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DISCLAIMER:
This report was prepared as an account of work sponsored by GRI, IGT Sustaining Membership
Program, Southern California Gas Company, and Tetra Tech Incorporated. Neither GRI,
Southern California Gas Company, Tetra Tech Incorporated, the Institute of Gas Technology,
nor any of their employees, contractors, sub-contractors, or their employees makes any
warranties, expressed or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, project or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference to trade names or specific commercial products, commodities, or services in this
report does not represent or constitute an endorsement, recommendation, or opinion of
suitability by GRI, Southern California Gas Company, Tetra Tech Incorporated, or the Institute
of Gas Technology of the specific commercial product, commodity, or service.

EXECUTIVE SUMMARY

The objective of this project was to demonstrate a novel very-low emission natural gas-fired
burner on a commercial firetube boiler. The Institute of Gas Technology (IGT) has developed a unique
(patented) two-stage burner with a premixed first stage designed to force internal recirculation of
products of partial combustion. The enhanced internal recirculation stabilizes the substoichiometric
combustion in the primary zone and increases heat transfer to the process fluid, thus lowering the flame
temperature and greatly reducing the formation of both “thermal” and “prompt” NOx. Secondary air is
injected at the exit of the primary zone to burn out the combustibles at the temperature level where the
formation of thermal NOx is minimized. This type of burner is ideal for boilers and process heaters,
which presently represent the largest share of natural gas use in commercial, industrial, and utility sectors.
On March 16, 1995, the federal government announced an initiative entitled Reinventing
Environmental Regulation, which proposed 10 principles of regulatory reform and directed the U.S.
Environmental Protection Agency (U.S. EPA) to implement 25 high priority actions. One of these was
aimed at achieving regulatory reform within the Department of Defense (DoD) through a program called
ENVVEST (Environmental Investment). On November 2, 1995, the DoD and U.S. EPA signed a
Memorandum of Agreement (MOA) on Regulatory Reinvention Pilot Projects, which formally
established the ENVVEST program. The MOA established a framework for developing pilot programs at
three to five selected DoD facilities. Vandenberg Air Force Base (AFB) was selected as the prototype
facility to pilot the ENVVEST program, thereby implementing a common sense and cost-effective
environmental protection program to meet regulatory requirements. The first phase of the ENVVEST
program at Vandenberg AFB focused on emissions reductions from boilers, furnaces, and process heaters.
As part of Vandenberg’s air quality initiative, the IGT/Detroit Stoker Company team has
demonstrated a novel very-low-emission high-efficiency natural gas-fired burner on a commercial
firetube boiler at the base. The results of the field demonstration show that the 2.5 X 106 Btu/h FIR
burner achieves very-low emissions at low excess air without the use of external FGR, water or steam
injection, all of which either reduce boiler efficiency or are expensive. Extensive short- and long-term
evaluation of the commercial prototype burner has demonstrated the performance capabilities of the FIR
burner concept.

NOx emissions were demonstrated over the range tested from 9.8* vppm at

0.5 X 106 Btu/h to 17.2 vppm at 2.0 X 106 Btu/h. These values represent a 75% reduction compared to
baseline levels. At baseline conditions with the original burner NOx emissions ranged from 45 to
80 vppm. Tests at higher firing rates were not possible due to limited steam demand; however, will be

*

All emissions are corrected to 3% O2.
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tested at a later date. Excess air in the stack ranged from 24.5% (4.5% O2) at 0.5 X 106 Btu/h and 11.0%
(2.3% O2) at 2.0 X 106 Btu/h. CO emissions were stable at <15 vppm across the load range.
The FIR burner has been in continuous operation since April 1999 and has encountered stable
performance for nine months of operation. Burner reliability has been enhanced through long-term
burner evaluation. The burner availability factor calculated up to September 1999 was 99.0%. Since the
September 1999 burner improvements the availability factor has practically reached 100%. Overall, the
burner has experienced high reliability even at unusual operation with about 18-start up/shut down cycles
per day.
Gratitude and appreciation are given to GRI, Institute of Gas Technology Sustaining Membership
Program, Southern California Gas Company, and Tetra Tech Incorporated for funding this project. IGT is
grateful to Vandenberg AFB personnel for support and use of the host firetube boiler at Building No.
13330.
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Objective

The objective of the project is to demonstrate a cost-effective NOx reduction
approach in long-term continuous operation by installation of a natural gas-fired
Forced Internal Recirculation (FIR) burner for firetube boilers. The burner operates
at very-low emission levels of <20 vppm∗ NOx, <50 vppm CO, and <50 vppm total
hydrocarbon (THC) without external flue gas recirculation (FGR), without water or
steam injection, and at low excess air while maintaining high-energy efficiency.

Technical
Perspective

Currently, state-of-the-art, advanced, natural gas-fired combustion system
developments have demonstrated very-low-NOx capabilities, but no technology has
been commercialized that is applicable across the industrial boiler market. The
limitations or disadvantages associated with demonstrated very-low-NOx
technologies preclude their application to fluid heaters or industrial-sized boiler
installations. Furthermore, their suitability as retrofit and new technologies, even
within their respective market niches remains to be demonstrated. External FGR
technologies have dominated the low-NOx market as a main NOx control technique.
Very-low-NOx emissions performance may be beyond the capabilities of external
FGR technologies, as burner stability and performance (efficiency and turndown)
are deleteriously affected at the high levels of recirculation needed to drive NOx
emissions below 20 vppm. A review of emission control technologies identified the
most promising NOx control techniques for natural gas-fired boilers as —
•

Combustion air/fuel premixing

•

Enhanced heat transfer from the flame

•

Internal combustion products recirculation

•

Combustion air staging

•

Fuel staging.

