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Legal Notice

This information wagrepared by Gas Technology Institgtéi G T | th¢ Ohib Dapartment of
Development, Office of Energy Efficiency

Neither GTI, the members of GTI, the Sponsor(s), nor any person acting on behalf of any of them:

a. Makes any warranty or representation, g3 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 privatehed rights. Inasuch as this

project is experimental in nature, the technical information, results, or conclusions cannot be predicted.
Conclusions and analysis of results by GTI represent GTI's opinion based on inferences from
measurements and empirical relationshiphkjol inferences and assumptions are not infallible, and with
respect to which competent specialists may differ.

b. Assumes any liability with respect to the use of, or for any and all damages resulting from the use of,
any information, apparatus, methaut, process disclosed in this report; any other use of, or reliance on,
this report by any third party is at the third party's sole risk.

c. The results within this report relate only to the items tested.
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Abstract

This report describes the development and field trial of an advanced indirect heaéng sys
(AIHS), based on burner assembigsa type referred to as reverse annulus siaglted radiant
tubes (RASERTS). A carburizing steel heat treating furnace was retrofitted with four RASERT
burners, and the burners were shown to operate effectively and efficiently during the batch
operations carried out in the furnace. The fuel consumption of the fumaasceduced by 50%

as a result of the retrofit, and harmful emissions, particularly of carbon monoxide (CO) were
reduced significantly.
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Executive Summary

This report describes the highly successful design optimization and field trial of an advanced,
indirect heating system (AIHS), developed by the Gas Technology Institute (GTI) in
collaboration with the North American Manufacturing Company (NAMCO). The Department of
Mechanical Engineering at the University of Texas, Austin, was involved in the fist phéhe
project, and provided numerical modeling of the physical and chemical processes associated with
the technology. The system is based on a patented Revanséus, SingleEnded Radiant Tube
burner, referred to as the RASERT. RASERT burners argragbsto be operated using natural

gas, and provide radiant heat in applications where the product gases produced by combustion
cannot come into direct contact with the load in a furnace. The RASERT incorporates a unique
internal design, which diverges froother radiant burners by directing the combusting gases
through a combustion annulus adjacent to the inner surface of the radiant tube surrounding the
burner. Exhaust gases are then directed back into the burner body via a electtly tube

(firing tube), which is coaxial with the radiant tube. The burner body includes a heat exchanger
(referred to as a recuperator) which transfers heat in the exhaust gases back into the combustion
air and fuel entering the burner. The RASERT has been shown to@x@riglhigh thermal
efficiencies, and low emissions of harmful pollutants such as carbon monoxide, nitrous oxides,
and uncombusted hydrocarbons. Prototype versions of the RASERT had been tested and
deployed in an industrial setting prior to the initiatafrthis project. However, prototype

versions were still in a relatively early stage of development, and had been deployed only in a
setting where the furnace operated under-stadystate conditions. The objective of the

project described here was tstall and test the burners in a furnace operated in batch mode,
where the temperature of the furnace would change significantly over the course of each
production cycle.

Work on this project was carried out in two tasks. Work on the first task was dia¢cted
optimization of the RASERT design. Numerical models of several RASERT variants were
developed, and were compared with each other and with experimental results. Promising design
innovations, identified in the course of the modeling work, were then ingpited and tested
experimentally. This process was somewhat iterative, as information obtained via experiment
was used to revise the design. This phase of the project lasted longer than originally expected,
since questions related to thermal efficiencyissions, and burner longevity all had to be
addressed simultaneously, and considerable changes in the burner design were required prior to
the field test. Management of peak temperatures within the burner assembly was found to be
particularly important. Té final design, deployed for the field test, showed excellent thermal
efficiency and emissions characteristics, and incorporated innovations designed to ensure a
satisfactory service life.

The second task involved retrofitting a steel hesdting furnacat AST with a combustion
system based on RASERT burners. Initially, the furnace was equipped with four conventional
unrecuperated burners, firing into tridexanfigured radiant tubes. The performance of the
conventional combustion system was documenmteaolder to establish a baseline for comparison
with the RASERT burners. Once a fidglestready RASERT design was arrived at, four
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RASERT burner assemblies (including burner bodies, radiant tubes, firing tubes and other
components) were manufactured aetivitred to AST. AST carried out the retrofit, which

involved removal of the trident tubes, some minor changes to the brickwork in the furnace, and
installation of the RASERT burners. Some components, such as the main gas valve, furnace
control system andombustion air blower, were retained and adapted for use with the new

heating system. The performance of the burners and furnace was monitored after the retrofit, and
major improvements in thermal efficiency and emissions were documented. The fuel

consumpbn of the furnace was also monitored over a mdortig period following the retrofit,

and was compared with the fuel consumption of the original heating system. The new system was
found to reduce fuel consumption by over 51%. The rate at which the fuemagerature rose

and fell was also important. If a load is heated too quickly, parts may warp and distort, but, if it
heats up too slowly, the rate of production is decreased. AST stated that the new heating system
would need to provide the same heatiaig ras the old system, in order to ensure that production
would be unaffected by the retrofit. There was also some question as to whether the furnace
would cool more slowly with the new burners installed, since the recuperators on the RASERTSs
tend to redue heat losses from the furnace. In fact, it was found that the new heating system
provided a heating rate that was essentially indistinguishable from that of the old heating system.
The RASERTSs were also found not to affect the cooling rate of the fumaog measurable

way. On the whole, the deployment was quite successful, and the heating system, based on
RASERT burners, was found to perform very effectively and efficiently.

Introduction

Project Objective

Designoptimization of an Advanced Indirect Biing System (AIHS) patented by GTI and licensed to

NAMCO will be finalized and demonstrated at the Gbased heat treating facility operated by Akron

Steel Treating Company. Finalization wil!/| i nclud
performane. Performance data from both before and after the installation will be collected to assess the
benefit of the new technology.

Background

An improved AIHS will provide quantifiable energy benefits and service life benefits to users of radiant

tubes. The AHS is a novel indirect industrial heating concept where the internal flow direction is the

reverse of conventional technology. The current design uses less fuel than conventional technologies and
emits less NOX, but further improvement is anticipated afptimization. The technical issues to be
addressed are the systemdés efficiency, emissions,
(lower internal tube temperatures).

Patents

No patent applicatiowasfiled in the course of this project.
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Publications/Presentations

Articl e in Industrial Heat i ngEndedBarpet Systemmdor 2007, p
RadiantTubeFi r ed Processeso; Joint Press Release by GT
Company, August 2006 dantTubd¢@wred TecBriology Reelucds ErkryydCoR a

and Operating Cost While Reducing Emissions

Overview

A sectionview of the RASERT burner assembly is shown in Figure 1, below. As is shown, the
RASERT is designed in such a way that combustion of airwldtcur in an annulus located
between the inner surface of the radiant tube and the outer surface of the firing tube (located
within the radiant tube). This arrangement facilitates heat transfer from the combusting gases to
the radiant tube. Other radiambe systems include designs wherein combustion occurs within a
central tube, and heat must then be radiated from the central tube to the radiant tube. In the
RASERT, the firing tube can operate at a lower temperature than is possible in burners where
combustion occurs in the central tube. This makes it possible to reduce the manufacturing cost of
the RASERT, and gives it a potential competitive advantage compared to current commercial
single ended radiant tube burners.

FLUE GAS EXIT (COOLED) RADIANT TUBE COMBUSTION OCCURS IN OUTER PASSAGE

HIGH EFFICIENCY INTEGRAL RECUPERATOR RASERT FLUE TUBE
RASERT

t

COMBUSTION AIR IN

Figure 1. RASERT Sectionview, showing general arrangement of internal components

The RASERT concept was documented in a patent application in 2000, and is covered by the
resulting patent (US patent number 6321743), issued in 2001.

PROJECT TIMELINE
July 1st, 2006Start of project, modeling work begins at U'BXistin.

August 2nd, 2006: Project kickoff meeting at AST facility in Akron, Ohio. Arrangements made
to begin collecting production data at AST.

January 31st, 2007: Site visit by GTlI and NAMCO personnel to, Afgjital counter installed on

fuel meter (fuel meter installed on Furnace 311 in late 2006), and revised procedures for
production data were developed. Fuel consumption figures for Furnace 311 to be collected on a
daily basis by AST personnel.
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March 3@, 2007: First laboratory test of RASERT-designed on basis of modeling results;
general trends found to agree, but certain aspects of model results were not seen in data obtained
in the laboratory.

April 6™, 2007: Field data collected at AST betweehrBary, 2007, and March, 2007,
summarized and analyzed, collected in a report prepared by then Principal Investigator, Tanya
Tickel.

April 9" to 11", 2007: Baseline test at host site completed.

April 10", 2007: Final report on numerical modeling resotimpleted by Jason C. Lee (UTX
Austin); report represents end of modeling work carried out at-Buitin.

June 28, 2007: Laboratory test of modified RASERT prototype, including swirl vanes installed
on the firing tube to ensure completion of combusiannulus.

Third Quarter, 2007: Issues with RASERT longevity identified; hot spots near burner inlet found
to cause failure of RASERTS after ~8000 hours of service. Longevity issue identified in the
course of RASERT deployment unconnected with proje&&at. Work was undertaken by

NAMCO to further revise RASERT design and address longevity issueSohlioTime

Extension requested, shifting completion date of project from 5/31/2008 to 8/31/2008, in order to
allow for a projected-8nonth delay in manufactung of RASERTS for field test at AST.

Fourth Quarter, 2007: NAMCO and GTI developed an improved RASERT design, making it
possible to reduce peak temperatures in the RASERT assembly by 300°F. Finite element analysis
also carried out to ensure that revisedign would experience reduced thermal stresses and
deformations.

February 2%, 2008: Site visit to NAMCO and AST by current Principal Investigator, Martin
Linck to discuss burner revisions and inspect furnace 311.

March 25", 2008: Site visit to AST to AMCO by GTI and NAMCO personnel to lay
groundwork for field test, and confirm that radiant tubes and firing tubes needed for installation
of the RASERTSs had been delivered.

