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PREFACE 
This report presents the results of an in-depth study of various technical and non-technical aspects of the 
efficiency of immersion fire-tube heaters used in the petroleum industry. A background in the basics of 
heat transfer, chemistry and combustion technology is helpful in proper understanding of the material. 
Although some familiarity with the thermodynamics and fluid mechanics will aid in the understanding of 
the underlying principles, it is not the intent of this material to provide the user with mathematical models 
and formulas used in the computations of the heaters efficiency. At the same time, this report assumes 
user’s familiarity with the subject matter and its nomenclature, and does not go into details of explaining 
the terminology and the basic technical definitions. Readers are encouraged to look for these definitions 
in the reference materials cited in this report. 

This study was focused on addressing the “real” measurable and quantifiable problems leading to low 
efficiencies and to provide “real” practical solutions to these problems, in a way, that would address the 
largest number of new and existing installations at the lowest cost. This intent is described in detail in 
Chapter 2 entitled: “Project Background”. This chapter also discusses various possible reasons for low 
efficiencies. 

The material presented recognizes the fact that the efficiency of a fire-tube heater is closely related to the 
theory of combustion and by its physical nature is complicated. Combustion being an exothermic 
chemical reaction in flows combined with heat and mass transfer, it involves thermodynamics, chemical 
kinetics, fluid mechanics, electromagnetic radiation, aerodynamics and transport processes with 
multiphase flow and turbulence. Because of the interdisciplinary nature and complexity of combustion and 
how it relates to heat transfer it is quite often misunderstood. 

The key to understanding the combustion processes is in realizing that unlike many other chemical 
processes, combustion is a very fast occurring (fractions of a second), dynamic and violent process, 
which has been described in the past as a “controlled series of mini-explosions”. Yet, the results of it are 
slow to occur in terms of changes in liquid temperature, measurable fuel efficiency, or even longer in the 
form of corrosion effects on heat transfer surfaces. A relatively small change in adjustment of combustion 
processes can have a large impact on the long-term economics of the process or perhaps even on its 
short-term safety. There is no doubt that the combustion process carries a stigma of “to be reckoned with” 
or perhaps even one of “not to be touched”. There are also some old “well proven” methods of making 
combustion “work better” which are technically incorrect. Education helps to deal with these perceptions. 

Chapter 3 entitled “Literature Study” looks for the existing sources of the information related to the topic of 
combustion and efficiency of fire-tube heaters. Available literature on this subject tends to be either very 
complex and “academic” or oversimplified and lacking scientific validity. Some claims published today by 
equipment suppliers are simply technically incorrect. A total of forty-four publications are discussed, and 
more detailed information is included in the Appendix A. 

This study identifies many of the technically questionable claims and “myths” related to fire-tube heater 
efficiencies and addresses them through application of basic laws of thermodynamics. Chapter 4 entitled: 
“Heater Efficiency Principles” explains in depths various concepts related to these laws, and offers 
suggestions on how to apply these laws to the fire-tube efficiency evaluations. Numerous graphs are 
included in this chapter to help quantifying these concepts. Basics of combustion and mass/energy 
balances are explained, as well as, the concepts of convective, conductive and radiative heat transfer and 
their simultaneous nature are discussed in the context of the fire-tube application. 

Much of the progress in the field of industrial combustion has been historically achieved through “trial-
and-error” methods and plagued by difficulties with technical verification. Only in the recent years has 
verification been made possible with computer and sensor technologies. Using computer modeling, 
mass/energy balances, combined with stack analyzer readings and flow, and temperature trending, it is 
possible to better monitor and understand combustion processes In the past, these techniques were 
limited to only large industrial boilers or similar installations due to their high cost. With the advances in 
low cost PLC and sensor products make them justifiable in smaller installations.  

For the purpose of this study a “user-friendly” fire tube rating software was developed. The software is 
described in Chapter 5 and also provided on a CD include with this report. The program is intended to 
resemble a heat exchanger rating software with the exception that it also takes under consideration 
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combustion reaction and simultaneous radiative heat transfer in the fire tube. This approach allows not 
only the prediction of an average (overall) heat flux rate for the entire tube (conventional method) but also 
a more precise prediction of the temperature, pressure and heat flux rate profile along the tube and into 
the stack. This yields much more accurate results than traditional simplified methods, but also allows the 
use of variable fire-tube and stack geometry, between 1 and 4 passes and with decreasing tube 
diameters. 

Chapter 6 describes the results of field surveys, which included 43 existing installations. The survey 
included design and performance parameters of each heater, as well as, its main efficiency related 
problem and main opportunity for improvement. 

Chapter 7 provides a record from the phase of the project in which a test heater was designed and built at 
the PITS training facilities in Nisku. All test heater’s features, as well as, the details of instrumentation are 
presented in a photo gallery with comments. 

Chapter 8 contains a summary of bench testing of 25 burners from 10 manufacturers. The results include 
flame shaping capability, sound pressure levels, primary air induction and gas and mixture pressures. In 
addition, mechanical details of each burner are described in detail with comments regarding their possible 
impact on the performance. Side-by-side comparisons of all these burner characteristics are provided. 
Appendix C contains the manufacturers literature related to these burners. 

Chapter 9 includes summaries of performance data from firing tests of the above burners in the test unit. 
These results include fire-tube temperature profiles, burner turndown and excess air characteristics, as 
well as, NOx, CO, sound pressure levels and efficiency measurements. Similar to the previous chapter, 
side-by-side comparisons of performance with various burners are provided. 

Chapter 10 presents the results of the heat transfer tests in the test unit 2-, 3-, and 4-pass fire tube 
configuration with water, ethylene glycol, and light oil on the liquid bath side. Tube temperature profiles 
from these tests are demonstrated and compared. In addition, the results of tests with turbulators inside 
the fire-tube are shown. The results of these tests conclude with the calculation of the surface heat flux 
rates along the tube length, used to calibrate the fire-tube rating program described in chapter 5. 

Chapter 11 provides the reader with simple to follow fire-tube rating charts designed for “rough estimation 
of fire-tube performance, and to allow analysis of what varying the tube length or diameter will do to the 
thermal efficiency of the heater. Charts are designed for tube diameters between 4” and 26” and U-tube 
length between 5’ and 30’. Comparisons of fire tube performance for 2-pass natural draft, 4-pass natural 
draft, and 4-pass forced draft designs are possible. The charts are organized by either process duty, 
burner heat input, or heat flux rates 

Chapter 12 contains the analysis of surface and crossectional heat flux rates with emphasis of their 
impact on heaters efficiency. The results of this analysis are compared to heat flux rates currently used in 
the industry. In addition, the design rules related to fire-tube L/D ratio (length/diameter) and to the 
constant-fire-tube length principle are challenged. 

Chapter 13 provides simple to follow guidelines for fire-tube heater efficiency and reliability, as well as, 
heater’s combustion system tune-up guidelines. 

Chapter 14 presents a concept of an industry-wide training program for installation, operation and 
maintenance of fire-tube heaters. 

Finally, chapter 15 contains the summary of the different areas for efficiency improvements and their 
possible solutions. This chapter recognizes that many of the areas are not purely of technical nature, but 
are also related to organizational aspects of the fire-tube heater operation. An organizational paradigm is 
proposed to address the efficiency challenges of the fire-tube heater installation though their entire life 
cycle, starting with the process assessment and initial specifications, through design, fabrication, 
installation, commissioning, operation, and maintenance. Education and training aspect is seen as the 
most essential ingredient recurring through every step of this process. This chapter concludes with the 
final conclusions and recommendations. 

In terms of petroleum industries substantial use of fire-tube immersion heaters, the emphasis of the study 
is a focus of stewarding to the large inventory already in use. By applying the above recommendations 
based on good fundamentals into current designs and operation, we can establish sound economic 
improvements to them and we can work to sustain these benefits through education and operational 
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tools. With the increasing cost of fuel, diminishing reserves and the ever increasing concern of the 
environmental impact of combustion processes it is now time to have a closer look at this technology in 
terms of reasonable fuel efficiencies and cleaner exhaust. 

In the end, there are no “silver bullet” solutions in the operation of these heaters to obtain 30% to 50% 
fuel reductions on the entire fleet of installations already out there. However, there are many good 
learnings and fundamentals to be applied to obtain 10% to 15% fuel reductions in general and much more 
on poorly sized and operated units. 
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DISCLAIMER 
Although exceptional care has been demonstrated by all project performers and participants, in the 
research, design, data collection and analysis, and preparation of this report, the results presented in this 
report may contain in them certain assumptions and objective errors which influence the final outcome. 
During the project, the participants became quickly aware that the scope of research is much broader 
than originally assumed and that there is a lack of reliable published scientific data on this subject. We 
found that sometimes various sources of data, formulas and charts and conclusions contradict each 
other. 

The variability of the operational requirements and process parameters made it difficult to come up with 
generalized practical recommendations. Every effort has been made to measure various scenarios, but in 
some cases we had to base our conclusions simply on past experience, recommendations from other 
sources, or simply assumptions and sound engineering judgment. 

The field and lab measurements of heater performance were conducted only on selected configurations 
and sizes of fire-tubes and then mathematically interpolated to other tube sizes. These calculations are 
based on an assumption that the equipment is operating with reasonable firing range, and that it is in 
good condition. Factors such as tube fouling (inside or outside), partial tube flows, or simply equipment 
disrepair were identified as possible problems but not quantified in the heat transfer calculations. It is 
assumed that the heater equipment is properly sized, operated, and maintained. 

It is also assumed that there are appropriate controls and sensors in place (permanent or portable) to 
allow sufficient heater performance assessment. It is our observation, that there are many existing 
heaters, which are either lacking rudimentary instrumentation or even a suitable connection to install such 
instrumentation. In many instances the existing instrumentation is not working. It is our conclusion that 
without having reliable tools to measure temperatures, pressures, flows, and stack gas composition, the 
heater performance cannot be properly assessed. 

During the testing phase of this project we used a number of burners and other equipment contributed by 
various vendors. The performance results presented in this study show specific burner size operating in a 
specific tube configuration under specific conditions, and should not be misconstrued as representative to 
all other equipment sizes and configurations. In the report, we purposely tried to avoid showing 
preferences towards any specific equipment manufacturer, and only to assess the possible variability of 
the results. Any statements or data presentations, which may be viewed by the reader as preferential 
recommendations towards any specific equipment manufacturer or model are unintentional. Specific 
equipment selections must be based on process requirements and properly assessed on a project-by-
project basis. 

Will this report answer all the questions and give exact prescriptions on the design and operation of 
petroleum immersion fire-tube heaters? Probably it will not. It is our hope however that the presented 
results will address the most common challenges, and that they will encourage further research and 
operational assessment of this type of equipment by both manufacturers and users. 

When using the results of this study and generalized recommendations to specific operational scenarios, 
sound engineering assessment and practices must be applied and further verified by field measurements. 

The report is a compilation of engineering practice, theory, and recommendations, all of which are subject 
to local, provincial, state or federal codes, insurance requirements and good common sense. 

No patent liability is assumed with respect to the use of information contained in this report. While every 
precaution has been taken in preparation of this report, neither author, other project performers, not 
project sponsors or administrators assume any responsibility for errors or omissions; nor is any liability 
assumed for damages resulting from use of this information. 
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EXECUTIVE SUMMARY 
The principal objective of this project was to define practical methods for increasing energy efficiency and 
reducing emissions of gas fired immersion fire-tube heaters used in the petroleum industry. In addition, 
these methods were designed, to provide the improvement to the largest number of both the existing 
heaters, and new installations, at the lowest cost and with a minimum of modifications. 

A detailed study of the existing technology, background information, literature, and the existing standards, 
led to the conclusion, that many relevant references are outdated, incomplete, unclear, or may in some 
cases, be partially to blame for the lower efficiencies. To address this “information-gap” a detailed 
guideline of the fire-tube heater efficiency principles was prepared. Numerous graphs are included to help 
in estimating the impact of these parameters on the heaters efficiency. 

This project has identified an achievable theoretical target gross efficiency for fire-tube heaters at 
between 72% and 82% depending on the bath liquid temperature. To confirm the reality of these 
efficiency targets, a detailed survey of 43 field installations in various applications was conducted, and 
eight installations with efficiencies as low as 30% were found. Simple readjustment of all eight of these 
units during the survey returned them to higher efficiencies between 64% and 82%, with an average 
efficiency of 72.3%. This part of the project also produced guidelines and data collection methods for 
evaluating fire-tube heater efficiencies in the field. 

In addition to the theoretical guidelines of the fire-tube efficiency principles, and the field data collection 
methods, a software program was also developed as part of this project, to aid in the evaluation of the 
fire-tube performance. This fire-tube rating program predicts a temperature, pressure, and heat flux profile 
along the fire-tube in addition to average heat flux value, and allows modeling of both natural draft and 
forced draft fire-tube designs of varying geometry. 

To calibrate the above software program and also to test the impact of various burner designs on the 
heater efficiency, a fire-tube test unit was designed, constructed, and operated at the PITS facilities in 
Nisku. This test unit was extensively tested with varying fuel input, using water, 50/50 ethylene glycol, and 
oil on the “bath side” of the fire-tube. The liquid type was found not to make a significant difference on the 
heat transfer in the fire-tube. 

Twenty-five burner configurations from various manufacturers were tested to establish their flame shape, 
primary airflow, air/gas mixture pressure and sound pressure levels, as well as, thermal performance in a 
2-pass fire-tube configuration of the test unit. Once properly selected, and adjusted, most of these 
burners could be fired reliably with at least a 4:1 turndown and did not impact significantly the efficiency of 
the heater. 

The above tests confirmed that the heat transfer in the fire-tube is controlled by the gas side with very 
little impact of the bath liquid type on the heater performance. The heater was also tested with two 
different types of turbulators inside the fire-tube, leading to the conclusion that the turbulators in the gas 
path offer little improvement in the overall efficiency. 

The calibrated fire-tube rating software program was then used to produce fire-tube rating charts for tube 
diameters, between 4” and 36”, U-tube lengths between 5’ and 30’, and for 2-pass natural draft, 4-pass 
natural draft, and 4-pass forced draft fire-tube configurations. 

The impact of the surface and cross-sectional heat flux rates on the heater efficiency was investigated in 
order to address the applicability of the commonly used design values of 10,000 BTU/hr/ft2 and 15,000 
BTU/hr/in2. This analysis showed that with a 2-pass design in line heater application both of these values 
are almost guaranteed to produce heater efficiencies lower than the 72% low efficiency target. Instead of 
using these traditional design values a more accurate assessment can now be performed using the fire 
tube rating charts and the fire-tube rating software. 

A very important aspect of both existing and new installations is that many of them are already, or very 
likely will become, oversized for the actual process energy requirement, due to decline in production 
volumes. If these heaters were fired at duties less than design, the extra surface of the fire-tube would 
improve the heat transfer, as well as, reduce the typical ON/OFF cycling to a more consistent operation. 
This approach offers an excellent opportunity for energy savings with minimal modification to the existing 
heater. 
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Although a standard engineering solution to this problem would be to use a conventional method of 
burner fuel modulation, this study shows that this method is ineffective without addressing the secondary 
air control. This can be achieved without any mechanical means, simply by utilizing natural characteristics 
of the Venturi style burner. 

The general concept of maximizing the efficiency of the fire-tube heater is by the proper matching of the 
fire-tube configuration, burner size and design, and modulating controls, without shutting the heater down 
and while maintaining its low excess air operation (between 2% and 3% oxygen in the stack). Additional 
energy efficiency measures, include turning the pilot OFF; eliminating the instrument gas powered 
pneumatic controls, and using solar power to operate heater controls. 

The research described in this study also led to a conclusion that energy efficiency issues related to the 
fire-tube heaters often go beyond the technical aspects of fire-tube sizing, burner selection or controls 
design. The operational and maintenance aspects, and concerns about heater reliability, availability, and 
safety also influence them. These concerns often overrule the requirements for higher efficiencies and 
lower emissions. It is the conclusion of this study that all of these aspects Reliability-Safety-Efficiency can, 
and should go hand-in-hand, when all engineering and organizational aspects are properly addressed. 

This study contains information, design tools, evaluation and maintenance guidelines, as well as, both 
engineering and organizational concepts and recommendations, which could be used to solve the fire-
tube heater energy efficiency and emissions challenge on an industry wide scale. 

One of the recurring topics of this research is the need for education related to the energy efficiency of 
the fire-tube heaters. This study proposes the development under the auspices of PITS of an industry and 
government sanctioned sub-trade, which would provide a suitable knowledge base in the industry, to 
properly install, operate, and maintain thousands of high efficiency fire-tube heaters. 

A common barrier in achieving the above goals is seen in the current lack of a broad based industry 
stewardship and support for these topics. 
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1 INTRODUCTION 

1.1 Request For Proposal (RFP) Background 

The Upstream Oil and Gas Industry is an energy intensive industry. The industry is required to consume 
significant amounts of energy to process raw gas and liquids to either a finished or semi-finished product 
of sales gas, LPG’s, sulphur and oil or condensate. This energy requirement is commonly referred to as 
the Production Energy Intensity (PEI). One specific area that is of common concern to many upstream 
operating companies is the energy consumption associated with fire tube immersion heaters. The energy 
frequently used to fire these heaters is high-quality refined sales gas. In 1979, a study estimated that in 
Alberta line-heaters and treaters consumed 70 Bcf/A in fuel gas, which is equivalent to 8 billion BTU/hr, at 
a cost in excess of $320 million/A. 

A common problem with the immersion heaters is that individual heaters generally have low fuel 
efficiencies between 30% and 60%. Compared to common boiler technology, these heaters should be 
able to run at between 70 to 80% efficiency. Even when taking into consideration the cyclic nature of 
operation associated with many of the applications, these heaters currently waste in excess of 2 to 3 
billion BTU/hr of fuel (1360 to 2040 e3m3/d gas) that could be conserved to generate added sales. At an 
average cost of $5/GJ this represents $100 to $150 million of lost revenues due to inefficient use of fuel 
gas. This also represents an associated 1.5 million additional tonnes of carbon dioxide being discharged 
into the atmosphere per year. 

Often lower heater efficiencies are associated with high levels of oxygen or combustibles and high stack 
temperatures. These can result from poor burner performance and poor control of combustion air or 
improper configuration or the size of the fire-tube. Unlike steam or hot water boiler practices of efficiency 
calculations and/or guarantees, the efficiencies of immersion heaters are rarely considered during the 
typical specification, design, manufacturing, or operation cycle of the equipment. 

1.2 Requirement 

Taking under consideration the rising fuel costs and more stringent environmental regulations, there is a 
requirement recognized by the industry for improvements in the evaluation, design, operation, and 
maintenance practices leading to higher efficiencies of immersion fire-tube heaters. 

1.3 Project Sponsors 

Developing new design standards and operating parameters, while sharing the development costs and 
operational support, is essential to improved efficiency projects. BP Canada Energy, EnCana, Husky 
Energy, Nexen, Petro-Canada, Shell Canada, and CETAC – West have all contributed toward this 
project.  

1.4 Resulting Request For Proposal (RFP) 

The Request for Proposals (RFP) for Improving Immersion Fire-Tube Heater Efficiency (RFP EETR 0401) 
was issued in May as a direct result of the Technology for Emission Reduction and Eco-Efficiency 
(TEREE) Steering Committee meeting held in April 2004. 

The RFP included the following scope of work specification: 

a) review of historical design data, current industry practices and the study of burner and fire-tube 
designs and their associated efficiencies; 

b) develop theoretical heat transfer, combustion calculations and computer modeling to optimize the 
designs; 

c) perform actual firing tests to confirm the new results; 

d) develop a general industry design and performance standard for these heaters as a requirement for 
bids on all future equipment; 
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e) develop an education component to improve the level of understanding within the industry, as it 
applies to the design of new equipment, the improvement to existing equipment, and, to provide tools 
for operating companies to achieve and sustain the improved performance. 

The work required the support of operating company members and the assistance of an independent 
third party with outside expertise for additional technical support.  

Project performers were to work under the technical direction of the TEREE Immersion Heater Efficiency 
working group.  