The techniques identified are cost-effective and provide low levels of NOx, CO, and
THC emissions, while maintaining boiler capacity and thermal efficiency.
Results

∗

The results of the laboratory evaluation conducted at IGT show that NOx
concentrations were stable at about 10 vppm over the full 5 to 1 turndown. The CO
emissions were highest (50 vppm) at the lowest firing rate and were consistently

All emissions are corrected to 3% O2.
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below 10 vppm at firing rates above 1.0 X 106 Btu/h. These values were
significantly lower on an actual firetube boiler due to the additional residence times
available. After successfully testing the FIR Burner in IGT’s Combustion
Laboratory, the burner was crated and shipped to Vandenberg AFB for installation
in Building No. 13330. NOx concentrations slightly increased over the range tested
from 9.8 vppm at 0.5 X 106 Btu/h to 17.2 vppm at 2.0 X 106 Btu/h. Tests at higher
firing rates were not possible due to limited steam demand at the site. Excess air in
the stack ranged from 24.5% (4.5% O2) at 0.5 X 106 Btu/h to 11.0% (2.3% O2) at
2.0 X 106 Btu/h, and CO emissions were stable at <15 vppm across the load range.
The NOx concentrations at baseline conditions with the original burner ranged from
45 to 80 vppm.
Technical
Approach

A premixed, two-stage burner designed to force internal recirculation of
combustion products was developed. A unique design brings secondary air through
the primary combustion zone and enhances internal recirculation of gaseous
products of partial combustion to lower flame temperatures. This greatly reduces
the formation of both “thermal” and “prompt” NOx. The design also maximizes heat
transfer to the process fluid surrounding the combustion zone and, therefore, is ideal
for adaptation to firetube boiler designs.
Extensive testing and evaluation of the 2.5 X 106 Btu/h commercial prototype burner
was performed at IGT to determine the effects of various parameters and emissions.
The burner was than installed at Vandenberg AFB. Both short- and long-term
testing was performed to confirm stable operation. Testing was performed at low
fire (0.5 X 106 Btu/h), intermediate fire (1.0 and 1.5 X 106 Btu/h), and at high fire
(2.0 X 106 Btu/h). Tests at full load (2.5 X 106 Btu/h) were not possible due to
limited steam demand at the site.

Project
Implications

Successful development of the FIR burner will meet an unfulfilled market need of a
cost-effective low-emission boiler burner. The basic technology concept provides a
solid foundation for further advancements in future development of single digit NOx
emission burners to meet the future environmental regulations across many
applications.

Project Manager

Isaac Chan
Principal Technology Manager
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INTRODUCTION

The Department of Defense (DoD) and the U.S. Environmental Protection Agency (U.S. EPA)
signed a Memorandum of Agreement (MOA) on Regulatory Reinvention Pilot Projects. The MOA
establishes a framework for the development of pilot programs at approximately three to five selected
facilities. Vandenberg Air Force Base (AFB) was selected as a pilot to the ENVVEST (Environmental
Investment) program. The ENVVEST program emphasizes regulatory compliance through pollution
prevention.

The purpose of ENVVEST is to suggest a common sense approach to environmental

compliance that provides greater environmental protection at a lower cost.
An Interim Agreement on the implementation of the ENVVEST “Title V” Initiative was signed
by Vandenberg AFB, U.S. EPA Region IX, and the Santa Barbara County Air Pollution Control District
(SBCAPCD). The purpose of this agreement was to obtain a commitment on behalf of the signatories to
take appropriate actions to legally support successful implementation of the ENVVEST initiative. The
rule change was subsequently adopted by the SBCAPCD Board during their August 15, 1996 meeting.
Therefore, as a result of these events, the ENVVEST regulatory stakeholders have laid the legal
groundwork to enable implementation of Vandenberg’s ENVVEST air quality initiative.

Through

ENVVEST regulatory reinvention, SBCAPCD has exercised regulatory discretion by relieving
Vandenberg AFB of obligation to comply with Title V. Subsequently, Vandenberg AFB has redirected
Title V funds to develop and implement an air emission reduction strategy that will result in a 10 ton
reduction in ozone precursor emissions, i.e. oxides of nitrogen (NOx) and reactive organic compounds.
As part of Vandenberg’s air quality initiative, IGT has demonstrated a novel very-low-emission (<20
vppm NOx*, <50 vppm CO, and <50 vppm total hydrocarbons [THC]), high-efficiency natural gas-fired
burner on a commercial firetube boiler at the base.

OBJECTIVE

The objective of the project is to demonstrate a cost-effective NOx reduction approach in longterm continuous operation by installation of a natural gas-fired Forced Internal Recirculation (FIR) burner
for firetube boilers. The burner will operate at very-low emission levels of <20 vppm NOx, <50 vppm
CO, and <50 vppm THC over a 5 to 1 turndown at low excess air without external flue gas recirculation
(FGR) and without water or steam injection while maintaining high-energy efficiency.