April 21st, 2008: Furnace 311 at AST taken out of service for retrofit, old hesysigm
removed and installatioof a newheating system based on RASERT technology initiated.

May 19", 2008: Beginning of field test at AST. GTl and NAMCO personnel present-for re
commissioning of Furnace 311.

May 22nd, 2008: Furnace brought back upraduction, detailed technical data gathered for 24
hours from May 22nd to May 23rd.

May 26" 2008 to June 28 2008: Fuel consumption figures tracked for Furnace 311, for
comparison with furnace performance prior to retrofit.
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June 28, 2008 to currentField test data reduction and analysis; Final Technical Report
preparation

Advanced Indirect Heating (AlH) System Field Trial for Metal Heat Treating Applications Page 9

gti



Results and Discussions

TASK 1: OPTIMIZATION OF RASERT DESIGN

Work carried out on this task was undertaken according to the following process:
a. Engineer and fabricate a protogypIHS

b. Install the AIHS inmanufacturing fullscale heat treat furnace

c. Test and evaluate AIHS performance

d. Further modify and retest until design is optimized

When this project was initiated, a preliminary RASERT design had been developed. dttvelf

Task 1 was to optimize this design, and obtain a RASERT configuration that could produce low levels of
NOx and CO emissions, would light readily, and would achieve high thermal efficiencies. The
temperature uniformity of the radiant tube was alfsgreat importance. All heated components of the
RASERT are manufactured from higitkel alloys; one of the design constraints is the maximum

service temperature of these alloys. Avoiding overheating of the burner components, and elimination of
hot spos, was a high priority.

The design phase of Task 1 began with a series of numerical models, created by collaborators at the
Mechanical Engineering Department of the University of Texas at Austin. The first step was to develop a
numerical model that accuedy represented the behavior of the unmodified RASERT. Results obtained

from this model were then compared with test results, obtained from an exteirsstelynented burner
installed in a furnace in GTI 6s cwlidited$ytieon | abor a
experimental results, design changes were incorporated into a series of subsequent numerical models.

The design of the RASERT is rather complex, and is complicated further by the need to model complex
combustion reactions and heat trangfeenomena. Various modeling approaches were attempted, with

varying numbers of nodes and mesh configurations, until satisfactory results could be obtained.

I nitial Modeling Approach (ACurrent Model 0)

The first model to be developed was based on therdiimes and design of the latest RASERT version

developed prior to the beginning of this project. Since this version of the RASERT was installed in the

test furnace at GTI, and would provide data for validation of the first numerical model to be developed,
this RASERT version is referred to as the ACurren
according to a scheme described below.

The models that were run pertained to the section of the burner located within the furnace. This includes
the radiant tubgfiring tube, stabilizer can, a stabilizer plate, two halves of a stabilizer ring, 2 air channels
and crossover tubes. Along with these 9 solids, there are 6 radial holes on the stabilizer can and 8 holes
on the stabilizer plate. A complete descriptiothaf geometry is found in the next section. A reference
model was created based on the geometry of a model that is currently being used at the Gas Technology
Institute. Figure 2 shows the temperature distribution along the center horizontal plane. Tofetiw

air is from the top between the radiant and firing tube. The flow turns around at the bottom of the figure,

Advanced Indirect Heating (AlH) System Field Trial for Metal Heat Treating Applications  Page 10

gti



and comes back up in the firing tube. The results of this model show hot spots near the root of the flame.
The peak gas temperature along Horizontal plane was 3448 °F.

3.55e+03
3.40e+03
i 3.26e+03
- 3.11e+02
297e+03
282e+023
2.68e+03
2.52e+03
2.3%e+03
2.24e+03
. 2.10e+03
1.95e+03
181e+023
1.66e+03
1.52e+03
L 137e+03
1.23e+03

1.08e+03
98.40e+02

7.95e+02¢
6.50e+02 j

Figure22iCurrent Model 0 Hori zont al Pl ane Temperatur

The obijective is to lower the hot spot temperatures, with the intention that it will result in lowering the
firing tube and radiant tube peak temperatures. The temperature uniformity of the tubes is also important,
so lowering the average tube temperature is another objective. An additional objective is to lower the
exhaust NOx concentration as compared to theeat model results. Many have found Fluent NOx

models to be a poor measure of its actual concentrations. However this model proved to be reliable to
predict trends, and is used for that reason here.

Computer Model Setup
ACurrent Model diolGeometric Descript

The model represents the part of the radiant tube that is within the furnace. The radiant tube modeled is
44. 1106 long and the radiant and firing tube inner
are 70 and 4. 50 edescpbingthe model, an explanatiorf ohtleigéometrais

necessary. Figures 3 andglowsthe model geometry along the vertical and horizontal plane

respectively.
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Radiant Tube Firing Tube

R /
3 > /
iy ¥
Figure 3. Vertical Plane Geometry
Radiant Tube Firing Tube

® N
r g

Figure 4. Horizontal Plane Geometry

The section on the left incorporates the stabilizer plate, can, and ring; air channels and the crossover
tubes. The horizontal plane is defined as the plane that cuts through the crossover tubes, as shown in
Figure 5, andhe vertical plane is the plane that is perpendicular to it. Figure 6 shows the stabilizer can
from the perspective of the vertical plane.

T —

Stabilizer Ring

Crossover Tubes
\~ \
\ Stabilizer Can
. ] ~\'\

Stabilizer Can ™~ _~ Stabilizer Plate

\.\ >

Radial Hgles [ —— [~ mf

5) O Lhi)

Figure 5. Horizontal Plane Geometry within the Stabilizer Can (Stabilizer Can is welded tthe
Pseudotube, a metal tube surrounding the recuperator)
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Secondary Inlet ) - ]
(Air + FGR) Stablizer C
s abilizer Can
Exhaust Outlet —— o [
=
Primary Inlet ; () ( > Air Channels
(Air + FGR) —
| \~..
Exhaust Outlet €—— & _ Stabilizer Plate
Secondary Inlet = = ﬁ
(Air + FGR) =
Figure 6. Vertical Plane Geometry within the Stabilizer Can
The primary air and fuel mixture flows into the p

mixture then travels through the crossover tubes and enters the can. The secondary air enters between the
can and firing tube. Some of the secondary air travels through the radial holes of the can so that it flows
between the radiant tube and the can. Bsé either flows through the air channels, or through the

stabilizer plate holes where it begins to mix with the primary air and fuel mixture. The stabilizer ring is

of fset from the can by 1/ 40 and t he axthmouglkttheannel s
entire can without mixing. As the air and fuel mixture leaves the can, it flows in the annulus between the
radiant and firing tubes. At the end of the annulus the mixture turns into the firing tube and leaves

through the exhaust. Figuresiiows the geometry of the current stabilizer plate oriented such that the
horizontal and vertical plane lie along the x and y axis respectively. The holes are specified as type A and
B, for future reference and the geometry of the stabilizer ring is shaw clearly in Figure 8.
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Figure 7. Stabilizer Plate (seen from the point of view of fuel traveling forward toward the
crossover.

Stabilizer Rings

Air and Fuel Mixturg
Flow Direction

Exhaust Flow Direction

Air and Fuel Mixture Flow
Direction

Figure 8. Stabilizer Can and Ring

Model Description

Two symmetry planewere used, one along the vertical plane and one along the horizontal plane. This

results in a model a quarter of the original size. The boundary conditions along two sides, the vertical and
horizontal planes, naturally are specified as symmetry boundaditons. The radiant tube is left out of

the model; instead the inner wall of the radiant tube is modeled as a wall with a radiant boundary
condition with a 0.120 thick conduction wall with
°F. Theother solids are specified as no slip coupled walls. The reason that these walls are specified as
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coupled is because each wall is in contact with both a solid and fluid volume. Fluent splits each of these
walls into two, one in contact with just the fluadd the other in contact with just the solid. Since these
walls are physically just one, the two must be coupled together.

The inlet and outlet mass fractions are specified in Table 1, according to an exhaust with 15% excess air,
and methane with a firingate of 100 scfh of natural gas (100,000 Btu/hr). The primary and secondary
mass flow rates are 469 and 1031 scfh respectively with 25% flue gas recirculation (FGR). Since the
model uses the symmetric properties making it 1/4 of the actual model, thBaonasges input into the
program are scaled by 1/4. The exhaust outlet, primary inlet, and secondary inlet temperatures are set at
2000 °F, 650 °F, and 1270 °F respectively. The last boundary condition specified is the face between the
stabilizer can andadiant tube. This is not a physical wall but is modeled as a pseudo wall with no heat
flux.

Table 1. Inlet and Outlet Mass and Mole Fractions for 100 scfh (100,000 Btu/hr)

Mass Fraction Mole Fraction
Exhaust | Primary Inlet| Secondary Inlel Exhaust | Primay Inlet | Secondary Inle
CHs | O 0.132076 0 0 0.213252 0
CO, | 0.131966| 0.028306 0.025607 0.083299 0.01666 0.01666
O, |0.028785| 0.157666 0.19244 0.024990| 0.127629 0.172198
H,O | 0.108041| 0.023174 0.020964 0.166601] 0.03332 0.03332
N, |0.731207 0.658778 0.76098% 0.72511 | 0.60914 0.777822

The CAD drawings were created in Solid Works and imported as IGES files into Gambit. The fluid and
solid volume of the model is cut into sections in order to achieve a good mesh. The volumes near and
within the stabilizer can séon use a denser mesh in order to better capture the combustion process as
well as any mixing that occurs. The fluid and solid volumes outside of the can are of a much simpler
model so a less refined mesh can be used. When tabs are added to a sagtite diling tube, a

section up and downstream of the tabs must be meshed with a refined mesh in order to capture the flow.
Depending on the complexity of the geometry, these models use between 1.2 and 1.7 million mesh nodes.

After the model is meshed,i#t imported into Fluent, where the species and boundary conditions are

defined. The models used here areakr eal i zabl e turbul ent model |, DO r
and a methane air 2 step combustion model. The entire section is initialized with certain gas fractions,

velocity, and temperature. These models take about 1500 iterations to converge. @orvsrge
determined by the residuals of continuity, veloci

root mean square difference between one iteration and the next. The continuity residual is most
commonly the slowest to converge. The ci@teset for convergence are-4dor the continuity, velocity,
and turbulence residuals and@.éor the energy and NOXx residuals.

