202. THC Emissions for Adjustl tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure

(Corrected to 3% O3)
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Figure 203. Oz and CO: Emissions for Adjustl tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 204. Fuel Flow Rate for Adjustl tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 205. Heat Input for Adjustl tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 206. Exhaust and Turnaround Tempearture for Adjustl tuning and
All Substitute Gasesfor Continuous Testing with Constant Steam Pressure
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Figure 207. NOx Emissions for Adjust2 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure

(Corrected to 3% O3)
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Figure 208. CO Emissions for Adjust2 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure

(Corrected to 3% O3)
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Figure 209. THC Emissions for Adjust2 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
(Corrected to 3% O2)
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Figure 210. Oz and CO: Emissions for Adjust2 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 211. Fuel Flow Rate for Adjust2 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 212. Heat Input for Adjust2 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 213. Exhaust and Turnaround Tempearture for Adjust2 tuning and
All Substitute Gasesfor Continuous Testing with Constant Steam Pressure
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Figure 214. NOx Emissions for Adjust3 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure

(Corrected to 3% O3)
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Figure 215. CO Emissions for Adjust3 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 216. THC Emissions for Adjust3 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure

(Corrected to 3% O3)
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Figure 217. Oz and CO: Emissions for Adjust3 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 218. Fuel Flow Rate for Adjust3 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 219. Heat Input for Adjust3 tuning and All Substitute Gases
for Continuous Testing with Constant Steam Pressure
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Figure 220. Exhaust and Turnaround Tempearture for Adjust3 tuning and
All Substitute Gasesfor Continuous Testing with Constant Steam Pressure
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Ignition Tests

The major result from the ignition tests is the reliability of the startup of the burner.
Once reliable ignition had been achieved for Adj1TC during the setup process, all
subsequent ignitions during the test sequences (132 startups) were successful.

Calculations

All concentrations of emissions were measured on a dry basis. The equations below is
the linear correction used to approximately cancel out analyzer drift;

X corr ®= ( meas -2 (t))

S(t)’
where
20-2,+2,-2) 2,
( z2 zl)
SM) =S¢ + (S =S ——,— Ul
(t, —ty)

Scl = Sl _Z(tsl)r
Scz = Sz _Z(tsz)r

where Xcor(t) is the corrected emissions value and Xmes(t) is the measured value at time ¢,
Z(t) is the zero drift correction, S(f) is the span drift correction, C is the span gas
concentration, Zi and Z2 are the instrument readings on zero gas at times Tz1 and Tz,
respectively, S1 and S: are the instrument readings on span gas at times Ts1 and T,
respectively, and Sa and S« are the values of the span readings corrected for zero drift,
respectively.

After this correction, emissions were normalized to 3%O: using the formula,

21% — 3% J

X 39,00 (1) = X oy (1) '
3/002( ) corr( ) (21% —%Oz,corr (t)

where Xs%02(t) is the final value after both the correction for analyzer drift and the
normalization to a common 3% oxygen concentration in the dried exhaust.

The Heat Input was calculated from the actual flow rate data, by multiplying the sum of
the flow rates of the flowing constituents by the heating value of the "adjust" or
"substitute" gas as determined via the ASTM D3588 — 98(03) standard at 70°F.
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Analysis and Conclusions

The charts and data are analyzed in the same sections below as appear in the Results
section.

Continuous Tests — Firing Rate

For the most part, "substitute" gases with lower Wobbe indexes than the "adjust" gas the
boiler was tuned for yielded lower NOx emissions, maintaining the low NOx
performance, while "substitute" gases with higher Wobbe indexes than the "adjust" gas
the boiler was tuned for yielded higher NOx emissions, usually exceeding 9 ppm when
corrected to 3% O2. Some "substitute" gases caused the boiler to noticeably rumble. This
was particularly evident when Adjustl (Adj1TC) was used as the basis, where heavy
rumbling and "coughing" caused additional back pressure in the boiler, causing the air
flow to become reduced, sometimes to the point of not having enough air to complete
combustion (see Figure 48 through Figure 186). The FGR flow rate, and consequently
NOx emissions, was also affected since the combustion air blower also serves as the FGR
fan for this burner.

Two unusual results were observed when Sub1TC-A3 and Sub1TC-Hi were fired with
the burner tuned for Adj1TC. When the fuel was switched from Sub1TC-A2 to Sub1TC-
A3, rumbling started, and continued for about 15 minutes. The burner then ceased
rumbling, and emissions became inline with the trend with Sub1TC-A1 and Sub1TC-A2.
When the fuel was switched from Sub1TC-A3 to Sub1TC-Hi, quiet operation continued
for about 10 minutes and then rumbling started. The burner rumbled continuously with
Sub1TCM, Sub2TC-A3, Sub2TC-Hi, and Sub2TCM.

The steam pressure and temperatures tend to follow the Wobbe index. This was not
unexpected since the heat input to the boiler is directly tied to Wobbe index. Rumbling
affected the temperatures but not the steam pressure. When not rumbling, CO
emissions tended to trend oppositely with Wobbe index.

The smooth upwardly sloping line in some of the THC data (Figure 191 and Figure 197)
was due to analyzer zero drift. The drift caused the analyzer to display negative values,
which were recorded as a constant zero by the data acquisition system. The actual
readings are somewhat below the graphed values during this time.

Continuous Tests — Constant Steam Pressure

NOx emissions followed the same trend with Wobbe index as with the constant firing
rate tests (higher NOx for higher firing Wobbe gases). Also NOx emissions tend to be
higher when the firing rate was lower during each cycle. CO emissions and THC
emissions trended together and they trended oppositely to NOx emissions for each gas.
CO emissions and THC emissions were overall lower for higher Wobbe gases for each
sequence.
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The fuel flow rate tended to inversely follow the Wobbe index. This was not unexpected
since the heat input to the boiler is directly tied to Wobbe index. The average heat input
was almost identical for all gases for each sequence.

Ignition Tests

Since all 132 startups (11 gases times 4 ignitions times 3 tuning bases) were successful,
comparisons are not possible. With proper setup, the raw gas pilot does not appear to
be affected by the fuel used. Manually recorded readings of the amplified flame sensor
voltage, as displayed by the control system, did not show any trends. These readings
were only updated about once every 3 seconds, and thus are not of sufficient quantity to
fully analyze.
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Selected Photographs

Figure 221. Cleaver Brooks Low NOx Boiler

Figure 222. CO2 Scrubber
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Figure 224. Continuous Emissions Analyzers with Span Gases
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Objective

The purpose of the boiler burner interchangeability tests is to assess the performance of
a packaged burner (burner with attached blower and controls), used in boilers and other
furnaces, when fired with different natural gas compositions. The burner’s performance
when firing selected Adjust Gases was compared with its performance when firing
selected Substitute Gases with and without different levels of nitrogen ballasting.

Approach

The tests used a laboratory setup intended to mimic boiler operating conditions.
Operating/Switching tests and Ignition tests were then performed. During these tests,
the burner was first tuned to operate with an “adjust” gas composition, then several
“substitute” gas compositions were fired in sequence on the burner. These tests were
then repeated with the other two “adjust” gases as a basis.

Operating tests were performed in two modes, constant firing rate and constant exhaust
temperature. Both tests used a fuel control valve and the packaged burner's air damper
to maintain the fuel flow rate proportional to the air flow rate. Constant firing rate tests
were performed with the air damper and fuel control valve set manually, yielding an
exhaust temperature of about 1335°F at a firing rate of about 65% or 890,000 Btu/hr.
Constant temperature tests were performed with a PID-loop temperature controller
manipulating the air damper and fuel control valve to maintain the exhaust temperature
at about 1300°F.

Ignition tests were performed from the same start conditions of an approximately 130°F
exhaust temperature to the same end conditions of an approximately 1000°F exhaust
temperature at a firing rate of 32% or 435,000 Btu/hr, a low firing rate as recommended
by the burner manufacturer.

For all test sequences, the chamber was first warmed up on house gas. The fuel was
then switched to an "adjust" gas, and the burner was tuned so the exhaust gases
contained as little Oz as possible without the burner rattling or rumbling or sputtering.
The actual Oz level depended on which "adjust" gas was being used. Table 9 shows the
specific performance measurements.
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Table 34. Performance Metrics for the Packaged Boiler Burner

BASIC PERFORMANCE METRICS

Gaseous Pollutant Emissions

Exhaust and Chamber Temperatures

System or Controller Response upon Switching

Test Apparatus

The packaged boiler burner used for this test was a Type C model C1-G-12 by Power
Flame, Incorporated rated for 1,360,000 Btu/hr. The burner was ignited using a spark-
ignited pilot and its flame was sensed using a UV sensor. The burner assembly is shown
in Figure 37.

The test burner fired into a water-cooled cylindrical chamber (simulating a firetube
boiler) with thermocouples to measure the temperature of the exhaust gases and the
chamber. The exhaust thermocouple was used for temperature control. The exhaust
temperature of the test setup would be equivalent to the temperature between the firing
tube and the convective pass of a firetube boiler. The overall view of the test rig is
shown in Figure 67. Water was flowed in three water-cooled sections and the front and
back of the chamber. The water flow rate was measured by a magnetic flow meter. The
inlet water temperature was measured with a thermocouple before the stream was split
to the various cooling sections. The outlet water temperature was measured by a
thermocouples placed well after the water streams flowing out of the various cooling
sections were merged back together.

A manometer was used to measure the pressure inside the chamber. Added to the
exhaust duct was a stainless steel sampling probe, which was connected through a
filtering and drying train to a set of continuous emissions analyzers for THC, NOx, CO,
CO, and Oz. These are shown in Figure 68.

The air for the burner was supplied using the packaged burner's attached blower. The
air was throttled using the packaged burner's built-in damper.

A custom-built blending station was used to provide simulated natural gas
compositions to the fuel control valve at 0.9 psig. The blending station allowed for one
of two main streams, house gas and cleaned gas, to be selected, to which metered
amounts of ethane, propane, butane, and nitrogen could be added. The house gas was
the normal natural gas delivered to GTI, and was the basis for all the "adjust" gases. The
cleaned gas was the basis for the "substitute" gases. House gas without additions was
used for warming up the burner.

Mass flow meters were used to measure the house gas and cleaned gas flows.
Motorized ball valves were used to select one of the two main streams. Mass flow
controllers were used to add ethane, propane, butane, and nitrogen to the main stream.
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Ethane was supplied from a bank of 5 gas cylinders, propane and butane were each
supplied from the gaseous outlet of liquid cylinders, and nitrogen was supplied from
GTI's header, which is fed by a liquid tank. All gases were regulated down to about 15
psig before or upon entering the blending station except butane, which is delivered
unregulated at its saturation vapor pressure of about 14 psig. The selected main stream
is further regulated down to about 5 psig before the other gases are blended in. A
pressure transmitter, thermocouple, and mass flow meter were used to monitor the
mixed gas pressure, temperature, and flow rate. The blending station with constituent
gases is shown in Figure 69.

The exhaust, chamber, and water thermocouples, continuous emissions analyzers, mass
flow meters and controllers, and motorized ball valves were connected to a data
acquisition and control system. Instruments used to perform this test series are listed
in Table 3.
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Table 35. Summary of Test Instruments

Instrument Parameter Range Accuracy
4-20 mA, 16 bit input current;
National Instruments Data logging 0-5V,0-10V, | 12 bit input voltage;
Field Point Modules and control +100 mV, 12 bit output current;
on/off (relay) 16 bit temperature
LabView software Data logging — —
Custom software Control — —
Data logging
Laptop computer and control — —
Type K thermocouple Exhaust temperature 2502°F —
Type K thermocouple | Chamber temperature 2502°F —
ABB Mini-Ma, 0.5% of rate
10D1475W & Water flow rates 26.42 gpm > 7(;; full sca%
Type T thermocouple Water temperatures 752°F —
Rosemount Analytical . 0-100 ppm, o
400A THC concentration Span 79 ppm 1% full scale
Rosemount Analytical 0. concentration 0-25%, 0.01% O, or
755R 2 Span 8.0% 1% full scale
Thermo Environmental NO concentration, 0-100 ppm, 0.5 ppm
42C High Level NOx concentration Span 197.8 ppm -~ PP
Rosemount Analytical . 0-1000 ppm, o
380A CO concentration Span 924 ppm 1% full scale
Rosemount Analytical . 0-20%, o
880A CO, concentration Span 18.0% 1% full scale
(V)
Brookssgés;rsuments House gas flow rate 2066 SCFH (()) 27(;) gggﬁe silaulz
. 0
0,
Brookssgés;rsuments Cleaned gas flow rate 1826 SCFH (()) 27(;) (())E;Si[le silauli
. 0
(V)
Brookssér;s;guments Ethane gas flow rate 224 SCFH (()) 27(2) ggl?i[f silaulse
0,
Brookssér;sltrsuments Propane gas flow rate 68.5 SCFH (()) 27(2) (())tf ;Si[le srélaulz
0,
Brookssér;sltguments Butane gas flow rate 31.4 SCFH (()) 27(;? 3;;2;16 spclaulse
0,
Brookssér;sltguments Nitrogen gas flow rate 141 SCFH (()) 27(;) 3;;2;16 spclaulse
. 0
] o
Slerma [nsments Fuel flow rate 1138 sCRH | s orrae Pl
Wika S-10 Mixed gas pressure 0-200 psig 0.25% of span
Type T thermocouple | Mixed gas temperature 752°F —

The measured flow rates of the fuel gases supplied from the custom blending station
and measured flow rate of fuel to the burner were recorded using National Instruments
Field Point Modules and a LabView program running on a laptop computer. The fuel
gas compositions were commanded through a separate, custom program on the same
laptop computer. The custom program used the measured flow rate of the main stream
to determine the flow rates of the added gases. A table of ratios of each added gas to the
main stream for each "adjust” and "substitute" gas was created for the custom program.
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The temperature of the exhaust gas was controlled with a Fuji Electric PXZ4 1/16 DIN
PID-loop temperature controller driving a motor on the air throttle valve of the burner.
In parallel, a valve on the gas line on the burner was operated. The burner came
packaged with a gas valve mechanically linked to the air throttle valve. After much
effort to try to tune the burner by adjusting this linkage and by adjusting a pressure
regulator in the gas line, no satisfactory setup could be achieved to allow tuned
operation of the burner for more than a small range of firing rates. A motorized control
valve was installed in the gas line at the outlet of the blending station. This valve was
driven by the blending station control program based on the output of the temperature
controller. Tuning of the burner was thus achieved by altering the relationship (ratio)
between the signal from the temperature controller and the signal to the control valve.