*

All emissions are corrected to 3% O2.
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FIR BURNER DESCRIPTION

The FIR burner concept was developed by IGT for low-NOx natural gas combustion without any
degradation in boiler performance. The initial work began as an IR&D project to prove the novel
concept, for which IGT was granted U.S. Patent No. 5,350,293. The burner design combines two-stage
combustion with premixed first stage gases and forced internal recirculation of products of partial
combustion to reduce formation of “thermal NOx” as well as “prompt NOx.” Secondary air enters
downstream of the primary combustion zone. Enhanced internal recirculation maximizes heat transfer to
the process fluid surrounding the combustion space and lowers the flame temperature (both in the primary
and the secondary combustion zones).
Figure 1 shows the conceptual design of the FIR burner for firetube boiler applications. A natural
gas/primary combustion air mixture is utilized for the first stage and enters via a plenum. The velocity of
the natural gas/air mixture through several nozzles is sufficient to create a reduced pressure, which
induces flow from the exit of the primary zone. Inside the recirculation insert, the products of partial
combustion flow back to the root of the flame as indicated by the curved arrows. These combustion
products contain hydrogen, which improves combustion stability in the primary zone allowing
combustion at relatively low stoichiometric ratios. Combustion at a low stoichiometric ratio (fuel rich)
produces less NOx emissions than complete combustion. Secondary air is injected through a pipe, which
is located at the center of the burner, to burn out hydrogen, carbon monoxide, and any unburned
hydrocarbons. Mixing of the secondary air with the combustion products from the primary zone is
critical to the design of a very-low NOx burner. If the gaseous mixture is well-mixed, there are no high
concentrations of oxygen which can cause hot spots and generate NOx. The recirculation insert also
radiates heat to the cold boiler walls and allows products of partial combustion to cool before flowing to
the secondary combustion zone and back to the root of the flame, cooling and stabilizing it.
IGT has teamed with Detroit Stoker Company (DSC) to conduct this project.
manufacture and supply the FIR burner to the commercial market.

2

DSC will

Figure 1. CONCEPTUAL DESIGN OF THE TWO-STAGE FIR BURNER
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TECHNICAL APPROACH

A boiler to be retrofit was selected in cooperation and consultation with Tetra-Tech Inc. and
Vandenberg AFB personnel based on a number of criteria, including the boiler burner’s thermal input,
age, usage, logistics, process parameters/boiler configuration, base planning impacts, and maintenance
schedule. IGT and DSC personnel visited Building No. 13330 at Vandenberg AFB and determined the
design requirements for installation of the FIR burner. Baseline testing was conducted to determine
current emissions and boiler baseline performance at several firing rates.

A detailed design for a

2.5 X 106 Btu/h commercial prototype burner was generated for application to the Kewanee firetube
boiler. The design includes a burner management system and combustion control necessary to operate the
burner in automatic regime with a minimum 5 to 1 turndown.
The burner was constructed by DSC, fitted with the control system, and shipped to IGT for
shakedown and testing. Extensive testing and evaluation of the 2.5 X 106 Btu/h commercial prototype
burner was performed at IGT’s Combustion Laboratory to determine the effects of various parameters and
emissions. Testing was performed over the entire 5 to 1 turndown. The burner was than shipped to
Vandenberg AFB and installed on the Kewanee firetube boiler in Building No. 13330. Both short- and
long-term testing was performed to confirm stable operation.

Testing was performed at low fire

(0.5 X 106 Btu/h), intermediate fire (1.0 and 1.5 X 106 Btu/h), and at high fire (2.0 X 106 Btu/h).
However, tests at full load (2.5 X 106 Btu/h) were not possible due to limited steam demand at the site.

IGT TEST FACILITY DESCRIPTION

This section describes the experimental equipment on which the 2.5 X 106 Btu/h commercial
prototype burner was evaluated. For this description, the test facility has been separated into two main
sections: The heat recovery section and the flue gas exit section. Other discussion topics include the
natural gas and combustion air supply systems and analytical instrumentation.

The firetube boiler

simulator test facility is shown in Figures 2 and 3.
The Heat Recovery Section
The FIR burner was evaluated on both a 24- and 20-inch-diameter firetube boiler simulators. The
heat recovery section, shown in the background of Figure 2, was designed to simulate a 24-inch-diameter
firetube boiler. It is constructed from 7 nearly identical modules. Each of these modules is a 15.625inch-long by 24-inch-ID hollow horizontal cylinder, or ring, that is flanged on each side for versatility.
The rings are on individual stands with heavy-duty caster wheels that ride on rails. This arrangement
4

Figure 2. IGT's FIRETUBE BOILER SIMULATOR TEST FACILITY SHOWING
a) FIR BURNER AND b) HEAT RECOVERY SECTION

Figure 3. IGT's FIRETUBE BOILER SIMULATOR TEST FACILITY SHOWING
a) HEAT RECOVERY SECTION AND b) FLUE GAS EXIT SECTION
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greatly facilitates modifications to the test configuration. The 20-inch-diameter firetube boiler simulator,
shown in the foreground of Figure 2, is constructed from 3 nearly identical modules. Each of these
modules is a 36-inch-long by 20-inch-ID hollow horizontal cylinder, or ring, that is flanged on each side
for versatility. The entire 20-inch-diameter simulator is mounted on one stand and is easily moved.
The module arrangement was designed so that the inlet, outlet, and "U" bends that connect the
individual tubes on the water-cooled rings are mounted all at the top, whereas taps are provided on the
bottom of each tube to allow for drainage of water (to prevent freezing). In order to allow venting of any
accumulated steam, taps with valves are installed in each of the "U" bends. Additionally, each unit is
equipped with a thermocouple to measure cooling water temperature.