Comparison of Numerical Modalith Experimental Results

A | aboratory test executed onl MavehsiBOn @D0fheuBRA
obtained results which allowed the model produced by {4&TXtin to be validated. The radiant tube

temperature data differ by as much as 118 °F from the model results, for about a 6% error. This is along

the top of the tube, whetke model predicted a temperature peak at approximately 22 inches, and no

peak was observed. Even with that, the average temperature differences are about 34 °F, for around a

1.8% error. The thermocouple measurement error is about 0.75%, and thera 8,850 Btu/hr (1.8%)

difference between the actual laboratory firing rate used and the model firing rate. Agreement therefore
appears to be within the overall experimental error.
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However, the major difference between the laboratory data and the modelipnads the lack of a
temperature peak on the top of the tube, downstre
data also shows a very slight peak at 10 inches along the right side of the radiant tube, although the

model predicts it is conaitly decreasing. Together, this implies that, in the experimental RASERT, less

of the primary stream is deflected up to the top of the tube to meet the secondary air stream than was
predicted by the model. Except for that slight difference, the temperattofile along the right side of

the tube matches to between 0.1% and 2.7%. The firing tube data matches Line 9 in Figure 12, along the
right side of the firing tube, because all of the thermocouples on the firing tube are in the horizontal

plane. Diffeences are between 1.1% and 3.7%. Temperatures are more uniform than predicted by the

model.

NOx emi ssions are of the same order of magnitude
of the FLUENT model are only expected to predict directichahge, and not actual NOx values. As
the firing rate is lowered, emissions decrease, tube temperatures decrease, and NOx emissions decrease.

Setup: The experiment was performed in the Gas Techndlogys t i t uréaefrrmce.hTeva tadiant
U-Tube buners (North American Evenglow, rated for up to 300,000 Btu/hr) were fired for supplemental
heat. The equipment used are listed below:

A K-type thermocouples attached to the radiant tube, the firing tube, the exhaust, the burner, and the
heat exchanger werconnected to an Opto22 data acquisition system; data were recorded every 15
seconds.

A The exhaust temperature measurement utilized an aspirated thermocouple to prevent the temperature
from appearing cooler than the exhaust gases due to radiant hetgrtbatween the thermocouple and

the uninsulated exhaust stack walls.

A A set of rackmounted analyzers detected emissions, as listed below.

Table 2. Analyzers and associated analytes

Manufacturer and model Analyte Detection method
Thermo EnvironmentalZC | NO, NO,, NO, | Chemiluminescence
Beckman Industrial 755 O, Paramagnetic
Rosemount Analytical 8804 CO Non-dispersive infrareg
Rosemount Analytical 8804 CO, Non-dispersive infrareg
Rosemount 400A THC Flame ionization

A The thermocouple locations ateosvn in Figure 9 through Figure 11.
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Figure 9. 4748600 RASERT, Radiant Tube Weldment for GTI, Details; Drawing #64699
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procedure was used for data collection:
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A The furnace was heated to 1750 °F and then held at approximately 1750 °F for a half hour prior to
data collection.

A After each change in firing rate, the air was adjusted to achieve,3% O

A Data were collected after 15 minutes of firing at the new rate.

Results of Laboratory Testing

The results are summarized in the tables below. The selected laboratory datgsinetsrof the

temperature distribution at an instant in time. The selected data correspond to the time that the emissions
data and the exhaust temperature (with aspiration) were recorded. Data from thermocouples upstream of
the flame stabilizer on the FFERT can are not included because they were not in the computer model.

Table 3. Firing Rate and Furnace Temperatures for the Laboratory Test

South North Chamber lRASERT Gas ) ] RASERT Air .
Chamber Temperature Barometric Pressure=29.42 in. Hg Baromet_rlc Pressure=29.42 in. Hg
Temperature Fuel temperature 70°F Air temperature 70°F

TE-141 TE-142 Pupstream DP Flow Pupstream DP Flow
Note event Time °F °F psi in wc scfh psi in wc scfh
Firing rate 134,950 Btu/hr 16:52 1746 1752 0.708 3.65 135.0 0.840 3.75 1516.4
Firing rate 103,220 Btu/hr 16:22 1747 1755 0.262 2.20 103.2 1.200 2.25 1188.4
Firing rate 69,590 Btu/hr 15:59 1760 1765 0.262 1.00 69.6 1.200 0.80 708.7
Firing rate 38,120 Btu/hr 15:43 1757 1759 0.262 0.30 38.1 1.200 0.20 354.3

Table 4. Tube Temperatures at 100%, 75%, 50%, and 25% Firing Rates

Position Along Top -- Radiant Tube
-3" 3" 21" 45" 65"
Firing rate 134,950 Btu/hr 1742 1899 1847 1823 1803
Firing rate 103,220 Btu/hr 1740 1879 1835 1813 1789
Firing rate 69,590 Btu/hr 1739 1861 1824 1804 1776
Firing rate 38,120 Btu/hr 1735 1830 1802 1788 1762
Position Along Right -- Radiant Tube Position Along Right -- Firing Tube
-3" g" 9" 21" 33" 45" 57" 63" 65" g 7" 28"
Firing rate 134,950 Btu/hr 1791 1876 1880 1845 1820 1822 1821 1831 1807 2018 1940 1919
Firing rate 103,220 Btu/hr 1779 1869 1868 1832 1808 1810 1808 1808 1800 1989 1911 1891
Firing rate 69,590 Btu/hr 1757 1864 1858 1824 1803 1804 1800 1785 1788 1951 1877 1859
Firing rate 38,120 Btu/hr 1741 1846 1830 1801 1786 1789 1784 1769 1775 1895 1834 1823
Position Along Bottom -- Radiant Tube
-3" 3" 21" 45" 65"
Firing rate 134,950 Btu/hr 1719 1908 1846 1811 1824
Firing rate 103,220 Btu/hr 1718 1892 1835 1804 1811
Firing rate 69,590 Btu/hr 1720 1874 1828 1802 1794
Firing rate 38,120 Btu/hr 1719 1842 1807 1790 1775
Position Along Left -- Radiant Tube Position Along Left -- Firing Tube
-3" 3" 21" 45" 3" 7" 28"
Firing rate 134,950 Btu/hr 1732 1935 1862 1828 2013 1936 1926
Firing rate 103,220 Btu/hr 1734 1920 1850 1819 1979 1907 1897
Firing rate 69,590 Btu/hr 1735 1899 1835 1809 1935 1871 1864
Firing rate 38,120 Btu/hr 1734 1870 1807 1791 1878 1825 1829

* positions are shifted to match the model: zero is at the crossover
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Table 5. Additional Thermocouple Data,Emissions, and Available Heat

RASERT RASERT o Available
RASERT |Recuperator |Recuperator [RASERT Emissions Heat
Exhaust _|Fin Section _|Flat Section Crossover
NOx@ [ CO@
TE-129 TE-131 TE-132 TE-205 NOx Cco Co2 02 3% 02 | 3% 02
Noteevent ~  |emmeemmem |emmemeem emmeemeee [ ppm ppm % % ppm ppm
Firing rate 134,950 Btu/hr 1232 1583 1686 2035 52.7 25 11.0% | 3.02% 52.8 25.0 61.5%
Firing rate 103,220 Btu/hr 1132 1538 1675 1996| 43.3 39 11.0% | 3.02% 43.3 39.0 64.2%
Firing rate 69,590 Btu/hr 977 1466 1659 1946) 33.9 70 11.0% | 3.01% 33.9 70.0 68.2%
Firing rate 38,120 Btu/hr 806 1420 1662 1890| 26.8 31 11.0% | 2.98% 26.8 31.0 72.6%

The laboratory data and the predictions from the computer model were compared.

temperatures predicted by the computer model. Line 1 carnes s

surface.

e

9 correspond
where the firing tube necks down to mate with the burner, Line 8 and Line 9 are not near the tube

t o

t he

t he

Figure 12 contains a

map of the temperature lines for the RASERT computer model. Laboratory data were compared with the
temperatures along Lénl, Line 7, Line 8, and Line 9. All four lines are in the gas stream, but are drawn
to be near the solid surface. It was expected that the surface temperatures will be slightly lower than the
t o
(outer) tube and Line 7 corresponds to the right side of the radiant tube (as viewed from the burner end).
Line 8 and Lin

top of

top and

Figure 12. Map for the Temperature Lines Presented in the RASERT Computer Model

Exhaust NOx and maximum, minimum, aakrage firing tube and radiant tube temperatures are
compared in Table 4 and Figures 13, 14, and 16. The NOx data in Figure 13 are of the same order of

magnitude as predicted by the model; this is as good an agreement as is expected for emissions

predicionsd the data are intended only to indicate a directional change in emissions, which can be
| aboratory

compared

model is 67 inches long to match the laboratory setup. ThecdABin i Cur r en't

after

further

tests with

Mo d e |

comparison; this was the anticipated length of the RASERT for the Akron heat treating furnace.
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Table 6. Comparison between Model Predictions and Laboratory Data

Fevized B with Lab results E xhaust Firing Tukbe Fadiart Tube
Temperaturesin F Ave N Ox  Min T Ave T Max T hin T Awve T hax T
current Long 137500 Btuhr 34 16865 1940 2056 1705 15860 1997
Lahoratory: 154 950 Btuhr a3 1919 1969 2035 17189 1529 1935
Lahoratary: 103 220 Btuhr 43 1891 1939 1996 1715 1815 1920
Current Long 100,000 Btutr 20 1624 1896 2033 17113 1832 1955
Lahoratory: 69 590 Biuwhe 34 1559 1900 15951 1720 1505 1589
L abarstory: 55 120 Btuhr 27 1825 1853 1895 1719 1790 1570
Current focdel 23 1916 1973 2061 1726 1572 15931
Exhaust NOx Concentration, ppm