Test Gases

Test gases were selected to match compositions distributed in California, and
international compositions that may be imported into California. The compositions
distributed in California are designated “adjust gases” for the purpose of tuning the
burner for optimum performance on each of them. The remaining gases are designated
“substitute gases” for the purpose of comparing the performance with substitute gases
to the performance with the adjust gases. Table 4 summarizes the gas compositions.
Adjust 1 represents natural gas in the Sacramento area, Adjust 2 is an average value for
the state of California, and Adjust 3 is representative of some areas in California with
higher Btu content due to local natural gas production. The two substitute gases, Sub 1
and Sub 2, were selected from a set of potential LNG compositions available to
California; Sub 1 has a relatively low Wobbe Number (1408) compared with other LNG
compositions, and Sub 2 has a relatively high Wobbe Number (1425). Because it is
possible that these "substitute" gases will be conditioned with nitrogen prior to
distribution in California, additional compositions with nitrogen are added to make the
Wobbe Number match those of the selected "adjust" gases.
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Table 36. Summary of Adjust and Substitute Gases

Gas Composition, mol %
Cl | c2 [ C3 : c4 | s+ | N2 [ cop | HHV | Wobbe
Adjust1 | 932 | 2.52 | 0.41 | 0.14 | 0.093 | 2.691 | 0.920 | 1010 1309
Adjust2 | 94.5 | 2.55 | 042 | 0.14 | 0.094 | 1.361 | 0.931 | 1024 1332
Adjust3 | 90.61 | 2.45 | 3.41 1.25 | 0.094 | 1.305 | 0.893 | 1094 1374

Subl | 924 | 49 | 19 | 079 | 00 | 00 | 00 | 1099 1408

Name

@1385 | 913 | 48 | 1.9 [ 079 | 00 | 12 | 00 | 1086 | 1387

@1375 | 907 | 48 | 1.9 [ 079 | 00 | 19 | 00 | 1080 | 1375

@1332 | 883 | 48 | 1.8 | 079 | 00 | 44 | 00 | 1053 | 1331

@1308 | 878 | 46 | 1.8 [ 070 | 00 | 55 | 00 | 1036 | 1308

Sub2 | 894 | 71 | 25 | 104 | 00 | 00 | 00 | 1131 1426

@1385 | 875 | 7.0 | 24 | 100 | 00 | 21 | 00 | 1106 | 1387

@1375 | 869 | 69 | 24 | 100 | 00 | 27 | 00 | 1098 | 1376

@1332 | 845 | 6.7 | 24 | 100 | 00 | 54 | 00 | 1070 | 1330

@1308 | 836 | 6.6 | 23 | 100 | 00 | 65 | 00 | 1057 | 1310

For small-scale testing (up to about 40,000 Btu/h), it is practical to purchase cylinders
with these exact compositions, with only nitrogen being blended in as needed. For
medium-scale testing (up to about 200,000 Btu/h), it is practical create these
compositions from cylinders of pure gases using a blending station. For large-scale
testing (over 1,000,000 Btu/h), the amount of pure methane needed requires a tube
trailer, but none were available from GTI's gas supplier during the time of the test
campaign. The "adjust" gases could be simulated (same heating value and Wobbe
index) by blending in ethane, propane and butane from cylinders, and nitrogen from a
liquid tank into GTI's house gas. However, the pure "substitute" gases and conditioned
(nitrogen-diluted) "substitute" gases with higher Wobbe indexes could not be simulated
this way because of the amount of inerts (COz and N2) in the house gas.

For another project, GTI assembled a CO: stripper which utilized three columns (towers)
to remove the CO: from the house gas. The first tower performed the function of
absorbing the CO: from the desired amount of house gas and an additional amount of
house gas. The desired amount of cleaned gas went onto the burner being tested, while
the additional amount went through the second tower, a heater, and the third tower
before being vented or flared. The third tower performed the function of desorbing the
CO:2 from the absorbent using the heated gas, while the second tower was being cooled
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by the cleaned gas. The towers rotated their function every 3 hours, so the process was
regenerative.

The cleaned gas with the heavy molecular weight CO2 removed was then used a basis
for simulating the "adjust” gases and the conditioned "substitute" gases. The pure
"substitute" gases were still not quite reached, so the points of maximum heating value
and Wobbe index, along the same lines as the conditioned "substitute" gases, were used
in their place. The final compositions are shown in Table 12.

Table 37. Summary of Test Gases

Gas Composition, mol %

Name Blomse | Clisemed Ethane | Propane | Butane | Nitrogen HHV' | Wobbe
Gas Gas

Adj1Q 97.28% | 0.00% | 0.00% | 0.84% | 0.00% | 1.89% | 1010.0 | 1309.0

Adj2Q 98.49% | 0.00% | 0.00% | 0.90% | 0.00% | 0.61% | 1024.0 | 1332.0

Adj3Q 92.02% | 0.00% | 4.62% | 1.95% | 0.81% | 0.59% | 1094.0 | 1374.0

SublQM | 0.00% | 93.62% | 3.99% | 1.69% | 0.70% | 0.00% | 1090.3 | 1394.3

Sub1Q-Hi | 0.00% | 93.17% | 3.97% | 1.68% | 0.69% | 0.49% | 1085.0 | 1385.5

Sub1Q-A3 | 0.00% | 92.57% | 3.95% | 1.67% | 0.69% | 1.12% | 1078.0 | 1374.1

Sub1Q-A2 | 0.00% | 90.20% | 3.85% | 1.63% | 0.67% | 3.65% | 1050.4 | 1329.2

Sub1Q-A1 | 0.00% | 89.16% | 3.80% | 1.61% | 0.66% | 4.76% | 1038.3 | 1309.7

Sub2QM 0.00% | 90.82% | 5.75% | 2.43% | 1.00% | 0.00% | 1122.0 | 1411.9

Sub2Q-Hi | 0.00% | 89.58% | 5.67% | 2.40% | 0.99% | 1.36% | 1106.8 | 1387.7

Sub2Q-A3 | 0.00% | 89.03% | 5.64% | 2.38% | 0.98% | 1.96% | 1100.0 | 1377.0

Sub2Q-A2 | 0.00% | 86.56% | 5.48% | 2.32% | 0.96% | 4.68% | 1069.3 | 1329.2

Sub2Q-A1 | 0.00% | 85.56% | 5.42% | 2.29% | 0.95% | 5.79% | 1056.9 | 1309.9

Figure 42 illustrates the fuel heating values and Wobbe indexes used for the packaged
boiler burner testing.
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Figure 225. Wobbe Indexes and Heating Values for Packaged Boiler Burner Tests

Test Schedule

n

The performance tests with constant firing rate were performed first for all three "adjust
gases. These were followed by performance tests with constant exhaust temperature.
The ignition tests were performed last. Table 13 shows the schedule of test sequences.

The ignition tests were performed separately from the performance tests, because
otherwise heat-up and cool-down time would be prohibitive. Figure 45 illustrates the
overall setup, testing, and analysis schedule. Table 13 shows the schedule of test
sequences. Each sequence of tests (each column in Table 13) was performed during a
single day, with the exception that the ignition tests for the first two "adjust” gases were
both performed on the same day.
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Figure 226. Test Schedule for the Packaged Boiler Burner
Table 38. Test Schedule
Type Constant Firing Rate Constant Exhaust Temperature Ignition
Basis Adj2Q Adj1Q Adj3Q Adj2Q Adj1Q Adj3Q Adj2Q Adj1Q Adj3Q
Subs | SublQ Sub1Q Sub1Q Sub1Q Sub1Q Sub1Q Sub1Q Sub1Q Sub1Q
SublQ-Hi | Sub1Q-Hi | SublQ-Hi | Sub1Q-Hi | Sub1Q-Hi | Sub1Q-Hi | Sub1Q-Hi | Sub1Q-Hi | Sub1Q-Hi
Sub1Q-A3 | Sub1Q-A3 | Sub1Q-A3 | Sub1Q-A3 | Sub1Q-A3 | Sub1Q-A3 | Sub1Q-A3 | Sub1Q-A3 | Sub1Q-A3
Sub1Q-A2 | Sub1Q-A2 | Sub1Q-A2 | Sub1Q-A2 | SublQ-A2 | Sub1Q-A2 | Sub1Q-A2 | Sub1Q-A2 | Sub1Q-A2
Sub1Q-Al | Sub1Q-Al | SublQ-Al | Sub1Q-A1l | Sub1Q-Al | Sub1Q-Al | Sub1Q-Al | Sub1Q-Al | Sub1Q-Al
Sub2Q Sub2Q Sub2Q Sub2Q Sub2Q Sub2Q Sub2Q Sub2Q Sub2Q
Sub2Q-Hi | Sub2Q-Hi | Sub2Q-Hi | Sub2Q-Hi | Sub2Q-Hi | Sub2Q-Hi | Sub2Q-Hi | Sub2Q-Hi | Sub2Q-Hi
Sub2Q-A3 | Sub2Q-A3 | Sub2Q-A3 | Sub2Q-A3 | Sub2Q-A3 | Sub2Q-A3 | Sub2Q-A3 | Sub2Q-A3 | Sub2Q-A3
Sub2Q-A2 | Sub2Q-A2 | Sub2Q-A2 | Sub2Q-A2 | Sub2Q-A2 | Sub2Q-A2 | Sub2Q-A2 | Sub2Q-A2 | Sub2Q-A2
Sub2Q-A1l | Sub2Q-Al | Sub2Q-Al | Sub2Q-A1l | Sub2Q-Al | Sub2Q-A1l | Sub2Q-Al | Sub2Q-A1l | Sub2Q-A1l
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Activities Performed

Setup

Preliminary tests with the typical manufacturer-recommended burner setup were
conducted to verify ignition of the burner on house gas and to determine typical
chamber temperatures at various firing rates on house gas and cleaned gas, fuel flow
rate, the functionality of the blending station (by switching between the different gases),
the functionality of the continuous emissions analyzers, and the functionality of the data
acquisition system.

Continuous Tests — Constant Firing Rate

The continuous tests with constant firing rate measured how the system responds, i.e.,
how the exhaust temperature varies, when various "substitute" gases are fired at a fixed
rate with the burner tuned for a particular "adjust" gas. These tests are useful for
predicting how a system will respond when there is no feedback control.

The test plan was to calibrate the continuous emissions analyzers, fire the burner on
house gas, bring the exhaust gases up to an operating temperature of about 1335°F,
switch to an "adjust” gas, tune the burner on the "adjust" gas by adjusting the air/fuel
ratio, and set the firing rate to around 65% of the burner nominal rated capacity (890,000
Btu/hr) by manually setting the air throttling valve and process controller for the gas
control valve. Next was to allow the exhaust temperature to settle and then collect
exhaust temperature and emissions data for twenty minutes. The blending station was
then switched to one of the "substitute" gases. The emissions were allowed to settle and
then exhaust temperature and emissions data were collected for twenty minutes. This
series of switching gases and collecting data was repeated with the nine other
"substitute" gases. The sampling train for the continuous emission analyzers was
purged and the calibration of the continuous emissions analyzers was then checked
between the "substitute" gases.

The above process was repeated for the second "adjust" gas and all 10 "substitute" gases,
and then repeated again with the third "adjust” gas and all 10 "substitute" gases.

For all of the above sequences with constant firing rate, the response of the system's
performance in terms of exhaust temperature was recorded with the emissions data at 5
second intervals.

Continuous Tests — Constant Exhaust Temperature

The continuous tests with constant exhaust temperature measured how the controller
responds, i.e., how the firing rate varies, when various "substitute" gases are fired with a
system with a fixed operating condition with the burner tuned for a particular "adjust"
gas. These tests are useful for predicting how a system will respond when there is
feedback control.
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The test plan was to calibrate the continuous emissions analyzers, fire the burner on
house gas, bring the test chamber up to an operating condition with an exhaust
temperature of about 1300°F, switch to an "adjust” gas, tune the burner on the "adjust"
gas by adjusting the air/fuel ratio, and connect the temperature controller to the process
controller and variable frequency drive installed on the air blower, Next was to allow
the firing rate to settle and then collect firing rate and emissions data for twenty
minutes. The blending station was then switched to one of the "substitute" gases. The
emissions were allowed to settle and then firing rate and emissions data were collected
for twenty minutes. This series of switching gases and collecting data was repeated with
the nine other "substitute" gases. The sampling trains for the continuous emission
analyzers was purged and the calibration of the continuous emissions analyzers was
then checked between the "substitute” gases.

The above process was repeated for the second "adjust” gas and all 10 "substitute" gases,
and then repeated again with the third "adjust" gas and all 10 "substitute" gases.

For all of the above sequences with constant exhaust temperature, the response of the
controller's performance in terms of firing rate was recorded with the emissions data at 5
second intervals.

Ignition Tests

The ignition tests measured whether the burner lights and the rate of heating on various
"substitute" gases with the burner tuned for a particular "adjust" gas.

The test plan was to calibrate the continuous emissions analyzers, fire the burner on
house gas, bring the test chamber up to an operating temperature of about 1000°F,
switch to an "adjust" gas, tune the burner on the "adjust” gas by adjusting the air/fuel
ratio, set the firing rate to around 32% of the burner nominal rated capacity (435,000
Btu/hr), shut off the fuel, and allow the chamber to cool to 120°F. Next was to have one
(or two) discounted ignition (#0) on the "adjust" gas, allow the exhaust temperature to
reach 1000°F, shut off the fuel, and allow the chamber to cool to 120°F. This was
followed by three consecutive ignition-warm up-shut off-cool down cycles with
recorded ignitions (#'s 1-3) on the "adjust" gas before switching the blending station to
one of the "substitute" gases. The switching was done after the third ignition but before
the shut off so that the fuel line was filled with the "substitute" gas before the first
ignition on that gas. With this "substitute" gas, there were three recorded ignition-warm
up-shut off-cool down cycles (#'s 1-3). This series of three cycles was repeated with the
nine other "substitute" gases. The calibration of the continuous emissions analyzers was
checked periodically between "substitute" gases.

The above process was repeated for the second "adjust" gas and all 10 "substitute" gases,
and then repeated again with the third "adjust" gas and all 10 "substitute" gases.
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Results

Continuous Tests — Constant Firing Rate

The major results from the continuous tests with constant firing rate are the emissions
and the exhaust temperature (the system's response) when the burner is tuned for a
particular "adjust" gas, and the fuel is switched to various "substitute" gases. Figure 91
through Figure 102 show the emissions and exhaust temperature data over the 20
minute data collection intervals for each of the three "adjust" gas tunings

separately. Figure 103 through Figure 106 show the affect of Wobbe Number on
emissions and exhaust temperature data for the three different tunings combined.

Continuous Tests — Constant Exhaust Temperature

The major results from the continuous tests with constant exhaust temperature are the
emissions and the fuel flow rate (the controller's response) when the burner is tuned for
a particular "adjust” gas, and the fuel is switched to various "substitute" gases. Figure 75
through Figure 86 show the emissions and firing rate data over the 20 minute data
collection intervals for each of the three "adjust" gas tunings separately. Figure 47
through Figure 90 show the affect of Wobbe Number on emissions and firing rate data
for the three different tunings combined.