Gas composition and gas

temperature sampling ports were installed on several of the modules to facilitate data acquisition.
City water is circulated through each ring of the heat recovery sections to provide cooling and
heat removal. The city water is piped through individual rotameters to each of the rings for heat flux
measurement. These rotameters are mounted on the modules’ side to indicate total flow through each
module. Type "T" thermocouples are installed to measure inlet and outlet water temperatures. The water
exiting each of the rings drains into a 6-inch-ID PVC pipe that is installed along the length of the
combustor and connected to the sewer.
The Flue Exit and Stack
The heat recovery section is connected to the stack through the flue gas exit section (see Figure
3). This section consists of 30-inch-ID steel ducting lined with 6-inch-thick composite refractory and a
manually operated refractory damper at the exit/stack interface. The ducting is mounted on stands for
support and equipped with two sight ports and two flue gas sample ports. A refractory damper is used to
adjust the pressure in the water-cooled combustion chamber.
The Fuel and Air Supply
The natural gas supply line to the burner is a standard 3-inch pipe train with a double block and
bleed valve arrangement. The components from the supply end are a shutoff valve, a gas pressure
regulator, a supply pressure gauge, a Roots meter, a shutoff valve, a supply pressure gauge, a gas pressure
regulator, a low-pressure switch, a safety solenoid valve, a vent solenoid valve, a second safety solenoid
valve, and a high-pressure switch. The gas supply line branches downstream of the safety valves into two
separate, but parallel, lines with individual orifice meters and flow shutoff valves to allow the use of two
different size orifices for more accurate flow measurement.

A recently installed Roots meter also

provides an accurate flow measurement. These two lines recombine downstream of the shutoff valve and
supply gas to an EL-O-matic actuator with gas valve assembly. The EL-O-matic actuator with gas valve
assembly, shown in Figure 4, is one of the most advanced actuators on the market today. Natural gas is
combined with combustion air internal to the burner’s design.
6

Figure 4. 2.5 X 106 Btu/h COMMERCIAL PROTOTYPE BURNER MOUNTED ON THE
VERSATILE 24-INCH-DIAMETER FIRETUBE BOILER SIMULATOR
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The combustion air is supplied by a New York Blower Company pressure blower, which is mounted near
the burner, and piped to the burner using flexible ducting. Combustion airflow is controlled via a cabinetmounted variable frequency drive.
Analytical Equipment and Measurements
The major measurements made during the evaluation of the burner included combustion air,
natural gas, and cooling water flow rates. Appropriate temperature measurements to approximate the heat
flux profile along the combustion chamber length; and NO/NOx, CO, CO2, THC, and O2 emissions in the
burner and in the exhaust gas composition, as well as exhaust gas temperature.
The natural gas flow rate was measured using a Roots meter, while the combustion airflow rate
was measured via an orifice in the supply duct. The static pressure at the burner was measured by
connecting the combustion air plenum to a manometer. The gas pressure at the burner was measured
separately using Bourdon gauges.
To allow calculation of the heat flux profile along the length of the combustion chamber, the
cooling water flow rate and inlet/outlet temperatures were measured for each water-cooled module. The
cooling water flow rates were measured by rotameters, whereas the inlet and outlet temperatures were
measured by type "T" thermocouples.
The exhaust gas sample was drawn through a 3/4-inch-OD by 4-foot-long, water-cooled probe
(shown in Figure 5). The gas sample is withdrawn using oil-less vacuum pumps and passed through
sample conditioning trains, which consist of the following:
•

A water trap to remove any condensate

•

Indirect electric heaters to heat the sample above the dewpoint

•

A membrane dryer for removing the moisture.

The sample conditioning trains are located near the probe and are followed downstream by Teflon sample
lines to deliver the gas sample to various gas analyzers through a sample flow control and distribution
panel. The control panel (shown in Figure 6) facilitates easy switching between gas sampling and
instrument calibration.
The combustion products composition was measured using continuous gas monitors.
following gas analyzers were utilized:
•

A ThermoElectron Model 14A chemiluminescence NOx analyzer

•

A Rosemount Analytical Model 880A infrared carbon monoxide analyzer

•

A Rosemount Analytical Model 880A infrared carbon dioxide analyzer
8

The
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Figure 5. SCHEMATIC DRAWING OF THE GAS SAMPLING PROBE ASSEMBLY

Figure 6. GAS SAMPLING FLOW CONTROL AND DISTRIBUTION PANEL
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•

A Rosemount Model 400 flame ionization total hydrocarbons analyzer

•

A Rosemount Analytical Model 755R paramagnetic oxygen analyzer.
The instrument arrangement is shown in Figure 7. All of the instruments were calibrated using

pure nitrogen to establish the "zero" and an appropriate span gas to set the "gain." An analysis of the
certified span gas mixture used during the evaluation follows:
NOx:

77.9 vppm

CO:

81.5 vppm

CO2:

15.08%

THC:

78.1 vppm

O2:

15.15%

The static pressure near the combustion chamber exit was measured by a magnehelic
pressure/vacuum gauge. A type "R" thermocouple was also installed near the exit of the firetube boiler
simulator during the tests to provide a reference temperature. This thermocouple, however, provides a
temperature measurement that is lower than the true gas temperature because of the radiation effects of
cooler surroundings.