60

50 A

40 ~

L 4

30 A

20 - o ®

10 o

0 T T T T T T
Current Long Laboratory: Laboratory: Current Long Laboratory: Laboratory: Current
137,500 134,950 103,220 100,000 69,590 Btu/hr 38,120 Btu/hr Model
Btu/hr Btu/hr Btu/hr Btu/hr

Figure 13. NOx Emissons Data Comparison Plot

The red squares in Figure 14 denote the laboratory data at 134,950 Btu/hr, and the other data points are
for lower firing rates. The topmost line in the plot shows the computer model prediction for the gas
temperature near theq of the firing tube at 137,500 Btu/hr, and the line below it shows temperatures
predicted by the model along the side of the radiant tube. Only the data from the right side of the tube are
necessary for a comparison because all thermocouples were ipléicedhorizontal plane. Temperature

data differ from the computer model predictions by as much as 69 °F and as little as 1.1 °F; error bars
show the thermocouple accuracy of 0.75% of the measured temperature (about +12 °F). Below 10 inches
and beyond 6#ches on the firing tube, the temperatures diverge; this is to be expected because the lines
are no longer next to the tube and so are measuring the gas temperature. The firing tube necks down to
mate with the burner upstream of the 10 inches, and & doeextend to the end of the tube, beyond 64
inches. The laboratory data show more tube temperature uniformity than the computer model predicts;
this can also be seen in Figure 15. Overall, the firing tube temperatures are higher, but more uniform than
predicted by the model, yet are within experimental error from predicted values. Figure 16 shows a
comparison similar to that shown in Figure 14, but the experimental data id taken from the outer (radiant)
tube, and is compared with model data from Line 7.
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Figure 14. Laboratory Data Superimposed on the Computer Model Results: Firing Tube

Temperature Distribution (All Positions around the Tube)

Firing Tube Temperatures
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Figure 15. Comparison between the Computer Predictedriring Tube Temperature and

Laboratory Data

The temperature data along the right side of the radiant tube agree qualitatively except at the very
beginning of the tube where the data show a slight temperature rise rather than a decrease. The tube
temperature pffde is flatter, and the small temperature increase at the end of the tube confirms the

model
mu c h
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Outer TUbe, R|ght Side —— Line 7; 137,500 Btu/hr
B 134,950 Btu/hr
x 103,220 Btu/hr
2150 A 69,590 Btu/hr
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° . 2050 -
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Figure 16. Laboratory Data Superimposed on the Computer Model Results: Radiant Tube
Temperature Distribution; Right of Tube (Line 7)

The temperature profile in Figure 17 along the top of the radiant tube daaatebtthe computer

model s prediction for a temperature peak at abou
decreasing trend, just with a lower temperature. Differences range from 118 °F, where the peak and the

data point disagree, to 28 °F atttube end. The overall tube uniformity for the different models and the

lab data are compared in Figure 18. The data points in Figure 18 have a wider associated range than

shown in Figure 17 because the thermocouples near the furnace wall, upstreame ahevhemputer

model begins, are included. Otherwise the tube temperature uniformity for the laboratory data would be
significantly better than the computer model results.
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Figure 17. Laboratory Data Superimposed on the ComputeModel Results: Radiant Tube
Temperature Distribution; Top of Tube (Line 1)

Radiant Tube Temperatures
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1800 -
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Current Laboratory: Laboratory: Current Laboratory: Laboratory: Current
Long 134,950 103,220 Long 69,590 38,120 Model
137,500 Btu/hr Btu/hr 100,000 Btu/hr Btu/hr
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Figure 18. Comparison between the Computer Predicted Radiant Tube Temperature and
Laboratory Data

Model Iterations

Once the general validity of the cootpr model had been established, on the basis of the comparison of
model results with the results of the test on March 2007, a series of model iterations were
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developed. 15 different models were created. Descriptions of the way in which each nmddedd
di ffered from the ACurrent Model 06 version are |is

A Model A: The spacing (1/40) between the stabili

A Model B: The inner di ameter of the stabilizer r
thinner rirg.

A Model C: The stabilizer plate holes type A and B are removed.

A Model D: The stabilizer plate holes are increas
stabilizer ring is increased, (from 5 3/806 to 5 5
A Model E: The stabilizerplattol es are decreased (from 3/80 to 5
stabilizer ring is increased, (from 5 3/80 to 5 5
A Model F: The spacing between the stabilizer <can
inner diameter of the stabilz er ring is increased, (from 5 3/80 t
A Model G: The spacing between the stabilizer <can
i nner diameter of the stabilizer ring is increase

A ModelH: 4tabsareaddedt t he firing tube, 17.50 downstream
horizontal planes.

A Model I: The 4 tabs of Model H are added to Model E.

Mo d el J: 4 tabs 200 downstream, 45U of fset from

A
H.
A Model K: The 6 stabilizer can radial holes are removed, and stabilizer plate type B holes are
increased (from 3/806 to 0.5730).

A Model L: The stabilizer ring is separated along the horizontal plane, 2 diameters of the crossover
tubes as shown in Figure 19.

A Model M: Attached to the stabilizer cans, two wedges are placed at the exit of the crossover tubes as
drawn in Figure 20.

A Model N: The 6 stabilizer can radial holes are removed, the inner diameter of the stabilizer ring is
i ncreased (f r ondthestdiliZrdingtisseprates Alého the, horiaomtal plane, 1
diameter of the crossover tubes, similar to Model L.

A Model O: The 6 stabilizer can radi al hol es ar e
diameter are added to the stabilizeatplas shown in Figure 21.
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Figure 20. Crossover Wedges
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Figure 21. Model O Stabilizer Plate

Temperature and NOx Data

The data from thesébImodified models can be best analyzed by comparing the average and peak
temperatures of the horizontal and vertical planes shown in Figure 22, where the peak values are shown
as upper bounds. The radiant and firing tube temperatures in Figure 23 shiempkeature profile with

the data points representing average values and the bounds representing the maximum and minimum
values. The exhaust NOx mass fraction concentrations are also shown in Figure 24.
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Figure 22. Average and Pedé Plane Temperatures
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Figure 23. Firing Tube and Radiant Tube Temperature Ranges
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Figure 24. Exhaust NOx Mass Fraction

The ACurrent Mo d e | 0 -5hmass fraation of NOx. & e snbdetmtihavé a |@&ver2 9 e
NOx exhaust concentration include Models G, H, J, K, M, N and O. Data Line Locations

Figure 25 shows the location of data lines which are used to describe the temperature, mass fraction

of CH;and CO in figures 281. Lines 1 and d4é along the vertical plane and lines 6 and 7 lie along

horizontal plane. Lines 1 and 7 are at the edge of the radiant tube, and lines 2 and 6 are centered between
the two tubes.
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Figure 25. Specification of Line Locations

Firing Tube Tabs

The peak temperature in Figure 26 comes from Li
show that Line 6 has a high concentration of,@atd CO. By adding the 2 sets of 4 tabs in Model J,

Figures 30 and 31 show that the concentratfdrire 7 increases. The tabs force the fluid in line 6 into

line 7 for increased mixing to occur.
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Figure 26. Temperature Distribution of the Current Model
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Figure 27. Mass Fraction of CH, of the Current Model
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Figure 28. Mass Fraction of CO of the Current Model.

Advanced Indirect Heating (AIH) System Field Trial for Metal Heat Treating Applications

Page 31



* linel

* line2
“ lineb
* lina?
Static
Temperature
{f)
* line1
* line2
* line
* lina?
Mass
fraction
of
chd

2608403

2.50e+03

2.40e+03

2.30e+03

2208403

2.10e+03

2.00e+03

1.90e+03

1.80e+03
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Cross Flow Wedge

Model M uses a pair of wedges. These wedges are placed at the mouth of the crossover tubes as
described earlier. The reason for this modification is that the primary air exits the croebegeslbng

the horizontal plane. The horizontal plane maximum temperature for the current model is 3448 °F
compared to the vertical plane peak temperature of 3034 °F. This significant temperature difference is
due to combustion occurring mostly along tleifontal plane. By placing the wedge at the exit of the
crossover tubes, the fuel will be redirected towards the vertical plane. This is accomplished as the peak
horizontal and vertical plane temperatures of Model M are 2927 °F and 3127 °F respentihedycdse

the peak haorizontal plane temperature is less than the peak vertical plane temperature, and the maximum
temperature seen in the tube is thereby reduced considerably.

Models without Radial Can Holes

Peak temperatures along the horizontal pkmedess than peak vertical plane temperatures in Models K,

N, and O; where the radial can holes are removed. It is also observed that all 3 models have a significant
drop in the NOx mass fraction. Each of these models also presents a decrease inigngrageef

temperature. Model N however has a 40 °F increase in firing tube peak temperature whereas Models K
and O have about a 20 °F increase in firing tube peak temperature. Since Model O has an increase in peak
radiant tube temperature, Model K appdarbe the best choice.

Model Iterations: Summary of Results

The current model used as a reference point was gauged against 15 other models based on the average
and peak temperatures of the gases along the horizontal and vertical planes as well iag #mel firi

radiant tubes. The exhaust NOx mass fractions were also an important factor. Three groups of models
were found to be able to lower the NOx mass fractions, models that had: tabs along the firing tube,
wedges in front of the crossover tube, and naaftadn holes.
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The tabs placed along the firing tube forced mixing to occur between the flow near the firing tube with
the flow above it, near the radiant tube. This intensifying mixing lowered peak concentrations resulting in
lower NOx exhaust concentiams as well as a more uniform species gradient. By adding wedges in front
of the crossover tubes the fuel is redirected and high concentration of methane is mixed towards the
perpendicular plane. Although this causes peak gas temperatures to occerattdittine locations, the

tube temperatures did not change much. The models which contain no radial can holes both lowered the
exhaust NOx mass fractions and firing tube average temperature. However the model which also had a
section of the ring removedd a significant increase in peak firing tube temperature. And the model
which completely removed the ring and added holes to the stabilizer plate showed a significant increase
in the radiant tube peak temperature. The optimal model was determined ¢onbedil without radial

can holes and which had 4 out of the 8 stabilizer plate holes increased.