D-255



NOx Emissions (corrected to 3% O2), ppm
Adjust 1

o
N4 ° ) 2 % 4 " Cif © i
50 A
40 -

30

20

0:00 0:30 1:00 1:30 2:00 2:30 3:00 3:30 4.00

Elapsed time

Figure 227. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1

(Corrected to 3% 0O2)
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Figure 228. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1

(Corrected to 3% O2)
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THC Emissions (corrected to 3% 0O2), ppm
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Figure 229. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1

(Corrected to 3% 0O2)
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Figure 230. Exhaust Temperature for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 1
NOx Emissions (corrected to 3% 02), ppm
N
. ) o ® v %) \ oV ®
@ > 3V S ) G A S
Adjust 2 A 2 & S & n,;\{b o~ ® o A v
Ry 2 2) 2 2 %oc” 2 ° < °
50
40 +—4 }
30
20
10
0 ; ; ; ; ;
0:00 0:30 1:00 1:30 2:00 2:30 3:00 3:30 4:00
Elapsed time

Figure 231. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2

(Corrected to 3% O2)
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Figure 232. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2
(Corrected to 3% O32)
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Figure 233. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2

(Corrected to 3% O2)
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Figure 234. Exhaust Temperature for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 2
NOx Emissions (corrected to 3% 02), ppm
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Figure 235. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3

(Corrected to 3% 0O2)
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CO Emissions (corrected to 3% 0O2), ppm
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Figure 236. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3
(Corrected to 3% O3)
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Figure 237. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3

(Corrected to 3% O2)
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Figure 238. Exhaust Temperature for All Substitute Gases for Continuous Testing
with Constant Firing Rate with Burner Tuned for Adjust 3
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Figure 239. NOx Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% 0O2)
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Figure 240. CO Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate
(Corrected to 3% O2)
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Figure 241. THC Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O2)
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Figure 242. Exhaust Temperature for All Substitute Gases
for Continuous Testing with Constant Firing Rate
NOx Emissions (corrected to 3% 02), ppm
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Figure 243. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 1

(Corrected to 3% 0O2)
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Figure 244. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 1
(Corrected to 3% O>)
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Figure 245. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 1

(Corrected to 3% 0O2)
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Figure 246. Firing Rate for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 1
NOx Emissions (corrected to 3% 02), ppm
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Figure 247. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 2

(Corrected to 3% 0O2)
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Figure 248. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 2
(Corrected to 3% O2)
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Figure 249. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 2

(Corrected to 3% 0O2)
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Figure 250. Firing Rate for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 2
NOx Emissions (corrected to 3% 02), ppm
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Figure 251. NOx Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 3

(Corrected to 3% 0O2)
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Figure 252. CO Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 3
(Corrected to 3% O>)
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Figure 253. THC Emissions for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 3

(Corrected to 3% 0O2)
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Figure 254. Firing Rate for All Substitute Gases for Continuous Testing
with Constant Exhaust Temperature with Burner Tuned for Adjust 3
NOXx (corrected to 3% O2), ppm
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Figure 255. NOx Emissions for All Substitute Gases
for Continuous Testing with Constant Exhaust Temperature

(Corrected to 3% 0O2)
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Figure 256. CO Emissions for All Substitute Gases
for Continuous Testing with Constant Exhaust Temperature
(Corrected to 3% O»)
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Figure 257. THC Emissions for All Substitute Gases
for Continuous Testing with Constant Exhaust Temperature

(Corrected to 3% O2)
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Figure 258. Firing Rate for All Substitute Gases
for Continuous Testing with Constant Exhaust Temperature
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Ignition Tests

The ignition tests measured whether the burner lights and the rate of heating. All the
ignition efforts were successful. No ignition failure was observed during the

tests. Figure 46 through Figure 74 show the on-off cycling during the ignition tests. The
longer duration shown for the third ignition of each gas is due to switching to the next
gas before shut off so that the fuel line is filled with that gas before the first ignition.
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Figure 259. Cycle Pattern during Ignition Testing for Adjust 1 Basis
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Ignition Test for Adjust 2. Exhaust Temperature, °F
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Figure 260. Cycle Pattern during Ignition Testing for Adjust 2 Basis

Ignition Test for Adjust 3. Exhaust Temperature, °F
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Figure 261. Cycle Pattern during Ignition Testing for Adjust 3 Basis
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Calculations

The equation below is the linear correction used to approximately cancel out the
analyzer drift;

i

Xeorr = Xmeas —((Zero drift)+ (Span drift)MjT ,
2

Span value

where X is the corrected emissions value, Xmes is the measured value, the drift values
are as labeled, T: denotes the time elapsed from the previous analyzer calibration, and T>
denotes the time from the previous analyzer calibration to the next analyzer calibration.

After this correction, the emissions were normalized to 3%0O: using the formula,

21—3%J

X30%02 = Xcorr(m
= %0,

where X3%o02 is the final value after both the correction for drift and the normalization to
a common %0z in the exhaust.

The Firing Rate was calculated from the actual flow data. The heating value calculation
followed the ASTM D 3588 — 98(03) standard at 70°F.
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Analysis and Conclusions

The charts and data are analyzed in the same sections below as appear in the Results
section.

Continuous Tests — Constant Firing Rate

For all three "adjust” gas tunings, "substitute" gases with higher Wobbe indexes yielded
slightly lower NOx and THC emissions, and yielded slightly higher CO emissions.

The exhaust temperature tended to follow the Wobbe index. This was not unexpected
since the heat input to the burner is directly tied to Wobbe index.

Continuous Tests — Constant Exhaust Temperature

For all three "adjust" gas tunings, "substitute" gases with higher Wobbe indexes yielded
higher NOx emissions. There was no trend in CO emissions except for Adjustl, which
may have lower CO with higher Wobbe index, but there is a lot of scatter in the data due
to the overall low levels of CO emissions. The THC emissions appear to trend slightly
lower with higher Wobbe index for Adjust2 and Adjust3, and the opposite for Adjustl,
but again the overall values are low.

The firing rate tended to follow the Wobbe index except for Adjust3, which appeared to
be invariant.

Ignition Tests

Since all 99 startups (11 gases times 3 ignitions times 3 tuning bases) were successful,
comparisons are not possible. With proper setup, the spark ignited pilot does not
appear to be affected by the fuel used.
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Selected Photographs

Figure 263. Test Chamber
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Figure 265. Blending Stat
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Tl
Objective

The purpose of the radiant tube burner interchangeability field trial is to assess the
performance of a common industrial burner on an industrial furnace when fired with
different natural gas compositions. The burner’s performance when firing selected
Adjust Gases was compared with its performance when firing selected Substitute Gases
with and without different levels of nitrogen ballasting.

Approach

The tests used a portable version of the laboratory setup for blending gas compositions.
One burner in a 6-burner zone of the furnace was chosen by the site that fires
continuously at a near constant firing rate, that is easily accessible, and that is least likely
to disrupt overall furnace operations since other burners in the zone are modulate in
firing rate to maintain furnace temperature. The burner was first tuned to operate with
an “adjust” gas composition. Operating/switching tests were then performed. During
these tests several “substitute” gas compositions were fired in sequence on the burner.
These tests were then repeated with the other two “adjust” gases as a basis.

Due the burners continuous use in an industrial furnace, ignition tests were not
performed, and operating tests were performed in only one mode, constant firing rate.
The constant firing rate tests were performed at a fixed, nearly 100% firing rate. The
system's response in terms of emissions, exhaust temperature, and combustion air
preheat temperature was recorded. The fuel's composition was also recorded.

For all test sequences, the furnace was operating continuously for at least a day prior to
the tests. The fuel was switched from house gas to an "adjust" gas, and the burner was
tuned per manufacturer's specifications by adjusting a limiting orifice so that the
exhaust gas contained 2.8% Os.

Table 9 shows the specific performance measurements.

Table 39. Performance Metrics for the Radiant Tube Burner

BASIC PERFORMANCE METRICS

Gaseous Pollutant Emissions

Exhaust Temperature

Combustion Air Preheat Temperature

Fuel Composition
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Test Apparatus

The furnace used for this field trial was installed in the #2 continuous galvanizing line at
California Steel Industries in Fontana, CA. The furnace had three zones—a preheat
section with 24direct fired, flat flame (wall hugger) burners; a heating zone with indirect
heating by 21 "W" shaped radiant tubes, each with a Bloom model 2320 burner and
recuperator; and a cooling zone. Burner No. N5 was used for the field trial. The burner
used a spark-ignited house gas pilot, which ran continuously.

The fuel supply to the tested burner was fed from a manifold which also supplies fuel to
several other (but not all) burners in the heating zone. The line from the header to the
burner included a manual shut-off valve and a limiting orifice for tuning.

In parallel to this line, for the purpose of the field trial, a bypass line was installed that
included isolation valves at the beginning and end, a mass flow meter, and port for
adding blending gases, a static mixer, a limiting orifice, and a port measuring fuel
composition. The latter port was originally after the limiting orifice, but was moved to
before the limiting orifice since the pressure was too low at the burner to deliver a fuel
sample. The bypass line was used during interchangeability testing, while the original
line was used for normal operation of the burner when not being tested without having
to reset the tuning of the burner.

One thermocouple was added to the combustion air preheat port of the recuperator, and
another thermocouple was added to the exhaust port of the recuperator. Also added to
the exhaust port of the recuperator was a stainless steel sampling line, which was
connected via a Teflon line through a filtering and drying train to a portable combustion
analyzer for NOx, CO2, CO, and O: and a continuous emissions analyzer for THC.

The fuel sampling port was connected via a stainless steel line to a portable gas
chromatograph (micro GC), supplied and operated by Southern California Gas
Company (SoCalGas).

The experimental setup is shown in Figure 37 through Figure 225.

The field trial used a portable version of the custom-built blending station that used in
laboratory tests The blending station was used to provide simulated natural gas
compositions to the radiant tube burner at up to 6 psig. The blending station allowed
for a main stream of house gas to which metered amounts of propane and nitrogen
could be added. The house gas was the normal natural gas delivered to the site. House
gas was used for normal operations of the radiant tube burner when interchangeability
tests were not being conducted.

A mass flow meters was used to measure the house gas flow. Mass flow controllers
were used to add propane and nitrogen to the main stream. Propane was supplied from
the gaseous outlet of a liquid cylinder, and nitrogen was supplied from a gas cylinder.
All gases were regulated down to about 15 psig before or upon entering the blending
station.
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The exhaust and combustion air preheat thermocouples, portable combustion analyzer,
continuous emissions analyzer, mass flow meter, and mass flow controllers were
connected to a data acquisition and control system. Instruments used to perform this
test are listed in Table 3.

Table 40. Summary of Test Instruments

Instrument Parameter Range Accuracy
4-20 mA, 16 bit input current;
National Instruments Data logging 0-5V,0-10V, 12 bit input voltage;
Field Point Modules and control +100 mV, 12 bit output current;
on/off (relay) 16 bit temperature
LabView software Data logging — —
Custom software Control — —
Data logging
Laptop computer and control — —
Type K thermocouple Exhaust temperature 2502°F —
Type K thermocouple | Combustion air preheat temperature 2502°F —
NOx concentration; 0-250 ppm, ) 0.5% full scale;
Span 201 ppm;
CO concentration; S 01-1210 521)71) m,m. 1.0% full scale;
Horiba PG-250 pan \o../ PP
CO, concentration; 0-20%, 0.5% full scale;
2 ’ Span 18.01%; = ’
. 0-10%, N
O, concentration Span 7.93% 0.5% full scale
Rosemount Analytical . 0-100 ppm, o
400A THC concentration Span 78.6 ppm 1% full scale
Magnetrol 1.0% of rate plus
TA2 House gas flow rate 1500 SCFH 0.5% of full scale
Brooks Instruments 0.7% of rate plus
53515 Propane gas flow rate 68.5 SCFH 0.2% of full scale
Brooks Instruments . 0.7% of rate plus
58515 Nitrogen gas flow rate 141 SCFH 0.2% of full scale
Micro GC Fuel Composition 0-100% 1% full scale

The measured flow rates of the house gas and the fuel gases supplied from the custom

blending station to the burner were recorded using National Instruments Field Point
Modules and a LabView program running on a laptop computer. The fuel gas

compositions were commanded through a separate, custom program on the same laptop

computer. The custom program used the measured flow rate of the main stream to
determine the flow rates of the added gases. A table of ratios of each added gas to main
stream for each "adjust" and "substitute" gas was created for the custom program.

Test Gases

The test gases were selected to match compositions distributed in California, and
international compositions that may be imported into California. The compositions
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distributed in California are designated “adjust gases” for the purpose of tuning the
burner for optimum performance on each of them. The remaining gases are designated
“substitute gases” for the purpose of comparing performance with the substitute gases
to performance with the adjust gases. Table 4 summarizes the gas compositions.
Adjust 1 is representative of natural gas in the Sacramento area, Adjust 2 is an average
value for the state of California, and Adjust 3 is representative of some areas in
California with higher Btu content due to local natural gas production. The two
substitute gases, Sub 1 and Sub 2, were selected from a set of potential LNG
compositions available to California; Sub 1 has a relatively low Wobbe Number (1408)
compared with the other LNG compositions, and Sub 2 has a relatively high Wobbe
Number (1425). Because it is possible that these "substitute" gases will be conditioned
with nitrogen prior to distribution in California, additional compositions with nitrogen
added to make the Wobbe Number match those of the selected "adjust" gases.

Table 41. Summary of Adjust and Substitute Gases

Gas Composition, mol %
Cl | c2 [ C3 : c4 | s+ | N2 [ cop | HHV | Wobbe
Adjust1 | 932 | 2.52 | 0.41 | 0.14 | 0.093 | 2.691 | 0.920 | 1010 1309
Adjust2 | 94.5 | 2.55 | 0.42 | 0.14 | 0.094 | 1.361 | 0.931 | 1024 1332
Adjust3 | 90.61 | 2.45 | 3.41 1.25 | 0.094 | 1.305 | 0.893 | 1094 1374

Subl | 924 | 49 | 19 | 079 | 00 | 00 | 00 | 1099 1408

Name

@1385 | 913 | 48 | 1.9 [ 079 | 00 | 12 | 00 | 1086 | 1387

@1375 | 907 | 48 | 1.9 [ 079 | 00 | 19 | 00 | 1080 | 1375

@1332 | 883 | 48 | 1.8 | 079 | 00 | 44 | 00 | 1053 | 1331

@1308 | 878 | 46 | 1.8 [ 070 | 00 | 55 | 00 | 1036 | 1308

Sub2 | 894 | 71 | 25 | 104 | 00 | 00 | 00 | 1131 1426

@1385 | 875 | 7.0 | 24 | 100 | 00 | 21 | 00 | 1106 | 1387

@1375 | 869 | 69 | 24 | 100 | 00 | 27 | 00 | 1098 | 1376

@1332 | 845 | 6.7 | 24 | 100 | 00 | 54 | 00 | 1070 | 1330

@1308 | 836 | 6.6 | 23 | 100 | 00 | 65 | 00 | 1057 | 1310

For small-scale testing (up to about 40,000 Btu/h), it is practical to purchase cylinders
with these exact 13 compositions, or purchase cylinders with the exact 5 compositions
for 3 "adjust” gases and 2 "substitute" gases and blend nitrogen with the "substitute"
gases to create the "conditioned" gas compositions. For medium-scale testing (up to
about 200,000 Btu/h), it is practical to create these compositions from cylinders of pure
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gases using a blending station. For large-scale testing (over 1,000,000 Btu/h), the amount
of pure methane needed requires a tube trailer, or a means to strip out the inerts
(particularly the heavy molecular weight CO:), which allows most of the composition to
be obtained by blending in ethane, propane and butane, and nitrogen into the cleaned
house gas. .

For field trials of industrial sized burners, none of these approaches is practical due to
either the volume of gases need or the pressure drop required to scrub the house gas.
Also, the fact that one burner is being test out of a zone of multiple burners all fed by a
common manifold, means that the one burner cannot be fed fuel independently when it
is in a controlled industrial operation.

The approach taken was to simply measure the flow rate of the gas being fed to the one
burner, and blend in gases downstream of the flow measurement point to create various
fuel compositions. The approach works well when there is a pressure regulator or a
relatively large pressure drop between the burner and the blending point, the latter
being the case here due to the limiting orifice used to tune the burner.

In the laboratory testing, ethane, propane and butane were all used to create the various
fuel composition. All three gases affect the Wobbe index in the direction, so any one of
them, along with nitrogen, can be used to create an array of higher heating values
(HHVs) and Wobbe indices. Since propane is in the middle of the three, is the most
readily available, comes in relatively compact liquid tanks with a more than sufficient
gas vapor pressure, and there was some expressed desire to have a high propane content
in the fired fuel, it was chosen.