A number of proposals were received from leading experts in the field of combustion and heat transfer 
including consulting engineering firms, universities, research labs, and, equipment manufacturers. 

A panel of petroleum industry experts reviewed the submitted proposals in July and chose ENEFEN 
Energy Efficiency Engineering Ltd. to provide a more efficient and cost-effective way to address the 
problem of inefficient immersion tube heaters. This report summarizes the work performed and the 
findings of this project.  

1.5 General Concept of this Project 

To address the RFQ requirements, ENEFEN’s solution brought together three expert groups to perform 
this contract: 

a) ENEFEN Energy Efficiency Engineering Ltd. – provided project management, basic research, 
combustion systems and controls design, field testing, and report writing expertise; 

b) COEN Company – with world class expertise in combustion modeling, burner design and radiative 
and convective heat transfer solutions – developed immersion tube rating software and consulting 
support for the heat transfer and burner design evaluation; and, 

c) PITS Petroleum Industry Training Service – provided fully instrumented testing facilities in Nisku, AB, 
for burner and tube testing and software calibration testing, as well as, an expertise in developing an 
industry-training concept for this project. 

This project included the following tasks: 

a) literature survey; 

b) applicable technology identification; 

c) fire-tube rating software development (COEN); 

d) field performance data collection; 

e) lab (PITS) heater performance data collection; 

f) comparative burner tests; 

g) selected burner testing in the heater (PITS); 

h) rating software calibration; 

i) control system design; 

j) fire-tube design guideline development; 

k) test and research results documentation; and, 

l) training program concept development. 

1.6 Future Benefits 

The main benefits of this project will include: 

a) rating software for immersion tube evaluation and design testing and calibration on real heater 
applications; 

b) industry guidelines for evaluation, design, operation and maintenance of immersion heaters aimed at 
maximizing their efficiency; 
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c) practical and economical solutions to existing heater improvements; and, 

d) a training program concept to improve the level of understanding within the industry, as it applies to 
the design of new equipment, the improvement to existing equipment, and, recommended tools for 
the operating companies to achieve and sustain improved performance. 

1.7 Access to Project Results 

Project sponsors have access to the project results for up to one year prior to public release. 

The results once released, will be made available in the public domain. This eliminates alignment to any 
vendor or manufacturer specifications. 
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2 PROJECT BACKGROUND 
The following is a general discussion of immersion fire-tube heater applications, their basic design and 
operational concepts, which our project team used at the onset of this project. They were the starting 
point of this project. 

It is our sincere hope that the data and recommendations presented further in this report will answer 
some of these questions and will help in the better understanding of how design, operation and 
maintenance issues impact immersion fire-tube heater efficiencies. 

2.1 Project Assumptions and General Intent 

This project and report is structured with the assumption that the reader possesses a basic knowledge of 
thermodynamics, combustion, and heat transfer. We have included in this report an extensive list of 
references, which contain formulae, tables, charts, and examples of calculations similar to the ones, 
which we used for the evaluation of fire-tube heaters in this report. It was not our intent to quote these 
formulae, or show the user the exact numerical methods but rather to concentrate on their practical 
application and verification through field and laboratory measurements, as well as, the interpretation of 
the results of this research.  

2.2 Complexity of the Subject Matter 

Although readers are encouraged to refer to the textbooks referenced in this report, for the definitions and 
principles discussed, it should be done with caution. As demonstrated in this report, the subject of 
efficiency of fire-tube heaters is relatively complex, as it depends on a numerous factors, such as: 
process and environmental conditions, equipment design, operation and maintenance, as well as, 
measurement and evaluation methods. Consequently, any simple “rule of thumb” principles used 
commonly in the industry simply cannot address all of these conditions and in many cases lead to 
erroneous conclusions. It is our professional opinion that the complexity of the subject matter is currently 
underestimated by the industry. 

2.3 Shell and Tube Heat Exchanger Analogy 

To use an analogy to a shell and tube heat exchanger design, it is simply impossible to come up with a 
“most efficient” heat exchanger design in terms of the number and size of the tubes, tube diameter to 
length ratio or optimum number of passes. There is not a single “best” U-value (overall heat transfer 
coefficient), or a single LMTD-value (log-mean-temperature-differential), which all heat exchangers could 
be designed to. All these parameters depend on what each heat exchanger is used for. No one would 
also expect to find such generalized “one-fits-all rule of thumb” for shell and tube heat exchanger sizing. 

2.4 “Most Efficient” Fire-Tube Heater Design 

There is no such thing as a “most efficient” fire-tube heater design. Every design has to be treated in a 
similar manner as shell and tube heat exchanger, except it is more complex due to the presence of 
combustion, simultaneous radiative and convective heat transfer, impact of ambient conditions, cyclic 
nature of operation, and, the potential for both internal and external tube fouling. We believe, however, 
that there are sound engineering principles and guidelines, which can be applied to fire-tube heater 
design, to customize this design to a variety of applications. These techniques are presented in this 
report. 

2.5 Reliability, Availability and Safety are Paramount 

The reoccurring theme in this discussion is that production volume and product value are more important 
than potential efficiency gains and fuel savings. 

Heater design must assure the reliability and availability to keep the process operating. Simple, robust 
and proven designs are preferred to more refined approaches to heat transfer. More advanced heat 
transfer techniques such as finned or dimpled tubes used in other industries and not well suited to this 
environment nor are they essential to achieving improvements. 
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The difference in the heater efficiency and associated fuel savings may not be significant when 
considering how essential these heaters are in oil and gas production. 

Potential for process upsets or perhaps even unsafe condition in the case of a heater failure are the 
driving factors for heater design. In addition, the large number of heaters installed in remote locations 
need to be maintained and operated with minimum resources and by personnel with limited skills. 

2.6 Various Myths and “Rules-Of-Thumb” Related to Heater Reliability – Safety 
- Efficiency 

There are numerous myths in the industry related to fire-tube heater reliability, safety and efficiency. 

To quote a few: 

a) “The more “gadgets” the heater has the less reliable it is” 

b) “The more heat you put into the heater the better it will work” 

c) “The further you can “throw” the flame (heat) down the tube the more efficient it will be” 

d) “Long and lazy flames increase heat transfer and prevent liquid overheating” 

e) “Flame in a good heater reaches to the end of the first pass.” 

f)  “Oversized fire-tube increases efficiency.” 

g) “The more orange the flame the better the heater works.” 

h) “The more air you let into the heater the better the heat transfer.” 

i) “You should never use a damper in the stack.” 

j) “You should never use a secondary air control in the tube.” 

k) “There is nothing wrong with heater smoking from the stack, at least you can see that it works.” 

l) “Roaring (noisy) burner makes good heat.” 

m) “Fire-tube heaters never back-fire or blow up.” 

n) “This burner will not overheat (degrade) the liquid being heated.” 

o) “This design will save you 60% of your fuel cost.” 

p) “You should always size the fire-tube for XXX BTU/hr/ft2 heat flux rate.” 

q) “Tube length to diameter ratio should always be equal to YYY.” 

r) “You should always fire ZZZ BTU/in2 of tube cross-section.” 

s) “Bath liquid makes big difference on fire-tube performance” 

t) “Burner modulation will save you lots of money.” 

u) “Flame arrestor will always stop the burner flame from spreading to outside in case of a major 
external fuel leak”. 

v) etc. 

There is probably a “grain of truth” in many of the above myths. There are probably past examples, which 
could, or probably were interpreted as supporting these statements. It is likely, that some of the above 
“rules of thumb” work for a specific fire-tube application under a specific set of conditions. 

In general, these myths do not seem to be based on sound scientific and engineering principles and do 
not offer a valid basis for optimized combustion and efficient heat transfer solutions. 
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2.7 Compromise to Heater Reliability and Availability due to Additional 
Controls and Efficiency Improvements 

There is a perception in the industry that increased complexity of the design, additional controls and other 
“attachments”, which may be required for efficiency reasons, will actually lead to the degradation in heater 
reliability and availability. There is some truth to this perception since any additional devices may indeed 
create an opportunity for failure or nuisance trips, which could compromise the heater operation, 
particularly if these devices are of poor quality or not suitable for the harsh operating environment. 

On the other hand, it could be argued, that the lack of controls or rudimentary safety devices combined 
with their unmanned operation in remote locations does not necessarily make the heaters or the process 
more reliable or available, and definitely it does not make them more efficient. The increasing acceptance 
of RTU technology to immersion fire-tube heaters shows the benefits of such additional controls. Although 
it is typically used more to monitor the well performance, production rates, etc, it could also be extended 
to monitor the heater performance in terms of fuel consumption, efficiency, stack temperature, duty cycle 
or the need for maintenance. 

There is definitely room for sensible, benefit-based approach to heater and their controls designs, which 
could address availability, reliability, and efficiency of these installations. 

2.8 Reliability-Safety-Efficiency of Immersion Fire-Tube Heaters Should Go 
Hand-in-Hand 

It is our opinion that if properly applied and understood, all three of these aspects: Reliability-Safety-
Efficiency can, and should go hand-in-hand. It is therefore important to differentiate the non-scientific 
“rules-of-thumb” and “myths” from technically valid and verifiable considerations and methods when 
specifying new equipment or undertaking upgrades or maintenance projects on existing heaters. 

There is a strong possibility that applying these considerations to both new designs, essential 
maintenance and reliability issues of existing installations will result in fuel gas savings and reductions in 
greenhouse gas (GHG) emissions. It is also likely that improved control of the combustion process will 
result in elimination of fire-tube overheating and corrosion and overall improvement of system safety and 
reliability. 

2.9 Competitive Nature Of Fire-Tube Heater Market 

The immersion fire-tube heater market in the oil and gas industry is mature and very competitive and any 
additions or changes to old, well established methods are considered by some manufacturers as risky 
and therefore making their product less competitive. It is also not unusual for some manufacturers to 
apply deep cost cutting measures to controls or burner components translated to relatively low dollar 
values, regardless of long term effects of such small savings on equipment performance or on fuel 
consumption. Equipment seems to be often sold on a price per pound basis with little understanding and 
focus on the performance of its fire tube and burner and its life cycle efficiency. 

2.10 Fire Tube Heater Efficiency a Non-Issue in the Past 

The heater efficiency has not been an issue in the oil and gas industry in the past. Neither the heater 
purchaser specified the required heater efficiency, nor did the heater manufacturers provide any 
guarantees of this efficiency. 

Our survey of a selected group of manufacturers shows, that few of them knew what the efficiency of their 
designs actually was, nor did they have any idea how to get such information. The common statement 
from the manufacturers was: “We do not install or run these units and have no way in our shop of testing 
them, we just manufacture them… It is up to the users to measure these efficiencies if they wish to….” 

This statement clearly describes the “old” approach to immersion fire-tube efficiency. With the increasing 
cost of fuel and environmental concerns, this approach is now changing. 
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2.11 Immersion Fire-Tube Heaters Applications in the Petroleum Industry 

Immersion fire-tube heaters are very common in the petroleum industry operations. The following are 
some of the examples of their applications: 

a) line heaters for gas transmission lines; 

b) reboilers in the gas dehydration or desulphurization process (TEG or amine); 

c) regen gas heaters; 

d) heat-medium heaters for both glycol or diesel oil; 

e) oil treaters; 

f) tank heaters for oil storage; and 

g) butane, propane or LNG evaporators. 

2.12 Fire-Tube is Common to all Heaters 

A common characteristic of all fire-tube heaters is a long and relatively small diameter (4” to 36”) 
horizontal fire-tube immersed in liquid “bath”, with a burner firing into the tube on one end, and an open-
to-atmosphere stack at the other end. The fire-tube is formed into a U-tube configuration, with a U-bend in 
either the horizontal or the vertical plane, which is mounted inside a horizontal vessel so that it is 
removable from one end of the heater’s vessel. 

Figure 2.1 illustrates a forced draft 4-pass fire-tube configuration with a process coil located above the 
fire-tube. 

Although longer tubes are often supported vertically in order to compensate for both the tube weight and 
buoyancy they are allowed to freely “float” in the horizontal direction, thus compensating for their thermal 
expansion when heated with the products of combustion. Most heaters currently used in the petroleum 
industry are of natural draft 2-pass fire-tube design, however some manufacturers offer forced draft 
designs with a larger number of passes. For larger process duties multiple tubes are used in a single 
vessel. 

Figure 2.2 illustrates twin 12MM BTU/hr amine reboiler installation. Each reboiler is equipped with three 
(3) 30” diameter tubes each rated for 4 MM BTU/hr HHV heat input. 

Fire-tubes, in petroleum applications, are typically of constant diameter inside the vessel and continue 
into the stack of the same diameter. Some older designs combine multiple smaller tubes into one larger 
stack. Figure 2.3 shows a natural draft line heater with dual tubes connected to one common stack 
design. 

The disadvantage of these single stack designs is that the natural draft may be affected by the number of 
tubes firing at a given moment. An independent draft control for each tube is more suitable for higher 
efficiency solutions. 

There are also designs, which use one single “windbox” at the entrance to multiple fire tubes. Figures 2.4 
and 2.5 show an amine reboiler with this tube configuration. This design offers a convenience of easier 
maintenance due to the easy access to the fire tubes through a large windbox. However, special 
considerations must be given to the safety of multiple ignition sources within the confined space of a 
single windbox. 

Most fire-tubes used in petroleum heaters are made out of standard steel pipe or rolled plate and do not 
use any heat transfer augmentation methods such as ribs, fins, etc. However, some heat transfer 
improvements are being claimed through the use of turbulators. Step-down tube diameter designs split-
tube or ribbed tube designs, which are used in other industries are not common in the petroleum industry. 
Figure 2.6 shows a ribbed Morrison fire tube inside a hot water heater. Figure 2.7 shows the burner firing 
into a ribbed tube used in a salt bath regen gas heater application. 

Although there are various heat augmentation techniques used for fire heater applications in other 
industries, they are rarely used in the petroleum industry primarily due to their higher capital and 
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maintenance costs and often because the industry is not aware of their availability. It is only a few heater 
manufacturers who will try new solutions on individual projects, on a trial basis. 

 

FIGURE 2.1 Cross-section of a heater with forced draft 4-pass fire-tube configuration with a 
process coil located above the fire-tube. 

(from GTS Energy Process Bath Heater sales brochure) 

 

FIGURE 2.2 Twin 12MM BTU/hr each amine reboiler installation.  

Each reboiler is equipped with three (3) 30” diameter tubes each rated at 4 MM BTU/hr HHV heat input. 
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FIGURE 2.3 Natural draft line heater with dual tubes connected to one common stack design. 

 

FIGURE 2.4 Natural draft amine reboilers with dual tubes connected to a single “windbox” and 
single stack 
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FIGURE 2.5 Burners firing into two tubes connected to a common windbox. 

 

FIGURE 2.6 Ribbed Morrison tube in a hot water heater 

 

FIGURE 2.7 Burner firing into a ribbed tube in a salt bath regen gas heater application 
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Taking under consideration how the petroleum industry has standardized and is familiar with conventional 
tube design, we decided, early in the project to focus on efficiency solutions that provide the “biggest 
bang for the buck”. Our goal is to achieve highest relative energy savings with the least physical change 
to the existing heater fleet. 

In terms of fire tube configurations for existing installations this means that the proposed solution would 
have to be designed to fit in place of the existing tube without requiring and major changes to the heater 
vessel. For new installations, which provide more flexibility in heater vessel design (for example in its 
length to diameter ratio), optimized fire tube configurations could be also incorporated. 

Therefore our emphasis in the research was to find out how a conventional fire tube design affects the 
heater efficiency and what could be done with the fire tube to improve that efficiency. 

2.13 Direct and Indirect Heat Transfer Configurations 

Immersion fire-tube heaters utilize either indirect or direct heat transfer methods. 

In a direct heat transfer design, the energy from combustion of fuel is transferred in a one-step process 
through the fire-tube wall directly to the process liquid, which is in this case the “bath” liquid. Oil storage 
tanks, oil treaters, glycol and amine reboilers are examples of such single-step heaters. Similarly, glycol 
heat medium and diesel oil heaters work on a one-step principal, although these two liquids are pumped 
through the heater, reheated, and used in a process heat exchanger as a source of heat, then returned 
back to the heater. 

In an indirect heat transfer design, a two-step process is used. In the first step the heat is transferred from 
the inside of the fire-tube through its wall to the surrounding “bath” liquid. In the second step the heat is 
transferred from the “bath” liquid through process coil wall into the process fluid. Typically, the secondary 
process coil is inserted from the opposite end of the vessel and located above the fire tube. Sometimes 
multiple, secondary process coils are incorporated into a single vessel design. Examples of indirect heat 
transfer designs include line heater, propane, butane or LNG, evaporator, salt bath regen gas heater. 
Depending on the temperature requirements of this process, the “bath” liquid is typically glycol for lower 
temperature ranges and molten salt for higher ranges. 

 

2.14 Other Common Immersion Fire-Tube Heater Characteristics 

In addition to the fundamental fire-tube design principle, fire-tube heaters share a number of other 
common characteristics, which must be taken under consideration when discussing potential 
improvements aimed at increased heater efficiency, such as: 

a) simple construction with few or no moving parts for high reliability; 

b) limited electric power at various sites (solar panel, thermo-electric generator (TEG), or 12VDC power 
off a pump jack engine); 

c) remote, unmanned sites which in good weather conditions may be over an hour drive from the central 
plant; 

d) some sites are not accessible by road; 

e) larger heaters are sometimes equipped with radio transmitters (RTU/SCADA) which relay their status 
to the central plant; 

f) the majority of small heaters, especially oil tank heaters, have no data communications with a central 
plant and are only irregularly checked during rounds by operators or oil tanker drivers; 

g) numerous heaters have no flame supervision or electronic ignition and therefore must be lit by hand; 

h) numerous heaters have no safeties compliant with current standards such as low liquid level 
protection, high temperature protection or high gas pressure protection; 

i) most of the heaters operate in an ON/OFF mode and have no fuel modulation, fuel measurement or 
stack temperature measuring equipment; and, 
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j) the large numbers of heaters combined with the remote access to their locations make routine 
maintenance a very labour intensive job. 

2.15 Fire-Tube Heater Capacity Ratings 

Fire-tube heater capacities typically range from 150,000 BTU/hr to 6 MM BTU/hr per fire-tube. Smaller 
heaters typically use single fire tubes and larger heaters incorporate multiple tubes. Manufacturers seem 
to limit the single tube input rating to 5 to 6 MM BTU/hr, as the physical size becomes difficult to handle. 

In many cases manufacturers use a standard heat flux rate of 10,000 BTU/hr/ft2, irrespective of tube 
diameter. This may lead to tube designs which are either “short-and-fat” or “long-and-skinny”, both 
resulting in significantly different heat transfer performance. The relevance of this will be more apparent 
as we discuss fire tube rating curves. 

2.16 Number Of Fire-Tube Heater Installations 

Although the exact numbers of installations are not published by owner companies, estimates indicate 
that there are between and 20,000 to 40,000 existing fire-tube heaters in Alberta, with approximately 
1,000 new/replacement installations and at least 2,000 upgrade/repair projects every year. This means 
that on average there are 10 heater projects completed in Alberta every day. A large majority of these 
heaters are small oil storage tank heaters, however there are also significant numbers (approx. 5,000) 
heaters rated at between 1 and 2 MM BTU/hr. Although tackling the efficiency problems of all these 
installations seems like an insurmountable task, it would likely be best to look at the largest and least 
efficient units first, as this would provide the fastest payback for efficiency upgrade projects. Once the 
upgrade techniques and solutions are fully developed and tested, smaller heater projects could then be 
addressed. 

2.17 Overall Impact of Fire-Tube Heaters on Economics and Environment 

The total estimated heat input capacity of these heaters could be as high at 10 billion BTU/hr. Since most 
of the heaters use ON/OFF controls and cycle, the actual hourly fuel consumption is lower than the total 
capacity. At this point the only estimates found of how much fuel is actually consumed annually by fire-
tube heaters indicate that they use approximately 25% of all natural gas consumed as a fuel source in the 
upstream processes. Further research in this area will be required. 