The modeling work carried out at UTXustin was completed and summarized in a report. This report
was made available to the project team and to sponsors it MA@7.

Effect of Shortened Stabilizer Can and Swirl Vanes Installed on Firing Tube

Given the experimental results obtained up to this point in the project, and the results of the numerical
models, hot spots near the crossover were determined to beuwssssue. Complete combustion of the

fuel in the annulus (prior to reversal of the flow into the interior of the firing tube) was also identified as

a potential problem. In order to address the hot spot problem, the pseudotube-&hapemhmetal

weldment around the crossover casting) was shortened, and the stabilizer ring was removed. This was
done to reduce mixing near the crossover, and thereby reduce the combustion intensity near the
crossover, and is similar to the changes examined in numerical Rpdescribed above. The problem

of incomplete combustion in the annulus was examined in some of the models, as well, and it was shown
that this issue could be addressed via the addition of features on the firing tube that increased mixing in
the annulus.

In the course of the numerical modeling effort, several models were run which included tabs installed on
the firing tube in order to produce mixing in the combustion annulus. The purpose of this mixing was to
ensure that unburned fuel would be consunmdpietely in the combustion annulus, and would not turn
around at the closed end of the radiant tube and enter the firing tube. However, tabs are not the most
efficient way to produce mixing. They create a pressure drop, and may not mix the flow effektivel
practice, swirl vanes have been used successfully to create mixing in a wide variety of combustion
applications, with much lower pressure drops than those associated with tabs (which simply obstruct the
flow). Swirl vanes are metal tabs that are pthacross a flow at an angle (in this case, 45 degrees) in
order to induce rotation in the flow. This approach creates very effective mixing, without inducing an
excessive pressure drop. The Swirlers change the direction of the flow, without signidgeuiiyng the

flow velocity.

Two swirlers were installed on the firing tube of the burner assembly, and a second set of experiments
were carried out on June"2(®007. The objective was to collect data for the RASERT design with the
modified pseudotube drtwo swirl vanes on the firing tube.

Experimental Conditions were as follows:

A 1750 °F furnace temperature

A A maximum firing rate of 13500Btu/hr, and tests carried out at 75%, 508ad 296 of the
maximum firing rate.
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A 3% O in the exhaust.

The maxinum firing tube temperatures observed during this test were significantly lower than those in

previous tests. The data differ by as much as 62 °F, meaning even though the thermocouples on the firing
tube were newly installed the observed difference excethdemeasurement error. A thermocouple

measurement error of about 0.75% for a maximum temperature of 2100 °F yields about a +16 °F range.

The outer radiant tube temperature had a local minimum temperature 33 inches from the base of the
stabilizer can, anthe temperature then increased toward the end of the tube. In previous designs, the
local minimum occurred 57 inches from the base of the stabilizer can or else occurred at the end of the

tube. The local minimum implied that the swirl vanes successfukgdrthe fuel and air to allow
combustion of the remaining fuel and air before these reached the end of the radiant tube; in other

designs the uncombusted fuel and air from the outer annulus appeared to be combusted when the flow

reversed direction at trend of the tube.

NOX emissions for all but the highest firing rate are lower with the swirl vanes than with the previous

designs. However, the firing rate could not be turned down as far on the modified burner; previously a
4:1 turndown ratio had been pids. With the revised burner, a turndown ratio of only 3:1 was possible.

Attempts to turn down the firing rate further resulted in very high emissions of CO.

Experimental Setup: T h

e experiment

wa s

perfor med

n the

treat furnace. Two radiant-Uube burners (North American Evenglow, rated for up to 300,000 Btu/hr)
were fired for supplemental heat. The equipment used is listed below. The thermocouples were
connected to an Opto22 data acquisition system; data wereedaosrery 15 seconds.

Instrument Parameter Range Accuracy

Type K thermocouple ?el#rr]r;laeerr ;tl:r::ce Up to 1370 °C g;esif; ](31:/ ;:g or
-Igquw?/irrrgr?mental 42c | PPMV NG gbodgzﬁqp\,mv © +0.4 ppb / 500ppb
$5eé:kman Industrial % O, Span 3.92%

gggﬁmoum Anaytical ppmv CO Span 83(ppmv 1% full scale
gé)c')simount Analytical % COp Span 18.0% 19% tull scale
Ec())osfxmoum ANaYICal pomy THC Span 34ppmv 1% full scale

A The exhaust temperature was measured with aretepithermocouple: the exhaust thermocouple
appears cooler than the exhaust gases because it radiates to the exhaust stack walls, which are not

insulated.

A The thermocouple locations were the same as those used previously during the tests on"March 30

2007.
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A Swirl vanes were attached to the burner 45 inches downstream of the base of the stabilizer can,
shown in figure 32.

A The firing tube was cut and new thermocouples were installed to replace those damaged; this is
documented in Figure 33 througlghre 36.

Figure 33. The firing tube was cut into four pieces to replace damaged thermocouples
(One of the four pieceshown)
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Figure 36. Ceramic thermocouple connectors installed in the furnace (left) and on the firing tube
for easier installation and retrofit
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The following procedure was used for data collection:

A The furnace was heated to 1750 °F and then held at approximately 1 GPFhur prior to data
collection.

A After each change in firing rate, the air was adjusted to achieve,3fl@ burner exhaust.
A Data were collected after 20 minutes of firing at the new rate.

The results are summarized in the five figures beloelec®ed laboratory data are snapshots of the
temperature distribution at an instant in time. The selected data correspond to the time that the emissions
data and the exhaust temperature (with aspiration) were recorded.

Analysis: The laboratory data frothis test are compared with data from previous tests.

Figure 37 demonstrates that the overall temperature range for the radiant tube is the same with the swirl
vanes as with the other designs. The difference appears in Figure 38, the overall tempaggwe the

inner tube, which is noticeably smaller and with a lower maximum. The thermocouples are newly
installed, but there is more than 50 degrees difference between maxima for the different designs, which is
significant; thermocouple measurement ersabout + 0.75% of the measured value, or 16 °F for these
temperatures. A lower peak temperature on the firing tube is one of the design goals. Figure 39 illustrates
that the available heat from this model is comparable to the previous designs.

The oneperformance metric where the addition of swirl vanes had a negative effect was in turndown.
Figure 40 shows the CO emissions from the burner for different firing rates; with swirl vanes, the CO
levels at 25% of the full firing rate exceeded the rangeegthissions analyzer, meaning there was

more than 1000 ppmv CO. During the experiment, burner firing rate was increased in 5,000 Btu/hr
increments until the CO emissions became measurable. This occurred when the firing rate was 45,750
Btu/hrd one third of he 137,500 Btu/hr full firing rate. If CO emissions is used as a metric for turndown,
then the RASERT design with swirl vanes has a 3:1 turndown, compared with the 4:1 turndown of the
original design.

Exhaust NOx emissions for the RASERT with swirl vanesenower than the NOx emissions for all of

the other designs, except at the 137,500 Btu/hr firing rate. The performance comparison is illustrated in
Figure 41. This result follows because the firing tube temperatures are also lower than in any previous
design, which may mean that peak temperatures, and thus NOx formation, are lower in this model, where
swirl vanes are used.

While the addition of swirl vanes was shown to have some benefits, these were counterbalanced by the
reduction in turndown ratio. It & also unclear whether the swirl vanes would be able to survive for
extended periods at the high temperatures encountered in the combustion annulus. Given these factors,
swirl vanes were not adopted as a design feature of RASERT bdaweisped irthe @urse of this

project. The shortening of the pseudotube appeared to have had some benefit, specifically in reducing the
hot spot temperature near the crossover, and this concept was developed further.
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Temperature Spread on the Outer Tube
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Figure 37. Temperature Spreal on the Outer Tube, Performance Comparison

Temperature Spread on the Inner Tube
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Figure 38. Temperature Spread on the Inner Tube, Performance Comparison
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Available Heat
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Figure 39. Available Heat Performance Comparison
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Figure 40. CO Emissions Performance Comparison

gti

Advanced Indirect Heating (AlH) System Field Trial for Metal Heat Treating Applications

Page 40



ppm NOX, corrected to 3%02 | A 137,500 BTU/hr
+ 103,125 BTU/hr

® 68,750 BTU/hr

70 | 45,750 BTU/hr
[0 34,375 BTU/hr
8 60 - A X 41,200 BTU/hr
o |
= A ‘
3 +
o 40 + .
£ O O
S 30 - + =
5 Ol
Z 20 ®
£ =
2 10 - ]
0 X T T T

Short Can with Short Can with Short Can with Original Burner
Swirl Vanes No Tabs Tabs

Figure 41. NOx Emissions Performance Comparison

Redesign of the RASERT Burner Assembly

Following the laboratory test of the RASERT with the shortened pseudotube and swirl assemblies, the
issues with regard to the hot spot received greater attention. The previous Figure 2 depicts the problem;
very high combustion temperatures near the crossover were observed in all the simulations. While some
temperature neaniformity is inevitable, and eertain amount of mixing near the crossover is necessary

to ensure the burner lights readily when cold, the temperatures of the stabilizer can and firing tube
measured in the course of this project were considered to be excessive. NAMCO also developed
addtional experience during the period of performance of this project, and it became clear that
significant further modifications, beyond those examined in the numerical models described above,
would be necessary. NAMCO estimated that the required changids take an additional three months.
No-cost time extensions were therefore filed, pushing back the date of completion of the project by three
months (from 5/31/08 to 8/31/08).

During the third and fourth quarters of 2007, a series of designs were dml/elpplAMCO and GTI,

and each design was modeled numerically. Temperature contours obtained from the models were fed into

finite element analysis simulations. Further revisions were made to the most promising designs, in order
to reduce the tendency of tharts near the crossover to warp and deform due to heating. When this
process was complete, a revised design version,

r

The name Alnlinedo refers t o t hewithoaecofthetgdsadrts. Then t hi

combustion stabilizer ring was removed completely, and the pseudotube was cut back to subject as little
of this component to the heat near the crossover as possible. These modifications also had the effect of
reducing combugn intensity and heat release near the crossover. Based on results from the numerical
model, and experimental tests in furnaces at NAMCO, it appeared that the revised design produced peak
temperatures at the forward edge of the pseudotube that werE 8800 °F lower than those obtained
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with the first versions of the RASERT. The removal of the combustion stabilizer ring made the burner
more difficult to light, but some slight further modifications to the pseudotube addressed this issue.