The "adjust" gases could be simulated (same heating value and Wobbe index) by
blending in propane and nitrogen from cylinders into the site's house gas. However,
the pure "substitute” gases and conditioned (nitrogen-diluted) "substitute" gases with
higher Wobbe indices could not be simulated this way because of the amount of inerts
(CO:z and N2) in the house gas. The points of maximum heating value and Wobbe index,
along the same lines as the conditioned "substitute" gases, were used in their place. The
portable gas chromatograph was used to measure the composition of the house gas for
each day of testing. With this information, calculations were made to determine the
appropriate amounts of propane and nitrogen to be added to achieve the desired HHV
and Wobbe indices. These compositions are shown in Table 12.
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Table 42. Summary of Test Gases

05/11/2011 House st S Comr;)rii;)i;)rrlle’ e %Nitrogen HHV | Wobbe
AdjIWH* 96.28% 1.10% 2.62% 1010.0 | 1309.0
Adj2WH 97.48% 1.17% 1.35% 1024.0 | 1332.0
Adj3WH* 93.06% 5.71% 1.24% 1094.0 | 1374.0
Sub1WH-A3M 95.46% 4.11% 0.43% 1078.0 | 1374.1
Sub1WH-A2 93.02% 4.00% 2.98% 1050.4 | 1329.2
Sub1WH-A1 91.95% 3.96% 4.09% 1038.2 | 1309.7
Sub2WH-HiM 93.17% 6.16% 0.66% 1106.8 | 1387.7
Sub2WH-A3 92.60% 6.12% 1.27% 1100.0 | 1377.0
Sub2WH-A2 90.03% 5.95% 4.01% 1069.3 | 1329.2
Sub2WH-A1 88.99% 5.88% 5.13% 1056.9 | 1309.9
* not used on this date
05/12/2011 House st : Comr;)rii;)i;)rrlle’ e %Nitrogen HHV | Wobbe
AdjIWH 96.46% 0.71% 2.83% 1010.0 | 1309.0
Adj2WH* 97.66% 0.78% 1.56% 1024.0 | 1332.0
Adj3WH 93.23% 5.33% 1.44% 1094.0 | 1374.0
Sub1WH-A3M 95.64% 3.72% 0.64% 1078.0 | 1374.1
Sub1WH-A2 93.19% 3.63% 3.18% 1050.4 | 1329.2
Sub1WH-A1 92.12% 3.59% 4.29% 1038.2 | 1309.7
Sub2WH-HiM 93.34% 5.79% 0.87% 1106.8 | 1387.7
Sub2WH-A3 92.77% 5.75% 1.48% 1100.0 | 1377.0
Sub2WH-A2 90.20% 5.59% 4.21% 1069.3 | 1329.2
Sub2WH-A1 89.15% 5.53% 5.33% 1056.9 | 1309.9

* not used on this date
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Figure 42 illustrates the desired fuel heating values and Wobbe indices to be used for the
radiant tube burner field trial.
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Figure 266. Wobbe Indices and Heating Values for Radiant Tube Burner Field trial

With the elimination of two of the metered fuel gases, and remote monitoring of only
one main stream (the house gas), the blending station became simplified enough to
made into a "portable" case. Mass flow controllers for propane and nitrogen (from the
larger laboratory blending station) and a data acquisition system were placed inside an
electrical enclosure (with lid removed during operation), with shut off valves for the
propane and nitrogen, and with external connection receptacles added for supply
power, propane gas inlet, nitrogen gas inlet, mixed propane/nitrogen gas outlet, power
and signal for the remote mass flow meter, signal from the continuous emission
analyzer, signals from the thermocouples, and data link to a laptop computer. The
laptop computer was connected directly to the portable combustion analyzer to
complete the interconnections. The portable gas chromatograph was completely
independent, including its own laptop computer.
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Test Schedule

The performance tests with constant firing rate were performed for all three "adjust"
gases. Table 13 shows the planned schedule of test sequences. The actual sequence was
as shown for the AdjI1WH and Adj3Wh bases, but for the Adj2WH basis, the Sub1WH-
A3M and Sub1-A2 tests had to be re-conducted at the end of that sequence (see
Activities Performed section for more details).

Table 43. Planned Test Schedule

Type Constant Firing Rate

Basis | Adj2WH AdjIWH Adj3WH

Subs | Sub1WH-A3M | SublWH-A3M | SublWH-A3M

Sub1WH-A2 Sub1WH-A2 Sub1WH-A2

SublWH-A1 Sub1WH-A1 SublWH-A1

Sub2WH-HiM | Sub2WH-HiM | Sub2WH-HiM

Sub2WH-A3 Sub2WH-A3 Sub2WH-A3

Sub2WH-A2 Sub2WH-A2 Sub2WH-A2

Sub2WH-A1 Sub2WH-A1 Sub2WH-A1
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Activities Performed

The field trial of the radiant tube burner was performed over the course of a week in
May 2011.

Setup

On the first two days of the week, GTT's test equipment and instrumentation and
SoCalGas's portable gas chromatograph was set up at the site.

During the first day, the gas piping bypass line, with mass flow meter, blending gas
port, static mixer, and limiting orifice, was installed in parallel to the existing gas supply
line from the header to the burner. Branch tees and isolation valves has already been
installed prior to GTI's visit by site personnel along with a port near the burner for
sampling the house gas or fuel gas. A thermocouple was added to combustion air
preheat port of the recuperator, and another thermocouple was added to the exhaust
port of the recuperator along with a sampling line.

The portable combustion analyzer and THC emissions analyzer were placed on table
near the burner along with the portable blending station. Flow switch boxes were
attached to the two analyzers to allow for selection of sample gas, zero gas, or span gas.
A drying train and sampling pump was placed between the sampling line and the flow
switch boxes.

The fuel and calibration gas cylinders were placed near the instrumentation and tubing
lines were run to the flow switch boxes and portable blending station. A tubing line was
run from the outlet of the portable blending station to the blending gas port on the gas
piping bypass line. Thermocouple wires were run from the thermocouples at the
recuperator to the dedicated connection jacks for the data acquisition system in the
portable blending station. Power and signal lines were run from the mass flow meter in
the gas piping bypass line to the dedicated connection jacks on the portable blending
station along with a signal line from the THC analyzer. An Ethernet cable was run from
the portable blending station to a laptop computer placed on a second table along with a
serial cable from the portable combustion analyzer.

SoCalGas's portable gas chromatograph (GC) was placed on a third table, and a
sampling line was connected from it to the gas sampling port.

The second day at the site was spent debugging, troubleshooting, and practice testing.
The first two feet of the Teflon sampling line from the exhaust port was replaced by
stainless steel. The portable combustion analyzer was replaced with an identical back
analyzers since the original analyzer was now holding calibration and would not
communicate with the laptop computer. The outlet of the sampling pump was moved
to first feed the THC analyzer and then the portable combustion analyzer instead of the
other way around since the THC analyzer needed positive pressure and the portable
combustion analyzer need negative pressure at their respective inlets.
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A new port for sampling house gas or fuel gas was added to the gas piping bypass line
between the static mixer and limiting orifice because the pressure in the supply line at
the burner was insufficient to convey a sample down to the GC. A coalescing filter was
added to the sampling for the GC.

The portable and THC analyzers were connected to the sampling line. The gas piping
bypass line was activated and, simultaneously, the original burner supply line was
deactivated. The limiting orifice in the gas piping bypass line was adjusted to roughly
tune the burner. A GC sample of the then flowing house gas was taken. Based on the
GC analysis, a calculation was made to create the Adj2WH composition. This procedure
involved transferring the data from the computer attached to the GC to another
computer, running a spreadsheet with iterative calculations to determine the proper
amounts of propane and nitrogen to blend into the house gas for the 10 "adjust" and
"substitute" gases, and transferring these ratios from this computer to the computer
connected to the blending station.

The blending station was then commanded to flow the proper amounts of propane and
nitrogen based on the amount of house gas flowing. The added amounts of propane
and nitrogen cause the amount of house gas flow to slow down, but the propane and
nitrogen flows are automatically recalculated by the program running on the computer
to keep the ratios (and composition) constant. The burner was then more finely tuned.

The propane and nitrogen were then switched off, and the original burner supply line
was reactivated while simultaneously deactivating gas piping bypass line. With the
analyzers still connected to the sampling line, the limiting orifice in the original burner
supply line was adjusted to tune the burner to 2.85% oxygen in the exhaust as a courtesy
to the site.

Continuous Tests — Constant Firing Rate

Testing began on the third day of the week. The furnace had been running continuously
for at least a day at this point.

The portable combustion and THC analyzers and the GC were calibrated. The gas
piping bypass line was activated and a sample of the house gas was taken with the GC.
The blending ratios were calculated and transferred to the blending station for the 10
"adjust" and "substitute" gases using the procedure described above. The Adj2WH
composition was now fed to the burner. The burner was tuned to 2.85% oxygen in the
exhaust. Twenty minutes of readings were collected by the data acquisition system at 5
second intervals. Five minutes into the data collection period another sample was taken
and analyzed by the GC. The five minutes was deemed necessary to assure that the
sample, which was being continuously sent to the GC's sample loop, contained the fuel
gas under test. At the end of the data collection, the calibration of the analyzers was
checked.
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The fuel was next switched to Sub1WH-A3M, and another 20 minutes of readings were
collected along with a GC sample at the 5 minute point. This was repeated for Sub1WH-
A2, followed by another check of the analyzers. At this point it became apparent the
flow rates of nitrogen and propane were too low for the Sub1WH-A3M and Sub1WH-A2
runs. A check of the spreadsheet eventually showed that the wrong column of data was
referenced in the calculations of the "substitute" gas compositions (the "adjust" gas
compositions were correct). The calculations were corrected and the new ratios were
transferred to the blending station. Testing then continued with the Sub1WH-A1,
Sub2WH-HiM, Sub2WH-A3, Sub2WH-A2, and Sub2WH-A1 compositions, with GC
samples for every fuel gas and with calibrations checks after every other fuel gas. After
switching back to Adj2WH, the tests were conducted with the proper Sub1WH-A3M
and SublWH-A2 compositions. The reason these two compositions were not
immediately repeated was that it was deemed more important to finish the test sequence
as planned because there could be insufficient time at the end of the day. That is, it
would be better to complete the test sequence with two points somewhat off than to
completely miss the last two points if time was not available.

Testing continued on the fourth day of the week, with an earlier start time. The furnace
was still running continuously.

Testing on this day proceed in the same manner as the previous day, but without the
composition calculation problem. The house gas composition was measured with the
GC. The blending ratios were calculated and transferred to the blending station for the
10 "adjust" and "substitute” gases. The Adj1WH composition was now fed to the burner.
The burner was tuned to 2.9% oxygen in the exhaust. Data was collected for 20 minutes
of operation on Adj1WH along with a GC sample. Testing then proceeded with the
Sub1WH-A3M, SublWH-A2, SublWH-A1, Sub2WH-HiM, Sub2WH-A3, Sub2WH-A2,
and Sub2WH-A1 compositions, with GC samples for every fuel gas and with
calibrations checks after every other fuel gas. After switching back to Adj2WH, it was
determined that the next sequence of tests could be completed the same day with the
site allowance of the testing proceeding into the evening hours.

The Adj3WH composition was now fed to the burner. The burner was tuned to 2.95%
oxygen in the exhaust. Data was collected for 20 minutes of operation on Adj3WH along
with a GC sample. Testing then proceeded with the Sub1WH-A3M, Sub1WH-A2,
Sub1WH-A1, Sub2WH-HiM, Sub2WH-A3, Sub2WH-A2, and Sub2WH-A1 compositions,
with GC samples for every fuel gas and with calibrations checks after every other fuel
gas. The fuel was switched back to Adj3WH composition before going back to the house

gas.

The original burner supply line was reactivated and the limiting orifice in the original
burner supply line was adjusted to retune the burner to 2.75% oxygen in the exhaust as a
courtesy to the site.
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Breakdown

The fifth day of the week was spent disconnecting the tubing runs and wiring, removing
the mass flow meter from the gas piping bypass line and plugging off the ports on this
line, relocating the calibration gas cylinders, packing the analyzers and test equipment
into their containers, having the site palletize the containers for shipment, and (by
SoCalGas) disconnecting and removing the GC.
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Results

Continuous Tests — Constant Firing Rate

The major results from the continuous tests with constant firing rate are the emissions
and the exhaust and combustion air preheat temperatures (the system's response) when
the radiant tube burner is tuned with a particular "adjust” gas, and the fuel is switched
to various "substitute" gases. Figure 48 through Figure 200 show the emissions, exhaust
and combustion air preheat temperatures over the 20 minute data collection intervals for
each gas. Average values for the three test sequences are shown in Figure 103

through Figure 287. The highest and lowest values indicated for each point, along with
a linear trend line. The calculated values of the higher heating value and Wobbe index
for all the test gases based on the measurements made by the gas chromatograph are
shown in Figure 288.
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Figure 267. NOx Emissions for Adjustl Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 268. CO Emissions for Adjust]l Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate
(Corrected to 3% O2)
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Figure 269. THC Emissions for Adjust]l Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 270. CO2 and Oz Emissions for Adjustl Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate
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Figure 271. Exhaust and Combustion Air Preheat Temperature for Adjustl Tuning and
All Substitute Gases for Continuous Testing with Constant Firing Rate
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Figure 272. NOx Emissions for Adjust2 Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate
(Corrected to 3% O2)
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Figure 273. CO Emissions for Adjust2 Tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 274. THC Emissions for Adjust2 Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)

30
= N -~ = 3] o -
T 2 s I I < < 5
= + I I T I I T
25| & z = = = = = =
- ~ ~ N N N N
< b El 3 g El E] 3
=] >
a n 7} 1) 7} n 7}
o 20 A
X
o
S
- 15 1
c
©
o
o A B e N E— —
10
5,
0

Figure 275. Oz and CO: Emissions for Adjust2 Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate
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Figure 277. NOx Emissions for Adjust3 Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O2)
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Figure 278. CO Emissions for Adjust3 Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate
(Corrected to 3% O2)
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Figure 279. THC Emissions for Adjust3 Tuning and All Substitute Gases

for Continuous Testing with Constant Firing Rate

(Corrected to 3% O3)
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Figure 280. Oz and CO2 Emissions for Adjust3 Tuning and All Substitute Gases
for Continuous Testing with Constant Firing Rate
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Figure 281. Exhaust and Combustion Air Preheat Temperature for Adjust3 Tuning and
All Substitute Gases for Continuous Testing with Constant Firing Rate
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Figure 282. NOx Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate
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Figure 283. CO Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate

(Corrected to 3% O2)
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Figure 284. THC Emissions for All Substitute Gases
for Continuous Testing with Constant Firing Rate
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Figure 285. Exhaust Temperature for All Substitute Gases
for Continuous Testing with Constant Firing Rate
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Figure 287. Fuel Properties Based on Gas Chromagraphic Analysis
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Calculations

All concentrations of emissions were measured on a dry basis. The equations below is
the linear correction used to approximately cancel out analyzer drift;

C
Xeorr (1) = (Ximeas (1 = Z(0) o o
where
20-2,+2,-2) 2,
(ts —tu)
S(t) = Scl +(Scz cl) (t tSI)
( s2 sl)

Scl = S1 _Z(tsl)/
Scz = Sz —Z(tsz)/

where Xcor(t) is the corrected emissions value and Xmes(t) is the measured value at time ¢,
Z(t) is the zero drift correction, 5(f) is the span drift correction, C is the span gas
concentration, Z1 and Z2 are the instrument readings on zero gas at times Tz1 and Tz,
respectively, S1 and Sz are the instrument readings on span gas at times Ts1 and Ts,
respectively, and Sa and S« are the values of the span readings corrected for zero drift,
respectively.

After this correction, emissions were normalized to 3%0O:2 using the formula,

21% —3% J

X30502 (1) = Xorr (1) - '
3%02 (1) corr (1 [21% — %0, corr (1)

where Xs%02(t) is the final value after both the correction for analyzer drift and the
normalization to a common 3% oxygen concentration in the dried exhaust.
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Analysis and Conclusions

The charts and data are analyzed in the same sections below as appear in the Results
section.

Continuous Tests — Firing Rate

About 15 minutes into the 20 minute run for the "substitute” gas Sub1WH-A2 with
Adj2WH tuning basis, which was actually the last gas tested on that day, the firing rate
on the test burner was throttled back due to a production rate change. This effect is
most notable in Figure 277. Only the first 15 minutes of data for this test were averaged
for Figure 103 through Figure 287.

Even though tests with "substitute" gases Sub1WH-A3M and Sub1WH-A2 with
Adj2WH tuning basis were performed at the end of the test sequence, their data are
shown in there planned spots in Figure 273 through Figure 277 to be consistent
with Figure 48 through Figure 272 and Figure 278 through Figure 200.

The gas chromatograph analysis of the fired fuels (see Figure 288) showed larger higher
heating values and Wobbe indices than desired. The general qualitative pattern of the
values still matched the desired pattern (see Figure 42), so the analyses below are still
based on a proper sequence of higher heating values and Wobbe indices, but simply
with a broader range of values. The values in Figure 288 may indicate that more
propane was flowing relative to natural gas than desired since there is consistency in the
results, the gas chromatograph was not tuned for high levels of propane, or a
combination of both. The software for the gas chromatograph did have trouble
recognizing the peak for propane as propane. More than half of the time it did not
report a value for propane when the concentration was over 6%, and the concentration
had to be manually determined long after the tests were completed from the reported
area under the unrecognized peak. For two of the three runs with the "substitute" gas
Sub2WH-HiM there appears to be a kink the sequences in the graph, but the flow rate
data from the mass flow meters and controllers do not show this kink, so the kink may
just be an artifact of the limitations of the gas chromatograph being tuned for normal
natural gas compositions.

