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. INTRODUCTION 

This quarterly technical progress report describes work performed under DOE Grant No. 
DE-FG22-94MT94011 during the period April 01, 1996 to June 30, 1996 which covers the 
seventh quarter of the project. 

Powered infrared (PIR) burners consist of a pressurized air supply, an aidfuel mixing 
chamber, and a porous metallic or ceramic radiant tile. PIR burner is a surface combustor that 
elevates the temperature of the burner head to a radiant condition. The principle of the infrared 
burner is as follows [ 11: A premixed fuellair gas mixture enters a highly porous ceramic or metal 
layer; the mixture is gradually heated inside the layer and combusted, while it is flowing through 
the layer. The combustion takes place within the layer. The enthalpy of combustion released in 
the gas phase heats the porous matrix which then emits thermal radiation from the surface to a 
heat load. 

PIR burners operate with uniform heat transfer, high efficiency, and low NO, emissions. 
Applications for PIR burners include boilers, air heaters, process heaters, immersion heaters, and 
commercial ovens and fryers. One main reason for the present interest in this type of burner is its 
low NOx emissions. This is attributed to the fact that a large proportion of the heat of 

combustion is given out as radiation from the burner surface. This results in relatively low gas 
temperature in the combustion zone compared to that of a conventional free-flame burner. As a 
consequence, such burners produce less NOx mainly by the so called prompt-NO mechanism [2]. 

The performance of natural gas-fired heating and cooking equipment is strongly 
dependent on ambient conditions and natural gas composition. In the United States, ambient 
temperature, pressure, and relative humidity vary significantly by location and season. Also, 
natural gas compositions supplied by local gas distribution companies exhibit seasonal and 
regional variations. This is mainly due to the effort for these gas companies to meet the changing 
demands from users including industrial, commercial and domestic gas applications. To meet 
the peak demand in the most economic way, it is a common practice to supplement the existing 
supply with a readily available gas such as liquefied petroleum gas. In service, PIR burners have 
had reliability and performance problems, especially when exposed to various gas compositions, 
operating altitudes, and other ambient conditions like temperature and humidity. Fuel gases 
having different heating values or specific gravities invariably have different chemical 
compositions. These parameters effect the composition of the gaseous emissions from these 
burners. Burning characteristics of such gases will differ in important respects, one of the most 
being speed of flame propagation. Generally, the gas company must make sure that the standby 
fuel will, when mixed with the base natural gas in the maximum proportion to which it is to be 
utilized, permit the continued satisfactory functioning of appliances. It is the responsibility of the 
manufacturers to design appliances capable of performing more satisfactorily under reasonably 
wide variations in gas composition while retaining desirable efficiencies and operation. 

There have been very limited studies to investigate the effects of gas composition upon 
the performance of radiant burner. Due to the lack of data and fundamental understanding, the 
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-IR burner product development in the industry is empirical in nature, and is conducted with one 
gas composition. The objectives of this project are to characterize the operation of IR burner at 
various gas compositions and ambient conditions and develop a baseline theoretical analysis to 
predict the behavior of these burners to the change in fuel compositions and ambient conditions. 

PROGRESS TO DATE 

This report covers the seventh quarter of the project. In this project, a unique radiation 
and emission measurement system has been developed at CAU’s Combustion Laboratory to 
study the effects of gas compositions upon the performance of porous radiant burners. It consists 
of a PIR commercial deep fat fryer that was modified to allow in-situ radiation measurements on 
the surface of the infrared burner via a view-port installed through the oil vat. A system 2000 
FIJR from Perkin Elmer is used for in-situ measurements of the radiant output from the surface 
of the burner. A blackbody with a temperature range of 50 to 1200 degree C (model IR-564 from 
Graseby Infrared) was used to calibrate the FTIR. A set of Horiba gas analyzers are used to 
measure the emissions from the burner. Experiments were conducted for an extensive test matrix 
of fuel gas mixtures that represent the complete range of gas compositions usually encountered 
in the United States. Methane was used as the baseline fuel. Mixtures of methane/propane, 
rnethane/hydrogen, and methanehitrogen along with one propane-air peakshaving gas mixtures 
were tested to study the effect of fuel mixtures on the performance of the radiant burners. The 
performance of the burner was investigated for radiant efficiency (ratio of radiative flux escaping 
the burner to the heat released by combustion), and gaseous emissions at each gas composition 
and aidfuel ratio. 