Pseudotube Stabilizer Can Stabilizer Ring

Thermocouple Junctions

Figure 42. Original burner assembly, prior to design revisions carried out during Q3 and Q4 of
2007

Figure43. Crossover casting fiEarso of one revised de
predicted by numerical madel

Temperatures on the scale at | eft are given in de
since passages had been added to either side of the crossover casting to guide the primary fuel and air
mixture to the surface of the stabilizgan without allowing this mixture to interact with secondary air.
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Figure44. Cr ossover c as-tThimcpssveyaasting dosign alse featured passages
for the primary air/fuel mixture, but in this case the passages @ere separated from the central

body of the casting.
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Figure45.Cr ossover Casting fAlnlineo

This version of the crossover casting made it possible to install an igniter in line with the stream of the
primary fuel/air mixture on onside of the casting. The matching space on the other side of the casting
would be used for optical access to the flame in the burner.
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Figure46.St abi |l i zer can surrounding crossover ca

Note that no stabker ring is installed on the stabilizer can, and that secondary air ports at the top and
bottom of the stabilizer can are lozersgjeaped.

Figure477.An early prototype of the fAlnlineo

Note the crossover casting in thenter, and the stabilizer can installed around the casting. At this stage
of development the passages for the secondary air were still rectangular. Note the igniter, installed in the

crossover casting at the left of each image.
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Figure48 Pr ot ot ype of the final wversion of the

This version of the RASERT was delivered to Akron Steel Treating and installed in Furnace 311.

L

Figure 49. Recuperator and crossover assembly of the RASERWithAA Ilni ned crossover ¢
installed.

The white rod at the left of the image is thriter; the metallic tube on the other side of the recuperator

is a sighting tube for flame detection. This assembly is inserted into the pseudotube, and the entire
assemblys then inserted into a radiant tube, where the firing tube slides into the center of the crossover
casting.
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The redesign of the RASERT was largely complete by February of 2008. Simulations and finite element
analyses, along with extensive laboratoryitestconfirmed that the Inline design was capable of

producing excellent combustion characteristics (low NOx, low CO, high thermal efficiency) with a
reduction in the peak temperatures experienced by the crossover casting and stabilizer can. Peak
temperatees on the stabilizer can were reduced by over 200 °F, and the finite element analysis indicated
that the crossover casting and stabilizer can were unlikely to fail as a result of overheating. On February
27" 2008, Martin Linck, PhD, visited NAMCO in Gleland to observe final testing of the RASERT
prototype. At this stage, the combustion performance had been observeshtisfaetoryand only

issues relating to flame detection and cold ignition remained to be addressed. These issues were resolved
in March, 2008. All hardware needed for the retrofit of Furnace 311 was delivered to AST by the end of
April, 2008, in time for the furnace retrofit and recommissioning on Mé[yZL@OS.

TASK 2: DEPLOYMENT AND FIELD TRIAL OF ADVANCED INDIRECT HEATING SYSTEM
Baseline Characterization of Heat Treating Furnace Prior to Field Test

The objective of Task 2 was to deploy RASERT burners developed in the course of Task 1 at an
industrial facility. Akron Steel Treating, located in Akron, Ohio, was selected as therdite field

trial. At AST, a wide range of steel products are heat treated, and are often case hardened. Furnace 311 at
the facility was selected to be retrofitted. Furnace 311 is ahaaslening furnace, and exposes metal

parts to a special atmosphemmposed of cracked natural gas. This atmosphere is high in carbon
monoxide, which delivers carbon to the metal. The furnace operates in a batch mode, meaning that
individual loads are inserted into the furnace and brought up to the desired temperataegrfant.

Parts to be hedteated are loaded into steel baskets prior to insertion. The atmosphere in the furnace is
agitated and circulated by an internal fan. The pressure of the atmosphere in the furnace is slightly
positive, so that oxygen excludel from contacting the product apdeventing and explosive mixture

from forming. Once the desired case depth has been achieved, the parts are quenched in an oil bath built
into the front of the furnace. Generally, temperatures above 1500 °F are neetl@dve proper case
hardening of parts. Loads that are treated at higher temperatures (some are treated at up to 1750 °F) are
generally allowed to cool back down to a lower temperature prior to oil quenching. Loads of parts are
also generally preheated teeamperature of 800 °F, prior to insertion into Furnace 311. This step is taken

to ensure that parts do not warp when first encountering the temperature in the furnace.

Work related to Task 2 began soon after the project kickoff meeting. A gas meter Alled2b) was

installed on the line connected to the four main burners on Furnace 311. A data sheet was developed that
would allow technicians at AST to record process information associated with the furnace. The intention
was that technicians would recamlevant process data, such as load weight, time when loaded, time

each load spent in hot soak, and the gas meter readings before and after each load. Arrangements were
made to install a digital counter that could be connected to the gas meter, and adiitmake data

collection more accurate and precise. A baseline test was also planned, which would document the
furnace characteristics prior to the retrofit.

A site visit was carried out on January 31st, 2007, to install the fuel counter and discusdelztan.

A schedule for the baseline data collection was also discussed. Tanya Tickel (GTI) and Harold Lipp
(NAMCO) visited the site and met with Jim Stewart (Akron), William Manz (ODOD) and other Akron
employees. In the course of the visit, theyalietl the Red Lion Cub4 Counter on the American4®5

gas meter, obtained temperatures and times for representative heating cycles, and reviewed the data
collection sheet with the operator. Both the initial fuel count, at charge, and the final fuelatount,

guench, were deemed to be important information, and the data sheet was configured in such a way as to
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make recording of this information easier. The team also determined specifications for the blower
associated with the furnace, which supplied combnsir to the four conventional burners.

It was established that Furnace 311 is almost entirely used for case hardening. The data sheet was set up
in such a way that soak time was recorded, but time needed to raise the furnace to the soak temperature
wasnot recorded. The heating cycles were found to be simple, and to consist of the steps below:

A Insert charge.

A Raise the furnace temperature to soak (~1700 °F).

A Soak for as long as is necessary for the desired case depth.

A Ifthe part is delicate, thieirnace temperature is usually held at 1550 °F, or dropped from 1700 °F to
1550 °F prior to quench.

A Quench.

The data sheet was configured to make it possible to record the following information:
Time of charge
Fuel counter at charge

A

A

A Time of start sak
A Time of quench
A

Fuel counter at quench

GTI took measurements to size emissions collection instrumentation for a future baseline data
collection trip. An Horiba Portable Gas Analyzer-2@ would be used to collect emissions

samples, and a thermoque probe would be used to get some measure of stack temperature for
efficiency calcul ati ons waslocf€éd adjacenttathedurnace.l | ect i
Jim Stewart requested two daysdé notice prior

Thepurpose othe existing blower was to supply air to the eductors for each burner. For retrofit
purposes, it was anticipated that the blower would be used to supply combustion air for the RASERTS.
During emissions sampling with the original burners, it would besssry to insert a probe into the

burner nozzle to sample emissions before the combustion stream is diluted by the eduction stream.
The blower specifications for Furnace No.311 were:

A Spencer Turbo Compressor

A Cat. No. 1001
A HP.1
A

RPM 5500
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CFM 110
Differential pressure: 16si
Inlet Temperature 70 °F

Inlet Pressure 14.7 psia

Do o P > >

Serial Number 223557

Figure 50. Front of Furnace 311, showing outer door
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. &
Figure 51 Top left: Furnace control panel, shown with outer furnace door closed

Lower Left: Blower mounted under furnace, supplies air to educators on burner assemblies. Right:
Burners on back wall of furnace (the two burners on the right side of the furnace ag) . Wsite
gases are drawn through the radiant tubes by the eductors installed in the exhaust stacks.

Figure 52. Loads ready for case hardening

Parts to be hardened are arranged in steel baskets. Right: Green paint is apphelgortions of the
parts to inhibit carburization.
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Figure 53. Original burner nozzle and pilot flame.

On this system, the pilot flame ran constantly. Control wasffyrso the pilot flame reignited the main
burner eachime the main burner was turned back on. The eductors created negative pressure in the
tridentshaped radiant tubes, which pulled the flames from the burners through the radiant tubes,
transmitting heat to the furnace and load.
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Figure 54. Metering installed for this project

Top left: The fuel pressure gauge indicatingob Top right: Orifice meter to pilot flame. Bottom Left:
AL-425 Gas Meter. Bottom Right: Red Lion Cub 4 counter.

On February 1st, 2007, a Gajuestonnaire was answered by Akron Steel Treating, describing Furnace
No. 311 and its characteristicBhe questions and the replies are reproduced below.
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Akron Steel Treating Company-1206

RASERT Development and Demonstration

Information in re Heat Treat FFoace to be used for demonstration
1) 1) Specs & description of Furnace AST furnace # 311

i) a. Type of furnace, etc.? Integral quench

i) b. Furnace Process Temperature2450° to 1850° F

c. Furnace internal working chamber dimensi®s6 06 deep X highdWorkbasket si2€) 2 4 0
i Overall chambesizeis6 6 X 506 X 50

iil) d. Refractory wall thickness? 9 ®f brick

iv) e. # of burners/tubes?2 burners (top and bottom of each side) for a total of 4 burners. 2 trident
tubes on each side of chamber

2) Rating of eacd BTUH, or CFH All 4 burners combined 600 scfh

3) Burner Mfgr? Surface Combustion

4) Diameter of tubes?5 ®D

5) Effective working length of tubes 0 6 X 3

6) Tube life? 5 years

7) Straight throgh tubes?no

8) Recuperatedho

9) Average air preheat tempgbient ~+90F

10) Gas pressure available before last PRVPSIG At burner head? 8 osi

11) Blower pressure available at dischargel® cfm @16 oz atburner head? Unknown (Atmospheric
burneré )

12) Type of material processed?

a. Carbon Steel?yes

b. Stainless Steelpes

13) Batch or continuousBatch endo atmosphere with integral oil quench tank

14) Process?
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a. Annealing (yes), Hardening (yes), carburizing (yes), austempering?, No.
15) Atmosphere? TypeEndothermic with natural gas additions

16) Pounds or tons of material per hour or cycle processed

a. Hours per cycle’Variablei from one hour to 36 hour carburize loads

b. Cycles per month? 60 minimum (3 shifts per day X 24 daysionth

c. Tons per month200 pounds to 800 pounds net load size

d. Tons per year????Not monitored

e. Operating hours per year®,000+ (idle furnace when not in production)

f.  Typical cost or range of sales price(s) of a Ib or ton of prodNé& we make nothing we are a
commercial heat treater.