For the most part, "substitute" gases with higher Wobbe indices than the "adjust" gas
that the radiant tube burner was tuned for yielded slightly (~6%) lower NOx emissions.
Emissions of CO and THC were always low during the testing and showed no
discernable trends with Wobbe index. Exhaust and combustion air preheat
temperatures were slightly higher (~9 °F and ~8 °F, respectively) with gases with higher
Wobbe indices.
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Selected Photographs

Figure 288. Radiant Tube Burner and Recuperator

(Middle Burner Tested)

Figure 289. Gas Piping Bypass Line and Thermocouples
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Figure 291. Gas Cylinders, Analyzers, and Blending Station
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Figure 292. Gas Chromatograph

D-311



NATURAL GAS IN CALIFORNIA: ENVIRONMENTAL IMPACTS
AND DEVICE PERFORMANCE

Industrial Field Trials:
Water Tube Boiler Interchangeability Test Report

Prepared by
John Wagner, Ph.D.
Gas Technology Institute

1700 S. Mount Prospect Road
Des Plaines, IL 60018

(GTI Project No. 20352)
For

California Energy Commission
Contract No. CEC-500-05-026
Commission Project Manager

Marla Mueller

April 2012

Gas Technology Institute
1700 S. Mount Prospect Rd.
Des Plaines, lllinois 60018
www.gastechnology.org

D-312



e TABLE OF CONTENTS

[0 153 1T 5 7R
W2 0 03 (0T T4 1 S
Activities Performed ... ssssasenes 323
RESULLS ettt b bbb bbb et susssssenenes
CalCULALIONS ..ttt s s a s bbb bR s b bR Sebsesesnene
Analysis and CONCIUSIONS........couiieviiruiinriinriissiissiissiissiissiisssstsiisssssssesssssssssssssssessssssens 336
Selected PhotograpRiis.....ciicnincninininintiinniinniinsiisiissiisisssinsssssssssssssssssssssssssssaes 337
e TABLES
Table 1. Performance Metrics for the Water Tube Boiler............ccccooviviiniiniiiiinicnnee. 315
Table 2. Summary of Test INStruments...........cccccceeviriiiiiniiiinneee 317
Table 3. Summary of Adjust and Substitute Gases............ccccccvvuveiiiniiiiniiiiiiice, 318
Table 4. Summary of Test Gases..........ccccoviiiiiiiiiiiiiii e 319
Table 5. Planned Test Schedule ............ccoooiiiiiiiiiiie 322
e FIGURES

Figure 1. Wobbe Indices and Heating Values for Water Tube Boiler Field Trial............ 321
Figure 2. NOx Emissions with House Gas Tuning for All Adjust and Substitute

Gases for Continuous Testing with Constant Firing Rate......................... 328
Figure 3. CO Emissions with House Gas Tuning for All Adjust and Substitute

Gases for Continuous Testing with Constant Firing Rate......................... 328
Figure 4. THC Emissions with House Gas Tuning for All Adjust and Substitute

Gases for Continuous Testing with Constant Firing Rate......................... 329

Figure 5. CO2 and Oz Emissions with House Gas Tuning for All Adjust and
Substitute Gases for Continuous Testing with Constant Firing

Figure 6. Exhaust Temperature with House Gas Tuning for All Adjust and
Substitute Gases for Continuous Testing with Constant Firing

RALE et 329
Figure 7. NOx Emissions with House Gas Tuning for Super-Low Wobbe Index

Gases for Continuous Testing with Constant Firing Rate......................... 330
Figure 8. CO Emissions with House Gas Tuning for Super-Low Wobbe Index

Gases Continuous Testing with Constant Firing Rate ..........cccooeeeennn. 330
Figure 9. THC Emissions with House Gas Tuning for Super-Low Wobbe Index

Gases for Continuous Testing with Constant Firing Rate......................... 330

D-313



Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.

Figure 25.
Figure 26.

Figure 27

CO:z and O: Emissions with House Gas Tuning for Super-Low Wobbe

Index Gases for Continuous Testing with Constant Firing Rate..............
Exhaust Temperature with House Gas Tuning for Super-Low Wobbe

Index Gases for Continuous Testing with Constant Firing Rate..............
NOx Emissions with House Gas Tuning and Hottest Gas Tuning for

Continuous Testing with Constant Firing Rate...........cccooovinnn
CO Emissions with House Gas Tuning and Hottest Gas Tuning for

Continuous Testing with Constant Firing Rate..........c.cccccccviiiinninins
THC Emissions with House Gas Tuning and Hottest Gas Tuning for

Continuous Testing with Constant Firing Rate...........ccccccooviinnnn
CO:z and O2 Emissions with House Gas Tuning and Hottest Gas

Tuning for Continuous Testing with Constant Firing Rate......................
Exhaust Temperature with House Gas Tuning and Hottest Gas Tuning

for Continuous Testing with Constant Firing Rate ...........ccccocccccvniiinns
NOx Emissions for All Adjust and Substitute Gases for Continuous

Testing with Constant Firing Rate ............ccccoccoeiviiiinniiniiiiicns
CO Emissions for All Adjust and Substitute Gases for Continuous

Testing with Constant Firing Rate ............cocoooiiiiiii
THC Emissions for All Adjust and Substitute Gases for Continuous

Testing with Constant Firing Rate ............ccccoceceviviiinniiiniiiniicns
Exhaust Temperature for All Adjust and Substitute Gases for

Continuous Testing with Constant Firing Rate...........ccccccoooviinnnnnn
Fuel Properties Based on Gas Chromagraphic Analysis.........cccccoeveiriernnnnne.
Water Tube Boiler ..o
Gas Piping Bypass Line and Steam Bypass Line..........ccccccccviiviiiincnncnne.
Sample Probe and Thermocouple..........ccccccvviiiniiiiiiininiiiiiicicceaes
Sample D1ying Train .......cccoiiiiiniiiiiiiiiiic s
Gas CyINAETS ..ot
. Analyzers and Blending Station ..o

D-314



Objective

The purpose of the water tube boiler interchangeability field
trial is to assess the performance of an industrial packaged
steam boiler when fired with different natural gas
compositions. The boiler's performance when firing selected
Adjust Gases was compared with its performance when firing
selected Substitute Gases with and without different levels of
nitrogen ballasting.

Approach

The tests used a portable version of the laboratory setup for
blending gas compositions. A recently installed boiler at the
site was suggested for the field trial by the boiler
manufacturer. A steam bypass line was installed to vent
excess steam so that the boiler fired continuously at a nearly
constant firing rate. Other, older boilers still installed at the
site were being used at the time for process steam, so normal
operations at the facility were not disrupted. Since GTI
personnel were not allowed to tune the boiler,
operating/switching tests were then performed in a mode
similar to the commercial appliance tests by firing the “adjust”
gas compositions in sequence followed by the “substitute” gas
compositions in sequence. These tests were then repeated with
all the “adjust” gas compositions and selected “substitute” gas
compositions, plus two super-low-Wobbe gas compositions to
simulate a retuning of the boiler. On the final day of testing, a
boiler representative was present to retune the boiler
temporarily for the highest Wobbe gas composition and
selected gas compositions were then fired.

Due to the boiler's continuous use, ignition tests were not
performed, and operating tests were performed in only one
mode, constant firing rate. The constant firing rate tests were
performed at a nearly fixed rate of 70% to 75% of the boiler
rated firing rate. Some variation occurred due to the controls
modulating the firing rate when the steam pressure neared its
setpoint. The system's response in terms of emissions and
exhaust temperature was recorded. The natural gas
composition was also recorded at a nearby station by the local
gas utility.

Table 9 shows the specific performance measurements.
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Table 44. Performance
Metrics for the Water Tube
Boiler

BASIC PERFORMANCE
METRICS

Gaseous Pollutant
Emissions

Exhaust Temperature

Natural Gas
Composition

Test Apparatus

The boiler used for this
field trial was installed
at the Manufacturing
Center of MeriCal, Inc.
in Vista, CA. The boiler
was a recently installed
Parker Boiler 104 Series
(104L Series) Model 48L
industrial packaged
steam boiler. The boiler
had eight premixed
metal fiber burners. The
burners used a spark-
ignited pilot with
stringer tubes to
carryover the pilot from
burner to burner

A 2" pipe supplied
natural gas to this boiler.
For the purpose of the
field trial, a pair of pipe
tees was inserted into
this line with a manual
shut off valve in
between. A bypass line




was installed between the branches of the tees. The bypass
line included isolation valves at the beginning and end, a mass
flow meter, and port for adding blending gases, a static mixer,
and a port measuring fuel pressure. Both ports included
manual shut off valves. The pressure port also included a
secondary port from which a sample of the fuel could be
drawn, but this was not used since the local gas utility was
able to provide the local natural gas composition. The bypass
line was used during interchangeability testing. The original
line was intended to be used for normal operation of the boiler
when not being tested, but this mode was not used since the
site did not need to operate the boiler between the
interchangeability tests.

A thermocouple was inserted into a port in the stack below the
dilution inlet to measure the boiler's exhaust gas temperature.
A stainless steel sampling line probe was inserted into another
port in the stack below the dilution inlet. The sampling probe
was connected via a Teflon line through a filtering and drying
train to a portable combustion analyzer for NOx, CO2, CO, and
Oz and a continuous emissions analyzer for THC.

The experimental setup is shown in Figure 37 through Figure
320.

The field trial used a portable version of the custom-built
blending station that was used in laboratory tests. The
blending station was used to provide simulated natural gas
compositions to the water tube boiler at up to 5 psig. The
blending station provided metered amounts of propane and
nitrogen that were added to the house gas. The house gas was
the normal natural gas delivered to the site. House gas was
used for normal operations of the water tube boiler before and
after the interchangeability tests.

A mass flow meter was used to measure the house gas flow.
Mass flow controllers were used to add propane and nitrogen
to this main stream. Propane was supplied from the gaseous
outlet of a liquid cylinder, and nitrogen was supplied from a
gas cylinder. All gases were regulated down to about 15 psig
before entering the blending station.

The exhaust gas thermocouple, portable combustion analyzer,
continuous emissions analyzer, mass flow meter, and mass
flow controllers were connected to a data acquisition and
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control system, which
was installed in the
same panel as the mass
flow controllers.
Instruments used to
perform this test are
listed in Table 3.



Table 45. Summary of Test Instruments

custom program on the

ame laptop computer.

he custom program
used the measured flow
rate of the main stream
to determine the flow
rates of the added gases.
A table of ratios of each

added gas to the main
stream for each "adjust”

and "substitute” gas was

created for the custom

rogram.

Test Gases

The test gases were
selected to match
compositions
distributed in California,
and international
compositions that may
be imported into
California. The
compositions

distributed in California
are designated “adjust
ases” since these are

the gases that systems
are tuned for. The
emaining gases are

designated “substitute
cases” for the purpose
of comparing the

Instrument Parameter Range Accuracy
16 bit input
4-20 mA, current;
National 0-5V,0-10 12 bit input
Instruments Data logging V, voltage;
Field Point and control +100 mV, 12 bit output
Modules on/off current;
(relay) 16 bit
temperature
I;(E)IRXVI;Z Data logging — —
Custom software Control — —
Data logging
Laptop computer and control — —
Type K Exhaust temperature 2502°F —
thermocouple
Type K Combustion air 2502°F o
thermocouple preheat temperature
0-100 ppm,
Span 39.0
NOx concentration; ppm; 1.0% full scale;
0-200 ppm,
CO concentration; Span 182.7 | 1.0% full scale;
Horiba PG-250 ppm;
CO, concentration; 0-20%, 0.5% full scale;
Span
O, concentration 18.01%; 0.5% full scale
0-10%,
Span 7.93%
Rosemount 0-100 ppm,
Analytical THC concentration Span 1% full scale
400A 78.6 ppm
1.0% of rate
Magnetrol House gas flow rate 1500 SCFH plus
TA2 0.5% of full
scale
0,
Brooks 0.7 A»lof rate
Instruments Propane gas flow rate 157 SCFH 0'202 g; full
5853S
scale
0,
Brooks 0.7 A)lof rate
Insstggqsrrllesnts Nitrogen gas flow rate | 141 SCFH 0‘202 g? full
scale

system's performance
with these gases to its
performance with the

The measured flow rates of the house gas and the fuel gases
supplied from the custom blending station to the boiler were
recorded using National Instruments Field Point Modules and
a LabView program running on a laptop computer. The fuel

gas compositions were commanded through a separate,
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adjust gases. Table 4
summarizes the gas
compositions. Adjust 1
is representative of
natural gas in the
Sacramento area,
Adjust 2 is an average



value for the state of California, and Adjust 3 is representative
of some areas in California with higher Btu content due to
local natural gas production. The two substitute gases, Sub 1
and Sub 2, were selected from a set of potential LNG
compositions available to California; Sub 1 has a relatively low
Wobbe Number (1408) compared with the other LNG
compositions, and Sub 2 has a relatively high Wobbe Number
(1425). Because it is possible that these "substitute" gases will
be conditioned with nitrogen prior to distribution in
California, additional compositions with nitrogen added to
make the Wobbe Number match those of the selected "adjust"
gases were tested.

practical to create these
compositions from
cylinders of pure gases
using a blending station.
For large-scale testing
(over 1,000,000 Btu/h),
the amount of pure
methane needed
requires a tube trailer, or
a means to strip out the
inerts (particularly the
heavy molecular weight
COz2), which allows most
of the composition to be

Table 46. Summary of Adjust and Substitute Gases obtained by blending
ethanefgropane and
Gas Composition, mol % .

Name Cl &) C3 ca 1 csr [ N2 1 con HHV BMbdmbe, and nitrogen
Adjust1 | 932 | 2.52 | 041 | 0.14 | 0.093 | 2.691 | 0.920 | 1010 || 11908 qleaned house
Adjust2 | 945 | 255 | 042 | 0.14 [ 0.094 | 1.361 [ 0.931 | 1024 [[83832
Adjust3 | 90.61 | 2.45 | 3.41 | 1.25 [ 0.094 | 1.305 | 0.893 | 1094 [] 1374

Subl | 924 | 49 | 19 | 079 | 00 | 00 | 00 | 1099 || 1408

Eorfield trials of

@1385 | 913 | 48 | 19 [ 079 | 00 | 12 | 00 | 1086 ||ind83trial sized systems,

ft

@1375 | 907 | 48 | 19 | 079 | 00 [ 19 | 00 | 1080 |[M7%75> ['%C ,

approaches is practical

@1332 | 883 | 48 | 1.8 [ 079 | 00 | 44 | 00 | 1053 ||dug3dp either the volume

0.0 0.0 of gases Teed or the

@1308 | 87.8 | 46 | 18 | 070 | O 55 : 1036 || o J0ireldrop required

Sub2 | 894 | 7.1 | 25 | 104 | 00 | o0 | 00 | 1131 ||togegb the house gas.

the-apptoach taken was

@1385 | 875 | 7.0 | 24 | 100 | 00 1 21 | 00 1 1106 | |id38Aply measure the

@1375 | 869 | 69 | 24 | 100 | 00 | 27 | 00 | joog ||flpygateof the gas

being fed to the boiler,

@1332 | 845 | 6.7 | 24 | 100 | 90 | 54 | 00 | 1070 ||and3lend in gases

0.0 0.0 downstreéam of the flow

@1308 | 83.6 | 6.6 | 23 | 1.00 | O 6.5 : 1057 || 1310 .

méasurement point to

For small-scale testing (up to about 40,000 Btu/h), it is practical
to purchase cylinders with these exact 13 compositions, or
purchase cylinders with the exact 5 compositions for 3 "adjust"
gases and 2 "substitute" gases and blend nitrogen with the
"substitute" gases to create the "conditioned" gas compositions.
For medium-scale testing (up to about 200,000 Btu/h), it is
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create various fuel
compositions. The
approach works well
when there is a pressure
regulator or a relatively
large pressure drop
between the blending



point and the boiler, the former being the case here due to the
house gas supply being at 5 psig and the boiler needing no

Table 47. Summary of Test

more than 0.5 psig.