2.18 Average Thermal Efficiency of Fire-Tube Heaters 

Some sources claim that the thermal efficiency of individual heaters could be as low as 30%. In practical 
terms, these claims mean that 70% of energy released from the fuel is lost to the atmosphere.  

This can be surprising to readers familiar with conventional boiler or fired heater technology, which 
typically operate with stack temperatures between 350 to 1000 deg F and with excess combustion air 
levels between 10% and 40% (2% to 11% oxygen in the stack). Using a standard natural gas efficiency 
chart (Figure 2.8) the corresponding combustion efficiency should be in the range of 61% to 82% of the 
fuel higher heating value (HHV). 

The 61% efficiency point might represent either a poorly designed or a misadjusted heater or a heater 
operating with high temperature fluid such as steam, thermal oil heater of salt bath heater. The 82% 
efficiency point would represent an average efficiency heater operating with lower temperature fluids such 
as water or glycol and without heat recovery. The 85% HHV efficiency point is considered to be the 
maximum practical efficiency limit due to the flue gas dew point (water condensation) problems inside the 
fire-tube and stack.  

Using this reasoning, which is based on standard industrial boiler and heater technology, we can assume 
that these higher efficiencies are attainable both from the point of view of the combustion equipment, as 
well as, from an economically viable heat transfer area. Consequently, there does not seem to be any 
technical limitation why the petroleum immersion fire-tube heaters could not operate in these efficiency 
ranges if properly designed and maintained to operate with similar stack temperatures and excess air 
levels.  
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Conversely, there is no explanation why some reports quote heater efficiencies in the 30% range, other 
than through significant overfiring, heat transfer surface under-sizing, misadjustment of combustion 
equipment or lack of appropriate maintenance. 

2.19 Thermal Efficiency Target for Fire-Tube Heaters 

For the purpose of this study, we established the theoretically obtainable combustion efficiency range for 
these heaters between 72% and 82% as marked in the Figure 2.8 within the red area. 

Any operation outside of this area and shown in the black area, can be explained by either poor thermal 
and combustion design or inadequate maintenance. The operation in the blue area down to 30% 
efficiency range can be explained as misapplication of a given heater size to a much larger process 
requirement. We will discuss these efficiencies in more detail in the next chapter. 

The research conducted in this project concentrated on the methods of achieving efficiency goals 
between 72% and 82% HHV. 

2.20 Possible Reasons for Low Efficiency of Fire-Tube Heaters 

There are a number of possible explanations from the point of view of heat transfer and combustion 
principals for possible low heater efficiency. Depending on the heater configuration its condition and 
tuning, any of these explanations or their combinations may apply: 

a) mismatch between tube size and process requirements; 

b) tube diameter is too large for radiative heat transfer; 

c) tube diameter is too large for convective heat transfer; 

d) partial tube flow of products of combustion; 

e) tube diameter is too small for flame size; 

f) incomplete combustion due to high excess air; 

g) lower flame temperature due to high excess air; 

h) substoichiometric combustion; 

i) poor fuel and air mixing; 

j) ON/OFF heater control with low duty cycle; and, 

k) poor burner design or setup resulting in increased tube fouling. 

The rationale for low efficiency is described in the following paragraphs, and will be further investigated in 
this study. 

2.20.1 Mismatch Between Tube Size and Process Requirements 

This can be confirmed by comparing the fuel consumption multiplied by a nominal 65% efficiency used by 
most manufacturers to the physical surface area of the fire-tube. Heaters are typically designed for a 
nominal surface heat flux rate of 10,000 BTU/hr/sqft., so a 1 MM BTU/hr heat transfer would require 100 
sqft. and would consume 1/0.65 = 1.54 MM BTU/hr of fuel HHV. 

2.20.2 Tube Diameter Too Large for Radiative Heat Transfer 

The radiant heat transfer component diminishes with the increasing distance between hot gases and the 
tube surface. Even if gases were hot enough (in excess of 1100 deg F), the distance between the gas 
flow and the wall of an oversized tube may significantly reduce this radiant heat transfer. 
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FIGURE 2.8 Chart of gross thermal efficiencies for various excess air levels 
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2.20.3 Tube Diameter too Large for Convective Heat Transfer 

- The convective heat transfer is proportional to the tube-side heat transfer coefficient, which in turn 
changes with the gas velocity and turbulence expressed as a Reynolds Number. For oversized tubes 
flow is laminar and velocities and heat transfer coefficient are low. 

2.20.4 Partial Tube Flow of Products of Combustion in the Tube 

- In extreme cases with really low flow velocities, high excess air and strong natural draft condition, the 
stratification of products of combustion flow may be present such that the hot gas only flows in the 
upper portion of the tube while cold air is being pulled along the bottom of the tube. 

- In this case only a portion (upper sector) of the tube cross-section takes part in the heat transfer. In 
other words, the tube may have a large surface area but a significant portion of its lower 
circumference always stays cold and is therefore ineffective. Figure 2.9 shows an output of the 
FLUENT finite element modeling software illustrating this phenomenon. 

-  

-  

-  

FIGURE 2.9  Output of the FLUENT finite element modeling software illustrating temperature 
profiles when firing main and pilot burners into and oversized tube. 

(Courtesy of Coen Co.) 

 

2.20.5 Tube Diameter Too Small for Flame Size 

- Flame impingement is present leading to flame quenching and incomplete combustion. Soot deposits 
are formed on the inside of the tube and oil cokes on the outside of the tube acting as an insulator. 
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Unburned CO, aldehydes, and hydrocarbons, left over from interrupted combustion are exhausted 
through the stack. There are signs of overheating on the tube surface, such as discoloration warping, 
increased oxidation and reduced metal thickness or thermal stress cracking. Thermal degradation of 
glycol or coking of hydrocarbons may occur on the bath side. 

2.20.6 Incomplete Combustion due To High Excess Air 

In a situation where there is either too much (typically more than13% Oxygen) combustion air entering the 
system, high levels of carbon monoxide may be formed and the flame is quenched resulting in incomplete 
combustion and fuel loss. 

2.20.7 Lower Flame Temperature due to High Excess Air 

Too much combustion air may be entrained into the system due to a high natural draft and misadjusted 
(or lack of) air inlet control mechanism. The result is lower adiabatic flame temperature and decreased 
LMTD (log mean temperature difference). With the fixed surface area of the tube, the heat transfer is 
limited. For example 15% oxygen in the stack, which is equivalent to 224% excess air and 1000 deg F, 
products of combustion temperature would result in 32% thermal efficiency and a 60% reduction in LMTD 
value. In addition, a significant amount of CO could be formed due to flame quenching, lowering this 
efficiency even further. These are examples of extremely poorly operated heaters with easy opportunity 
for improvement. 

2.20.8 Substoichiometric Combustion 

There is not enough combustion air entrained into the system due to insufficient natural draft action and 
the burner is running substoichiometrically with a high CO and unburned fuel present in the stack. This is 
a common situation during system startup with a cold stack and cold tube. 

2.20.9 Poor Fuel and Air Mixing 

Poor mixing of fuel and air by the burner is a common concern for some Venturi style burners, which 
require high gas pressure (about 25 psig) to provide 100% stoichiometric air aeration through the primary 
air ports. At lower gas pressure, the aeration could be as low as 30% to 50% and the fuel/air mixture is 
rich. Without a significant draft action, secondary air is not present to make up the air deficiency or does 
not have sufficient kinetic energy or spin to effectively mix into the flame bushel. 

2.20.10 ON/OFF Heater Control with Low Cycle Duty 

Most heaters have ON/OFF temperature control. In some cases the heater burner may be significantly 
oversized due to initial design contingencies or process load decline. Such systems turn the burner ON 
for a very short time then turn it OFF (low duty cycle). The tube and stack do not have sufficient time to 
develop a natural draft action to provide secondary source of combustion air. Consequently, the heater is 
often firing rich, backfires, soots-up the tube and wastes significant amounts of unburned fuel. This topic 
will be discussed in detail later in this report. 

2.20.11 Poor Burner Design or Set-Up Resulting in Tube Fouling 

Poor combustion equipment design and setup may lead to flame impingement on the fire-tube resulting in 
fouling of heat transfer surfaces through soot (carbon) deposits on the inside of the tube and coking of the 
bath liquid on the outside, This fouling reduces the heat transfer. 
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3 LITERATURE STUDY 
Following the review and analysis of the project background information, we proceeded with an extensive 
literature study through various database searches, including some via the courtesy of PTAC, and some 
through the University of British Columbia Mechanical Engineering Department. Also included in the 
search were recommendations of Coen CO, and other project participants.  

From a long list of possible “hits” we ended up with 44 references, which formed the basis for this study. 
The synopsis for each of these references is included in Appendix A of this report. 

While reviewing and analyzing these references we noticed that they can be grouped into the following  
three distinct categories: 

a) textbooks, which provide a variety of basic or general information but do not specifically address the 
subject of this research. These include the following references: A1, A5, A6, A11, A17, A23, A24, 
A25, A26, A27, A34, A35, A37, A38, and A41; 

b) scientific papers, which concentrate on a limited detail related to the subject, which may be applicable 
in some situations. These include the following references: A12, A13, A14, A18, A28, A36, A40, and 
A42; and, 

c) practical “how-to papers” and guidelines, which talk about practical issues of heaters and draw 
general conclusions and recommendations related to the design, operation and maintenance of fire-
tube heaters. In this group we include the following references: A2, A3, A4, A7, A8, A9, A10, A15, 
A16, A19, A20, A21, A22, A29, A30, A31, A32, A33, A39, A43, and A44. 

Out of the 44 references, 10 referred directly to the aspects of the immersion fire-tube design, operation 
or maintenance including: A1, A3, A4, A23, A29, A30, A31, A32, A42, and A43. The remaining provided 
background information, formulas, data, and concepts. 

In the process of compiling the lists of recommendations, we found a number of inconsistencies and 
conflicts with the various references, including technically incorrect and erroneous information. We also 
found a number of common conclusions, observations, and recommendations, which we compiled into 
one consistent and non-conflicting guideline. The results of this analysis can be found throughout this 
study. 

It was our conclusion that there were no good current reports available on this subject, which would bring 
together proper engineering, scientific approach and practical applications. It is our hope that this study 
can to a certain extent bridge this information gap. 

In bringing this information together, we compiled the following three spreadsheets: 

a) TOOLS PROVIDED spreadsheet (Figure 3.1) – indicates which references provide information which 
can be usefully applied to designs and the evaluation of immersion-fire-tube heaters; 

b) PARAMETERS ADDRESSED spreadsheet (Figure 3.2) – shows which topic a given reference 
concentrates on; and, 

c) EFFICIENCY MEASURES PROPOSED spreadsheet (Figure 3.3) – shows the recommendations, 
and conclusions related to the immersion fire-tube heaters, which are discussed in each reference. 
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FIGURE 3.1 Literature Study – Summary Of Tools Provided 
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FIGURE 3.2 Literature Study – Summary Of Parameters Addressed 
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FIGURE 3.3 Literature Study – Summary Of Efficiency Measures Proposed 
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To get a better understanding of the trends in the literature related to individual topics, we created a 
TOTAL SCORE column for each spreadsheet. Although somewhat subjective by the topic selection and 
perhaps literature selection, the TOTAL SCORE shows which topics are “popular / common” and which 
are “rare” and perhaps unexplored. Below are the individual results sorted from highest score to lowest: 

3.1 Analysis of Tools Provided in Literature 

TOOLS PROVIDED   

Convective Heat Transfer Calculations 21 

Efficiency Data 16 

Combustion Calculations 15 

Combustion Principles 13 

Conductive Heat Transfer Calculations 12 

Heater Design 12 

Radiant Heat Transfer Calculations 12 

Testing Methods 12 

Combustion Data 11 

Fuel Properties 9 

Conversion Tables 7 

Heat Loss Calculations 7 

Immersion Tube Calculations 7 

Burner Design And Operating Principles 6 

Combustion Air Properties 6 

Flame Characteristics 5 

Laws of Thermodynamics 5 

Stack calculations 4 

Noise Guidelines 2 

 

Clearly, the most popular topic addressed in the literature is the convective heat transfer with a score of 
21 out of 44 references. It is consistent with the most common approach to immersion-fire-tube heat 
transfer using the standard LMTD approach common for heat exchanger calculations. This is followed by 
standard combustion calculations, efficiency data and an explanation of combustion principles. Although, 
we specifically looked for heater design and radiant heat transfer calculations, there were only 12 out of 
44 publications found that were applicable. This was closely followed, by testing methods, combustion 
data and fuel properties.  

Since most of the literature is based on combustion of natural gas there was very little attention given to 
“unusual” fuels such as casing gas, or sour gas, or fuel containing heavier hydrocarbons. Topics such as 
heat-loss calculations, tube calculations, burner design, flame characteristics, stack calculations, or noise 
guidelines are considered “specialty” topics and were rarely discussed.  

One topic, which we specifically looked for, and which showed up in only 5 of 44 publications, is the laws 
of thermodynamics. Although it cannot be expected that the basic laws of thermodynamics would be 
explained in every application, it should be expected that technical papers of this nature would be based 
on sound engineering principles and foremost on the laws of physics. This is apparently not the case, 
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since some of the claims made by authors boarder or sometimes defy these laws. This leads to 
erroneous conclusions and recommendations. 

It is our conclusion, that besides the mechanics and the “bolts and nuts” of the heaters there is a need in 
the industry for an educational program directed at the both the basics and the practical approaches to 
their design, operation and maintenance. The Last chapter of this study addresses such an educational 
program. 

3.2 Analysis of Parameters Addressed in Literature 

In the group of topics entitled PARAMETERS ADDRESSED we found the following results: 

PARAMETERS ADDRESSED   

Convective Section Heat Absorption 16 

Flue-gas Oxygen 16 

Flue-gas Combustibles 12 

Fuel Composition 10 

Heat Flux Rates (surface) 9 

Draft Profile 8 

Film Temp 8 

Fuel HHV/LHV 8 

Inlet Process Temp vs. Outlet Flue-Gas Temp 8 

Emmissivity of flue gases 7 

Stack Velocity 7 

Tube Surface Roughness 7 

Flue Gas Dew point 7 

Bath Temperature 6 

Bath Liquid 6 

Fouling Resistance 6 

Flue-gas CO 5 

Heat Flux Rates (cross-section) 5 

Fuel-gas Pressure 4 

Tube-metal Temp 4 

Flame Propagation 4 

Temp Between Rad/Conv Zone 3 

Tube Velocity 3 

Flame to Tube Clearance 2 

Limits of Flammability 1 

Again, convective heat transfer is at the top of the list along with oxygen in the stack, both were 
mentioned in 16 out of 44 references. Secondly, are the combustibles in the stack and the fuel 
composition, followed by standard heat flux rates, discussions about stack draft, film temperature 
(affecting coking), difference between fuel HHV and LHV, as well as, some mention about correlation 
between process inlet temperature and stack temperature. 
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Less “popular” topics include: flue gas emmisivities; stack velocities; tube roughness effect; bath 
temperature; type of bath liquid; and, fouling resistance. 

Further down the list, was flue gas CO; cross-sectional heat flux; impact of fuel pressure; tube metal 
temperature; and, flame propagation. 

The least discussed parameters include: temperature between radiant and convective section; tube 
velocity; flame to tube clearance; and, limits of flammability. 

As a generalization, we noticed that topics related to burner design, operation and physical phenomena 
occurring at the entrance to the fire tube were rarely addressed. It is worth noting that the vast cross-
section of the literature surveyed applies to various other types of combustion equipment and fire-tube 
heaters are only mentioned occasionally. 

3.3 Analysis of Efficiency Measures Proposed in Literature 

The final group of topic scores belongs to “EFFICIENCY MEASURES PROPOSED”. In this group we 
looked for recommendations, which can be directly applied to immersion fire-tube heaters.  

Following are the results. 

EFFICIENCY MEASURES PROPOSED 

Excess Air Control 14 

Enhanced heat transfer 13 

Basic Maintenance 11 

Extended surface Area 11 

Draft Control 9 

Preheat Comb Air 9 

Reduce Film Resistance 9 

Tube Diameter 9 

Stack Design 8 

Tube Fouling 8 

Turbulence Device 8 

Convective Zone Configuration 7 

Process requirements 7 

Reduce Losses (Insulation) 7 

Burner Design 6 

Flue Gas Dew Point Control 5 

Instrumentation 5 

Radiant vs Convective Zones 5 

Radiant Zone Configuration 5 

Education 4 

Combustion Volume 2 
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Flue-gas Distribution 2 

Pulsed Combustion 2 

Tube-metal Resistance 1 

 

On the top of the proposed efficiency measures are: excess air control and enhanced heat transfer which 
includes various methods of making the existing fire tube absorb more energy. These topics were 
followed very closely by recommendations of basic (and regular) maintenance and extended surface area 
of the fire tube. Next in the frequency are: draft control, air preheat, reduction of film resistance, and 
specification of tube diameter. Less frequent were suggestions regarding stack design, tube fouling or 
installation of turbulators. 

A very interesting observation is that although convective heat transfer calculations and data are on the 
top of the two previous lists, the actual configuration of the fire tube in the convective zone is only 
mentioned in 7 publications. At the same level of frequency is a discussion about process requirements 
for energy (it was probably assumed to be taken care “by others”), as well as, the recognition of the 
benefits of insulation. 

Even lower on the list were: burner design; flue gas dew point control; additional instrumentation; 
interaction between the radiant and convective section; and, radiant section configuration. Near the 
bottom of the list of recommendations were: combustion volume requirements; flue gas distribution; tube 
metal resistance; and, pulse combustion. 

Looking at the above distribution of topics, recommendations and our own experience in the industry, it 
seems that the subject of efficiency of immersion fire-tube heaters is “stuck” between the traditional “low-
tech” approach; lack of power; lack of instrumentation; very competitive nature of the industry; and finally 
the simple lack of verifiable information related to modern trends in combustion and heat transfer. In this, 
project we will bring some of these factors into further discussions. 
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4 HEATER EFFICIENCY PRINCIPLES 
In the literature study of Chapter 3, we identified the need for bridging the gap between the science of 
combustion, heat transfer and the world of “low-tech” immersion fire-tube technology. In doing so, we are 
hoping to give readers involved in designing, operating, and maintaining this equipment sufficient 
background information for a better understanding of what makes their systems work more reliably, 
safely, and more efficiently. 

In this chapter, we will address the theoretical principles behind the efficiencies of immersion fire-tube 
heaters, as well as, a variety of factors, which influence that efficiency. As stated before, it is not our 
intention to show in this study the exact numerical methods of how to calculate various factors. The 
equations, factors, and tables found in the referenced literature and a variety of other sources can be 
quite complicated or confusing. 

We have gone through that literature and combined it with our experience in this industry to produce what 
we believe will be useful charts applicable to immersion fire-tube applications. Additionally, we have 
provided descriptions of how this data could be interpreted in various fire-tube applications. As explained 
in our “Shell and Tube Heat Exchanger Analogy” in chapter 3 the thermal design of immersion fire-tube 
heaters depends on a variety of factors which have a cumulative effect on the overall efficiency, 
consequently, there is no single “most efficient” fire-tube design which would fit all applications. The fire-
tube heater efficiency changes with firing rates, excess air settings, fuel type, mode of control, ambient 
conditions, etc. The following paragraphs show the magnitude of these changes. 

4.1 Laws Of Thermodynamics In Fire-Tube Heater Context 

The efficiency of immersion fire-tube heaters has to be viewed in the context of the basic laws of 
thermodynamics, which dictate the specifics for the movement of heat and work in any type of process 
involving thermal, mechanical, and chemical energy. Of special interest to our topic are the first two laws 
of thermodynamics. 

4.1.1 First Law Of Thermodynamics 

The FIRST LAW OF THERMODYNAMICS also called the law of conservation of energy states that the 
energy can be changed from one form to another, but it cannot be created or destroyed.  