Figure 7. INSTRUMENTATION SETUP IN THE COMBUSTION LABORATORY
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DISCUSSION OF TESTS AND RESULTS

Baseline testing was performed on a Kewanee Boiler Model No. H3S-100KG at Vandenberg
AFB Building No. 13330 to determined the design requirements for installation of the FIR burner. A
total of 11 tests were conducted in the range of firing rate from 0.4 to 3.5 X 106 Btu/h to determine
current emissions and boiler baseline performance utilizing the existing Kewanee Forced Draft Burner
Model No. KFR-20-962-G and associated controls.

Precise adjustments of the firing rates

6

(~0.1 X 10 Btu/h) and the excess air in the stack (~0.4% point) were found difficult to achieve because of
uncontrolled fluctuations in the firing rate. Because these are not necessary as long as the acquired data
covers the normal design operating range of the burner, this was not considered a problem.
The O2, and NOx and CO emissions in the stack are plotted versus firing rate in Figure 8. The
usual firing rate of the boiler was determined to be in the range of 0.4 to 1.7 X 106 Btu/h. In order to test
the boiler above 1.7 X 106 Btu/h, the boiler had to be artificially loaded by venting raw steam to the
atmosphere. Six tests were conducted at firing rates from 0.4 to 1.5 X 106 Btu/h with a 20 to 30 minute
duration each and five tests were conducted at firing rates from 1.7 to 3.5 X 106 Btu/h with a 10 to 15
minute duration each. Excess air in the stack was about 270% (15.3% O2) at 0.4 X 106 Btu/h, 85% (9.6%
O2) at 1.7 X 106 Btu/h, and 30% (4.9% O2) at 3.5 X 106 Btu/h. NOx values increased steadily from 48
vppm at 0.4 X 106 Btu/h, 71 at 1.7 X 106 Btu/h, and 81 vppm at 3.5 X 106 Btu/h. CO levels were more
than 3000 vppm at 0.4 X 106 Btu/h, 19 at 1.7 X 106 Btu/h, and 5 vppm at 3.5 X 106 Btu/h. Although not
shown, THC emissions were consistently over 1000 vppm at each firing rate.
Based on the results of baseline testing, collected operational and engineering data, and actual
usage of the boiler in Building No. 13330, a detailed design for a 2.5 X 106 Btu/h commercial prototype
burner was generated for application to the boiler. The burner was designed with several NOx reduction
techniques including combustion air staging, enhanced heat transfer from the flame, internal recirculation
of partial combustion products, and primary combustion air/fuel premixing. FIR burners have been
shown to reduce NOx emissions from typical uncontrolled levels of 80-100 vppm to single-digit levels (9
vppm). This is done without the efficiency penalties incurred by alternative NOx control methods such as
external FGR and water or steam injection at low excess air. The detailed design for the commercial
prototype burner includes a burner management system and combustion control necessary to operate the
burner with a minimum 5 to 1 turndown.
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Figure 8. BASELINE EMISSIONS BEFORE FIR BURNER INSTALLATION
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Laboratory Testing
The 2.5 X 106 Btu/h commercial prototype burner was installed on each of the firetube boiler
simulators in IGT’s Combustion Laboratory. Initial testing was performed on the 24-inch-diameter
firetube boiler simulator to verify emissions already obtained with a similar prototype burner using a
manual control system. Testing was than performed on the 20-inch-diameter firetube boiler simulator,
which is representative of the morison tube on the host boiler at Vandenberg AFB. In both cases the
objective was to characterize the burner performance in a controlled environment prior to installation at
Vandenberg AFB.
The secondary combustion air damper was characterized to establish the optimum ratio of
primary to secondary air. Burner management and combustion controls were shaken down and tuned for
very-low NOx and refined excess air operation. The burner management utilizes a standard FisherRosemount programmable logic controller. Inputs to the controller include: a Fire-Eye flame relay with
infrared autocheck capabilities, infrared scanner, boiler and gas train limits, and limits for combustion
control actuator deviation.

The combustion control is by parallel positioning.

Separate actuators

responding to the same load signal simultaneously control gas and air. A multi-loop controller is utilized
for both input and output signals.
Figure 9 and Table 1 presents the data at firing rates from 0.5 to 2.5 X 106 Btu/h on the 20-inchdiameter firetube boiler simulator. Excess air in the stack ranged from 25.4% to 13.7% (4.6% to 2.8%
O2). As shown, NOx concentrations were stable at about 10 vppm over the full 5 to 1 turndown. The CO
emissions were highest (50 vppm) at the lowest firing rate. It must be noted that the firetube boiler
simulators are not equipped with a convective pass. Consequently, additional residence times available
on actual boilers are expected to yield significantly lower CO values. CO concentrations are consistently
below 10 vppm at firing rates above 1.0 X 106 Btu/h. Although not shown, THC emissions were below
20 vppm at each firing rate. As was demonstrated in IGT’s Combustion Laboratory, the FIR burner
has consistently achieved the project objectives of <20 vppm NOx, <50 vppm CO, and <50 vppm
THC emissions without external FGR, and without water or steam injection, at low excess air.
These results were attained over the full 5 to 1 turndown.
Field Performance Testing
After successfully testing the FIR Burner in IGT’s Combustion Laboratory, the burner was crated
and shipped to Vandenberg AFB for installation in Building No. 13330. The existing Kewanee burner on
the firetube boiler was removed and the 2.5 X 106 Btu/h commercial prototype burner was installed
complete with burner management and combustion controls (see Figure 10).
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Table 1. 2.5 X 106 Btu/h COMMERCIAL PROTOTYPE BURNER EMISSIONS AT
IGT’s COMBUSTION LABORATORY
Firing Rate, X 106 Btu/h