The above measurements yielded one conference paper, one symposium proceedings 
paper, and one student poster paper that can be obtained elsewhere [3-51. 

A number of published research papers on modeling of POTOUS burners were reviewed. 
The physical mechanism and theoretical analysis of the combustion process of the PIR burner 
were formulated. The numerical modeling and implementation of a PIR burner code at CAU’s 
computing facility is in progress. 

WORK PERFORMED DURING THIS QUARTER 

Propane/air (50/50 peakshaving) mixtures were tested and radiation and emission 
measurements were made for various air flowrates. This completed the testing phase of the 
project designed in the test matrix submitted in the previous quarterly report. It should be noted 
that three base limit gases, methane/propane (sooting), methane/hydrogen (lightback), and 
methanehitrogen (flame lift), aIong with one propane-air peakshaving gas mixture were chosen 
to represent the full range gas supply variation found in the United States. For ranges of 
distributed gas compositions in US (typical three component mixtures) and in Europe (typical 
two component mixtures), see Table 1 [6 ] .  The aidfuel ratio in terms of theoretical combustion 
air (TA) was varied between 90% -170% for each fuel mixture. The baseline TA was set at 
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130%. Analysis of the raw data that started with methane/propane .experiments in the previous 
quarter was continued in this quarter for the rest of the mixtures tested. 

US.  NG Variations European Test Gases (2nd Family. Group H) 
CONSTITUENTS U.S. NG U.S. NG (Colorado) G 20 G 21 G 222 G23 

Mean Min CH4 Reference Incomplete mmb& Light back Flame lift 
Max C2H6. C3H8 and soling limit gas limit gas limit gas 

Methane (CH4) 93.70% 74.50% 100.00% 87.00% 77.00% 92.50% 

E t h m  (C2H6) 3.20% 13.30% 

Propane (WH8) 0.70% 2.60% 13.00% 

Hydrogen (W 23.00% 

PropanaAir Peakshaving (Normal Winter Range) 
(Assume NG = 100% Methane tor Mixlures) 
Max P-A I NG mix Min P-A / NG mix 
(60/40 PIA mix) (3961 PIA mix) (W4E PIA mix) 
(60140 P-NNG mix) (10190 P-NNG mix) (26.7m.3 P - m G  mix 

40.00% 90.m 73.30% 

Avg P-A NG mix 

36.00% 3.90% 13.90% 

Table 1. Gas Composition Ranges [Ref. 61 

An industrial visit to our industrial partner, Solarnics Inc., MI, a known IR burner 
manufacturer, was made on July 2, 1996 to discuss and maximize the use of results of this 
project and better understand burner application issues confronted by infrared power burners. A 
project review meeting was held at AGAR on the following day in Cleveland, Ohio, to which gas 
company funders of this project were present. Minutes were distributed under separate cover. 
An overview of the discussions made in the review meeting is enclosed. 

Research collaboration to successfully complete the modeling effort anticipated in this 
project was made with Energy International (ED during this quarter. As of July 01, 1996, AGA 
Research is now a division of EI. Assistance E1 can provide in the CAU modeling effort was 
explored. radiant burner modeling and 
concurred with the conclusion of the literature review of CAU made previously; Le., the most 
sophisticated model reported in the literature was developed by Sathe et. al. [l] at Arizona State 
University (ASU). The model developed at ASU incorporates the effects of convection, 
conduction, radiation, and combustion on the performance of radiant burners. The flow is 
assumed to be one-dimensional, steady, and laminar. The solid matrix is assumed to be gray and 
to emit, absorb, and scatter radiant energy. Gaseous radiation is neglected compared to solid 
radiation. Non-local thermal equilibrium between the gas and the solid phase is accounted for by 
considering separate energy equations for the two phases. 