In the laboratory testing, ethane, propane and butane were all
used to create the various fuel composition. All three gases
affect the Wobbe index and higher heating valve in the same
direction, so any one of them, along with nitrogen, can be used
to create an array of higher heating values (HHVs) and Wobbe
indices. Since propane is in the middle of the three, is the
most readily available, comes in relatively compact liquid

tanks with a more than sufficient gas vapor pressure, and
there was some expressed desire to have a high propane
content in the fired fuel, it was chosen.

The "adjust" gases could be simulated (same heating value and
Wobbe index) by blending propane and nitrogen from

cylinders into the site's house gas. However, the pure
"substitute" gases and conditioned (nitrogen-diluted)
"substitute" gases with higher Wobbe indices could not be
simulated this way because of the amount of inerts (COz and
N2) in the house gas. The points of maximum heating value
and Wobbe index, along the same lines as the conditioned

"substitute" gases, were used in their place. The gas
chromatograph measurements of the compositions of the local
house gas for each prior day of testing were averaged. With
this information, calculations were made to determine the
appropriate amounts of propane and nitrogen to be added to

achieve the desired HHV and Wobbe indices. These
compositions are shown in Table 12.

Gases
Gas W
Compositio | H | o
n, mol % H|b
10/ V, | be
/| B P Bt
20 |°]° I:“ | Bt
F
9 1|1
A |6 |1 03
d [3|6]|2 |10
1IX |2 |(4(04(0.]09.
H|%|%|%|0]0
9 1|1
A |7 |1 0|3
d [5|7]0. 2|3
2X 1211 (76 4. 2.
H |[%|%|%]| 0[]0
9 111
A |[3.]6. 013
d |1[2]0.]9]|7
3X | 0| 3|68]|4. 4.
H|%|%|%|0]0

Su
bl | 9 111
X |5.]4. 013
H-{3]|6|0|7]|7
A3 | 6|4 |00]6. |1.
M |[%|%|%]| 4|5
Su |9 11
bl | 3. | 4. 03
X 0|52 5|2
H-| 6|2 |42(0.]09.
A2 | % | % | % | 4|2
Su | 9 | 4. 54 1|1
bl (1.]| 4 o 03
X 917 310
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H-|9|% 8. | 9. A0
Al | % 2|7
Sub2YH-
Su A0 87.95% | 6.17% | 5.88%
b2 | 9 11
X |3.]6. 11]3
H-|2]6|0]0]8 T W
Hi|1]|8]|10]|6. |7 Compositio | H | o
M|l %|%|%| 8|7 10 n, mol % H| b
/1 | H|Pr V. | be
Su |9 11 2 | olo | N|Bt|
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Figure 293. Wobbe Indices and Heating Values for Water Tube Boiler
Field Trial

With only two metered fuel gases, and remote monitoring of
only one main stream (the house gas), the blending station
was simple enough to be made into a "portable” unit. Mass
flow controllers for propane and nitrogen (from the larger
laboratory blending station) and a data acquisition system
were placed inside an electrical enclosure (with lid removed
during operation), with shut off valves for the propane and
nitrogen, and with external connection receptacles added for
supply power, propane gas inlet, nitrogen gas inlet, mixed
propane/nitrogen gas outlet, power and signal for the remote
mass flow meter, signal from the continuous emission
analyzer, signals from the thermocouples, and data link to a
laptop computer. The laptop computer was connected
directly to the portable combustion analyzer to complete the
interconnections.

Test Schedule

The performance tests with fixed firing rate were performed
for all three "adjust" gases. Table 13 shows the planned
schedule of test sequences. The first day of testing involved
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firing the boiler with the
sequence of fuel blends
shown in the first
column. The second
day of testing involved
repeating some of the
first day’s tests and also
firing the boiler with
some lower Wobbe fuel
blends shown in the
second column to
simulate the boiler being
tuned for a higher
Wobbe fuel. The third
day of testing involved
testing with the basis
fuel and with the
highest Wobbe fuel,
without and with
retuning the boiler for
the highest Wobbe fuel.



Table 48. Planned Test Schedule

Type Fixed Firing Rate
Basis | House Gas | House Gas House Gas | Hottest Gas
Fuels | Ad2XH | AdpYH | AdipzHg | W24t
HiM
) ) Sub2ZH- .
Adj1XH Adj1YH HiM Adj2ZHG
Sub1XH- )
A3M Adj3YH
Sub1XH- )
AD AdjoYH
Sub1XH-
Al SublYH-AQ
Adj3XH Sub2YH-AQ0
Sub2XH-
M Sub2YH-A1
Sub2XH- Sub2YH-
A3 HiM
Sub2XH-
A2
Sub2XH-
Al
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Activities Performed

The field trial of the water tube boiler was performed over the
course of a week in October 2011.

Setup

On the first two days of the week, GTT's test equipment and
instrumentation was set up at the site.

During the first day, the mass flow meter was installed into
the gas piping bypass line. The gas piping bypass line
included a blending gas port, static mixer, and a pressure/gas
sample port. The gas piping bypass line had already been
installed in the header to the boiler prior to GTI's visit by the
boiler installers along with a steam bypass line from the steam
line to the deaerator. A thermocouple was added to one pre-
existing port of the exhaust stack of the boiler. A sampling
probe was added to a second pre-existing port.

The portable combustion analyzer and THC emissions
analyzer were placed on a table provided by the host site and
situated near the boiler along with the portable blending
station. Flow switch boxes were attached to the two analyzers
to allow for selection of sample gas, zero gas, or span gas. A
sample conditioning train and sampling pump were placed in
the sampling line between the exhaust stack sampling port
and the flow switch boxes. The sample conditioning train was
hung on the side of the boiler. A nitrogen cylinder was placed
near the sample conditioning train, and tubing was run from
this cylinder to the semi-permeable membrane dryer in the
sample conditioning train. A peristaltic pump was connected
to a coalescing filter in the sample conditioning train to
remove accumulated water.

The fuel and calibration gas cylinders were placed near the
instrumentation, and tubing lines were run to the flow switch
boxes and portable blending station. A tubing line was run
from the outlet of the portable blending station to the blending
gas port on the gas piping bypass line. Thermocouple wire
was run from the thermocouple at the exhaust stack to the
dedicated connection jack for the data acquisition system in
the portable blending station. Power and signal lines were run
from the mass flow meter in the gas piping bypass line to the
dedicated connection jacks on the portable blending station
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along with a signal line
from the THC analyzer.
An Ethernet cable was
run from the portable
blending station to a
laptop computer also
placed on the table
along with a serial cable
from the portable
combustion analyzer.
Power lines were run
from a nearby wall
outlet to the analyzers,
portable blending
station, and laptop
computer. The
analyzers were powered

up.

A canopy provided by
the host site was erected
over the test equipment
to protect the test
equipment and the test
personnel from the
weather since the
installation was outside.
The host site also
provided chairs for GTI
personnel and tarps to
cover GTI's equipment.

The second day at the
site was spent
debugging,
troubleshooting, leak
checking, setting up the
steam bypass flow rate,
practice testing, and
arranging for the
receiving of gas
chromatograph data



from the nearby gas utility station .

Final sampling line connections were made at the analyzers.
The data acquisition system was started. The analyzers were
calibrated. The sampling line was leak checked. The boiler
was started on house gas by site personnel. The gas piping
bypass line was activated and, simultaneously, the original
boiler supply line was deactivated. No gases were blended
into the house gas at this point. The boiler was allowed to
build up steam pressure and cycle at the steam pressure
setpoint. The steam bypass line was opened slightly and then
adjusted to maintain a consistent rate of steam flow to the
deaerator and out its vent line while maintaining a consistent
though not constant steam pressure in the boiler below the
steam setpoint so that the boiler would not cycle.

The blending station was then set to fire the boiler with the
Adjust2 gas composition used during the last field test. The
system commanded the mass flow controllers to flow the
proper amounts of propane and nitrogen based on the amount
of house gas flowing. The added amounts of propane and
nitrogen caused the amount of house gas flow to slow down,
but the propane and nitrogen flows were automatically
lowered to match since they are continuously recalculated by
the program running on the computer to keep the ratios (and
composition) constant. This composition was maintained for
20 minutes while the boiler operation was monitored.

The blending station was next set to fire the boiler with the
Adjustl gas composition used during the last field test. This
was fired for 10 minutes, followed by the three Substitutel gas
compositions, the Adjust3 gas composition, and the four
Substitute2 gas compositions, all for at least 10 minutes.
Calibration checks of the analyzers were performed between
every third or fourth gas composition. While not an "official"
full interchangeability test, since each gas compositions was
tired for only 10 minutes, and the exact house gas composition
was unknown at the time, sufficient data was successfully
gathered on boiler performance for all of the planned gas
compositions that this data could be reported upon in the
event that testing could not be continued.

The blending station was then set to fire the boiler with the
house gas before it was shut down. The analyzers were put in
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stand by mode, the gas
cylinders were shut, and
the data collected was
secured.

A reading from the gas
chromatograph (GC) at
the nearby gas utility
station was received.
Based on this GC
analysis, calculations
were made that evening
to create the XH series
of interchangeability gas
compositions (see Table
4) for the next day's test
campaign. This
procedure involved
running a spreadsheet
on one computer with
iterative calculations to
determine the proper
percentages of propane
and nitrogen to blend
into the house gas for
Wobbe indices and
heating values of the 10
"adjust” and "substitute"
gases, converting these
percentages into ratios
of blended gas to house
gas, and transferring
these ratios from this
computer to the
computer connected to
the blending station.

Continuous Tests
— Constant Firing
Rate

Testing began on the
third day of the week.
The portable



combustion and THC analyzers were started. The boiler was
started on house gas by site personnel. The portable
combustion and THC analyzers were calibrated. During the
calibration, the boiler was allowed to build up steam pressure
and then the steam bypass line was opened slightly and then
adjusted to maintain a consistent rate of steam flow to the
deaerator and out its vent line. After 12 minutes, the steam
bypass was adjusted slightly to maintain the steam pressure
closer to the steam setpoint but still below that which would
make the boiler cycle. The Adj2XH composition computed the
evening before was now fed to the boiler. Twenty minutes of
readings were collected by the data acquisition system at 5
second intervals.

The fuel was next switched to Adj1XH, and another 20
minutes of readings were collected. The calibration of the
analyzers was checked, with adjustments made only to the
THC analyzer. Data collection was next performed for
Sub1XH-A3M and for Sub1XH-A2, followed by another
calibration check of the analyzers. Testing then continued
with the Sub1XH-A1, Adj3XH, Sub2XH-HiM, Sub2XH-A3,
Sub2XH-A2, and Sub2WH-A1 compositions, with calibrations
checks after every other fuel gas. This completed the "official"
full interchangeability test, since each of the ten planned gas
compositions was fired for at least 20 minutes, and the house
gas composition was known ahead of time.

Readings from the gas chromatograph (GC) at the nearby gas
utility station were received on an hourly basis. The HHV
reading averaged within 1 Btu/SCF of the previous day's
reading, while the Wobbe index reading averaged within 2
Btu/SCF of the previous day's reading. Based on the new GC
analysis, calculations were made that evening to create the YH
series of interchangeability gas compositions for the next day's
test campaign. In addition to the 10 standard gas
compositions, blending ratios were calculated for 3 new gas
compositions with super-low Wobbe indices. These were
created so that testing could be performed simulating the
boiler being tuned for higher-Wobbe/HHV gas and fired with
lower-Wobbe/HHYV gas. The data collected on the third day of
the week was with the boiler tuned for lower-Wobbe/HHV gas
and mostly fired with a higher-Wobbe/HHYV gas since the
house gas on which the boiler had been tuned had a Wobbe
close to that of Adjust2 and a HHV close to that of Adjustl.
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Of the 3 new gas
compositions, one was
labeled "Adjust0". This
gas composition had a
Wobbe index equal to
the Wobbe index of
Adjustl minus the
difference between the
Wobbe indices of
Adjust2 and Adjustl,
i.e., about 1286 Btu/SCF.
This Adjust0
composition also had a
HHYV equal to the HHV
of Adjustl minus the
difference between the
HHVs of Adjust2 and
Adjustl, i.e., about 996
Btu/SCF. The other 2
new gas compositions
were based off of
Substitutel and
Substitute2, with
nitrogen diluting to
bring the Wobbe down
to that of Adjust0.

Testing continued on the
fourth day of the week.
The somewhat depleted
propane and nitrogen
cylinders were replaced
by fresh cylinders. The
portable combustion
and THC analyzers
were started. The boiler
was started on house
gas by site personnel.
After the steam pressure
was built up, the steam
bypass line was opened
slightly and then
adjusted to maintain a
consistent rate of steam



flow to the deaerator and out its vent line. The portable
combustion and THC analyzers were calibrated. The Adj2YH
composition computed the evening before was now fed to the
boiler. Twenty minutes of readings were collected by the data
acquisition system at 5 second intervals. Testing then
proceeded with the Adj1YH, Adj3YH, Adj0YH, Sub1YH-AQ,
Sub2YH-AO, Sub2YH-A1, and Sub2YH-HiM compositions,
with 20 minutes of data recording for each fuel gas and
calibrations checks after every other fuel gas. The tested
compositions on this date included the 3 new super-low
Wobbe gases plus the compositions at the corners of the
operational envelope.

Also during the fourth day, GTI arranged for a representative
of the boiler's manufacturer to be on site the next day, with the
consent of the host site, for tuning of the boiler while running
the hottest gas composition and restoring the tuning of the
boiler after testing was completed.

Readings from the gas chromatograph (GC) at the nearby gas
utility station were again received on an hourly basis. The
HHYV reading averaged within 4 Btu/SCF of the previous day's
reading, while the Wobbe index reading averaged within 1
Btu/SCF of the previous day's reading. Based on the new GC
analysis, calculations were made that evening to create the ZH
series of interchangeability gas compositions for the next day's
test campaign. For this series, the normal house gas was
included as Adj2ZHG since it was representative of a cooler
gas composition as its HHV and Wobbe index were somewhat
in between that of Adjust2 and Adjustl.

Testing concluded on the fifth day of the week. The boiler was
started on house gas by site personnel. The portable
combustion and THC analyzers were started and calibrated.
After the steam pressure was built up, the steam bypass line
was opened slightly and then adjusted to maintain a
consistent rate of steam flow to the deaerator and out its vent
line. The Adj2ZHG composition computed the evening before
was now fed to the boiler. Ten minutes of readings were
collected by the data acquisition system at 5 second intervals.
Ten minutes of data collection were chosen instead of the
typical 20 minutes since the host site closes earlier on this day
of the week and GTI wanted to make sure data was collected
for all the planned compositions while still leaving time to
pack up the equipment at the end of the test. The blending
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station was then set to
fire the boiler with the
hottest gas composition,
Sub2ZH-HiM, and ten
minutes of readings
were collected by the
data acquisition system
at 5 second intervals.

The boiler was now
retuned by the
representative of the
boiler's manufacturer
while still running on
Sub2ZH-HiM. Another
ten minutes of readings
were collected by the
data acquisition system
at 5 second intervals.
The blending station
was then set to fire the
boiler again with the
cooler gas composition,
Adj2ZHG, and another
ten minutes of readings
were collected by the
data acquisition system
at 5 second intervals.
The tuning of the boiler
was now restored by the
representative of the
boiler's manufacturer
while still running on
Adj2ZHG, i.e., the house
gas. Calibration checks
of the analyzers were
then performed as the
final step of testing.