17) Energy consumption of furnace?

a. Btuperhour?? N/A

b. Btu per cycle?

c. Btuper Ton?

d. Btu per #?

e. Month? Year?

18) NOx emissions, actual ppmv concentration? Lbs NOx/ton? Lbs/year?

199 Emi ssions permit information such as emissions?©o
None applicals.

As is evident from the replies to the questionnaire, performance metrics for the furnace were not
entirely retained by AST. Theiommmercial model was based on the assumption that the furnace
would be available almost 100% of the time, but records of the specific fuel consumption of the
furnace, the value of the operations carried out in it, and the amount of energy needed to process
a given amount of material were unknown. In order to address these questions, data recorded by
operators over several months was analyzed by GTI, and a report describing the performance of
the furnace was prepared.

On April 8", 2007, the analysis of tharhace was completed and made available to project participants.
The report covered data recorded in February and March of 2007. The data collected showed an average
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rate of fuel consumption of approximately 725 scfh. Since the burners are fired oefpfiatre only

one firing rate; this firing rate is at least 906 scfh; the largest of the average fuel consumption figures.
(Add also the 35 scfh of pilot flow, metered separately). All four of the currently installed burners
together are rated for about 66€f/hr, meaning they were being odged by at least 50%. Figure 55 is a
histogram of the average rate of fuel consumption over the duration of each heat, where the contents in
each column are less than or equal to value of #pasclabel. If the burers are actually fired at about

906 scfh, then the histogram implies that for most heats the burners are on about 2/3 of the time, and
sometimes they are only fired half of the time.

30
25 ~
20 H

15 +

Occurences

10

P B e

450 500 550 600 650 700 750 800 850 900 950

Average Rate of Fuel Consumption over the Heat

Figure 55. Histogram--Average rate of fuel cosumption over the duration of each heat in standard
cubic feet per hour

The lowest rate of fuel consumption was during the heat of the heaviest piece, which was a 1,114 |b
charge. It spent £2/4 hours in the furnace:34 of those hours was soak timieislsurmised that for-3

1/2 hours the burners was fired full fire, as the furnace was heated, and then was fired on/off for the
remaining 81/2 hours. If the total firing rate is 906 scfh, then the burners have been fired about a quarter
of the time to mimtain the furnace at 1700 °F.

Three performance questions that were of interest for the retrofit were:

1) How long does it take to raise the furnace to the soak temperature?

2) What will be the longest fufire duration?

3) What are the most common fuceatemperatures?

The first and second questions can be addressed by Figure 56: the rise time depends on the initial furnace
temperature, the weight of the work charged, the view factor from the radiant tubes to the work, and the
desired final furnace tempaure. Lines have been drawn through the scattered data points in Figure 56

to assist in observing a general trend in rise time with respect to charge weight. The slope is given, but

was calculated from the scattered data, and does not have suffidiestyetb be used to predict rise
time from charge weight.
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Figure 56. Rise time in relation to charge weight for a 1560 °F, 1600 °F, 1700 °F furnace
temperature

It appears that rise time cannot take much longer than 4.5 hoursunaxbecause the typical range of
charge weights were listed as 200 Ib to 800 Ib, and the charge weight with the 4.5 hour rise time was

1,114 Ib. The answer to question 1 is that the longestifeltate is approximately 5 hours, with the

current totaheat input to the furnace at about 906,000 Btu/hr. This rate is for a furnace that started at

1560 °F, was charged with 1,114 Ib of room temperature steel, and was raised to 1700 °F. The longest

full-fire duration is assumed to be the same as the risedltheugh it is uncertain whether or not the

furnace temperature is consistently raised in stages or in some other way to achieve the best metal surface

properties.

The answer to question 3, about how long the burner will fire at each different furmgezdture,

correlates with the case depth. Figure 57 displays both the total fuel required and the soak time with

respect to

Figure 58 shows a histogram of thkember of times a particular case depth is fired, grouped by furnace

t he

case

dept h.

The

fuel usage

S

deno

temperature. Less than 20 thousandths of an inch case depth usually requires a 1560 °F furnace, 20 to 25
thousandths of an inch is usually heated to 1600 °F, and above 30 thousandtimclbfi:always
heated to 1700 °F. Most of the case depths fall between 10 and 45 thousandths of an inch, with nearly

equal distribution between the 1560 °F, 1600 °F, and 1700°F furnace temperatures. From this
information, it can be assumed that the festemperature will be nearly evenly distributed between the

three temperatures.
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Figure 57. Fuel use and soak time as a function of case depth
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Figure 58. Histogram--Desired case depth oéach charge

The total duration of the heat, from charge to quench, is part rise time and part soak time. It correlates the
highest with the case depth, but also depends on the weight of the charge. The histogram in Figure 58
shows that most of the heatg &retween 1 hour and 4 hours long, although a significant fraction of them
(approximately 16%) take longer than 8 hours.

Normalizing and annealing can take place at lower temperatures than the minimum 1560 °F for case
hardening using carburization, theyef even if the furnace will be used for other applications than have
currently been documented, it is not anticipated that the use will burden a system that is designed to meet
the needs of the carburizing process. Further notes on the operation o fiNma311 later became
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avail able after GTI &6s sit e -YliThe followingpade&incude alist eel T
of information gathered from the Akron Steel Treating Website, a GTI questionnaire, and discussion with
furnace operators.

Furnace 311 General Information

Four burners i n @D Qneonedamside df thebchasnbewi t h 50
Effective working |l ength of tubes is 600 I 3 (b
Tube life 5 years

All 4 burners combined are rated for ab600 scfh; burners not recuperated

Pilot burners; approximately 35 scfh; always operating

To be replaced by four RASERT burners with 60 r

Gas pressure available at the burner head = 0.5 psig

Blower pressure: I&i gauge (1psig)for 110 scfm air.

o o o o To Do Do o I

Spencer Turbo Compressor, Cat. No. 1101

Site Visit for Baseline Testing, April™ April 11", 2007

Aleksandr Kozlov and Tanya Tickel (GTI), Dennis Quinn and Harold Lipp (NAMCO), Tony Sutor

(ODOD) and Jim Stewart (Akron Steel Treating)itiggpated in a baseline trial of the conventional

burners installed on Furnace No. 311 from Apfit® April 11", 2007. The purpose of the trial was to

gather emissions and efficiency data for later comparison with the RASERT heating system, to further
understand the operation of the furnace by AST, and to obtain temperatures and times for several heating
cycles. Two full heat cycles were observed, plus the tail end of another cycle. Several significant
observations and conclusions were immediately made

A The blower associated with the furnace was always operating, but a damper in the air line, which
was controlled by the control system of the furnace, was closed when the burners were not firing. It was
not clear how tightly the damper closed, and fiegred clear that a percentage of the air from the blower
was still passing through the eductors. This meant that ambient air was being pulled through the radiant
tubes whenever the burners were off, which would reduce the efficiency of the system neasurab

A The flow of unheated air through the tubes may have aided in cooling the furnace after the heating
cycle, reducing the amount of time needed to cool a load prior to quenching. Since air would not be
passing through the RASERTSs when the RASERTSs wiéramd since the RASERTS are equipped with
recuperators designed to reduce heat from leaving the furnace, this created a concern that loads would be
processed more slowly when RASERTSs were installed, since the load might not cool as quickly as it did
with the original system. This question would ultimately by addressed during the field trial of the
RASERT-based heating system.
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A The total average combined burner firing rate was found to be about 8.17 scfm, or about 490.5 scfh.
This did not include the pits, which together added 45 scfh when the burners were off or 40 scth when
the burners were on; when the main burners were firing, the pilots contributed 8.4% of the total heat
input to the furnace.

A The on/off firing was anywhere between 10 and 20 sezondlus 20 or 10 seconds off for about a

30 second total cycling period, but the temperature control actuated the burners and not the timer. The
hysteresis was set tightly enough to create this very sensitive response, and meant that, when the furnace
was holding a load, the burners fired about twice per minute.

Existing site equipment was identified:

A Sensus Model 04B; first pressure regulator, regulated from approximately 5 psig (house pressure)
to 1 psig; the pressure gage just downstream readil0 o
http://www.sensus.com/SensusGas/products/pdfl 307 %20048B%20TD.pdf

A Surface Combustion pressure regulator, SB&N90 005 regul ated to fia | ow
according to an operator

A ASCO Valve Hydramotor valve to turn gas on/off; CAT: AH 2D1123 T605016; Date: 0532,
http://www.ascovalve.com/Common/PDFFiles/Product/AH2D_8.39R1.pdf

A Blower: Spencer Turbo Compressor, CAT: 1001; S/N 223557
o 1H.P.; 5500 rpm; 110 scfm

0 16 osi differential @ 14.7 psia and 70°F

Equipment Setup:

The furnaceisil st rat ed in Figure 59 with an AX0 denoting
drawn. Temperature was al so measured at the AX0 |
location is about 10 inches deeper into the tube than the inlet aifr thiewer at the base of the elbow.