E1 conducted a separate literature review on the 

The PRB model developed and tested by Sathe et al. was based on a modified version of 
the PREiMIX code developed at Sandia National Laboratory in the early 1980s. PREMIX is a 
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subset of the CHEMKIN' solution routines, and solves the governing equations for a one- 
dimensional, laminar premixed flame. Sathe et al. added the solid energy conservation equation 
and the radiative transfer equation to the PREMM solution algorithm as well as added a term in 
the PREMM gas phase energy equation to account for the thermal conduction heat transfer from 
the gas to the solid burner. Details of the governing equations and solution algorithm can be 
found in the paper by Sathe et al. 

Sathe et al. used a simple single step methane oxidation mechanism for predicting the 
combustion of methane into carbon dioxide and water. It is unclear from the published results if 
this simple mechanism was used to reduce computational time, or if fundamental modifications 
to PREMIX were made which eliminated its capability of incorporating multi-step kinetics. 
Reasonable agreement between the predicted and measured radiant output, flame speed, and 
radiant efficiency are reported by the ASU team. 

In the current investigation, the model developed by Sathe et al. will be acquired from 
ASU. A purchase order from CAU has already been received by ASU and currently ASU is 
putting together the necessary modules to ftp the files to CAU. The model will be reviewed to 
determine its current capabilities and limitations. It is anticipated that the ASU model will have 
to be modified to account for variable fuel composition, aeration effects, and operation at 
altitude. The extent of the modifications will not be known until the ASU model is reviewed, but 
it is anticipated that coupling the model with the most recent version of CHEMKIN (currently 
known as CHEMKIN-II) will provide the necessary capabilities for the model to account fuel 
composition, aeration, and altitude, as well as improve solution convergence. CHEMKIN-II is 
capable of incorporating pressure sensitive reaction rates, unlike the original version of 
CHEMKIN, which will be necessary for determining PRl3 performance at altitude. The updated 
version of PREMIX also provides improved convergence over the original version used in the 
ASU code. This improved convergence and stability provided by the updated PREMIX can 
significantly decrease the computational cost associated with obtaining a converged solution. 

Upon the arrival of the ASU code at CAU, model modification and application based on 
the above discussions will be performed. E1 will share the work load with CAU in terms of 
model modification and application to predict the radiant efficiency measurements made in this 
project. 

During this reporting period, a symposium paper on the effect of natural gas composition 
variations on porous radiant burners was submitted to the 1996 American Flame Research 
Committee International Symposium to be held in Baltimore, Maryland, during September 30 - 
October 02, 1996. 

CHEMKIN is a software package whose purpose is to facilitate the formation, solution, and interpretation of 
problems involving elementary gas-phase chemical kinetics. The CHEMKIN library is a collection of about 100 
highly modular FORTRAN subroutines that may be called to return information on equation of state, thermodynamic 
properties, and chemical production rates. The CHEMKIN package is also bundled with solution routines which 
solve the equations for perfectly stirred reactors (PSR), one dimensional laminar flames (PREMIX), or one- 
dimensional shocks (SHOCK). 



.SUMMARY AND c o N c L u s r o N s  

A porous radiant burner testing facility consisting of a commercial deep-fat fryer, an 
FTIR based spectral radiance measurement system, a set of flue gas analysis components, and a 
fuel gas mixing station was constructed. The measurement capabilities of the system were tested 
using methane and the test results were found to be consistent with the literature. Following the 
validation of the measurement system, various gas mixtures were tested to study the effect of gas 
compositions have on burner performance. Results indicated that the emissions vary with fuel 
gas composition and aidfuel ratio. The maximum radiant efficiency of the burner was obtained 
close to aidfuel ratio of 1. 

The project is progressing well and the tasks outlined to this date have been completed 
on-schedule. During this quarter, experiments for variations in fuel composition were 
completed. Data analysis and numerical modeling activities to predict the behavior of the burner 
to the changes in fuel compositions and ambient conditions are aggressively pursued. 

OUTCOME OF THIS QUARTER 

A full paper entitled “An Experimental Study of the Effects of Natural Gas Composition 
Variations on Fan Powered Infrared (PIR) Burners” has been submitted for inclusion in the 1996 
American Flame Research Committee (AFRC) International Symposium proceedings, September 
30 - October 2, 1996, Baltimore, Maryland. 