This means that the chemical energy contained in the fuel combined with the energy in the ambient air is 
changed through a chemical reaction of combustion into heat. This heat is transferred to the bath liquid, 
steel and insulation of the heater, lost through the external heater and stack surfaces, as well as, partially 
discharged through the stack with the vent gases. The total sum of the energy that goes into the heater is 
equal to the total sum of the energy, which leaves the heater. Similarly, the total sum of the mass flow of 
fuel and air going into the heater is equal to the total mass flow of products of combustion leaving the 
heater. In the heating process neither the initial total amount of the energy nor the total amount of mass is 
changed, and although the form of the energy has changed from chemical to thermal, the energy is 
neither created nor destroyed.  

A clear understanding of this first law of thermodynamics is crucial in discussions about the efficiency of 
immersion fire-tube heaters, the calculation of which relies on mass/energy balances. The term: 
“mass/energy balance” is just another description for the two equations described above, in which both 
the mass and the energy remain the same (remain conserved). 

4.1.2 Second Law Of Thermodynamics 

The SECOND LAW OF THERMODYNAMICS states that in all energy exchanges if no energy enters or 
leaves the system, the potential energy of the state will always be less than that of the initial state. This is 
also commonly referred as entropy. 

In the context of the immersion fire-tube heaters, this means that if we imagine for a moment the heater 
as a closed box in which combustion reaction takes place, although the total amount of energy remains 
the same the potential of this energy to do work diminishes. The transfer of the energy is only possible 
from a higher state to the lower state, which means from the higher temperature fluid to a lower 
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temperature: from products of combustion to the bath liquid to the process coil. The Second Law implies 
that this process is unidirectional, irreversible, and that there has to be a difference in this energy 
potential (entropy) for the energy transfer to take place. It also implies that the smaller the difference in 
the energy potential, the more difficult it is to transfer the energy. This can be translated into the 
application of immersion fire-tube heaters through the following examples: 

a) the products of combustion must be significantly warmer than the bath liquid, which in turn must be 
significantly warmer than the process fluid inside the process coil for the heat transfer to occur; 

b) the closer these temperatures are together the more fire-tube surface area and conversely, the more 
process coil area is required, to a point where “infinite” surface areas would be required to transfer 
the “last BTU” of heat; 

c) adding extra mass of excess air to the products of combustion lowers the potential of the energy 
transfer by reducing the temperature of the products of combustion which in turn reduces the heat 
transfer to the bath liquid; and, 

d) once the fuel flow to the heater is stopped, the energy flow will continue until all temperatures are 
equalized. Consequently, the heater will keep loosing energy until all of it parts and the bath liquid are 
cooled to the ambient temperature. 

4.1.3 Direct Implication of The 1st and 2nd Law Of Thermodynamics On Fire-Tube Heater 
Efficiency 

Looking at the fire-tube heater efficiency strictly form the point of view of these two basic laws of 
thermodynamics, we can conclude that in order to maximize the “fixed chemical energy potential 
contained in the fuel” we should simultaneously: 

a) maximize differential temperatures for heat transfer; 

b) reduce mass flows; and, 

c) eliminate heat losses 

- A clear understanding of the application of these three objectives as dictated by the laws of 
thermodynamics will lead to the more efficient designs of immersion fire-tube heaters. 

4.2 Immersion Fire Tube Heater Mass / Energy Balance 

The 1st Law of Thermodynamics dictates that both the total energy and the total mass going into the 
heater remains unchanged and must balance with the total energy and mass leaving the heater. The 
mass / energy balance which is the key to establishing improved heater efficiency can be represented 
graphically. 

Figure 4.1 shows an energy (and mass) balance in a typical immersion fire-tube heater. 

On the INPUT side of the balance there are two components, namely: ambient air and fuel. 

On the OUTPUT side flue gases leave through the stack, and thermal energy is given to the process or 
lost through the heater surfaces to the surroundings. 

These mass and energy flows are described in the following paragraphs. 

4.2.1 Role of Ambient Air in a Heater Mass/Energy Balance 

Ambient air can be characterized by its chemical composition including humidity, temperature, and wind 
velocity. 

Dry air is mostly composed of 21% oxygen and 79% nitrogen with trace amounts of carbon dioxide, 
hydrogen, argon, neon, helium, krypton, and xenon. From the point of view of mass energy balances only 
oxygen and nitrogen are of significance while the trace elements can be ignored and considered to be 
part of the nitrogen stream. Another component, which may have a noticeable impact on the heater 
mass/energy balance, is water either in vapour form as air humidity or in liquid form, as precipitation. 
Combined, these components bring to the mass balance energy expressed at a given ambient 
temperature, as the enthalpy of air. Since the air mass flow amounts to more than 19/20th (based on 10% 
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excess air) of the total mass flow going into the reaction its enthalpy has a much greater effect on the 
overall mass balance than that of the fuel. This impact increases with the percentage of excess air going 
into the reaction. 

 

FIGURE 4.1 Energy balance in a typical immersion fire-tube heater 

4.2.2 Stoichiometric And Excess Air 

In mass/energy balances, air flow is always expressed in terms of the stoichiometric air and excess air. 
The stoichiometric air is defined as the exact theoretical amount needed to complete the combustion of 
the given fuel so that no oxygen and no fuel are left over from the reaction. Conversely, substoichiometric 
combustion occurs when there is not enough air added to the reaction so that all oxygen is used up and 
some fuel is left over in either its original form or most likely as partially oxidized into carbon monoxide or 
aldehydes. 

In reality, it is difficult to ensure that within a short timeframe of the combustion process all combustible 
particles will find their oxygen match in a perfect stoichiometric mixture. Consequently, such mixtures tend 
to result in incomplete combustion. To compensate for this tendency, excess air is added to the process. 
In a good combustion design excess air can be limited to about 10% to 20% above the stoichiometric air, 
which based on a formula: ExA% = 1+ O2%/(21-O2%) is equivalent to approximately 2% to 3.5% of 
excess oxygen in the stack gases.  

Although excess air helps in fully completing the combustion reaction it also lowers the combustion 
efficiency by taking what is called a “free-ride” through the heater. This means that the air including its 
oxygen does not take part in the reaction but absorbs thermal energy needed to heat it from its ambient 
temperature to the stack temperature. 

4.2.3 Role of Burner Primary and Secondary Air on Heater Efficiency 

Although in mass / energy balances, the split between the stoichiometric and the excess air is of 
importance, it is not the case with the burner design. In the case of natural draft Venturi style burners 
(inspiring air), which are common in the industry, the total amount of air (stoichiometric + excess) is split 
between the primary air entering the burner’s air/fuel mixer and secondary air induced by stack draft into 
the tube around the burner. 
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Despite the fact, that the primary and secondary air, end up eventually in the same place in the fire tube, 
the route each stream takes is important to the heater performance and its efficiency. Since the objective 
of the combustion process is to produce the maximum heat with the minimum amount of mass flow 
(minimum excess air) while oxidizing all of the fuel, thorough mixing of the fuel with air is essential. The 
chances of this happening are much higher if the air enters though a properly designed and sized fuel /air 
mixer where the high fuel pressure is utilized to create turbulence and mixing. The quality of such mixing 
is much higher than that created downstream of the burner nozzle. It is also much easier to mix two gas 
stream of similar temperatures and specific densities (air = 0.075 lb/cu ft; methane = 0.042 lb/cu ft) inside 
a mixer than mixing two streams of significantly different temperatures and densities (60 deg F air 0.075 
lb/cuft; 3000 deg F products of combustion 0.01 lb/cuft) flowing in parallel to each other along the tube. 
The first mixing produces a homogenous flow of products of combustion; the second mixing produces a 
stratified flow. 

From this point of view, the ideal burner solution would have all of the air going through the burner mixer 
where it could be thoroughly mixed with the fuel. 

4.2.4 Role of Fuel In Heater Mass/Energy Balance 

Fuel can be characterized by its chemical composition, calorific value, temperature, and pressure. 

Unlike most industries, which use clean and dry natural gas or propane purchased from outside sources, 
the petroleum industry additionally utilizes gas produced from wells (for example casing gas or raw sour 
gas), or waste fuel from other processes. The use of such unprocessed fuel brings with it safety or 
operational concerns (such a freezing or corrosion), but is typically dictated by the economics of bringing 
sweet fuel lines to the heater location. On some sites, the availability of low pressure casing gas offers an 
attractive source of energy which otherwise would have to be flared. Consequently, the composition of 
fuel used in the fire-tube heaters can vary from clean and dry natural gas containing mostly methane, to 
fuels containing heavier hydrocarbons, hydrogen sulfide, and water vapour. 

Fuel composition affects calorific value of the fuel expressed in terms of either its Higher Heating Value 
(HHV) or Lower Heating Value (LHV). Typically the difference between the HHV and LHV is described as 
the amount of energy used to evaporate water formed during the combustion process from the hydrogen 
contained in the fuel. However, if the fuel also contains liquid water particles, which have not been 
removed prior to combustion its LHV must also reflect the energy lost due to evaporation of that water. 

Although fuel mass flow usually amounts for less than 1/20th (at 10% excess air) of the total mass flow 
going into the reaction, its temperature is important in the case of fuels containing condensable liquids 
such as water or heavier hydrocarbons. In a system designed to work with gaseous fuel only, all fuel 
components should be entering the reaction in a gaseous or vapour form, which is dictated by the fuel 
temperature. Consequently, although fuel preheat does not have a significant impact on the overall heater 
energy balance, it may in some cases help eliminate problems associated with burner orifice or mixer 
freezing and plugging. Fuel preheat may also prevent poor burner performance due to the presence of 
liquid droplets in the fuel. 

Overheating of the fuel may also create problems and should be avoided. This is a common problem, for 
example, with propane evaporators which when set to an excessive evaporation temperature may 
actually cause propane cracking. 

To summarize, the effect of the fuel temperature on heater efficiency is not as much a function of what 
the enthalpy of the fuel brings to the overall energy balance, but more a function of optimal fuel 
temperature required for proper burner performance. Both low and excessive fuel temperature may 
create combustion problems through poor fuel/air mixing. 

The final characteristic of the fuel is its pressure. Although the fuel pressure does not have a direct impact 
on the mass / energy balances, it is commonly used in the fire tube heaters to induce combustion air and 
to provide thorough mixing of air with fuel inside the burner mixer. Creating that homogeneous mix is 
crucial to complete combustion and optimized efficiency. The design of the Venturi air mixer can greatly 
affect the burner’s ability to aspirate primary combustion air and the burner’s turndown capability. 

Conversely, with low-pressure fuels such as casing gas, the induction of combustion air is limited, and the 
mixing ability of the burner is significantly reduced. Consequently, complete and efficient combustion is 
more difficult to achieve. 
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4.2.5 What Happens with the Energy from Air and Fuel in the Heater 

The two components to the reaction: combustion air and fuel are mixed by the burner and ignited to 
promote an oxidation reaction called combustion. In this rapidly progressing chemical conversion, 
chemical energy contained in the combustible compounds is released in a series of reactions, which lead 
to the conversion of carbon atoms contained in the fuel to carbon dioxide, hydrogen to water; and, sulfur 
to sulfur dioxide, all accompanied by the release of electromagnetic energy mostly in the infrared range 
(heat) but also in the visible part of spectrum (light) or ultraviolet radiation (UV flame signal). Sufficient 
excess air, fuel/air turbulent mixing, temperature, and retention time (3 T’s of combustion) are essential to 
the combustion process. 

4.2.6 Combustion is a Multi-Step Reaction 

Combustion reactions occur in stages. Although extremely fast, violent and difficult to measure the 
completion of oxidation reaction in the combustion process is by no means guaranteed. Combustion 
involves very fast and very complicated multi-step reactions determined by diffusion, heat transfer near 
the flame, and by distortion, disruption, and blending of the flame front by turbulence, a process, which is 
very often described as a series of mini-explosions. 

Without getting too deeply into the theory of the combustion process, we would like to mention two 
examples of many theories explaining the combustion reaction: 

a) free radical reaction mechanism theory, and, 

b) hydroxylation theory. 

Free radical reaction mechanism theory assumes that combustion is controlled through hydrogen atoms 
and is proportional to the formation and destruction of formaldehyde in the following stages: 

I. HCHO + O2 ?  free radicals 

II. OH (hydroxyl radical) + CH4 ?  H2O + CH3 (methyl radical) 

III. CH3 + O2 ?  HCHO + OH 

IV. OH + HCHO ?  H2O + CHO 

V. OH and CHO are destroyed 

Hydroxylation theory assumes that combustion is controlled through oxygen atoms, which added to 
hydrocarbon molecule produces unstable compounds, then aldehydes and formaldehydes, to CO and 
water, then CO2 and water 

CH4 + O2 ?  H2O + HCHO ?  CO + H2O ?  CO2 + H2O 

Although the exact mechanism of the combustion reaction is not known, its multi-step nature has far 
reaching consequences on the mass energy balances and the efficiency calculations and performance of 
immersion fire-tube heaters. By disrupting the kinetics of the reaction, for example by flame quenching, 
the reaction may be stopped at one of the intermediate stages. These consequences are described in the 
following paragraphs. 

4.2.7 Complete and Partial (or Incomplete) Combustion 

Most literature, calculations, and evaluation procedures assume a complete combustion based on a 
simplified conversion of carbon to carbon dioxide, and of hydrogen to water: 

C + O2 ?  CO2 
H2 + ½ O2 ?  H2O 
CH4 + 2 O2 ?  2 H2O + CO2 

Under this assumption there are no combustibles left in the tube after the combustion is complete, and 
water and carbon dioxide are discharged into the atmosphere. 

Although the ultimate goal of proper combustion is to achieve such complete reaction through fire-tube 
design, burner setup, and unit operation and maintenance, the reality of fire-tube heaters is often different 
due to partial (incomplete) combustion. 
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During incomplete combustion, not all of the hydrogen and carbon atoms are converted to water and 
carbon dioxide. Here are some of the possible scenarios: 

a) C + ½ O2 ?  CO 

b) H + ½ O2 ?  OH (unstable hydroxyl radical) 

c) CH4 + ½ O2 ?  CO + 2H2 (methane to carbon monoxide and hydrogen) 

d) CH4 + ½ O2 ?  CH3OH (methane to methyl alcohol) 

e) CH4 + O2 ?  HCHO + H2O (methane to formaldehyde) 

f) CH4 + 3/2 O2 ?  HCOOH + H2O (methane to formic acid) 

Although many of these reactions are associated with insufficient combustion air during substoichiometric 
combustion, they can also be the result of other factors such as poor fuel and air mixing, flame 
impingement on a cold tube surface, or flame quenching with excessive amount of cold air. In either case, 
the combustion reaction is interrupted.  

In extreme cases, which are common in fire-tube heater operations, incomplete combustion leads to 
carbon (soot) deposits inside the fire tube and in the stack, tube corrosion, and can also result in the 
discharge of unburned fuel through the stack. 

4.2.8 Heat Transfer of Energy Through the Tube Wall into the Bath Liquid. 

The energy released from the combustion process is transferred through the tube wall into the 
surrounding bath liquid mostly through radiant and convective heat transfer, but also through conduction. 
This heat transfer is described in detail in the following chapters. 

4.2.9 Energy Transfer Through the Bath Liquid 

The energy, which reaches the bath liquid, is transferred through conduction but also through natural or 
forced convection (depending on the heater type) from the immediate vicinity of the fire tube outside wall 
through the vessel. The ability of the bath to effectively exchange heat from the fire tube to the bath and 
then to the process coil is affected by the bath circulation due to natural or forced convection. This energy 
not only heats the process coil but also heats the bath liquid itself as well as heater walls, insulation, 
attached piping and related equipment. 

4.2.10 Energy Transfer to the Process = USEFUL OUTPUT 

As the thermal energy reaches the process coil (or multiple coils), it is transferred through its walls by 
convection into the process liquid (indirect heating). In applications where the heating is direct such as oil 
treaters or oil storage tanks, the energy is transferred directly to the process medium. Whether this 
energy transfer is direct or indirect the final amount of energy going into the process medium is defined as 
“useful output”. 

In our investigation of fire tube efficiency, we assumed that the ability for this final energy transfer was not 
inhibited by insufficient surface area in the process coil, or by insufficient differential temperature for the 
energy transfer to take place. 

We have however identified, that insufficient flow of the process medium was one of the main reasons for 
poor efficiency. Although the process medium is not in direct contact with the fire tube, its low flow may 
result in cyclic operation of the heater. Also the volume of the bath fluid or process fluid operates much 
like a battery that stores heat. As the bath temperature fluctuates it demands cyclic firing of the burner. 

In the case of direct heat transfer applications, where the process fluid is in direct contact with the fire 
tube, the energy transfer may be limited by the external fouling of the tube by either the nature of the 
solids (for example sand), or by a bath fluid such as glycol or hydrocarbons coking on the fire tube 
surface. 
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4.2.11 Heat Loss to the Surroundings 

Many of the immersion fire tube heaters used by the petroleum industry are located outdoors and directly 
exposed to the weather. It is therefore obvious that factors such as ambient air temperature, wind velocity 
and precipitation have an effect on the convective and radiant energy loss from the bath liquid through the 
metal walls, insulation, and cladding. There is also a heat loss due to connected piping and related 
equipment and its foundations. In many heater calculations, these factors are not addressed in detail, and 
a simple 4 to 5% heat loss is assumed to these surroundings. This assumed heat loss is based on typical 
boiler applications, which are located inside buildings and equipped with adequate insulation. The heat 
loss from immersion-fire tube heaters exposed to weather may be higher. 

It is also important to recognize that this energy loss continues as long as there is a differential 
temperature between the inside of the heater and the outside air (2nd law of thermodynamics), regardless 
if the burner is firing or is off.  

This would include losses up the stack due to draft through the fire tube when the burner if off in the cyclic 
service. With the cyclic nature of operation of the fire-tube heaters this effect must be carefully 
considered. In some cases draft control may help reduce this loss. 

4.2.12 Heat Loss to Stack 

The energy flow and heat losses described in the previous paragraphs have a direct impact on the 
available USEFUL OUTPUT which was defined as that energy portion used directly in the process. By far 
the largest energy loss, in any fired equipment is the energy lost out the stack with the flue gases when 
the burner is operating. This loss is due to three components: 

a) dry products of combustion (sensible heat); 

b) moisture (latent heat) in stack gases; and,  

c) unburned combustibles (poor combustion). 

These components are described in the following paragraphs. 

4.2.12.1 Energy Loss to Dry Products of Combustion 

Loss to dry products of combustion is directly related to the amount of air allowed into the heater and the 
stack temperature. Under ideal theoretical conditions, in order to maximize the combustion efficiency, one 
would like to use a stoichiometric mixture of pure oxygen with the fuel. The combustion would result in the 
formation of water and carbon dioxide with no other components taking part in the reaction. 

Although such combustion is used in specialized applications such as some metallurgical processes or 
even in an acetylene torch, it is not practical in conventional heating applications. This is due to the fact 
that the combustion air consists of only 21% oxygen and 79% of nitrogen. The nitrogen, which is an inert 
gas, does not take part in the combustion reaction and yet it is being heated by the energy released in the 
reaction. 

As we will explain later in this report, nitrogen does not contribute to the radiative heat transfer in the fire-
tube, as it is transparent to the infrared radiation. By absorbing part of the heat energy, nitrogen lowers 
however the temperature of the other products of combustion thus reducing their ability to transfer radiant 
heat. The more excess air that is added to the combustion, the more nitrogen comes with it and the more 
effect it has on the energy loss to dry products of combustion and on the reduction in the radiative heat 
transfer.  

The other dry products include carbon dioxide and unused oxygen from the excess air. The carbon 
dioxide originates from the fuel and is directly proportional to its flow. Relative to the nitrogen, mass flow 
of the carbon dioxide and of the excess oxygen is relatively low, and so is their effect on the efficiency. 

Since we cannot avoid the participation of the nitrogen in the combustion reaction, the only way we can 
decrease the heat loss associated with its presence is by minimizing the amount of excess air. We further 
want to maximize heat recovery by reducing the differential temperature between ambient air and the 
stack temperature, while respecting the concern for the flue gas dew point temperature. This is consistent 
with our objectives defined from the 1st and 2nd law of thermodynamics. 
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Additionally, from a theoretical point of view, if we could discharge the stack gases from the heater at the 
same temperature as the incoming ambient air, there would be no heat loss to the dry products of 
combustion and the amount of excess air would not matter. This goal however, based on the 2nd law of 
thermodynamics is impossible because there has to be a differential energy potential between the gas 
and liquid side of the tube for the energy transfer to take place. In other words, an infinite heat transfer 
surface would be required to transfer the last “bit” of energy. 