Load, %

O2, %

NOx, vppm

CO, vppm

0.51

20

3.9

8.9

50.4

0.64

26

4.0

10.1

30.7

0.91

36

3.5

10.3

6.2

1.05

42

2.6

11.0

20.5

1.11

44

3.4

10.3

4.1

1.31

52

3.9

10.3

2.1

1.43

57

4.6

9.9

6.6

1.43

57

4.1

9.6

3.2

1.45

58

2.8

10.2

4.9

1.46

58

4.1

9.6

3.2

1.70

68

3.5

10.3

2.1

1.81

72

2.8

9.9

4.9

1.99

80

4.0

10.2

1.1

2.21

88

4.1

9.8

1.1

2.25

90

4.6

10.5

1.1

2.25

90

3.9

9.5

1.1

2.30

92

2.8

9.9

2.0

2.44

98

3.1

9.0

2.0

2.46

98

3.9

9.4

1.1

2.48

99

3.4

9.0

1.0

2.50

100

3.7

9.4

1.0

2.52

100

2.5

9.7

4.9
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Figure 10. 2.5 X 106 Btu/h COMMERCIAL PROTOTYPE BURNER
AT VANDENBERG AFB
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The results of performance tests conducted at Vandenberg AFB for firing rates from 0.5 to
2.0 X 106 Btu/h is shown in Figure 11. Excess air in the stack ranged from 24.3% to 10.9% (4.5% to
2.3% O2). NOx concentrations ranged from 9.8 vppm to 17.2 vppm (0.5 to 2.0 X 106 Btu/h) and are
consistently below 20 vppm over the range. The CO emissions ranged from 10.9 vppm to 12.5 vppm (0.5
to 2.0 X 106 Btu/h). On April 21, 1999 the burner was prepared for continuous operation in automatic
regime.
Data was collected from April 21-June 10, 1999. During this period, there were 1610 burner
cycles – an average of 31 per day – and 11 lockouts (Nos. 225-235) indicated by the Fire-Eye history
buffer (see Table 2). This represents a 99.3% availability factor. Lockout Nos. 1-224 occurred prior to
installation of the burner at Vandenberg AFB and during shakedown of the burner, and were not related to
operational reliability. Lockout Nos. 225 and 226 occurred in the course of a single startup (cycle 7858)
and have the designated lockout code “Auto/3P Interlock Open.” This lockout occurs when the safety
interlocks (high gas pressure, low gas pressure, low-low water cutoff, high-high boiler pressure, and
normal airflow) are not satisfied, the 3P interlock remains open and the cycle is interrupted. Lockout
Nos. 227-230 occurred in the course of a single startup. Lockout 227 was designated as an “Auto/3P
Interlock Open.” Whereas, lockouts Nos. 228-230 were designated as a “Purge/3P Interlock Open,”
which occurs when the safety interlocks open during the purge period or fail to close within the first 10
seconds of purge. Lockout No. 231 occurred 24 cycles later and was designated “Auto/3P Interlock
Open.” About a week later there were a series of lockouts over a short time period. Lockout Nos. 232,
233, and 235 were designated as an “Auto/Flame Failure,” which occurs when the main flame fails during
run mode. Lockout No. 234 also occurred during this period and was designated “Main Trial For Ignition
(MTFI)/Flame Failure.” This lockout occurs when the main flame fails to ignite during the 10-seconds in
which the pilot is established.
Additional information related to the burner management, controls, and operational parameters
during April-June was limited. The boiler room in Building No. 13330 was unattended and attention to
the boiler was provided once a lockout occurred.
Long-term Testing and Operation
In order to provide additional history related to burner lockouts and to facilitate the reliability
analysis of the burner, a recording datalogger was installed to collect data on key burner management,
control, and operating parameters.

The datalogger is an Omega DR130 Portable Hybrid Recorder

equipped with 20 user-definable inputs, built-in floppy disk drive, and RS232 output. Normally, this
instrument accumulates data files in an internal RAM disk with 512-KB capacity. For this installation the
datalogger was interfaced with an on-site personal computer and programmed to automatically transfer
data files to the computer’s hard drive and then delete the files from the datalogger’s RAM disk, allowing
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Table 2. Lockout History for APRIL-JUNE 1999
Lockout
No.

Burner
Hours

Burner
Cycle

Lockout Code

225
226
227
228
229
230
231
232
233
234
235

1904
1904
2139
2139
2139
2139
2178
2328
2329
2330
2330

7858
7858
7967
7967
7967
7967
7983
8264
8266
8267
8268

Auto/3P Interlock Open
Auto/3P Interlock Open
Auto/3P Interlock Open
Purge/3P Interlock Open
Purge/3P Interlock Open
Purge/3P Interlock Open
Auto/3P Interlock Open
Auto/Flame Failure
Auto/Flame Failure
MTFI/Flame Fail
Auto/Flame Failure

extended unattended operation. The instrument also records data on paper as a backup to the digital data
logging capability. The datalogger channel assignments are listed in Table 3.
The data collection parameters are as follows:
•

All points are scanned every 2 seconds.