Breakdown

The latter part of the
fifth day of the week



was spent disconnecting the tubing runs and wiring,
removing the gas piping bypass line from the main line and
plugging off the ports on the main line, gathering the
calibration gas cylinders together, packing the analyzers and
test equipment into their containers, palletizing the containers
for shipment, and folding up the canopy, tarps, table, and
chairs.
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Results

Continuous Tests — Constant Firing Rate

The major results from the continuous tests with constant
firing rate are the emissions and the exhaust temperature (the
system's response) when the water tube boiler is tuned with
house gas, and the fuel is switched to various "adjust" and
"substitute" gases. Figure 48 through Figure 272 show the
emissions and exhaust temperature over the 20 minute data
collection intervals for each gas for the main data set. Figure
273 through Figure 277 show the emissions and exhaust
temperature over the 20 minute data collection intervals for
each gas for the second data set that included the fuel gases
with super-low Wobbe indices. Figure 278 through Figure 200
show the emissions and exhaust temperature over the 10
minute data collection intervals for each gas for the third data
set that included retuning the boiler for the hottest fuel gas.
Average values for the three test sequences are shown

in Figure 103 through Figure 313. The highest and lowest
values indicated for each point are shown, along with a linear
trend line. The calculated values of the higher heating value
and Wobbe index for all the test gases based on the
measurements made by the gas chromatograph are shown

in Figure 288.
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Figure 294. NOx Emissions
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All Adjust and

Substitute Gases for Continuous Testing with Constant Firing Rate

(Corrected to 3% 0O2)
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Figure 296. THC Emissions with House Gas Tuning for All Adjust and
Substitute Gases for Continuous Testing with Constant Firing Rate

(Corrected to 3% 0O2)
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Substitute Gases for Continuous Testing with Constant Firing Rate (Corrected to 3% O»)
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Figure 305. CO Emissions
with House Gas Tuning and

Hottest Gas Tuning




for Continuous Testing with Constant Firing Rate

(Corrected to 3% O2)

40 -
) 7))
@ (O] T ©
| og T T 0P
35 = N T %=
. N N Q S
~ 3 F g2 Q B
O34 =T a T
2
(a2}
L o5 |
©
B
(&)
g 20
o
(&)
£ 15 1
o
£
T 10 1
5
0

Figure 306. THC Emissions with House Gas Tuning and Hottest Gas
Tuning
for Continuous Testing with Constant Firing Rate

(Corrected to 3% 0O2)

D-332

(o]
L

20 =
2] =
18{ 8@ £ g
35 S N
164 3F 2 )
T @
14
S
12
(@)
2 10
©
(aY]
O
(@]

—02

—CO2

Figure 307. CO2 and O2
Emissions with House Gas
Tuning and Hottest Gas

Tuning

for Continuous Testing with
Constant Firing Rate

800

700 -

600 -

500 -

Exhaust Temperature, °F

400 ~

House Gas

300

o =

o T
£ N T
5 [\ N
= ) Q
< S

n

v—'\,_.,_f—""’u_"
W

Figure 308. Exhaust
Temperature with House
Gas Tuning and Hottest Gas

Tuning



for Continuous Testing with Constant Firing Rate (Corrected to 3% O»)
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Figure 313. Fuel Properties Based on Gas Chromagraphic Analysis

D-334



Calculations

All concentrations of emissions were measured on a dry basis.
The equations below is the linear correction used to
approximately cancel out analyzer drift;

X corr 1= (X meas H-Z (t))% ’

where

_ o )
L()=2,+(Z,-2y) () —t,) ,

_ _g oy (t=ty)
S(t) - Scl + (Scz Scl) (tsz _tsl) s

Scl :SI _Z(tsl)f
Scz :Sz _Z(tsz)r

where Xer(t) is the corrected emissions value and Xmes(t) is the
measured value at time ¢, Z(f) is the zero drift correction, S(¢) is
the span drift correction, C is the span gas concentration, Z1
and Z: are the instrument readings on zero gas at times T:1 and
T=, respectively, S1 and S2 are the instrument readings on span
gas at times Ts1 and T, respectively, and Sa and S« are the
values of the span readings corrected for zero drift,
respectively.

After this correction, emissions were normalized to 3%0O2
using the formula,

21% — 3%
X3%02 ()= Xcorr (®) [ . ° J/

21% — %0, ¢ore (1)
where X3%02(t) is the final value after both the correction for

analyzer drift and the normalization to a common 3% oxygen
concentration in the dried exhaust.
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Analysis and Conclusions

The charts and data are analyzed in the section below.

Continuous Tests — Constant Firing Rate

For the most part, gases with higher Wobbe indices when fired
in the water tube boiler yielded higher NOx emissions. The
NOx emissions approximately doubled from the lowest to the
highest Wobbe indices (approximately 26 to 54 ppmv).
Retuning the water tube boiler with the hottest gas lowered
NOx emissions, but required operation at a higher excess air
level. This may result in a small energy efficiency decrease.
Emissions of CO and THC were almost always low during the
testing and showed no discernable trends with Wobbe index.
Exhaust temperatures were slightly higher (~8 °F) with gases
with higher Wobbe indices.

The increased values of THC in Figure 191 for the third and
fourth fuel gases are due to a combination of analyzer drift
(showing negative values) and the data acquisition system not
being able to record negative values. Actual emissions were
comparable to other fuel gases. The fluctuations in CO2 and
02 in Figure 303 are due to modulations in boiler firing rate
near the steam pressure setpoint and not reflective of fuel gas
composition changes.
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Selected Photographs

Figure 314. Water Tube Boiler

Figure 315. Gas Piping
Bypass Line and Steam
Bypass Line
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Figure 316. Sample Probe and Thermocouple
Figure 318. Gas Cylinders

Figure 319. Analyzers and
Blending Statio

Figure 317. Sample Drying Train
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Abstract

Foodservice in California represents a significant commercial natural gas use. Commercial
kitchens consume five times more energy per square foot than other types of commercial
spaces. Natural gas consumption in commercial kitchens is dominated by the cook line. Of the
1 million commercial foodservice equipment installed and operating in California, roughly 80%
are powered by natural gas, with an estimated 480 million therms of natural gas consumed
annually. This report presents natural gas and liquefied natural gas (LNG) interchangeability
testing results for ten common foodservice cooking appliances operating in restaurants in
California.

Executive Summary

To address concerns of potential interchangeability issues in the commercial foodservice
industry, GTI conducted a series of interchangeability tests on ten appliances. The appliances
were chosen based on existing population, gas load and burner designs. The specific types of
appliances tested were: fryer (two), griddle, convection Oven, steamer, braising Pan, combi-
oven (steamer and oven), range top, and oven.

The results for the different commercial foodservice equipment showed that changing the
composition of the fuel led to a range of changes in terms of burner performance. For all of the
appliances, the firing rate proportionally increased with the increase in the heating value. In
some cases, the firing rate exceeded the recommended limit of more than 10% of the faceplate
rating, but strategic temperature readings on the appliances did not suggest excessive
overheating for short term appliance operation. Studying the long term effects of a higher firing
rate and resulting temperatures was not in the scope of this project and thus conclusions cannot
be made in this area. No appliance experienced ignition or operational difficulties over the full
range of gas compositions tested.

Results are presented for specific foodservice equipment tested, but the more general
conclusion is that the interchangeability capability of appliances was found to vary. Results
should be regarded as examples of commercial appliances and not be considered as a pass/fail
scoring of particular appliances. From this perspective, the appliances can be divided into
groups that showed no emissions variations, small variations, and significant variations with
changes in fuel gas composition and Wobbe Number. The appliances showing full
interchangeability with no changes in CO and NOx emissions over the range of gases tested
were the two fryers, the range top, and the convection oven. Moderate interchangeability
concerns with large changes in gas composition and Wobbe Number producing some emissions
changes were found for the griddle and the combi oven operate in steam mode and oven mode.
Larger interchangeability concerns with large increases in emissions with changes in gas
composition and Wobbe Number were found for the oven, braising pan, and steamer. Results
are equipment specific. No data is yet available to determine if the observed results represent
the behavior of a specific appliance or for the appliance model. Insufficient data is available to
draw general conclusions regarding classes of burner systems and classes of foodservice
equipment.
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Background

With more than 90,000 eating and drinking establishments currently operating in California, an
estimated $54 billion in food and drink sales in 2007 and the generation of $4.5 billion in
California sales tax per year, restaurants are indisputably a driving force in both the state
employment and revenue sectors. Over 1.4 million people are currently employed in food
industry jobs in California. The data is from Fisher-Nickel, inc. [FNi] an engineering consulting
firm owned and operated by Don Fisher and Judy Nickel. Fisher-Nickel, inc. operates the PG&E
Foodservice Technology Center (FSTC).

The FSTC estimates that the total gas load for commercial kitchens approaches half the overall
commercial gas consumption in the state. There are many types of commercial foodservice
equipment. The four most common and their California populations are listed in the table
below.

Appliance California Baseline Annual Energy Total Annual
Population Efficiency, % Use per Unit, Energy, million
(units) therms therms
Convection Oven 65,000 30 860 56
Deep Fat Fryers 110,000 30 1,390 153
Griddles — standard 41,000 30 810 33
Steamers - pressureless 29,000 15 2,190 63
Total 305

Natural gas usage in California by convection ovens, fryers, griddles, and steamers combined is
over 305 million therms per year. The four appliances will represent about 64% of commercial
cooking usage. Understanding the impact of changing gas composition on the performance of
these appliances and on their emissions is important in generating a full understanding of the
impacts of LNG use in California.

Objective

The objective of this Task is to conduct a series of controlled laboratory interchangeability tests
with eight to ten pieces of commercial foodservice equipment: two convection ovens, two
griddles, two steamers, and two or three fryers. More fryers are proposed because this appliance
accounts for around half of the gas use of these four types of foodservice equipment. The
appliances chosen are to be among the most common in the food industry and are to be common
in California. All appliances are to undergo ANSI tests to measure performance and emissions
under changing gas (natural gas to LNG) compositions. ANSI does not specify
interchangeability tests, but the ANSI tests can be conducted with gas having different
compositions. A series of cycling tests is also recommended for each appliance. Finally,
sensitive cooking tests are recommended for each appliance: sheet cakes with ovens, ice tests
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with steamers, pancakes with griddles, and French fries with fryers. The sensitivity of the
cooking tests will reveal performance changes when gas composition is changed.

GTI was to measure carbon monoxide, oxides of nitrogen and formaldehyde. Formaldehyde
tests were to be carried out with support from Lawrence Berkeley National Laboratory (LBNL)
staff. They were to provide guidance on sample collection procedures, sample collection
equipment, and sample analyses. Emission tests were to be conducted with three adjustment
natural gases and two LNG’s. The LNG’s were to be blended with nitrogen to produce a series
of emission results. GTI was to analyze the data collected in the interchangeability testing and
generate a report that shows the results.

The interchangeability tests were to be carried out with foodservice equipment loaned to GTI by
North American Association of Foodservice Equipment Manufacturers (NAFEM)-member
companies. Testing will be conducted by GTI in test cells in GTI's newly refurbished
Residential-Commercial (ResCom) laboratory. GTI will share the test results with
representatives of the appliance manufacturers.

Before starting this Task, GTI met with members of the North American Food Equipment
Manufacturers Association (NAFEM) technical committee and found the group supportive of
conducting LNG interchangeability tests with commercial foodservice equipment. Commercial
foodservice equipment is often made by small companies that do not have the resources to study
the impacts of changing gas composition on appliance performance. Gaining an understanding
of the impacts of changing gas compositions would help them diagnose concerns that are raised
that cannot be linked directly to appliance designs.

Testing Setup

To address concerns of potential interchangeability issues in the commercial foodservice
industry, GTI conducted a series of interchangeability tests on ten appliances. The appliances
were chosen based on existing population, gas load and burner designs. The specific types of
appliances tested were:

Fryer (two)

Griddle

Convection Oven

Steamer

Braising Pan

Combi Oven (steamer and oven)
Range Top

Oven.

The appliances for testing were supplied by commercial foodservice manufacturers that have
previously worked with GTI and with assistance from the North American Association of
Foodservice Equipment Manufacturers (NAFEM)-member companies.

The interchangeability tests were completed using ANSI defined tests to measure performance
and emissions changes with changing gas (natural gas to LNG) compositions. ANSI does not
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specify interchangeability tests, but the combustion tests from the ANSI were used as a basis for
testing in this program. Specific modifications to ANSI tests for the various appliances are
described in detail in the sections for each appliance. The fuels chosen (Figure 1) for testing
represent natural gas compositions for a range of heating values and Wobbe numbers found in
California. For each appliance data was acquired for each test gas including emissions (Oz, COz,
NOx, CO and hydrocarbons), burner firing rate and selected temperatures.

The types of appliances chosen were based on population and total annual energy usage in
California. When possible, the appliance design for each category was chosen based on the
typical or most common combustion design for each. The Combi Oven, Convection Oven,
Griddle, Oven and Braising Pan all have very typical burner compared to different
manufacturers. The appliance categories for the Fryers, Steamer and Range Top have a much
more diverse set of combustion system designs. The results reported for this project are for the
specific appliance models tested and while some results are typical for the entire appliance
types, subtle to major differences in the results would occur when testing different models.
Below is an overview of the results and observations on the specific results with a general
discussion for each appliance category.

Fryers (1 and 2)

Fryers represent the most diverse set of burners design in the commercial foodservice industry.
The designs vary from infrared (Fryer 1), cast iron, pulse, mesh powered, down fired inshot
(Fryer 2), inshot and several others. The main driver for this diversity is that fryers were the
tirst appliances to be pushed toward being more efficient in terms of energy use. Chain
restaurants “encouraged” manufacturers to develop designs there were more efficient than
initial designs, typically cast iron burners fired into tubes submerged in the oil. Because of this
driver, manufacturers tended to develop their own distinct designs, leading to diversity in the
combustion system designs. Because of this diversity, the results for the two fryers in this study
are going to be very different from the other fryers on the market. The burner performance data
for each would be considered typical compared to other fryers tested at GT1I, relating to the
similar efficiencies achieved by different appliances because the air to fuel ratios were about the
same. However; specific conclusions cannot be derived for the entire population of fryers based
on the results of just two fryer designs.

Griddle

The griddle tested represents the most typical design currently on the market. The burner is a
tube style located under the griddle surface with a blue flame. Another common design is a
radiant panel burner located under the griddle surface. Despite the similarity in designs,
different manufacturers use different burner tube suppliers, burner configurations and spacing
between the burners and cooking surface. Because of these differences, different models would
show subtle differences in performance. However; the limit data set collected by GTI has
shown similar results to this griddle. In all case the griddle was very tolerant to changes in
natural gas compositions.
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Convection Oven

Designs for the combustion systems in convection ovens vary by whether the burner is indirect
tired, direct fired or both (like the oven tested in this study). Indirect fired system typically uses
a burner firing into a heat exchanger that transfers heat to the air circulated in the oven. The
designs of the burner in these ovens vary significantly but typically operate at similar air to fuel
ratios. Direct fired systems do not use a heat exchanger, but mixes the hot products of
combustion with the air circulated in the oven. Because direct fired systems required more
excess air (and thus a higher air to fuel ratio), they tend to be more tolerant to changes in fuel
gas composition. This was observed with the convection oven tested that uses a dual system,
but the products of combustion eventual blend with the air in the oven and had a high air to
fuel ratio.

Oven

The vast majority of commercial foodservice ovens without forced air circulation use the same
basic combustion system design. Burner tubes located below the oven cavity directly heat the
bottom of the cavity and the hot products of combustion flow through the cavity to further cook
food products. Some variations exist in the burner tube designs with the most common being
drilled port cast iron (as in this project) of pierced port sheet metal. One common characteristic
of the oven tested and all of the other ovens tested by GTT have been that the appliances are
tolerant to changes in the natural gas until the flames elongate to the point that they impinge on
the bottom of the oven cavity. At this point, CO begins to rapidly increase. Some ovens never
reach this point, like the one tested. The spacing between the burner and oven cavity appears to
be the critical factor in determining interchangeability for this appliance type.