4.2.12.2 “Economical Differential” (Approach) Temperature to Minimize Energy Loss to Dry 
Products of Combustion 

In practical terms of immersion fire-tube heater applications, there is an “economical differential 
temperature”, between the gas and liquid bath side, which results in “economically reasonable” fire-tube 
sizes. This differential temperature is often referred to as “approach temperature”. Based on our previous 
experience and study of higher efficiency heaters from their manufacturers’ literature, this approach 
temperature is between 180 and 270 deg F (100 and 150 deg C). This means, that in fire-tube heater 
applications stack temperature target should be 100 to 150 deg C above the average bath liquid 
temperature while the excess air should be as close to zero (stoichiometric) as possible. 

The effects of stack temperature and excess air will be discussed later in this report. 

4.2.12.3 Energy Loss to Moisture in Products of Combustion 

As discussed previously, the moisture in the products of combustion originates from three sources: 
hydrogen in the fuel, humidity in the air and humidity (free water) in the fuel. There is also the potential 
that under certain atmospheric conditions precipitation from atmosphere in form of rain, mist, ice fog, or 
snow is induced into the burner as liquid water increase the heat loss to moisture in the products of 
combustion. Although the mass flow of water vapour in the products of combustion is relatively small 
compared to the nitrogen flow described in the previous paragraphs, its effect on the energy loss is quite 
significant. This is due to a large difference between the latent and sensible heat of water vapour. It takes 
only 1 BTU to heat 1 lb of water by 1 deg F, but it takes 1000 BTU’s to convert this 1 lb of water at the 
same temperature from liquid to the vapour state.  

That latent energy is the energy difference between water vapour and condensed water. During the 
combustion process latent energy is scavenged from the combustion reaction to produce water vapour in 
the products of combustion, which, without being condensed, is discharged to the atmosphere. This lost 
energy potential depends on the proportion between the carbon and hydrogen contained in the fuel and is 
expressed by its Higher or Lower Heating Value (HHV and LHV). In case of methane firing, this energy 
loss to latent heat in the products of combustion is approximately 10%, in case of propane firing 8%. We 
will show this relationship later in the report. 

In addition, the specific heat of water is about double that of the specific heat of nitrogen, which means 
that the energy loss due to the high stack temperature, compared on a pound for pound basis increases 
twice as fast for water vapour as it does for the dry products of combustion. 

Since the amount of water vapour in the products of combustion is related mostly to the fuel flow it is 
constant for any given firing rate. This is assuming that the fuel is as dry as possible and any potential 
water carry-over has been removed before the fuel is injected into the burner. The excess air, however, 
has an impact on the amount of humidity which enters the heater and conversely on the amount of fuel 
which has to be burned in order to heat this excess air and humidity to the stack temperature.  

Consequently, the design goals outlined under the 1st and 2nd law of thermodynamics of reducing the 
mass flows and increasing the differential temperatures as much as possible apply also to the analysis of 
stack energy loss due to moisture in the products of combustion. 

The above analysis does not take under consideration a possibility of condensing water vapour out of the 
products of combustion. Although practiced on some residential style high efficiency condensing furnaces 
available today, the vapour condensing techniques are considered not practical in the context of 
immersion fire-tube heaters due to inherent problems with corrosion and disposal of the condensate. 

4.2.12.4 Energy Loss to Unburned Combustibles 

This topic has been already discussed previously under the incomplete combustion. 



4. HEATER EFFCIENCY PRINCIPLES 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 4-9 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

With incomplete combustion not only is some of the energy available from the fuel not fully utilized but 
there is also a potential for increased fouling and corrosion of the tube, impeding heat transfer, and 
raising safety concern in case of high CO levels. Unburned fuel also scavenges sensible heat that is lost 
out the stack. 

One of the primary goals of efficient fire-tube designs is to avoid the possibility of incomplete (partial) 
combustion. Later in this report, we will quantify the energy loss due to unburned combustibles in the 
products of combustion. 

4.2.12.5 Heat Loss from Stack Surfaces 

The final topic within the stack energy group of losses, is the heat loss from stack surfaces as shown in 
the Figure 4.1. We identified it as a separate item in this energy diagram to shows its indirect impact on 
the overall heater performance and efficiency. This energy loss is unlike all other losses, which we 
discussed previously, because it occurs downstream of (after) the energy that is transferred to the bath 
liquid, and therefore it should not be added to all the other heat losses in the efficiency calculation. 

The stack surface energy loss is affected by the ambient temperature and wind velocity, but equally by 
the stack gas temperature and velocity. In other words, uninsulated stack acts in a similar way to a shell 
and tube heat exchanger, with stack gases inside the tube and the ambient air and its “wind” on the “shell 
side”. 

Although stack surface heat transfer does not “steal” energy directly from the heater, it cools the products 
of combustion thereby reducing the natural draft and potentially causing condensation and freezing of 
moisture from the products of combustion inside the stack. In extreme cases, this may lead to “flooding” 
of the fire tube with condensed and accumulated liquid water. This accumulated water boils off and is re-
condensed, essentially refluxing within the fire tube and stack leading to corrosion and in larger quantities 
to flooding of the firebox. Due to this potential, there is a tendency in the industry to run the stack at high 
temperatures just to avoid this condensation problem. This tendency leads to reduced heater efficiencies. 

The common practice of running high stack temperatures in order to avoid condensation addresses the 
problem by dealing with its symptoms rather than its root cause, which is the energy loss from the stack 
surface itself. In other words, if we eliminate the heat loss, there will not be any condensation in the stack 
and no concern for tube flooding, and the natural draft will be maintained. As a result, the products of the 
combustion will leave the stack at the same temperature (or close to) as they leave the fire-tube. 

Possible solutions include stack insulation or a wind shroud, which would minimize the heat loss from 
stack surface. 

Popular concern here is that these two measures will cause stack overheating and oxidation. Again, this 
concern is based on the symptom and not on the root cause. The root cause of stack overheating is due 
to inadequate heat transfer of the fire-tube to remove sufficient energy from the products of combustion 
before they are discharged into the stack. 

Carbon steel stack can be reliably used with temperatures up to 600 deg F without loosing its mechanical 
strength or excessive oxidation. As long as the fire tube and firing rate are designed so that the entrance 
temperature to the stack is less then 600 deg F, the stack can be safely insulated without concerns for its 
overheating. Taking under consideration the economic approach temperature defined in the previous 
paragraphs of between 180 and 270 deg F, a fire tube could be used with bath liquid temperatures as 
high at 330 to 420 deg F (165 to 215 deg C). This covers most of the bath temperature applications 
except for some of the salt bath, or high temperature oil applications. For these applications, a stainless 
steel stack could be used, and still insulated to avoid condensate accumulation. 

The understanding of energy loss from stack surfaces and overall effects of stack and fire-tube interaction 
is important to the proper design of high efficiency immersion fire-tube heaters. 

4.2.12.6 Where to Measure Stack Temperature 

Based on the observation that the stack surface heat loss does not directly affect the efficiency 
calculation of a heater, it is important to emphasize that the stack temperature used to calculate the 
heater efficiency should be measured immediately after products of combustion leave the fire tube and 
before more energy is lost through the stack surfaces. This temperature is often referred to as the “stack 



4. HEATER EFFCIENCY PRINCIPLES 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 4-10 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

bottom temperature”. This is why the sampling port for the products of combustion should be located near 
the stack bottom, as well as, for convenient access. 

4.3 Immersion Fire Tube Heater With Heat Recovery Options Mass / Energy 
Balance 

Figure 4.2 shows the energy balance diagram in an Immersion fire-tube heater with an air and/or fuel 
preheat. In this section, we will discuss the advantages and feasibility of both of these approaches. 

 

 

FIGURE 4.2 Energy balance in an immersion fire-tube heater with air and/or fuel preheat 

4.3.1 Fuel Preheat 

The common approach to fuel preheat used on many installations is a short run of pipe entering through 
the heater shell running through the bath liquid, then exiting the shell near the fuel train connection. A fuel 
preheat coil is shown in the black solid line in the Figure 4.2. and also illustrated in the Figure 4.3. 

As the fuel flows though the pipe immersed in the bath liquid, heat is transferred from the bath to the fuel 
preheating it in the process. This approach should not be construed as a heat recovery method since the 
energy is being subtracted from the useful source of energy and not from a source of waste energy.  

As an alternative, to fuel coil location in the bath, a possible fuel preheat with stack gas could be 
considered, although this should be done with caution not to overheat the fuel. The problems associated 
with too low or too high fuel temperature were discussed previously in this chapter. In addition, we 
pointed out that the mass flow of fuel is very small compared to air mass flow; therefore any changes to 
fuel temperature have only a small impact on the overall energy balance. We will quantify this energy 
later in this chapter. 
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FIGURE 4.3 Immersion fire-tube heater with fuel preheat using pipe coil immersed in the bath 
liquid. 

4.3.2 Combustion Air Preheat 

A much higher potential for heat recovery and a big impact on the overall energy balance of a heater is in 
combustion air preheating. Figure 4.4 shows one possible approach using a sleeve mounted around the 
bottom portion of the stack. Combustion air is pulled through the gap formed between this sleeve and the 
stack outside wall preheating air in the process. The preheated outlet from the sleeve is connected to the 
heater’s windbox. The idea of heat recovery from stacks is very common with forced draft heating 
systems, however, with natural draft systems this approach has both positive and negative effects. 

To start with, this approach can only be used with heaters, which already operate at high stack 
temperatures and there is sensible heat to be recovered. On the positive side moderate air preheat will 
protect the windbox, as well as, wet fuel in the burner from freezing and will recover some of the stack 
energy in the process. 

On the negative side, the preheat sleeve should not be too “high” as it will create its own natural draft, or 
not too “tight” as it will create pressure restriction, counteracting the draft and air flow through the fire 
tube. Additional length of stack maybe required in order to compensate for this effect. Preheat sleeve may 
also create a “permanent” wind around the stack surface resulting in cooling and condensation. Also, the 
external sleeve should be insulated to eliminate energy loss from the preheated air to the surroundings. 

In summary stack heat recovery has limited applications in natural draft heaters and should be applied 
with due care. Between heat recovery from the stack and a proper combination of the fire tube, burner, 
and an insulated stack, the latter approach has the better probability of success. 
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FIGURE 4.4 Immersion Fire-Tube Heater With Combustion Air Preheat Sleeve Installed Around 
the Stack. 

4.4 Modified Sankey Diagram for Immersion Fire-Tube Heater 

Another useful way to visualize the energy balance in fired heater is through the use of Sankey diagrams. 
A modified Sankey diagram for heat balance in an immersion fire-tube heater is shown in Figure 4.5. 

This diagram corresponds to the energy balances previously shown in Figures 4.1 and 4.2. Energy flow 
represented in the diagram can be followed from the left side of the diagram to the right. The concept of 
the diagram is based on the analysis of “Inputs” to, and “Outputs” from the process (in our case fire-tube 
heater) represented in the diagram as the thick black box outline. The arrows pointing towards the box 
are the “energy inputs”, the arrows pointing away from the box are the “energy outputs”. 
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FIGURE 4.5 Modified Sankey Diagram For a Heat Balance In An Immersion Fire-Tube Heater. 

On the left hand side of the Sankey diagram the fuel energy input is represented by its Higher Heating 
Value (HHV). The other inputs include the enthalpy of dry combustion air, air humidity, enthalpy of the 
fuel itself, as well as, the potential for air and fuel preheat. 

Unlike the air preheat using energy recovered from the stack, fuel preheat is removed from the heater 
bath and then returned to the fire tube. 

All of these input energy streams enter into the combustion reaction. Some of the energy is turned into a 
loss due to the dry products of combustion; moisture in the products of combustion; and, unburned 
combustibles which are ejected with the flue gas from the heater. 

If combustion air-preheat is incorporated into the system design, some of the flue gas energy can by 
recovered and returned to the input as demonstrated in the diagram. The remaining flue gas energy is 
carried with the flue gases up through the stack. After the heat losses through stack surfaces are 
subtracted, the final stack loss can be determined. 

The energy portion left after correcting for the losses in the flue gases is called AVAILABLE ENERGY. In 
a typical efficiency analysis, the available energy is further subdivided into convective and radiant heat 
losses to the surroundings. The remainder is assumed to go to the process and is called the USEFUL 
OUTPUT Energy. It must be emphasized that the concept of AVAILABLE ENERGY is based on an 
assumption that no energy transfer has taken place during the combustion process, which in reality is not 
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possible. Nevertheless, the AVAILABLE ENERGY is useful in describing all of the energy, which is not 
lost to the flue. 

The most important aspect of the Sankey diagram is that, in addition to, showing the direction of energy 
flows it also graphically shows the relative magnitude either additive or subtractive. This is illustrated 
through the thickness or width of the individual arrows. This concept clearly demonstrates the 1st law of 
thermodynamics as the sum of the widths of all input arrows is identical to the sum of the widths of all the 
output arrows. Therefore, the diagram shows that the energy in the heater is neither created nor 
destroyed, it is simply converted to a different form through the combustion process and then 
redistributed. 

The understanding of the Sankey diagram concept is very useful in assessing the efficiency of immersion 
fire-tube heaters.  

4.4.1 Difference between Fuel Higher Heating Value (HHV) and Lower Heating Value 
(LHV) 

Looking back on the Sankey diagram at the heater boundary, after subtracting the energy potential lost to 
unburned combustibles, the rest of the energy potential from the fuel is split into NET sensible energy and 
energy lost due to the latent heat of moisture in the products of combustion. This split corresponds to the 
definition of the fuel Lower Heating Value (LHV). Fuel HHV is defined as its total calorific value potential 
which could be recovered if the products of combustion were cooled to the ambient temperature and all of 
the vapour formed during combustion was condensed. LHV is equal to HHV less that latent energy, which 
could be recovered by the condensation of water vapour.  

The distinction between fuel HHV and LHV is useful when assessing the combustion processes, which 
may or may not involve condensation of the products of combustion. 

4.4.2 How Is the Efficiency Calculated? 

From the point of view of thermodynamics, the efficiency calculation is a simple division of the useful 
output energy by the total input energy 

100*
_
_

[%]
INPUTTOTAL
OUTPUTUSEFUL

EFFICIENCY =  

Looking at the Sankey diagram and based on the 1st  law of thermodynamics: 

LOSSESTOTALINPUTTOTALOUTPUTUSEFUL ___ −=  

If we substitute this USEFUL OUTPUT expression in the first equation we get: 
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−=  

Based on the 2nd  law of thermodynamics there must be a difference in energy potential for the energy 
transfer to take place, and 100% energy transfer is impossible, therefore: 

0_ >LOSSESTOTAL  

100[%] <EFFICIENCY  

These simple soundings theoretical principles of efficiency calculation are difficult to apply and verify in 
real-life applications because “total energy inputs”, “useful energy output” and “total energy losses” are 
not only difficult to accurately measure but also sometimes even difficult to identify. These challenges 
lead to an array of “practical” efficiency definitions found in the literature. 

4.4.3 How Many Types of Efficiency are there? 

There is only one theoretical definition of efficiency from the point of view of laws of thermodynamics, 
however, there are many definitions of efficiency related to fired equipment. All of these definitions are 
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based on assumptions that the magnitude of certain inputs, outputs and losses in the heat balance is 
negligible or relatively not important to the calculation and therefore it can be ignored. 

The plurality of these definitions and their possible meaning is perhaps the most common source of 
discussions and misunderstandings related to this subject. 

Among these definitions, we can find, (in alphabetical order) the following efficiency definitions: 

a) Combustion Efficiency -in some cases describes either HHV or LHV, Gross or Net efficiency, or 
sometimes refers to the effectiveness of the oxidation, where 100% means a complete combustion, 
and say 95% means that there are 5% unburned combustibles left in the products of combustion. 
One of the sources defines combustion efficiency as the portion of the total energy (fed to the 
combustion chamber) that is available in the combustion chamber after the combustion (assuming 
that no heat transfer has taken place); 

b) Economic Efficiency – refers to the percent of fuel cost recovered in form of useful energy; 

c) Fuel Efficiency – similar in meaning to economic efficiency; 

d) Furnace Efficiency – described in the literature as the portion of the combustion energy which can 
finally be applied to the process of interest; 

e) Gross Efficiency used interchangeably with HHV Efficiency describes the useful output as a percent 
of fuel gross (higher) heating value (HHV) 

100*
)(_

_
[%])(

INPUTHHVGROSSFUEL
OUTPUTUSEFUL

EFFICIENCYHHVGROSS =  

Gross efficiency is similar in the meaning to economic efficiency or fuel efficiency; 

f) HHV Efficiency used interchangeably with gross efficiency; 

g) LHV Efficiency used interchangeably with net efficiency; 

h) NET Efficiency used interchangeably with LHV Efficiency describes the useful output as a percent of 
fuel net (lower) heating value (LHV) 
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i) Thermal Efficiency – this definition used commonly with heat exchangers refers to the percent of total 
energy entering the heater which is transferred to the heated medium; and, 

j) Total Efficiency – used sometimes to described the product of thermal efficiency and combustion 
efficiency (describing the % of complete combustion), or alternately as a combination of combustion 
and furnace efficiency. 

In comparing these efficiency definitions, we come to a conclusion that basically they all try to describe, in 
different ways, the one and only “true” thermodynamic definition with various “twists” or simplifications to 
it. Some of these “sub-definitions” of efficiency (such as available heat calculation) are not measurable in 
real life. An interesting observation from our study, is that even the most reputable references use various 
efficiency terms interchangeably and mix them liberally in their publications. 

What becomes clear, is that this plurality of efficiency definitions and their inherent ambiguities make the 
comparison of efficiency claims by various heater manufacturers very difficult unless they use a standard 
calculation method and that calculation is clearly documented. A good example of such calculations 
(rating sheets) can be found as used by reputable industrial boiler manufacturers. 

Of specific interest to our report are the terms of “gross” and “net efficiency” because they are the most 
commonly used in the relevant literature, reports or equipment manuals. For additional clarity in this 
report, we will refer to the Gross (HHV) efficiency and the Net (LHV) efficiency. We will further address 
these two efficiency definitions in the next section. 
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4.4.4 Should the GROSS(HHV) or NET(LHV) Efficiency Calculation be Used For 
Evaluation Of Immersion Fire-Tube Heaters? 

As explained in the previous section of this report, there is only one theoretical definition of heater 
efficiency based on the laws of thermodynamics, which as shown in the Sankey diagram includes all 
energy inputs, outputs, and losses. All other definitions are simplifications of this definition under the 
assumption that some of these energy inputs, outputs, or losses can be ignored. This is true in many 
cases, where some of the values are very small or constant, or simply cannot be measured. For example, 
in case of conventional boilers with standard insulation, and located inside heated buildings, the radiant 
and convective losses from the boiler exterior wall are assumed to be 4 to 5% of the total HHV of the heat 
input. In many cases it is too difficult or cumbersome to measure these losses in practice. Therefore, most 
boiler manufacturers will show that value on their datasheets as a constant and subtract it from the 
measured efficiency to obtain the final guaranteed efficiency. 

One very distinctive variation to the “true” definition of efficiency is shown by the difference between 
gross(HHV) and net(LHV) efficiency. The first definition is based on the ratio between the useful output 
and the fuel higher heating value (HHV), the latter on the ratio of the useful output to the fuel lower 
heating value (LHV).  

Of the two efficiencies, the gross efficiency is closer to the “true” thermodynamic efficiency because it 
includes in the calculation a more complete picture of energy inputs. 

This raises the question of: “why is the net (LHV) efficiency used?” 