PLANS FOR THE NEXT QUARTER 

Analysis of the FTIR Raw data and that of the Horiba gas analyzers will be completed to 
understand the effect of fuel blends on the performance of the burner and its associated 
behaviors. 

Altitude tests will be conducted by AGAREI at the Mountain Fuel Supply facility, Utah. 

Acquisition, review, and sensitivity analyses of the key parameters of the ASU code to 
modify and predict the burner behavior to the change in fuel compositions will be conducted. 
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CAWAGAR El Bu er Project 
Minutes ofJu&IggG 
Project Review Meeting 

AGA Research 

Attend-: 
Dr. TeijunBai, CAU 
Dr. Ramanthan Sampath, CAU 
Mr. Vinton Wolfe, Atlanta Gas Light 
Mr. Steve Petty, Columbia Gas 
Mr, Clifford Andrews 
Mr. Farshid Ahmady, Solaronics 
Mk. CraigFamsworth, AGAR 

Meeting Notes; 

It was noted that CAU and AGAR personnel met at Solaronks on the previous day to 
carry forward discussions regarding means to maximize usehlness of results of this project and 
better understand burner application issues confronted by inf?ared power burners. 

It was also noted tfrat, BS of July I, AGA Research is now a division of Energy 
International @I). Information regarding E? is Attachment i f f ,  

Meeting presentation is Attachment #2. 

An ovewiew of the discussion is as follows: 
The gas composition and burner aeration tests are 95% completed. It was noted that ethane 
was not included in test matrix. It was observed by LDC personnel that this is a significant 
secondary component in much of the natural gas distributed in the US and should be 
addressed in this program. 
The development of the model has been hampered by inability $0 obtain desired cornbustion 
kinetics code from Arizona Stat e University. 
Given the non-availability of proposed barometric environmmtal chamber at AGAR it was 
proposed that a series of tests be performed at AGAR with variation of temperature and 
humidity and at Mountain Fuel Supply at various altitudes. The proposed chamber was to be 
capable of varying barometric pressure (altitude), temperature, and humidity. It was decided 
that only the altitude testing was directly pertinent to the subject project. Mountain Fuel 
Supply has agreed to make their mobile laboratory available to this project at no cost. 
It was decided that maximum effort should be placed on making sure that the computer model 
results predict the measured results of experiments BS closely as possible. 
Additional analytical and modeling capabilities have been added to t he  AGAR staffsince the 
inception of this project. It was a w e d  that assistance from AGAR in the modeliig effort 
would be explored. (Subsequent to the meeting it was found that E1 has been heaviIy 
involved in the area of combustion modeling. E1 staff have supplied copy of kinetics code 
noted above and discussions are underway to determine appropriate assistance that can be 
provided to CAU by ET.) At the completion of these discussidns, revised scope of work for 
AGAR effort will be submitted for approval. 
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* Appropriate follow-on activity to the current project was discussed. h was agreed that, @ v a  
suitable agrement of rnodeld and expcrimcntal results with the model currently under 
development, the following additions would be be~eficid: - Add ethane as secondary component (currently proparie, nitrogen, hydrogen, and 

propaneair are considered) 
- Consider multi-component mixtures beyond corent binary (plus air) mixtures 
- Make model 2-dimensional - Add burnerheat exchanger environment characteristics (ie., proximity of heat 

exchanger surface, radiant scattering, back pressure, radiant heat sink, downstnam 
flow field, etc.) 

- Surfkx characteristics of burner (generalize beyond tile burner) 
- Burnershape 
- Combustian air humidity 

Paper presented by CAU at HBCU conference in April is attachment #3. Abstract of 
paper to be presented at American Flame Research Conference is attachment #I. 

The following is a smnmay of action item identified at tbis meeting 

Explore assistance A G M I  can provide in the CAU modeling eEort. @. 
Sampath and C. Farnsworth) 
Submit rs;uis?d scope of AGAR activity. (C. Fmsworth) 
CompIete gas composition and burner aeratim experiments. (R. Sampath) 
Carry out testing at Mountain Fuel Supply. (C. Farnsuvorth) 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or respnsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 

mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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