•

Logging to the RAM disk begins when channel 1 goes above 10.0 mA OR goes below 4.5 mA and
continues until 200 points have been logged (400 seconds); the data recorder also logs 40 points prior
to each of these triggers, for a total of 240 points (8 minutes) per trigger. This allows acquisition of
data before and after each startup and shutdown of the burner.

•

Paper recording begins when channel 1 is above 10.0 mA and stops when channel 1 is below 4.5 mA.
Note that the paper recording covers all events between burner startup and shutdown.

•

Each data logging session creates a separate data file, which can be loaded into an Excel spreadsheet;
once a day, all files are transferred to the local personal computer and to a floppy disk and then
deleted from the datalogger RAM disk.
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Table 3. DATALOGGER CHANNEL ASSIGNMENTS
Channel

Identifier

1

FAN

2
3
4
5
6
7
8
9
10

Description

Signal

Combustion air blower speed signal:
starts/stops data recording
NG dP
Fuel flow orifice differential pressure:
proportional to square root of fuel flow
CVin
Fuel control valve positioner input:
signal sent to fuel control valve by burner control
system
CVout
Fuel control valve positioner output:
indicates actual fuel control valve position
A sig
Alarm-active signal:
closed with any control system alarm
3P sig
Interlocks-satisfied signal:
closed when all startup safety limits are satisfied
7 sig
Main gas valve OPEN signal:
closed when main fuel safety valve receives signal
to open
DRAFT
Furnace draft pressure:
-1.0 to +1.0”wc
FLAME
Flame sensor signal:
infrared sensor
STEAM P Steam pressure:
pressure transmitter output from boiler steam drum

4-20 mA
4-20 mA
4-20 mA
4-20 mA
Contact closure (0,1)
Contact closure (0,1)
Contact closure (0,1)
4-20 mA
0-10 VDC
1-5 VDC

Data from a typical normal startup and shutdown cycle are shown in Figure 12 and 13. On/off signals “A
sig”, “3P sig”, and “7 sig” are offset for clarity.
During startup, as shown in Figure 12, when the steam drum pressure drops to the control set
point (STEAM P signal ~1.86 VDC), it activates the startup cycle. The blower fan goes to high speed
(12.5 mA) to purge the burner. This starts the datalogger. If the safety interlocks (high gas pressure, low
gas pressure, low-low water cutoff, high-high boiler pressure, and normal airflow) are satisfied, the 3P
interlock closes, which allows the cycle to continue. The jump in fuel control valve (“CVin” and
“CVout”) is a repositioning of the control valve for startup at 20% of scale. After a 30-second purge, the
fan speed drops to lightoff condition (6.7 mA) for 30 seconds, and then the pilot is ignited. Successful
pilot ignition is indicated by a high flame signal (~8 VDC) because of the luminous diffusion flame.
After 10 seconds, if the pilot remains lit, the main gas safety valve opens, “7 sig” goes to 1, and the pilot
is closed after an additional 10 seconds. The fuel control valve (“CVin”) adjusts to satisfy the boiler load
demand and the fuel flow steadies as shown by NG dP. The flame signal stabilizes at a lower value of 4-5
mA due to the more transparent premixed flame, and the steam pressure gradually rises.
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Figure 12. CONTROL DATA FROM NORMAL BURNER STARTUP

20.0

1

15.0

0

10.0

-1

5.0

-2

-3

0.0
10:18

10:20
FAN
STEAM P

NG dP
A sig

10:22
CVin
3P sig

CVout
7 sig

10:24
DRAFT

FLAME

Figure 13. CONTROL DATA FROM NORMAL BURNER SHUTDOWN

22

On/off signals

mA or VDC signals

7/29/1999

At shutdown, as shown in Figure 13, high steam pressure (STEAM P signal ~2.39 VDC) tells the
system to close the main gas valve, triggering the safety interlock to open (“7 sig” and “3P sig” go to 0).
The flame signal immediately dies off. The blower runs for 15 seconds and then stops, triggering the
datalogger, which retrieves 40 points of pre-trigger data from an internal buffer. The burner then remains
idle until the next startup.
Data was collected during the period of July 21-August 9, 1999. During this period, there were
212 burner cycles – an average of 18 per day – and 7 lockouts (Nos. 10-16) indicated by the Fire-Eye
history buffer. This represents a 96.7% availability factor. The datalogger records were analyzed in
detail to pinpoint the nature and cause of these lockouts (see Table 4). Lockout Nos. 1-9 occurred during
installation and shakedown of the burner, and were not related to operational reliability. Lockout Nos. 10,
11, and 12 occurred in the course of a single startup (cycle 42). Lockout Nos. 10 and 11 occurred
sometime between 17:33 of 07/22/1999 (Thursday) and 13:06 of 07/23/1999 (Friday), when the burner
was manually reset. Lockout No. 12 occurred at 13:07 of 07/23/1999 when the pilot appeared to light
normally, but the main flame failed to hold. The main gas valve was open for 4-6 seconds before the
failure was registered. The startup cycle was then repeated and a successful lightoff was obtained about
two minutes later. Lockout No. 13 occurred at 9:54 of 07/26/1999 (Monday) after seven normal cycles,
and was essentially identical to lockout No. 12, except the main gas valve remained open for only 2-4
seconds. The system was manually reset at 15:55, when lockout No. 14 occurred in the same way as No.
13. An immediate restart was then successful at 15:57. Lockout No. 15 at 17:49 of 07/30/1999 was
identical to the previous two, but the system was not restarted until 12:54 of 8/02/1999 (Monday), when a
successful cold restart was accomplished.