Most of its proponents would argue that since most furnaces do not condense the water vapour out of the 
products of combustion, so why include that water vapour in the calculation. And indeed, as can be found 
in the older literature (in the slide rule era) it was easier to perform internal calculations of mass/energy 
flows and balances within the combustion process using “specific heats” while “parking off to the side” the 
latent heat of the water vapor. This was done under the assumption that this latent heat will not change 
within the heater boundaries and can be added back at the end of the process. In today’s computerized 
calculations, a similar calculation can be comfortably performed using enthalpies instead of specific 
heats, in which case such exclusion of the latent energy is of little or no benefit. 

One of the reason’s that the “net (LHV) efficiency” is still used today is for commercial reasons in that it 
simply sounds better. 

The LHV is lower than HHV for all fuels containing hydrogen. For methane that difference is 
approximately 10% based on LHV of 911 BTU/cuft and HHV of 1012 BTU/cuft. Consequently, the LHV 
efficiency of the same heater is 10% higher than the HHV efficiency. 

If an “unaware” buyer was considering the purchase of a gas fired appliance rated at 70% efficiency 
(HHV), or 77% efficiency (LHV), he would more likely choose the appliance rated at 77%, without 
realizing that both ratings are identical. This difference in perception has been exploited in the past, 
primarily by manufacturers of smaller (mostly residential) fired appliances who would simply state the 
“efficiency” figure in their advertising without explaining what this efficiency is based on. Historically, LHV 
efficiency has been used commonly in the US and some parts of Europe and was not very common in 
Canada except where appliances were imported from the US. 

The introduction to the market of residential high efficiency condensing furnaces, which cool the exhaust 
gas to close to the ambient temperatures and condense the water from the flue gases in the process, led 
to claims of heaters being able to operate with efficiencies in excess of 100%. Taken out of the context of 
peculiarities of LHV efficiency calculations, this of course would indicate to the reader that the heater 
produces more energy than it consumes, which, is misleading and technically incorrect. 

The most compelling reason to use gross (HHV) efficiency calculations when comparing efficiencies of 
immersion fire-tube heaters is the fact that the natural gas used commonly in these heaters is sold and 
accounted for on the basis of its higher heating value (HHV). Although the meters are set to measure the 
corrected volumetric flows of gas, for accounting/billing purposes those readings are converted to 
GJ(HHV) or MMBTU(HHV). When it comes to discussing the cost of heater operation of and potential 
savings, it is much easier to use gross (HHV) efficiencies multiplied by the fuel cost than figuring it out 
from net (LHV) efficiencies. 
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Later in this report, we will show the differences of various fuels and stack temperatures on both gross 
and net efficiency, however, for the rest of this report, the software program and tube performance charts 
are all based on gross (HHV) efficiencies. This report recommends for the purpose of the efficiency 
evaluation, that only the gross (HHV) efficiencies be used. 

4.4.5 Effect of Energy Stored inside the Heater on Efficiency 

A portion of the available energy in the fire tube is used to heat the bath fluid, heater walls, insulation and 
other connected equipment. In most indirect heater applications, the bath liquid contained within the 
heater does not leave its physical boundaries. In oil treaters or storage tanks, there maybe a continuous 
flow rate of liquid moving through the heater. In either case, the volume of the liquid present in the heater 
at any time and all heater materials must be treated in mass energy balances as an energy accumulator, 
which either stores or returns portion of the available energy. This is why a line heater keeps working 
after the burner is turned off, and until the liquid temperature decreases enough for the burner to be 
restarted. The heater fluid works like a battery to store energy between firing cycles. Conversely, when 
the bath temperature is too low it will take time to preheat the unit and store enough energy for the 
process side to start working properly. 

This energy storage (accumulator) function is shown in the Sankey diagram Figure 4.5 as the heat-up 
and cool-down energy stream. These energy flows within the heater boundary are not shown directly in 
typical efficiency calculations, however, they can influence its accuracy or verification. 

4.4.6 Effect of Heater ON/OFF operation on Heater Efficiency 

Typical efficiency calculations are based on steady state energy flows and equalized temperature 
gradients in a heater. As one of the sources defines it: “Combustion efficiency is a value determined from 
input and output data of a combustion process at constant operational conditions”. This approach is used 
commonly for example, in steam boilers, which under normal conditions produce a constant flow of steam 
with all temperature gradients stabilized. In these installations, startup and shutdown are not considered 
part of the normal operation and usually are not considered in efficiency investigations. Instead, certain 
turndown to the boiler operation is defined and efficiency measured at various stages of such turndown. 

The operation of immersion fire-tube heaters is significantly different from a boiler operation. Due to their 
ON/OFF control, heater operation consists of many starts and stops which define their ON/OFF duty 
cycle. The duty cycle can be expressed as a ratio between the ON time and a total of ON+OFF time 
before the next ON cycle starts. For example, if a heater stays on for 5 minutes and then stops for 5 
minutes its duty cycle is 5/(5+5) = 50%, if it stays on for 5 minutes and then stops for 10 minutes, its duty 
cycle is 5/(5+10)=33%. 

Figures 4.6 and 4.7 illustrate actual data of stack bottom temperature during such cyclic heater operation. 
In addition to energy loss during the short ON period, there is also a continuous energy loss during the 
OFF period, due to the presence of the continuous pilot and the reverse heat transfer from the bath liquid 
to the ambient air drafted through the tube. The stack bottom temperature stays close to bath liquid 
temperature. 

The higher the duty cycle, the more the heater operation resembles a boiler operation, and the more 
stable the efficiency becomes. Low duty cycles are an indication of an excess of available energy for the 
process requirements. In other words, the energy input is mismatched with useful energy output.  

Based on the 2nd law of thermodynamics, not only are the mass flows in the fire-tube and losses not 
minimized during the ON-cycle, but also there is an energy loss during the OFF-cycle due to the 
differential energy potential between the energy stored in the bath liquid and the ambient air in the tube. 
The stack continues to draft air through the fire tube heating the air in the process and losing energy from 
the bath liquid. 

Consequently, the average heater efficiency with ON/OFF firing will be lower than heater’s with 
continuous firing. In addition, there are negative effects of ON/OFF or cyclic firing such as natural draft 
fluctuations, or tube thermal shocking and overheating.  

These conclusions strengthen the argument for efficiency optimization through the matching of the useful 
output requirement with a continuous and stabilized minimum possible input, which results in minimal 
losses and maximum efficiency. 
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Translating this thermodynamics jargon into simple terms, we can state with a high confidence level that 
the average heater efficiency can be increased by reducing its firing rate to a point where it “percolates” 
continuously, thereby providing just the right amount of energy for the process requirement. To make it 
work, we need to reduce the mass flow by controlling the secondary air and modulating the fuel input. 

 

FIGURE 4.6  Example of a cyclic operation of a line heater (actual data) 

ON/OFF cycle = 42 minutes, 21% ON Time, Stack bottom temp 285 deg C during ON time, 75 deg C 
during OFF time. Natural draft is maintained during OFF time 

 

FIGURE 4.7  Example of a cyclic operation of a salt bath heater (actual data) 
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Cycle changes with process load, Stack bottom temp 350 deg C during ON time, 145 deg C during OFF 
time. Natural draft is maintained during OFF time. 

4.4.7 Useful Output Efficiency Pitfall 

The efficiency calculation of a heater is based on the ratio of “useful output” to the total input energy used 
to produce the useful output. 

In this section, we briefly address the impact of this “useful output” on the heater efficiency. It the context 
of the energy efficiency it is a rather odd topic and rarely addressed in the literature. It has been simply 
assumed that the “useful output” just “is” and “is required”. Consequently, the heater sizing and its 
performance are being matched to produce this “useful output requirement”. 

Lets consider a more ”holistic” approach to the fire-tube heater efficiency problem. Based on our 
knowledge of the industry and combined with field experience and literature studies, the subject of the 
energy requirement for a given process is quite often unpredictable and variable. In the case of line 
heaters, it is common for the production rates from new wells to quickly decrease after their initial start 
and continue this decrease as they become depleted. As a result, over time, heaters become grossly 
oversized for the process requirement and cycle. In addition, there are issues related to the process heat 
utilization, insulation, and the overall energy conscious process design. Although these issues are outside 
of the scope of this investigation, they are actually the most important aspect of the energy efficiency 
analysis. 

It may not make sense, for example, to try to improve the efficiency of a heater by say 10% to 15% if we 
haven’t addressed the heat energy utilization first. If for example, 50% of useful output is being wasted in 
the process we should address this waste before trying to make the appliance more efficient. It is more 
effective to make the process more energy efficient so that the demand for the energy is reduced. 

Using an analogy of heating home, it does not make sense to install new high efficiency furnace if those 
living in the house always left doors and windows open. 

A further extreme example of this would be to shut down a line heater on a gathering system if the 
operating pressure and temperature are such that the process fluid no longer has a tendency to hydrate. 
Bypassing or removing the heater also reduces the pressure drop and saves compression energy. 

The same holistic approach to energy conservation may point in the direction of heat recovery from 
waste-heat sources or the use of waste fuel gas which otherwise would be flared. 

In the context of this investigation, the pitfall of predefined useful output (heater rating) requirements must 
be avoided by looking first at the actual process requirements. 

When dealing with existing or new installations, the question of useful output required from a heater can 
be viewed in the following two different ways: 

a) how to make this heater work most efficiently ?; or 

b) how can we make this process work most efficiently?. 

Although both questions sound similar, the answers could be quite different. To answer the first question, 
we could start by adding to the heater surface area, controls, or other measures aimed at making it as 
efficient as possible. To answer the second question, we could simply turn the heater down or perhaps by 
making some process changes, we could eliminate the need for the heat so we could turn the heater off. 

Some of the answers may be very simple. For example, a simple relocation of the thermocouple, which 
controls the heater temperature control loop to a spot, more directly affected by the process may stop the 
heater from constant firing which could result in significant fuel savings. 

An excellent case for this approach is presented in the reference A29, where the authors looked at the 
thermal overrun in a line heater operation. The concept of thermal overrun is based on the assumption 
that in an indirect heating system with a fixed bath temperature setpoint, the bath temperature must be 
set to handle the maximum process flow. If the process flow decreases, the heat transfer from a fixed 
process coil surface area will not decrease proportionally to the process flow, but it will remain higher thus 
effectively overheating the reduced process flow. Therefore, although energy is transferred to the 
process, some of it can be considered as a “thermal overrun” and therefore a loss. 
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There are numerous solutions to the thermal overrun problem such as: 

a) relocating the temperature thermocouple to the process side of the heater; 

b) reducing the glycol volume stored in the heater to make it respond faster to load changes; or,  

c) bypassing some of the process gas around the heater, so that only part of the gas is heated and then 
blended back with the cold gas. 

The important goal in avoiding the useful output efficiency pitfall is to change the traditional paradigm 
used to evaluate energy systems, so that it is based on the actual process needs and not on its maximum 
ratings which may not be valid. 

4.4.8 How to Measure Heater Efficiency 

Both the measurement and verification of a heaters performance is difficult. Taking into consideration the 
variables of the cyclic operation, energy storage effect of the bath and equipment, practical limitations of 
sensor technology (measurement) and the availability of instruments complicate the task. 

In order to make the mass/energy balance work in practical terms, all the energy inputs and useful output 
would have to be steady state be precisely measured. Even in lab conditions, it would be difficult, unless 
the heater was left operating for an extended period of time at a constant process flow, fuel and 
combustion air input. Based on our tests in a small heater, it takes over one hour of continuous firing for 
all temperatures to stabilize, so that a proper energy/ mass balance can be established. In an oil treater 
or similar processes with a large liquid storage capacity and a constant in-feed creating slow changing 
liquid temperature gradients across the heater, a “precise measurement” of useful energy is not only 
virtually impossible but also process dependent. 

A more suitable approach to efficiency measurements can be determined from the 1st law of 
thermodynamics. Based on the energy conservation principle and an observation that the flue gas losses 
generally account for the majority of the total losses in the heater, efficiency can be calculated from the 
following equation: 

( )
100*

_
__

[%]
INPUTTOTAL

LOSSESTOTALINPUTTOTAL
EFFICIENCY

−=  

In this equation it is not necessary to actually measure all the total inputs and total losses, but instead 
mass/energy balances based on a unit of fuel burned can be used. Five values must be known to 
establish these balances, namely: 

a) fuel type; 

b) stack excess oxygen; 

c) stack CO; 

d) stack bottom temperature; and, 

e) ambient temperature. 

From excess oxygen, the excess air and basic mass balance can be calculated for a given fuel type and 
corrected for unburned fuel from the CO measurement. From differential temperature between stack 
bottom and the ambient air, the final energy balance and energy loss to flue gas can be determined. 
Using this energy loss to flue gas and fuel higher heating value in the above equation, the heater 
efficiency can be calculated. 

The above method is used for efficiency calculations in combustion analyzers. 

Although this method is based on a number of assumptions, the flue gas analysis method is by far the 
fastest and simplest measurement technique used for efficiency measurements of fired heaters. It is 
widely accepted in the industry for boiler and heater efficiency evaluations. To obtain even more realistic 
efficiency figures, a nominal value for radiant and convective heat losses from heater surfaces can be 
subtracted, although frequently this value is ignored. 
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This flue-gas analysis method was used in this report for the measurement of immersion fire-tube heater 
efficiencies. 

4.5 Types of Heat Transfer in A Fire Tube Heater and their Simultaneous Nature 

There are three modes of heat transfer, which occur simultaneously in fire-tube applications. They are: 
conductive, convective and radiative heat transfer. 

Conduction heat transfer refers to the transfer of energy from the more energetic to less energetic 
particles of a substance, resulting from the interaction between particles through random molecular 
motion. Conduction applies to either stationary or moving gases, liquids or solids but it occurs in 
somewhat different ways due to the spacing of molecules. 

Convection heat transfer occurs in fluids and is influenced by molecular conduction and macroscopic fluid 
motion and it takes place adjacent to heated surfaces as a result of fluid motion past the surface.  

Radiation heat transfer occurs through the movement of energy by electromagnetic waves in the 
wavelength between 0.1 to 100 micrometers and does not require any medium between the two bodies to 
occur. 

Many of the simplified heat transfer calculations treat these three heat transfer methods separately, 
based on the assumption that one of the methods is prevalent and the other two have negligible impact 
on the overall solution. Although this may be true with simple shell and tube heat exchanger problems, it 
is not the case with immersion fire-tube heat transfer, where all three heat transfer methods are of 
significance and influence each other. 

Looking from the burner end, in the so-called “flame zone”, the inside of the fire-tube contains a reacting 
and turbulent mixture of fuel and air which is rapidly changing its chemical composition, temperature and 
volume through a combustion reaction. Subject to the physical arrangement of the tube entrance, the 
burner type, the primary and secondary air control, and the stack draft, this process is neither 
homogenous nor fully predictable. As the stream of the burning fuel/air mixture exits the burner nozzle at 
high temperature (3500 deg R), it interacts with the cold (500 deg R) stream of secondary air. Taking 
under consideration the parallel flow of these two streams and the large 7:1 ratio of two gas stream 
densities this interaction is neither fully controllable nor assured. 

Although significant amounts of radiation energy are emitted by the flame in that zone, which might 
directly reach the metal of the tube wall, there may be a tendency for that energy to be transferred by 
convection to the cold secondary air stream moving parallel to the flame. It is not unusual however to see 
lower tube wall temperatures at the first few feet from the tube entrance due to this cooling effect and the 
time (tube length) it takes for the combustion process to complete. 

Depending on the capacity rating, tube diameter and length, as well as, burner setup, these 
simultaneously reacting and mixing streams forming the flame can often reach far into the tube, and 
sometimes to the end of the first pass. Along the way the combustion process continues raising the bulk 
gas temperature and with it both the convective and radiant heat transfer. 

It is also possible that the two gas streams may remain stratified with the hot and lighter gases lifted by 
buoyancy towards the top tangent of the fire tube and the cold air moving along the bottom of the tube.  

As the products of combustion travel along the tube they are cooled through simultaneous radiant and 
convective heat transfer to the cold tube wall. 

The complexity of the dynamics of these chemical reactions, flow velocities, temperature gradients and 
gas mixing are very complicated and can only be fully predicted with sophisticated finite element 
computer models such as FLUENT, output of which was shown previously in Figure 2.9. 

In general, we can assume that in the first tube pass the gas temperatures are typically high enough to 
maintain a combination of radiative heat transfer and convective heat transfer. The key to successful 
modeling of these two heat transfer methods is that they must be integrated together along the tube 
length as the both affect each other. 

In a properly sized heater, the combustion process should be complete somewhere along the first tube 
path. The turbulence created by each elbow helps in mixing of any potentially stratified gas flow. 



4. HEATER EFFCIENCY PRINCIPLES 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 4-22 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

As the gas travels along the tube, it cools down to a point where the radiative heat transfer component 
diminishes. The remainder of the fire-tube works mainly in the convective heat transfer mode. This is 
similar to a conventional shell and tube heat exchanger with the hot gas on the inside of the tube and a 
cold liquid on the outside. 

Although the focus in heat transfer calculations is on the radiant and convective components the 
conductive heat transfer is also present with the other two all the time. There is conductive heat transfer 
within the gas stream, conduction through the tube wall, conduction and convection through the bath 
liquid, and finally, conduction through the process coil to the process fluid. 

Due to the nature of the combustion process occurring inside the fire tube, all three heat transfer methods 
must be considered along with the simultaneous interaction on each other. 

4.5.1 Conductive Heat Transfer 

Although conductive heat transfer is typically considered as a secondary concern in fire-tube calculations, 
the knowledge of its interaction and principles may help in understanding the overall heat transfer 
concept. 

The background of the conductive heat transfer is in the 2nd law of thermodynamics, which was explained 
earlier indicates that the heat flows in the direction of decreasing temperature. 

4.5.1.1 Understanding Thermal Conductivity 

The heat conduction theory assumes that the rate of heat transfer in a material is proportional to the 
temperature gradient and to a constant called thermal conductivity (k). This constant which is expressed 
in BTU/hr/ft/deg F is different for each type of material. 

Typical ranges in BTU/hr/ft/deg F of thermal conductivity are as follows: 

- Gases at atmospheric pressure 0.004 to 0.70 

- Products of combustion 0.022 to 0.03 

- Insulating materials 0.01 to 0.12 

- Non-metallic liquids 0.05 to 0.40 

- Water 0.32 

- Non-metallic solids 0.02 to 1.5 

- Liquid metals 5.0 to 45 

- Alloys 8.0 to 70 

- Carbon steel 25 

- Stainless steel 9.4 

- Pure metals 30 to 240 

In the context of fire-tube heaters, the understanding of these differences in thermal conductivity values 
helps in interpreting the heat transfer phenomena occurring in the heater and impacting on its efficiency. 

4.5.1.2 Examples Of Thermal Conductivity Comparisons 

In conductive heat transfer the ability to transfer heat is directly proportional to thermal conductivity (k) 
and the temperature gradient from hot to cold. Materials with higher k-values transfer heat well while 
other materials have insulating properties. 

In the case of fire-tube if we look at the overall heat transfer relationship between the combustion gases, 
the fire-tube and the liquid bath we see that following: 

a) products of combustion k=0.022 and a carbon steel fire tube k=25. The products of combustion are 
able to transfer 1136 times less heat through conduction than the fire tube 
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b) the liquid bath in the heater (assume water) k=0.32 compared to carbon steel fire tube k=25. The bath 
is able to transfer 78 times less heat through conduction than the (clean) fire tube 

c) when we compare the products of combustion k=0.022 to 0.03 to water bath k=0.32, the products of 
combustion are able to transfer 10 to 15 times less heat than the bath 

d) thermal conductivity of products of combustion (k=0.022 to 0.03) is comparable to the thermal 
conductivity of best insulating materials (k=0.01 to 0.12) 

The conclusion from the above is that the fire-tube heat transfer performance due to conduction is 
fundamentally limited on the gas side. 

4.5.1.3 Implications of Thermal Conductivity 

Based on the above explanation, we can appreciate that the fire-tube wall material has a negligible effect 
on the resistance to conduct heat as the surrounding liquid’s resistance is 78 times greater, and the gas 
resistance inside the fire tube is1136 times greater than that of the fire tube material. 

Similarly, we can see that if the heater had to rely only on the conductive heat transfer, it would be 10 to 
15 times more difficult to do it on the gas side than on the liquid side. This observation can lead us to a 
conclusion that the gas side in the fire-tube is controlling (restricting) a large portion of the heat transfer. 