At this depth, the air injected from the blower did not appear to affect the measurements. The air blower
provides air as motive power to the eductor in the exhaust stack, to create the pressure drop that

evacuates thiBue gases from the radiant tubes. The negative pressure (draft) in the stack also increases

the capacities of the two inspirators and retards flashback.
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Inner Door Outer Door

Loading

Outer Chambe
. Rack

Inner Chamber
: (unheated)

Air Blower

Quench Oil Tank

Side Cut-Away View Back View

A\

A\

Air Blower

Figure 59. Furnace Views with Emissions Sample Location Marked X 0

The fuel counter, an American Meter Company-425 positive displacement meter, was located in the

natural gas line downstream of where the gas lines feeding the pilots (which are continuously fired) were
installed. All of the fuel counts are theref@r¢otal for the main burners only, without including the

firing rate of the pilots. The combined pilot firing rate was measured using a North American orifice

pl ate with designation #90 in Bulletinw&@&ih7. The
al | burners on, and 0.90 w. c. with alll burners of
furnace temperature; two thermocouples in the furnace connected to the control room, where the
temperature data and the atmosphere compositere controlled and logged.

Data:
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Exhaust composition and temperature were sampled, and the firing rate, furnace temperature, and control
temperature were recorded. When the burners operated on/off, emissions and exhaust temperature varied,
but they lrcame steady when the burners were fired continuously. Exhaust temperatures (measured with
an aspirating thermocouple) during the on/off firing were as low as 1280 °F and as high as 1950 °F, and
became steady when the burners were fired continuously.

Three cycles were observed: a 696 Ibs charge, a 240 Ibs charge, and a 427 Ibs charge. The 696 Ibs

cycl e

began

a cool i

ng

period prior to

guench

not finished at the time GTI departed. The only cooling periistrved that day was for the 696
Ibs charge. Figure 60 and Figure 61 show the furnace temperature and the process variable titled

ficar b

on, 0

wh i

ch rel at

es to the furnace

at mosp

The third chart, for the2¥ Ibs charge, could not be printed as the process had not completed

when GTI left. The rise time in Figure 60 has a £5 minute resolution because the only

information available is from the chart itself. The remaining heating and cooling times were
timed usng a watch with a second hand, and are thus more accurate. The 20 minute time for
cooling from 1700 °F to 1525 °F with a 696 Ibs charge was aided by blowing air through the
system with the damper completely open.

Chart # 31102145: 696 Ib Charge

0 | ———— ———
- l"'.\.
1600 l—-- — m———— :
woo v 96 minutes (5 —  20-minutes (¥30
' min) for rise from sec) for drop from

WO about 1450°F to 1700°F to 1525°F
1000 4 1700°F S
00 — — —
L. o] — —
400 — e —— —
200 = — —_— —

S e—— — -
ﬁdp ":E' ,5'3‘ 1-"* g E#' ;,@ w@ w:i'P r.-.@ »a'P a‘-’sﬂ 2 *.ﬂ' *.”-i" 1{@ ‘a@ h@ ‘-‘a'@ d'f:' qé\:.xp.\ﬁ"ﬂb.ga"l

[

311 CARBONEF rocess Val

— 311 TEMP#Process Val |

Figure 60. Data Logger Chart #31102145: 10 April 2007, 696 Pound Charge
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Chart # 31102146: 240 Ib Charge
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Figure 61 Data Logger Chart #31102146: 10 April 2007, 240 Pound Charge

Figure 62 and Figure 63 show more detail of the temperature rise for the 240 Ib charged@iddithe
charge that followed; the rise time depends on the initial furnace temperature and charge temperature, the
weight of the charge, and the rate of heat transfer from the tubes to the charge.

1650
1600
1550
1500
1450 A
1400
1350 240 Ib charge;
1300 4° 1325°F to
1250 4 1600°F
1200 T T T T T

11:48 11:53 11:58 12:03 12:08 12:13 12:18

Figure 62 Temperature Rise for240 Ib Charge with ~ 492 scfh Firing Rate

Advanced Indirect Heating (AlH) System Field Trial for Metal Heat Treating Applications  Page 61

gti



The system efficiencwould usually be calculated based on the exhaust temperature and oxygen content.
However, h this case, the values obtained were too unsteady for any meaningful estimate of efficiency to
be developedlable 7 and Table 8 contain all of the emissions data; the bottom four rows of each table

1600
1550
1500
1450
1400
1350
1300
1250
1200

427 b charge;
about 1300°F
to 1560°F

15:32 15:37 15:42 15:47 15:52 1557 16:02 16:07 16:12

Figure 63. Temperature Rise for 427 |b Charge with ~ 494 scfh Firing Rate

show a temperature range and the average emissionghehlearners were firing on/off. NOx and CO

emissions varied even when the burners were fired continuously: the corrected NOx concentration ranged
from 2 ppmv to 80 ppmv, and the corrected CO concentration ranged from 217 ppmv to more than the

range of theanalyzer equipmeét 5000 ppmv uncorrected.

Table 7. Emissions for the East TridenfTube (Existing)

Exhaust #1 -- East Trident Tube

gti

NOXx (corr. to|CO (corr. to| CO2 (corr.
NOXx CcO CO, 0, Temperature 3% O,) 3% O,) | to3% O,) 0,
Preheat: 7 ppm [ 2560 ppm | 11.5% 0.0% 1935 6 2194 9.9% 3.0%
Burners. 77 ppm | 660 ppm | 11.4% 0.0% 1898 66 566 9.8% 3.0%
ON 3 ppm [ 3200 ppm | 11.4% 0.0% 1890 3 2743 9.8% 3.0%
79 ppm [ 250 ppm 11.5% 0.3% 1830 69 217 10.0% 3.0%
Soak: 49 ppm |517.5ppm| 6.0% 8.6% | 1300-1950 71 751 8.7% 3.0%
Burnefs 69.5 ppm| 475 ppm 8.3% 5.3% | 1380-1840 80 545 9.5% 3.0%
ON/OEE 425 ppm| 1750 ppm | 7.3% 6.1% | 1400-1839 51 2114 8.8% 3.0%
53.5 ppm| 210 ppm 7.9% 6.6% | 1440-1840 67 262 9.8% 3.0%
Table 8. Emissions for the West TridenfTube (Existing)
Exhaust #1 -- West Trident Tube
NOX (corr. to| CO (corr. to| CO, (corr.
NOx Cco CO, 0, Temperature 3% Oy) 3% O,) to 3% O,) (o)}
Preheat: 3 ppm [>5000 ppm| 11.1% 0.0% 1782 3 >4286 9.5% 3.0%
Burners. 4 ppm | 3600 ppm | 11.5% 0.0% 1750 3 3086 9.9% 3.0%
ON 2.9 ppm |>5000 ppm| 11.3% 0.0% 1735 2 >4286 9.6% 3.0%
70 ppm [ 1300 ppm | 11.8% 0.2% 1705 61 1125 10.2% 3.0%
Soak: 41 ppm | 2050 ppm | 7.4% 5.6% | 1280-1600 48 2388 8.6% 3.0%
Burneés 46 ppm | 2550 ppm 7.6% 5.4% [ 1290-1590 53 2942 8.7% 3.0%
ON/OEE 27 ppm | 4500 ppm | 8.3% 2.9% | 1330-1670 27 4463 8.2% 3.0%
30.5 ppm| 3465 ppm | 6.0% 7.6% | 1780-1950 41 4641 8.0% 3.0%
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Baseline Characterization Conclusions:

The high CO emissions and the 0%i®the exhaust indicatl that the original burners were fired with

less air than wasecessary for complete combustion. In addition, the lower CO emissions on the East
trident tube (labeletlio.2 in Figure 59) suggested that there was uneven distribution of fuel and/or air to
the two sides of the furnace.

The rapid 175 °F furnace temperature drop illustrated in Figure 60 indicated that air was being pulled
through the trident tubes purposely to speed cooling prior to quench. However, this effect was also
present when the furnaees being held at a steady temperature, and likely reduced the efficiency
measurably.

Since heating and cooling were the only two segments of theérbatihg process whose time could be
lengthened or shortened, the preheat and cooling time were inmgoetéarmance metrics. The cooling
illustrated in Figure 60 and the RASERT cooling were to be examined more closely because the integral
recuperator in the RASERT could retard cooling. Plant management advised that there was not an
interest in shorting themount of time needed to heat or cool each load. Heating or cooling can only
proceed at certain speeds without warping the parts that are being processed. Deference is made to the
recipes developed by AST in the course of decades of practice that ha\adbpted to the

characteristics of the furnace. The RASEBASed heating system would neegtovide rate®f heating

and cooling that would be as similar as possible to those of the original burners, while providing higher
thermal efficiencies and bettexhaust characteristics.

Initially, it was supposed that streams of cooling air, blown through the RASERTS, might be needed to
cool the furnace as rapidly as was the case with the original burners. During the field test of the
RASERT-based heating systemhis was not found to be necessary; the furnace cooled readily when the
RASERT units were installed.

Figure 64. Horiba PG-250 Gas Analyzer and Emissions Probe
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Model 043-B
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i
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Surface Combustion
SR 8-16 (8 osi - 16 osi)
S/N 9-0005

Figure 66. Both Pressure Regulators for Natural Gas

“ Advanced Indirect Heating (AIH) System Field Trial for Metal Heat Treating Applications  Page 64



Figure 67. Sensus 0438 Pressure Regulator with Downstream Pressure of 10 osi

Figure 68. Cam/Linkage arrangement for the air control valve.

The controller for the furnace regulated the firing rate of the furnace by adjusting the position of this
component, which, in turn, controlled the air flow rate to both eductors. When the RASERTsbuere

later installed, this component was retained; the firing rate of each RASERT was determined by the air
pressure at the inlet to each burner, and this air pressure depended on the position of this valve.

Design of the RASERBased Advanced Indireéleating System

A section view of Furnace No.311 is shown in Figure 69, with the proposed arrangement of RASERTS
given. This arrangement was implemented when the RASERTSs were installed. A schematic of the piping
associated with the burners and controtaysis shown in Figure 70. The radiant tube design is shown in
Figure 71, and the firing tube design is shown in Figure 72. The dimensions of the firing and radiant
tubes were specified so that the heat flux of the new system would match that of treteridasy/closely

as possible. The burners would be adjusted to consume 104,000 Btu/hr of natural gas each, and were
anticipated to provide a thermal efficiency in excess of 60%, with a concentration of iB%h®

exhaust.
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