The system cycled normally until 8:19 of 08/05/1999

(Thursday), when lockout No. 16 occurred. Again, the pilot lit successfully, but the main flame went out
in 2-4 seconds. The system remained idle until a cold restart the following Monday 08/09/1999, which
was successful.
Table 4. Lockout History for July-August 1999
Lockou
t No.

Burner
Hours

Burner
Cycle

Lockout Code

Estimated Date/Time

10
11
12
13
14
15
16

13
13
13
28
28
50
67

42
42
42
95
95
170
221

3P Interlock Open
Purge/3P Interlock Open
MTFI/Flame Fail
MTFI/Flame Fail
MTFI/Flame Fail
MTFI/Flame Fail
MTFI/Flame Fail

07/22/1999 17:33 – 07/23/1999 13:06
07/22/1999 17:33 – 07/23/1999 13:06
07/23/1999 13:07
07/26/1999 09:54
07/26/1999 15:55
07/30/1999 17:49
08/05/1999 08:19
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A plot of control system data for lockout No. 12 is shown in Figure 14. The subsequent
successful restart is also shown in this plot.
Five of the seven lockouts during the July-August data collection period were main flame failures
upon lightoff. This was remedied by installing a restrictor in the combustion air duct just upstream of the
fuel:air mixing region in order to reduce the effects of a reverse pressure pulse upon main flame lightoff,
which may have destabilized the flame during the critical startup period.

The fuel control valve

positioner signals (“CVin” and “CVout”) were in agreement during normal operation; however, they
disagreed during failure conditions. The control valve positioner output signal (“CVout”) was removed
from the startup logic. In addition, one of the natural gas shutoff valves was replaced with a 14-second
(instead of 7 second) opening interval.

The remaining two lockouts during the July-August data

collection period were related to the 3P interlock. It was determined that the normal airflow switch was
undersized. An appropriate range was selected and a new airflow switch was installed. After these
changes, the main flame lightoff was noticeably smoother and quieter. We believe that these remedies
have significantly enhanced the burner’s availability factor.
Emissions data collected on September 22, 1999 mirrored earlier data and confirmed stable FIR
burner performance after six months of operation. To document the results of these improvements
further, another data collection period was conducted during October 25-29, 1999. A total of 23 burner
cycles were recorded by the datalogger, and there were no lockouts during this period. Prior to the start
of data collection at 14:54 of 10/25/1999, there had been a single lockout, identified as a PTFI (Pilot Trial
For Ignition), indicated by the Fire-Eye, which was estimated to have occurred between 12:00 and 12:30
of 10/25/1999. However, no data was available to detail this event, and nothing similar occurred during
subsequent operation. On-site personnel also observed that the burner is operating smoothly since
September 1999. Burner reliability has been enhanced. The burner availability factor calculated up to
September 1999 was 99.0%. Since the September 1999 burner improvements the availability factor has
practically reached 100%.

Overall for the period from April to September 1999, the burner has

experienced a small number of lockouts compared to the total number of cycles (99.0%), and no lockouts
have occurred since the September 1999 improvements.
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CONCLUSIONS

As part of Vandenberg’s air quality initiative, the IGT/DSC team has demonstrated a novel verylow-emission high-efficiency natural gas-fired burner on a commercial firetube boiler at the base. The
results of the field demonstration show that the 2.5 X 106 Btu/h FIR burner achieves very-low emissions
at low excess air without the use of external FGR, water or steam injection, all of which either reduce
boiler efficiency or are expensive.

Extensive short- and long-term evaluation of the commercial

prototype burner has demonstrated the performance capabilities of the FIR burner concept. Table 5
presents representative data at firing rates from 0.5 to 2.0 X 106 Btu/h.
•

NOx ranged from 9.8 vppm at 0.5 X 106 Btu/h to 17.2 vppm at 2.0 X 106 Btu/h. These values
represent a 75% reduction compared to baseline levels. Tests at higher firing rates were not possible
due to limited steam demand in Building No. 13330.

•

Excess air in the stack ranged from 24.5% (4.5% O2) at 0.5 X 106 Btu/h and 11.0 (2.3% O2) at
2.0 X 106 Btu/h.

•

CO emissions were stable at <15 vppm across the load range.

•

At baseline conditions with the original burner NOx emissions ranged from 45 to 80 vppm.

Table 5. FIR BURNER PERFORMS OVER BOILER LOAD RANGE
106

0.5

1.0

1.5

2.0

Load, %

22

40

60

80

O2, %

4.5

3.4

3.5

2.3

NOx, vppm

9.8

13.3

14.4

17.2

CO, vppm

11

13

7

13

Firing
Btu/h

Rate,

X

Since April 1999, the FIR burner has been in continuous operation in automatic regime on an
unattended firetube boiler at Vandenberg AFB. Stable performance was encountered for the nine months
of operation. Burner reliability has been enhanced through long-term burner evaluation and refinements.
The burner availability factor calculated up to September 1999 was 99.0%. Since the September 1999
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burner improvements the availability factor has practically reached 100%.

Overall, the burner has

experienced high reliability even at unusual operation with about 18-start up/shut down cycles per day.
Gratitude and appreciation are given to GRI, Institute of Gas Technology Sustaining Membership
Program, Southern California Gas Company, and Tetra Tech Incorporated for funding this project. IGT is
grateful to Vandenberg AFB personnel for support and use of the host firetube boiler at Building No.
13330.
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