Another example of the effects of the conductive heat transfer on the overall heater performance can be 
found when the inside of the fire-tube is fouled with soot (carbon) or oxides due to rust of thermal metal 
oxidation in flame impinged areas, or alternatively covered on the outside with coked material and/or sand 
(such as in oil treaters). In these cases, the deposited materials form insulating layers with low 
conductivity on the metal surfaces. These insulating layers impede the other two methods of heat 
transfer. 

Since our study is directed at preventing situations such as soot deposits, oxidized tube “hot-spots” or 
coked material on the outside of the tube, we will treat all of them as abnormal and undesirable conditions 
which must be avoided. The only solution to these problems is to restore its original heat transfer 
capabilities through cleaning or replacing the fire tube. 

For the purpose of this study we assume that the resistance to conductive heat transfer through a clean 
tube is negligible. 

A clear understanding of the relationship between the radiative, convective and conductive heat transfer 
in the fire-tube and their simultaneous interdependence is essential to this study and it is the basis of our 
investigation. 

4.5.2 Radiative Heat Transfer 

Industry’s common belief, that in order to have radiative heat transfer, there must be a visible flame is 
incorrect. The idea of such “flame radiation” is based on an assumption that there is some special 
mechanism at work within the flame zone emitting radiant energy towards the fire tube. 

In reality, the radiative heat transfer is related to the emmisivity of the bulk of products of combustion 
based on their temperature, composition, and “dimension” of the gas volume, and not on the presence of 
the visible flame. 

Although a visible flame is a good indication of the presence of radiative heat transfer, this heat transfer 
method actually continues past the flame zone until the temperature of the products of combustion is 
reduced to about 1100 deg F. This is the point where the emmisivity of the gases is low enough that the 
radiative heat transfer component becomes negligible. 

4.5.2.1 Mechanism of Radiative Heat Transfer 

Radiant energy is emitted only by gases and solids and particularly by carbon molecules, which when 
present in the flame, emit broadband radiation. The more carbon there is in the flame, the more yellow or 
luminous it becomes. Consequently, fuels with higher C/H ratio such as fuel oil, butane or propane 
produce more radiant flames than methane. 
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The energy released in the process of combustion is carried through the fire-tube by the products of 
combustion. Since the emission of radiation occurs in the infrared region of the spectrum, and is different 
for individual compounds, it is the gas composition, which dictates the radiant heat transfer properties of 
the gas mixture. The inert gases and diatomic gases of symmetrical composition, such as O2, N2 or H2, 
are transparent to thermal radiation. The gases that absorb and emit radiation are polyatomic gases such 
as CO2 and H2O and asymmetric molecules such as CO. 

Our goal in the combustion process should be not to produce any CO. It is therefore, the water vapour 
and the carbon dioxide, which produce most of the radiant “heat transfer work” inside a fire tube. If we 
ignore the small amount of humidity which enters the combustion process with the combustion air, the 
only sources of these compounds is the hydrocarbon fuel, and depending on the particular burner setting, 
this amount of fuel is fixed by the gas pressure and the orifice size in the burner. 

Consequently, based on any given fixed fuel flow rate, the ability of the products of combustion to emit 
radiant heat is limited by the fixed amount of CO2 and H2O and their temperature.  

4.5.2.2 Impact of Excess Air on the Radiative Heat Transfer 

The temperature of the products of combustion as produced by the flame is directly related to the amount 
of air used for combustion. The more air that is added to the combustion (generally through secondary air 
ports), the lower the temperature of the flame and the resulting products of combustion, and the lower 
their ability to emit radiant energy will be. 

In order to maximize the radiant heat transfer, the products of combustion should therefore be kept as hot 
as possible by reducing the amount of excess air. 

This is consistent with our three design goals defined earlier from the laws of thermodynamics of 
increasing differential temperatures, minimizing mass flows and eliminating losses. 

4.5.2.3 “Dimension” of the Gas Volume in Radiative Heat Transfer 

There is another aspect of the radiative heat transfer that is described in literature as the “dimension of 
the gas volume”. Although somewhat confusing, this expression refers basically to the distance between 
the gas and the tube wall and the angle (view factor) at which radiation reaches that wall. This is 
significant in situations where the hot products of combustion do not fill the entire fire tube in its entirety 
but due to the effect of buoyancy flow only along its top tangent. In this top area where the gas actually 
“touches” the tube, the radiant heat transfer component can be considered perpendicular to the wall and 
therefore maximized. As the tube wall geometry transitions from “horizontal” (along top of tube) to 
“vertical” on the tube sides, the radiation from a smaller source (less than full volume) along its top 
tangent becomes almost parallel to the metal surface and diminishes. However, on the tube bottom, the 
radiation is perpendicular to the metal surface and is maximized from the angle point of view, but at the 
same time it is minimized due to the greater distance from the source. 

The impact of the angle on the radiative heat transfer can be best described by an analogy to sun 
tanning. As we turn our body towards the sun we feel its radiant heat mostly on the parts of the skin, 
which are perpendicular to the sun rays. The parts, which are parallel to or face in the opposite direction 
are not affected by the direct radiation of the sun. 

The impact of the distance between the source of radiation and the heated surface can also be described 
by an analogy to a candle flame. If we hold our finger to the side of the flame we can move it as close as 
½” to ¼” away from the visible flame without feeling any heat. If however, we try to move the finger above 
the candle flame we will have to allow 4” to 5” to avoid getting burned get burned. This is however, not the 
result of the heat radiation from the flame but the result of the combination of radiative and convective 
heat transfer from the rising products of combustion to our skin. 

4.5.2.4 Radiative Heat Transfer in a Fire-Tube 

As the above examples demonstrate, the radiative heat transfer is a very powerful and concentrated way 
of transferring the energy in a fire tube to the surrounding bath liquid but it is also very sensitive to the 
distance between the body of the gas (which tends to rise by its buoyancy towards the tube top tangent) 
and the tube circumference, and the angle at which radiation impacts the tube wall.  
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From a fire-tube design point of view, this means that in order to maximize the radiative heat transfer we 
have to “fill” the tube with the hot products of combustion as much as possible so that both the distance 
from the heat source is minimized and the angle of the tube surface exposure to the radiation is made as 
close to 90 degrees as possible. It should also be emphasized that this guideline applies not only to the 
flame zone portion of the fire tube where the flame is visible but also to the remaining tube length where 
the radiative component is of significance (i.e. down to the point where gas temperature decreases below 
approximately 1100 deg F). 

4.5.2.5 What to Avoid In the Radiative Heat Transfer 

This guideline should not be construed as an encouragement for direct flame impingement on the fire 
tube wall, which should be avoided at all cost. Direct flame impingement causes thermal tube wall 
damage and oxidation, which may lead to liquid boiling and coking on the outside of the tube. In addition, 
the direct flame impingement of reacting compounds in the flame on the cooler tube surface (relative to 
flame temperature) interrupts the chemical kinetics of the reaction of combustion leaving deposits of soot 
(carbon) on the tube surface and unburned CO and aldehydes in the products of combustion stream. 

We also want to dispel the myth that an orange flame in a fire tube improves the transfer of radiant heat. 
As explained above, although the yellow flames are indeed more luminescent and emit more radiation 
than blue flame it is only due to the higher content of carbon in the fuel. With combustion of light paraffin 
hydrocarbons such as methane, the only way to produce an orange flame is through substoichiometric 
(partial) combustion. Such partial combustion can be caused either by insufficient air, poor mixing or by 
direct flame impingement (impact) on a cold tube surface quenching the combustion reaction. Either way, 
there is more to be lost by the partial burning of the fuel than can be gained by trying to make the 
normally blue flame of natural gas to turn to an orange colour. 

4.5.2.6 Burner Guidelines for Maximized Radiative Heat Transfer 

To combine our conclusion: 

e) the radiative heat transfer is not a function of how visible the flame is, but a function of emmisivity of 
the products of combustion; 

f) products of combustion should be as hot as possible and with the least mass (lowest excess air) to 
maximize radiative heat transfer; 

g) the impingement on the tube walls should not be allowed by ensuring that there is a minimum 3” gap 
visible between the flame bushel and the tube wall, all around the flame; 

h) the fire tube should be “filled” with products of combustion as much as possible, through proper 
matching of the maximum fire rate, the flame diameter, and the tube diameter; and, 

i) complete combustion of all of the fuel with minimum excess air (2% to 3% excess oxygen in the 
stack) 

Based of the above conclusions we formulated the following recommendations for the burner design 
which would maximize radiative heat transfer: 

a) the burner should work reliably with the air/fuel mixture closest to the stoichiometric; 

b) the burner should provide a thorough premixing of the combustion air with the fuel before the 
combustion process by maximizing the primary air induction; 

c) the burner should produce a sharp and short flame, which does not impinge on the fire tube. (as 
opposed to a long and “lazy” flame which may lift by buoyancy and impinge on the tube surface); and, 

d) the burner flame size and the tube size should be matched to effectively “fill” the tube with hot gas 
without creating a flame impingement problem. 

Radiant heat transfer calculations are very complex, however in this study we attempted to calculate the 
radiant heat flux rates using various approximations. We also looked at the impact of the flame shape, the 
primary and secondary air control and the burner design on the radiative heat transfer component. 
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4.5.3 Convective Heat Transfer 

In addition to the radiative heat transfer in the first pass of the fire-tube, there is also a simultaneous 
convective heat transfer. As the products of combustion are cooled below approximately 1100 deg F, the 
radiant heat transfer diminishes and convective heat transfer becomes prevalent. 

Convective heat transfer can be greatly influenced by a laminar sub-layer (boundary layer) formed by the 
flowing fluid in the immediate vicinity of the solid surface. As we approach the fire tube wall, the flow 
slows down forming a boundary layer at the edge of the turbulent flow. As we go further through a 
transition zone, the flow slows even more until it becomes laminar. In this laminar sub-layer, heat transfer 
is through molecular conduction. The thicker the layer, the more resistance there is to the heat transfer. In 
other words, the laminar sub-layer effectively insulates the tube surface from heat transfer. 

The method of counteracting this effect is to maintain a turbulent flow and high velocities of the fluid in 
order to “scrub” the boundary layer off the surface of the tube. 

4.5.3.1 “Controlling” Role of the fire-tube gas side on the heater efficiency 

The boundary layer effect is particularly severe with gas to liquid heat transfer where the resistance to the 
heat transfer on the gas side is much larger than on the liquid side. This can be demonstrated through a 
comparison of typical heat transfer coefficients on both sides of the tube and their effect on the overall 
heat transfer coefficient “U”. 

Let’s assume that the gas side heat transfer coefficient is equal to 5 and the liquid side coefficient is equal 
to 100. The overall U = 1 / (1/5+1/100) = 4.76. 

Even if we could increase the liquid side coefficient by tenfold to say 1000 the U would be only equal 
to U = 1 / (1/5+1/1000) = 4.98 which is equivalent to a 4.5% increase. 

On the other hand, if we could increase the gas heat transfer coefficient by 50% to 7.5, the U value 
would be: U = 1 / (1/7.5+1/100) = 6.98, a 40% increase. 

This simple example illustrates the importance of the gas side of the fire tube on the overall heater 
performance. There is a lot to be gained by optimizing the gas side of the fire tube than by improving the 
liquid side (including the properties of the heat transfer liquid itself), which in most calculations can be 
simply ignored. Conversely, redesigning the liquid side components or changing the type of the heat 
transfer liquid will not significantly improve the efficiency of the immersion fire-tube heater. 

This is not to say that the liquid side of the heater is not important. There are operational and safety 
issues involved with having the liquid column separated from the hot products of combustion. Especially 
with oil tank heaters, the problem of coking on the outside of the tube can seriously impact the heater 
performance. 

In general however, the likelihood of coking diminishes, if the flame is properly shaped and does not 
impinge on the inside of the tube, and also when the heater temperature control minimizes overfiring. In 
applications where silt or sand settlement is a problem there are also other heater design techniques, 
which could minimize this problem. 

4.6 Combustion HHV and LHV Efficiencies 

In this section we will look at the impact of excess air and the stack bottom temperature on heater 
efficiencies. To illustrate this impact, we included three charts based on the combustion of methane in air. 
It is important to understand that these charts, as well as, most of the other charts presented in the 
subsequent sections are fuel specific and change with fuel composition. 

The first chart in Figure 4.8 was constructed to illustrate the gross (HHV) thermal efficiency as a function 
of temperature difference between stack bottom and combustion air in the range of 200 deg F to 1500 
deg F, and excess air between 0% (stoichiometric combustion) and 500%. 

A low reported efficiency of 30% would be equivalent, according to this chart, to the operation of the 
heater with 530 deg F and 500% excess air, up to 1450 deg F and 100% excess air, in all cases 
indicating severe tube overfiring with uncontrolled secondary air.  

Figure 4.9 shows the same relationship except it is expressed in net (LHV) thermal efficiency.  
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Figure 4.10 illustrates the difference between LHV and HHV efficiency. It is important to understand, that 
the difference between the HHV and LHV efficiency should not be used in the combustion calculations as 
a fixed value for example: 9% efficiency difference for methane. As the excess air and stack temperature 
increase the impact of the latent heat on the overall energy balance decreases. For example: at 20% 
excess air and 1000 deg F stack temperature, the difference between HHV and LHV efficiency is 7.1%.  

The LHV efficiency are shown for comparison only and are not used anywhere else in this report. 

All references in this report are to HHV efficiency values. 

4.7 Understanding O2 and CO2 Analyzer Readings 

Figure 4.11 illustrates the relationship between the analyzer reading and the excess air. It is important to 
understand that the curves change for different fuels and their mixtures due to the changing C/H (carbon 
to hydrogen ratio). The presented curve is for methane and assumes complete combustion. The curve is 
limited to 0% to 100% excess air since neither substoichiometric firing nor high excess air firing is of 
interest to this study and its guidelines. 

With stoichiometric mixture, the excess oxygen is zero and the carbon dioxide is 11.8%. As the excess air 
increases so does the oxygen, however, the percent of carbon dioxide in the mixture decreases due to 
the dilution with air. The actual amount of carbon dioxide does not change at a given firing rate since it 
originates from the carbon in the fuel. Most combustion analyzers do not actually measure the CO2, but 
derive it mathematically from the oxygen and CO measurements. 

The relationship between the excess air and the excess oxygen can be approximated for combustion of 
methane from the following equation: ExA% = 1+ O2%/(21-O2%), where: ExA% is the percent excess air, 
and O2% is the percent of excess oxygen in the stack. Note that the exact calculation is more complex 
and changes with the fuel composition. 

The high efficiency goal requires that excess air be minimized, with the stack oxygen level kept as close 
to zero as possible without creating excessive CO. In practical terms, stack O2 values between 2% and 
5% are achievable. This translates to between 9.5% and 28.1% excess air. Heater operation above these 
excess air levels would be considered inefficient. 

This combustion calibration method using stack O2 differs from older methods using CO2, which are still 
found in the literature. The objective of these older methods was to adjust the burner to obtain CO2 
readings as close to 11.8% as possible. Modern portable analyzers commonly use O2, CO, NO, NO2 and 
SO2 cells for more complete stack gas analysis. 

Another important aspect of combustion analyzer readings is that similar to a chromatographic analysis 
their readings are based on a dry volume (molar) basis. This means that the values cannot be used 
directly in the combustion mass balances without first mathematically correcting for the water content. 

A common characteristic of burners used in immersion fire-tube heaters is that they rely on secondary air 
to be able to complete combustion, some significantly more than others. Since this secondary air is 
induced by the draft action of the stack, it is somewhat independent of the firing rate. Therefore, as the 
burner fuel flow is turned down the amount of excess air seen by the analyzer increases, thereby 
reflecting this uncontrolled flow of secondary air. Burners with higher primary air capability allow for the 
reduction of the secondary air flow to minimize the effect of the high excess air at turndown. 

4.8 Percent O2,CO2 and H2O in the Products of Combustion 

Figure 4.12 illustrates the change in percent of O2, CO2, and H2O as wet and dry, both % weights and % 
volumes (molar basis) when firing with methane between 0% and 500% excess air. The graph is 
designed as a tool to help in conversion of dry-base combustion analyzer readings into wet-base values, 
which can be more readily used in the combustion calculations. Note that the curves presented will 
change for different fuel compositions. 
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FIGURE 4.8 Heater HHV (GROSS) Efficiencies 



4. HEATER EFFCIENCY PRINCIPLES 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 4-29 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

 

FIGURE 4.9 Heater LHV (NET) Efficiencies 
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FIGURE 4.10 Heater LHV-HHV (Net-Gross) Efficiencies Difference 
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FIGURE 4.11 Combustion Analyzer Readings of O2 and CO2 in Products of Combustion 
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FIGURE 4.12 Percent O2, CO2, H2O in Products of Combustion 



4. HEATER EFFCIENCY PRINCIPLES 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 4-33 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

 

4.9 Impact Of Bath Liquid Temperature On Heater Efficiency 

Figure 4.13 illustrates the impact of bath temperature on heater efficiency, as if this same heater could be 
filled with different liquids and ran to a different temperature setpoint. This chart is constructed to allow for 
estimating efficiency losses resulting from changes in the bath temperature with a fixed fire tube surface 
area. The horizontal X-axis shows bath temperature starting from 60 deg F up to 800 deg F. The 60 deg 
F bath temperature is used as a nominal temperature efficiency to which efficiencies at other 
temperatures are compared. The vertical Y-axis shows the differential efficiency loss compared to 60 deg 
F performance. 

Typical ranges of the bath temperature for various applications (reference A23) are shown on the chart as 
red bars. 

Examples of efficiency comparisons are as follows: 

a) Line heater with 50% EG bath operating at 140 deg F setpoint is approximately 0.5% less efficient 
than the above nominal 60 deg F efficiency; 

b) Line heater with 50%EG bath operating at 205 deg F setpoint is approximately 0.8% less efficient 
than the nominal efficiency; 

c) Consequently, any changes to the temperature setpoint of a line-heater using 50%EG affect the 
heater efficiency by maximum 0.3% (0.8%-0.5%); 

d) Amine reboiler operating at 270 deg F is approximately 0.6% less efficient than a line heater (1.4%-
0.8%); 

e) TEG reboiler operating at 400 deg F is approximately 1.6% less efficient than a line heater (2.4%-
0.8%); and, 

f) Salt bath heater operating a 800 deg F is approximately 6.7% less efficient than a line heater (7.5%-
0.8%). 

Although the above comparisons were calculated based on a theoretical performance of an 18” dia – 2 
pass – 20 ft long fire tube, methane firing, 15 deg C ambient, 2.5% O2 in the stack, they can all be 
generalized to show the relative impact of various bath liquid temperature with any fire-tube size. 

4.10 Impact of Stack CO on Heater Efficiency 

CO in the stack results from incomplete combustion either due to poor air/fuel mixing, inadequate or 
excessive amount of combustion air, or to flame impingement on a cold surface such as fire-tube metal 
wall. Compared to flame temperature, the tube wall is considered cold regardless of the bath 
temperature. Figure 4.14 shows the impact of CO in the stack on heater efficiency. The chart was 
constructed based on firing with methane and stoichiometric 0% excess air. 

Good operating practice for burners is based on less than 100 ppm CO tuning, and a maximum allowable 
safety limit of 400 ppm. Most portable combustion analyzers are limited to 0 to 5,000 ppm CO range. 
Some analyzers can be purchased with 0-10,000 or 0-30,000 ppm cells. Caution must be exercised when 
exposing chemical CO cell analyzers to high CO levels as permanent damage may occur. 

The parallel curves shown in the chart represent various CO readings starting from 0 ppm first in 1,000 
ppm then 10,000 ppm increments. The CO value is treated in the computation as a loss of the calorific 
value in the fuel, as if CO could be further oxidized to CO2 to deliver more energy. 