Range Top

The materials used to build range top burners are typically either stamped metal with pierced
ports or cast iron with drilled ports. However; each manufacture and each different model
typically has its own specific design and configuration. This makes extrapolating results for one
specific range top to the entire population difficult. But the one design feature that all of the
range tops tested by GT1 is that all range top burners have a large air to fuel ratio due to the
availability of secondary air around the pot sitting in the open on the range top. As observed
with other appliances, a higher air to fuel ratio results in a more tolerant burner to changes in
fuel composition. The negative aspect of this design is higher air to fuel ratios also result a less
efficient burner, as is the case with range top burners.

Steamer

The type of steamer tested, a boilerless or connectionless steamer, is a relatively new appliance
in the commercial foodservice industry. Gas-fired units started to gain popularity around ten
years ago and have steadily grown since. Because units were being developed during a time
frame when efficiency was being emphasized, the combustion systems tended to be more
sophisticated and operating at a lower air to fuel ratio. As discussed with other appliances, a
lower air to fuel ratio appliances tend to be less tolerant with changes in natural gas
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composition, as was the case with this steamer. At 3% oxygen in the flue gas sample, this unit
has the lowest air to fuel ratio of the appliances tested in this study. This model of steamer is
the only one tested for interchangeability by GTI, so the results cannot be compared to other
units and the combustion system does vary significantly in design and burner type compared to
other units on the market.

Braising Pan

The braising pan tested is similar to other know units currently on the market with a series of
pierced port, tube burners under the bottom of the cooking pan. The basic setup is very similar
to several griddles. However; because of the high heat output required to cook specific food
types (i.e. soups and chili) the number of burners is higher than a griddle and the spacing
between is much less. This type of burner system has interchangeability issues when the either
the flames impinges and becomes quenched on the bottom of the pan and/or when there is lack
of secondary air to complete combustion. The results for this braising pan showed there were
issues using the higher heat content natural gases. The data suggests that issue with the burner
is not a quenching problem that has been observed with other tested appliances (see Oven), but
an issue with available oxygen to complete combustion. As the heat content of the fuel is
increased, the flames grew in size and required more oxygen to complete combustion. If the
oxygen is unavailable, the mechanism that converts CO to CO2 in the combustion process is not
completed and the CO production increases. GTI has not tested nor does it have available the
specific combustion system design for other braising pans and thus cannot compare results.
But, generally any combustion system with this density of flames will have issues with higher
heat content gases.

Combi Oven

The unit tested had two combustion systems, one for providing heat to the air circulating
through the cooking chamber and another for the steam generator. Both burners used indirect
heating for the air and water and had separate flues. Despite some differences in the burner
design, the combustion system for this oven using a heat exchanger and for the steam generator
was typical for other combi ovens currently available. Both the steam generator and oven
burner performed satisfactory over the entire range of gases tested, but extrapolating the results
to other models would be difficult without knowing the air to fuel ratios. Despite being a
higher efficient unit, the air to fuel ratio for these burners were high enough to help prevent
interchangeability issues. Another design for a combi oven on the market uses a water spray on
a hot surface in the oven instead of a separate steam generator.

Test Gases

To evaluate interchangeability performance, each cooking appliance was operated with a range
of gas compositions. These pieces of equipment are not built for field adjustment, so no
adjustments were made to shutters, baffles, air to fuel ratios, or other combustion controls when
switching between gases. Table 1 provides analyses of the gas compositions used for testing.
Three ‘adjust gases’ (Adj 1, Adj 2, and Adj 3) were selected as representative of the range of
natural gas in California. Adj 2 is the average gas composition in the Southern California Gas
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Company gas territory and is also similar to the gas available from the local utility to the GTI
laboratory. For these reasons, Adj 2 was selected as the baseline gas. Two ‘substitute gases”
(Subl and Sub?2) were selected as having similar compositions to Pacific basin LNGs. Both Subl
and Sub2 having higher Wobbe Numbers than allowed in California, so each gas was diluted
with nitrogen to match the Wobbe Numbers of the three selected adjust gases. While Wobbe
Numbers are matched, the compositions are different and heating values are not matched.
Figure 1 shows the heating values and Wobbe Numbers of:

e Adjust gases (Adjl, Adj2, Adj3)

e Substitute gas 1 (Subl)

e Subl with varying N2 levels to match adjust gases (Sub1-Al, Sub1-A2, Sub1-A3)
e Substitute gas 2 (Sub2)

e Sub2 with varying N2 levels to match adjust gases (Sub2-A1l, Sub2-A2, Sub2-A3)

Figure 1. Composition of Test Natural Gases

Adj1H Adj2H Adj3H Subl Subl-Hi Sub1l-A2  Subl-Al Sub2 Sub2-Hi Sub2-A2  Sub2-Al

mol% mol% mol% mol% mol% mol% mol% mol% mol% mol% mol%
Methane 0.92 0.94 0.89 0.92 0.91 0.88 0.87 0.89 0.87 0.85 0.84
Ethane 0.02 0.03 0.04 0.05 0.05 0.05 0.05 0.07 0.07 0.07 0.07
Propane 0.01 0.01 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02
n-Butane 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Nitrogen 0.04 0.03 0.03 0.00 0.01 0.04 0.06 0.00 0.02 0.05 0.07
HHV 1010.04 1024.05 1094.00 1098.85 1084.97 1050.37 1038.25 1130.58 1106.77 1069.35 1056.88
Wobbe 1308.97 1331.97 1373.98 1408.42 1385.49 1329.16 1309.70 1425.57 1387.73 1329.20 1309.93

Index

Gas heating value and Wobbe Number data from Figuree 1 is presented in graphical form in
Figure 2. The plot shows the range of heating value and Wobbe data covered and includes the
1385 Wobbe limit currently mandated in southern Califronia as an upper limit on gas. Several
compositions with Wobbe Number above 1385 were included to learn interchangeable impacts
on appliances and trends on appliance behavior. These hotter gases do not represent gases that
will be supplied to customers in California. Points for each gas show how nitrogen dilution
decreases both Wobbe number and heating value. Dilution with nitrogen does not match both
the heating value and the Wobbe number for two gases. For that reason, the investigators
elected to match Wobbe number because Wobbe is generally accepted as a better predictor of
interchangeability than heating value alone.

On the left side of Figure 2 is a table repeating the heating values and Wobbe numbers for all of
the test gases. The table also provides a ratio of the Wobbe number of each gas to the Wobbe of
Adj2. Adj2 was selected as the baseline gas, so this ratio provides a ready indication of the
variation of the Wobbe of each test gas relative to the baseline gas. Test data on emissions for
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the commercial foodservice equipment is plotted as emissions on the y-axis and the Wobben
number ratio on the x-axis. The same results would be observed if Wobbe number was plotted
on the x-axis. But the data presentation method utilized enables the reader to quickly see the
relationship of emissions as a function of the fractional variation in Wobbe number.

W(Gas) / & Adj1Adj2Adj3 B Sub1Sub1-A1Sub 1-A2Sub 1-A3

Gas HHV  Wobbe W(A2) Sub 2 Sub 2-A1Sub 2-A2 Sub 2-A3 Linear (CA Rule 30 Limit)
Adj1 1010 1309 0.983 \at0
Adj 2 1024 1332 1.000 20
Adj 3 1094 1374 1.032 100 =
Sub 1 1099 1408  1.057| | & =

3 1380
Sub 1-A1 1038 1310 0.983 2 .
Sub 1-A2 1050 1329  0.998 § 1360
Sub 1-A3 1084 1385  1.040 1340 . -
Sub 2 1131 1426  1.071 820 -
Sub 2-A1 1057 1310  0.983 1300 ‘

1000 1050 1100
Sub 2-A2 1069 1329 0.998
Heating Value (HHV), Btu/SCF

Sub 2-A3 1107 1388 1.042

Figure 2. Range of Test Gas HHV and Wobbe Number

Testing Conclusions

The results for the different commercial foodservice equipment showed that changing the
composition of the fuel led to a range of changes in terms of burner performance. For all of the
appliances, the firing rate proportionally increased with the increase in the heating value. In
some cases, the firing rate exceeded the recommended limit of more than 10% of the faceplate
rating, but strategic temperature readings on the appliances did not suggest excessive
overheating for short term appliance operation. Studying the long term effects of a higher firing
rate and resulting temperatures was not in the scope of this project and thus conclusions cannot
be made in this area. No appliance experienced ignition or operational difficulties over the full
range of gas compositions tested.

The primary measure of interchangeability is carbon monoxide (CO) emissions. ANSI Z83
stipulates for the gas-fired commercial foodservice equipment tested in this program that
emissions are not to exceed 800 ppm corrected to 0% O: (oxygen) for steady state burner
operation and/or before burner cycling. Interchangeability goes beyond ANSI requirements by
evaluating changes in emissions as the composition of the gas changes. Therefore, an appliance
can be well within the 800 ppm ANSI requirement but still be of concern because 1) appliances
are not built to be adjusted and 2) increases in emissions are undesirable.

For some tests, CO emissions for test gases of greater than Wobbe of 1350, the CO emissions
exceeded the ANSI limit. As discussed in the results section for each appliance, the cause for
the increased CO emissions varied for the different burner designs. Figure 3 shows a summary
of the CO emissions from the foodservice equipment tested by showing their CO emissions at
the lowest Wobbe tested (1309 for Adj 1) and at the California Rule 30 limit of 1385. Four
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appliances showed significantly increases in CO emissions with increases in Wobbe number.
The steamer, the braising pan, and the oven all showed CO levels near of above 800 ppm for
1385 Wobbe gas. The griddle showed an increase in CO from 25 to 40 ppm when increasing
Wobbe from 1309 to 1385. This presents no issues relative to the ANSI limit but does indicate a
large percentage increase in CO emissions.

B Wobbe-1309 M Wobbe-1385

800
700
600
500
400
300
200
100

0 .

Measured CO in Flue Gas, ppm

Figure 3. Range of CO in Flue over Wobbe Range of Gases

Emissions of NOx are also of concern to in interchangeability analyses. Figure 4 shows the NOx
emissions of the foodservice equipment for gases with Wobbe of 1309 and 1385. Unlike CO
emissions, the NOx emissions did not vary as much with changing fuel gas. However, the NOx
did increase for the steamer, the combi oven in steam generation mode, and the combi oven in
oven mode. While the increases were modest, any increase for an appliance that can no be
adjusted in t he field is of concern in a tight regulatory environment.
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Data on both CO and NOx are combined in Figure 5 to determine which foodservice equipment
is of concern for interchangeability. None of the appliances has operational or ignition issues.
Short term temperatures were higher than recommended in some circumstances, but long term
testing was beyond the scopr of this project. Emissions concerns can be divided into three
groups. Fryer 1, the convection oven, the range top, and fryer 2 did not show any
interchangeability emissions issues. The griddle and the combi oven in both steam generation
and oven modes showed some increases in emissions and are therefore of mild concern for

160
140
120
100
80
60
40
20

Measrued NOx in Flue Gas, ppm

B Wobbe - 1309

B Wobbe - 1385

Figure 4. Range of NOx in Flue over Wobbe Range of Gases

interchangeability emissions. The steamer, the braising pan, and the oven showed large
emissions increases, particularly in CO, and are therefore of strong concern regarding
interchangeability emissions.
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Figure 5.

Interchangeability Summary of Foodservice Equipment
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The graph in Figure 5 divides the foodservice equipment into the three groups of little concern
(green), some concern (orange), and strong concern (red) and plots the appliances against the
O2 concentration measured in the flue. With the notable exception of the oven, the appliances
show a weak but noticeable relationship between level of concern and O2 in the flue. As Ozin
the flue decreases, the level of concern regarding emissions interchangeability (particularly for
CO) tends to increase. This is expected since higher Wobbe gas needs more oxygen and CO is
generated when insufficient oxygen is present for complete combustion. The oven had high
measured O2 in the flue, but the O2 present in the closed oven combustion chamber may have
been much lower. This could explain the unexpected result of strong CO emissions vs. Wobbe
relationship for the oven while O2 was also high in the flue. As discussed in the results section
for the Oven, the excess CO production in this appliance could also be due to flame elongation
and quenching and not a lack of oxygen for completing combustion. The two explanations for
the oven behavior both fit the available data.

Based on the results from this project, the gas-fired commercial foodservice equipment was able
to operate for the range of test gases with Wobbe less than 1350 without significant increases in
emissions to be out of compliance with the standards set in ANSI Z83. However, for the test
gases with a Wobbe greater than 1350, the CO emissions increased to levels that present
significant issues with the performance of the burner system for the Steamer and Braising Pan
that eventually performed to levels that would not be in compliance with standards established
by ANSI. The Griddle, Fryer2 and Oven did not exceed 800 ppm of CO, but exhibited behavior
suggesting emissions were tending toward levels of concern. The results show that within the
population of commercial foodservice equipment there is a significant population that could
have interchangeability issues with higher Wobbe number natural gases.

Results for Fryerl

Fryerl was a Frymaster FH155CSD, Figure 6, with faceplate firing rate of 80,000 BTU/hr.

L

Figure 6. Fryerl
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The burner is an infrared burner that heats the sides of a vat in contact with the oil. Figure 7
shows burner blower mounted to the front of the unit.

Figure 7. Fryerl Burner System

Data was acquired using a flue gas sampling tube with evenly spaced sampling ports and
thermocouples positioned in the flue along the back of the unit. Figure 8 shows the sampling
probe in the flue before the thermocouples were added. Water temperature was recorded
during testing at the middle of the vat.

Figure 8. Flue Sample for Fryerl
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Testing and Results

Fryerl was tested from a cold start with the thermostat set to 350 °F with water in the vat filled
to the max fill line. Data was continuously collected until the water temperature reached 212 °F.
Testing revealed that the burner had two distinctive transitive performance patterns. Figure 9
for the fryer using test gas S2 shows the flue temperatures rapidly increasing while the water
temperature steadily increases. These profiles are typical in shape and performance observed
for other fryers. However, for some gases, the temperature profiles were like Figure 10 for test
gas A2. In this figure, the flue temperatures are not as rapidly increasing as for Figure until just
before the 5 minute mark. Then the profiles are shaped more like the other data sets. There is
also an inflection in the slope of the water temperature profile showing the rate of rise to
increase after 5 minutes. Figure 11 and Figure 12 for the transient emissions for test gases S2
and A2 also show a very distinct difference in the burner behavior. Both tended toward similar
steady state values, but the initial behavior was very different. The fryer using S2 had the initial
CO peak associated with most gas-fired appliances, but the values reached steady state by 7
minutes. The fryer using A2 had a much more pronounced peak and the CO value varied until
reaching a steady state at the 17 minute mark. The shift in Oz and CO:at the 5 minute mark
indicates the operational characteristics of the burner changed during testing. GTI spoke with
Frymaster, who indicated this behavior had not been observed in any other testing. Various
causes were discussed and are being investigated by Frymaster, but because the burner
eventually reached a steady state, GTI continued the testing.
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Figure 9. Transient Temperature Profile for Fryerl (S1)
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Figure 10. Transient Temperature Profile for Fryer1 (A2)
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Figure 11. Transient Emissions Profile for Fryer1 (S1)
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Figure 12. Transient Emissions Profile for Fryerl (A2)

In order to compare specific performance characteristics of the fryer for the different test gases
on a single chart, experimental values for each test gas was taken as the average for the last
minute before the end of the test. These values should be similar to the values used in ANSI
Z83.11 for determining the performance of the appliance. Below are figures for Firing Rate,
Carbon Monoxide emissions (CO), Nitrogen Oxide emissions (NOx) and Total Hydrocarbon as
a function of a Wobbe ratio. The Wobbe ratio for each data point is the Wobbe value for the test
gas divided by the Wobbe value for test A2, which was chosen as the baseline gas for data
calculations. The C