For example: at 500 deg F stack temperature differential (stack bottom minus ambient temperature) at 
CO=0 ppm efficiency is 79.5%; at CO=10,000 ppm (1% by volume) the comparable efficiency is 76%. 
Consequently 1% CO in stack corresponds to 79.5-76 = 3.5% efficiency loss due to incomplete 
combustion of fuel. Conversely, normal 100 ppm CO level affects the efficiency by only 0.0375%. 

Due to safety concerns, operation with the CO exceeding 400 ppm should not be allowed. 
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FIGURE 4.13 Impact of Bath Liquid Temperature on HHV Heater Efficiency 
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FIGURE 4.14 Impact of Stack CO on Heater HHV (Gross) Efficiency 
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4.11 Impact Of Fuel Composition On Heater Gross (HHV) Efficiency 

Figure 4.15 illustrates the impact of various fuels on heater HHV (Gross) Efficiency when firing with that 
fuel at stoichiometric condition. Similar curves can be constructed for various fuel mixtures and excess air 
levels, however, the objective of this chart is to show the relative impact of fuel composition on efficiency. 
Individual curves are shown for C1, C2, and C3, C4, C5, C6, H2S, H2, and CO. The differences between 
C4, C5, and C6 are very small consequently, the curves overlap. 

H2 and CO curves are shown for comparison to demonstrate the impact of the hydrogen content in the 
fuel on the efficiency. Hydrogen firing produces the lowest HHV efficiencies due to the highest amount of 
water created in the process (100%). Conversely the CO firing produces the highest HHV efficiencies 
because it has no hydrogen in its composition, and it converts to 100% CO2. The difference between 
these two curves at 500 deg stack differential is 90-75.5 = 14.5%. Hydrocarbons fall within this CO-H2 
range with the lightest C1 producing the lowest efficiency at 500 deg F of 79.5%. In comparison, C1 
combustion is only 4% more efficient than pure hydrogen and 10.5% less efficient than CO firing. The 
difference between C1 and C4 efficiency is approximately 2.5%. Typical sour field gas is shown as a light 
green line produces efficiencies close to methane. H2S combustion is shown for comparison as a dark 
green line, which at 500 deg F differential stack temperature produces approximately the same 
efficiencies as C1, but at 1100 deg F has an efficiency 2% lower than C1. 

4.12 Impact of Fuel Composition on Heater Net (LHV) Efficiency 

Figure 4.16 illustrates a similar relationship to Figure 4.13 except that it is expressed in LHV net 
efficiencies. Here the results are not influenced by the water formation during the combustion reaction, 
but by the sensible heat content of the individual compounds in the products of combustion. 

CO combustion produces the highest efficiencies while H2S combustion produces the lowest. All 
hydrocarbons LHV efficiencies are very similar. 

4.13 Impact of Ambient Air Temperature on Heater Efficiency 

Figure 4.17, illustrates the impact of ambient air temperature on heater HHV (gross) efficiency. The curve 
was constructed based on firing methane at 20% excess air and 500 deg F stack temperature. Similar 
curves could be constructed for other conditions, however, we selected 500 deg F stack temperature and 
20% as representative to a reasonable efficiency goal for a fire tube heater. The efficiency is affected by 
the fact that the ambient air has to be heated to produce the equivalent temperature of products of 
combustion in the fire tube, and therefore similar heat transfer. 

At –40 deg F the efficiency is estimated at 78.73% and at 100 deg F ambient at 79.35%. Consequently, 
there is only a 0.82% HHV efficiency loss between the heater “summer” and “winter” operation. With a 
higher excess air, these efficiency losses increase, however the ambient air temperature is not a major 
source of the efficiency losses. 

4.14 Impact of Combustion Air Pre-Heat on Heater Efficiency 

The Impact of combustion air preheat on heater efficiency can be readily estimated using heater HHV 
(Gross) efficiency chart in Figure 4.8. The procedure is the same as with ambient air operation except that 
we use air preheat temperature when establishing the temperature difference between bottom of stack 
and combustion air inlet. 

For example, an ambient temperature of 50 deg F and a stack bottom temperature of 550 deg F, the 
temperature difference is 500 deg F. At 20% excess air this corresponds to gross (HHV) efficiency of 
78.5%. 

If we use preheated combustion air to 250 deg F, then the temperature difference between the 550 deg F 
stack and this preheated air is reduced to 300 deg F, and the resulting gross (HHV) efficiency is 83%.  

Hence the 250 deg F air preheat at 20% excess air corresponds to 4.5% increase in efficiency. 
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FIGURE 4.15 Heater HHV (Gross) Efficiencies With Various Fuels 
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FIGURE 4.16 Heater LHV (NET) Efficiencies With Various Fuels 
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FIGURE 4.17 Impact of Ambient Air Temperature on Heater HHV (Gross) Efficiency 
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4.15 Impact of Ambient Air Humidity on Heater Efficiency 

Figure 4.18 illustrates the efficiency curve, which was constructed based on firing with methane at 20% 
excess air, 500 deg stack temperature, and 100 deg F ambient summer condition. At 0% relative humidity 
efficiency is 79.37%, at 100% it is 79.17%. This translates to a small 0.2% change in efficiency between 
dry and humid air operation. 

4.16 Impact of Fuel Temperature on Heater Efficiency 

Figure 4.19 was constructed to research the impact of fuel temperature on the overall heater efficiency. 
This subject was previously discussed under 4.2.4. 

The fuel preheat temperature range of 0 to 350 deg F is deliberately exaggerated on the chart to show 
the negligible impact on overall heater efficiency. The chart was based on firing with methane at 0% 
excess air and a 500 deg F stack temperature. With 0 deg F fuel gross (HHV) efficiency was calculated at 
79.41%, at 350 deg F the efficiency increased to 79.56%, for a total increase of 0.15%. As the mass flow 
of fuel is low compared to that of combustion air, little sensible heat is added to increase efficiency. 

4.17 Flame (Hot Mix) Temperature 

Figure 4.20 illustrates the impact of excess air on the flame temperature, also called the “hot mix” 
temperature. The chart is based on firing with methane. Although the adiabatic flame temperature of 
methane combustion can be calculated at 3,484 deg F, the actual flame temperature is lower than that 
value and it is actually unknown. The flame temperature cannot be accurately measured because the 
flame is emitting radiant heat. Some sources estimate that by the time combustion is completed flame 
looses between 15% and 25% percent of the original energy contained in the fuel via radiation. 
Consequently, the measured temperatures are much lower than those calculated and for stoichiometric 
flames are typically in the range between 2,500 to 2,800 deg F. Excess air has a great impact on the “hot 
mix” temperature as part of the energy is used to heat excess nitrogen and excess oxygen, which do not 
take part in the reaction. 

Disregarding the discrepancy between the actual and the theoretical measured flame temperatures, we 
can use the curve to see the relative drop in the temperature caused by excess air. At 50% excess air the 
flame “looses” 800 deg F; at 100% 1,300 deg F; and at 150% 1,700 deg F. This corresponds to between 
11 to 16 deg F flame temperature loss for each 1% of excess air. This temperature drop, results in a great 
reduction in the radiative heat transfer, as well as, in the LMTD of the convective heat transfer. In an 
extreme case, such a pilot firing with a large flow of excess air, the flame temperature loss is in excess of 
2,500 deg F, hence the products of combustion are too cold to provide effective heating of the bath liquid. 
In addition, combustion reaction is interrupted and flame produces high CO levels. 

4.18 Stack Draft 

Figure 4.21 illustrates the effect of stack height and the ambient air temperature on natural draft. All 
graphs were based on methane firing with 15% excess air at 3000 ft. A.S.L. typical Alberta elevation, and 
show the natural draft effect in three groups: for 10ft, 20ft and 30ft high stack. Each group of graphs 
consists of five ambient temperature-based curves for: -40, -5, +30, +65, and +100 deg F. 

The impact of stack height on the draft is readily visible. For example at 500 deg F stack temperature on 
a hot summer day (worst case at +100 deg F) a 10 ft stack produces only 0.053” W.C. (inches water 
column) theoretical draft, a 20 ft stack 0.11” W.C, and 30’ stack, 0.165” draft. This means that every 10’ of 
stack length adds approximately 0.054” W.C to the theoretical draft. 

Since ambient air also affects the natural draft, we can look at a combined impact of stack height and 
ambient air temperature through the following correlation: ambient temperature change produces parallel 
curves which at the above conditions are spaced by approximately 0.0038” W.C/10deg F/ 10ft of stack 
height. 
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FIGURE 4.18 Impact of Ambient Air Humidity on Heater HHV (Gross) Efficiency 
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FIGURE 4.19 Impact of Fuel Temperature on Heater HHV (Gross) Efficiency 
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FIGURE 4.20 Flame (Hot Mix) Temperature of Products of Combustion in a Heater. 
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FIGURE 4.21 Stack Height and Ambient Temperature Effect on Natural Draft 
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4.19 Shell Heat Loss 

Figure 4.22 illustrates the heat loss from the heater shell per ft2 of surface area. Graphs are constructed 
to show the comparison of no insulation to either 1” or 2” thickness of 1,000 deg F mineral fibre insulation 
with an aluminum jacket. 

In each group, graphs illustrate the difference of ambient temperature and wind velocity on the heat loss: 
-40 deg F @ 20 mph wind, -40 deg F @ 0 mph wind, 100 deg F @ 20 mph wind, and 100 deg F @ 0 mph 
wind. 

The chart clearly shows a dramatic improvement between an uninsulated surface and an insulated 
surface, however, the difference in insulation thickness does not show significant improvements. A 
conclusion could be drawn from this correlation that insulating the end heads on the heater may have a 
better effect on the overall efficiency than increasing the insulation thickness on the rest of the shell. The 
differences are especially large for high shell temperature such as in salt bath application. 

For lower bath ranges such as in a line heater application the heat losses from insulated surfaces are less 
than 100 BTU/hr/ft2, and vary between 200 BTU/hr/ft2 for uninsulated surface in summer with no wind, to 
1100 BTU/hr/ft2 in winter with 20 mph wind. 

The graphs were created with the help of a 3EPLUS insulation rating program available as freeware on 
the Internet (www.naima.org) from North American Insulation Manufacturers Association (NAIMA). Flat 
plate approximation with base metal emmittance of 0.8 were chosen for the calculations. 

4.20 Stack Heat Loss 

Figure 4.23 illustrates the heat loss from the stack per ft2 of surface area. Graphs are constructed to 
show the comparison of no insulation to either 1” or 2” thickness of 1,200 deg F mineral fibre insulation 
with an aluminum jacket. 

In each group, graphs illustrate the difference of ambient temperature and wind velocity on the heat loss: 
-40 deg F @ 20 mph wind, -40 deg F @ 0 mph wind, 100 deg F @ 20 mph wind, and 100 deg F @ 0 mph 
wind. The graphs are shown for 4”, 20” and 36” diameter stack. 

Similar to the shell heat loss graphs discussed previously, this chart demonstrates a dramatic 
improvement between an uninsulated surface and an insulated surface, however the difference in 
insulation thickness does not produce any significant improvements. Taking under consideration the 
benefits of stack insulation, a thin, 1” insulation could easily produce the desired results. 

There is also a significant difference of the uninsulated stack diameter on the heat loss, with smaller 
stacks having a lower heat loss per ft2 of surface area than larger stacks in similar operating conditions. 

For a stack temperature of 500 deg F the heat loss varies between 1,200 BTU/hr/ft2 for uninsulated 
surface in summer with no wind, to 3100 BTU/hr/ft2 in winter with a 20 mph wind. 

For a stack temperature of 1,000 deg F the heat loss varies between 1,800 BTU/hr/ft2 for 4” dia 
uninsulated surface in summer with no wind, to 9,600 BTU/hr/ft2 for 36” dia uninsulated surface in winter 
with a 20 mph wind. 

The graphs were created with the help of a 3EPLUS insulation rating program available as a freeware on 
the Internet (www.naima.org) from North American Insulation Manufacturers Association (NAIMA). Base 
metal emmittance of 0.8 was chosen for our calculations. 

The main difference between shell and stack heat losses is that the shell losses directly affect the 
efficiency of the heater as they use energy already stored in the liquid bath. 

Stack losses occur after the products of combustion leave the heat transfer surfaces inside the heater 
(the fire tube). So unless there is a heat recovery system in place, which would return part of this energy 
back to the heater, the energy in the stack is already considered lost to the process. The heat losses in 
the stack have however, other indirect adverse effects on the process such as condensation, freezing, 
loss of draft or increased corrosion. 
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FIGURE 4.22 Shell Heat Loss Per ft2 of Surface Area 



4. HEATER EFFCIENCY PRINCIPLES 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 4-47 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

 

FIGURE 4.23 Stack Heat Loss Per ft2 of Surface Area 
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An important aspect to understand with stack losses, is that although the above stack heat loss curves 
show dramatic heat losses per ft2. of surface area, it does not necessarily mean that the stack gas has 
the actual heat capacity, and thermodynamic ability to satisfy these losses. Similar to the fire tube 
performance, the heat transfer through the stack is controlled by laminar boundary layers on both sides of 
the stack metal surface. Since the flow through a natural draft stack is more of a plug flow or laminar type 
than a turbulent type, the heat transfer from the bulk of the products of combustion is impeded. In an 
uninsulated stack the products of combustion may lose about 75 to 125 deg F.  

The great ability of the uninsulated surface to lose the heat to the surrounding air as demonstrated in the 
graphs, may however, create significant condensation and possibly freezing on the stack’s internal 
surfaces. 

4.21 Dew Point of Products of Combustion 

Figure 4.24 illustrates the impact of excess air on the dew point of the product of combustion. The graph 
is based on methane firing and changes with different fuel compositions. 

Dew point is defined as the temperature at which moisture contained in a gas mixture starts to condense. 

At stoichiometric conditions, with 0% excess air the dew point of the products of combustion of methane 
is 139 deg F. As the excess air increases the dew point temperature decreases. At 50% excess air, it is 
126 deg F, at 100% excess air 116 deg F. This can be translated to an average rate of decrease of: 
 2.3 deg F / 10% excess air change. 

Since the goal of this efficiency project is to minimize heat losses by maintaining low excess air in the 
combustion below 30%, we are concerned with dew point temperatures between 130 and 139 deg F. 

Some sources suggest using a so called “dew point suppression technique” which is based on 
deliberately increasing the excess air in order to lower the dew point of the stack gases thus minimizing 
the possibility of condensation in the stack. Although this technique may be effective in solving corrosion 
problems in boiler applications with preheated air, in immersion fire-tube heaters the use of cold ambient 
air is counterproductive to the higher efficiency goals and therefore, should not be considered.  

The condensation of water from the products of combustion is not isolated to the stack but can occur also 
inside the fire-tube if the tube wall temperature drops below the dew point. It is a common occurrence 
during startups with a cold bath liquid or after prolonged shutdown that certain amount of water is 
condensed out inside the fire tube. The more frequent this occurs the more corrosion damage can be 
experienced in the tube 

The dew point consideration becomes especially important when dealing with fuels containing sulfur, 
which changes the vapour pressure of the condensate. Although there is conflicting information on this 
subject in the literature, following are some common guidelines related to this subject. 

One of the sources states that the presence of sulfur increases the dew point temperature by 25 to 75 
deg F (164 to 214 deg F); another source suggests that the dew point may be as high as 350 deg F due 
to a catalytic conversion of SO2 to SO3 followed by formation of sulfuric acid (H2SO4). The common 
industry practice is to maintain the stack temperature above 300 deg F when dealing with fuels containing 
sulfur. 

The large differences between sweet and sour fuel firing effects on dew point temperature is especially 
acute in the case of line-heaters with bath temperatures in the range between 60 to 80 deg C (140 to 176 
deg F). Low bath temperatures, frequent cycling, and high excess air keep the tube wall temperature low 
which results in surface condensation. This may occur even if the bulk of the products of combustion is 
warmer than the dew point. As with sweet fuel firing the corrosion problems may be small, with the sour 
fuel firing corrosion problems are a certainty. 

A clear understanding of the dew point concept and applications is essential in proper heater design and 
maintenance. 
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FIGURE 4.24 Dew point Temperature of Products of Combustion in a Heater 
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5 FIRE TUBE RATING SOFTWARE DEVELOPMENT 
In order to help with the task of optimizing fire-tube performance for a specific process application, we 
collaborated with COEN Company of Burlingame, CA, in creating a practical and easy to apply software 
program. The program was designed to predict thermal performance of an immersion fire-tube heater by 
specifying type of fuel, heat input, tube configuration and stack height, burner flame type, as well as 
boundary conditions such as ambient air temperature and humidity, wind velocity or stack insulation. The 
program (Figure 5.1) takes under consideration both the radiative and convective heat transfer and 
calculates fire tube heat flux profile, temperature profile and pressure drop profile.  

 

FIGURE 5.1 COEN Fire-Tube Rating Program – Welcome Screen 

5.1 Coen’s Approach to Heat Transfer Calculations 

Based on the literature sources presented in the previous chapters COEN proposed the following 
approach to calculating the above data: 

a) use modified stirred reaction model (SR) defined as FEGT + delta 

b) use delta method for the reaction zone 

c) account for both convection and radiation transfer occurring simultaneously with the gas emmisivity 
changing as a function of temperature and mean beam length 

d) account for changing convection coefficient with decreasing density and temperature (instead LMTD 
method) 

e) use “marching solution” downstream of the reaction zone – by dividing convection section into 100+ 
zones 

f) calculate enthalpy for each zone considering it as a stirred reactor 

g) this method is well suited to changing tube geometry, possible enhancements with turbulizers and 
calculation of fluid pressure losses. 

h) use gas turbine calculation models to define radiant heat transfer. 
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5.2 Main Program Data Screen 

The main program data screen is shown in Figure 5.2 

 

FIGURE 5.2 COEN Fire-Tube Rating Program – Main Data Screen 

5.3 INPUTS to Coen Program 

The INPUTS to the Coen Program include: 

a) General Info Button (Figure 5.3): Company Name User Name, Date, Owner Name, Facility Name, 
Heater Location, Description, Tag No., Manufacture, Date Built, Elevation; 

b) Immersion Tube Data Button (Figure 5.4): Stack ID and height, # of convection sections each with ID 
and length, stack insulation, thermal conductivity; 

c) Operating Data Button (Figure 5.5): Heat input, Percent Load, Excess Air (EA); 

d) Fuel Data Button (Figure 5.6): Select Natural Gas or #2 Oil, or user defined fuel; 

e) Boundary Conditions Button (Figure 5.7): Liquid Bath Temperature, Air Temperature, Relative 
Humidity, Wind Speed and Surface Emmissivity; 

f) Burner Button (Figure 5.8): select high/low momentum burner, narrow/wide, long/short; 

g) Model Button (Figure 5.9): Stirred Model, Weighted Average, Normalized Zone, Hottels Method, 
Constant Delta Model, Blizard’s Model. Square Root Model. Long’s Method, Saunder’s LMTD Model, 
Anson’s Model, or Auto Gas Zone Model; 

h) Calibration Button (Figure 5.10): Convective Coefficient Modifier, Radiation Coefficient Modifier, 
Flame Zone Modifiers: Aspect Ratio L/D for Short Flame and Long Flame, Momentum Low and 
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Momentum High. For the best match apply under Calibration constants: Convective Coefficient 
Modifier = 1.3 and Radiation Coefficient Modifier = 2.0.; and, 

i) There is also a choice of Metric or English Units. 

 

FIGURE 5.3 COEN Fire-Tube Rating Program – General Information Screen 

 

FIGURE 5.4 COEN Fire-Tube Rating Program – Immersion Tube Data Screen 

 

FIGURE 5.5 COEN Fire-Tube Rating Program – Operating Data Screen 
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FIGURE 5.6 COEN Fire-Tube Rating Program – Fuel Data Screen 

 

FIGURE 5.7 COEN Fire-Tube Rating Program– Boundary Conditions Screen 

 

FIGURE 5.8 COEN Fire-Tube Rating Program – Burner Selection Screen 
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FIGURE 5.9 COEN Fire-Tube Rating Program – Model Information Screen 

 

FIGURE 5.10 COEN Fire-Tube Rating Program –Calibration Constants Screen 

5.4 Outputs from Coen Program 

The OUTPUTS from the Coen Program include (Figure 5.2): 

a) Thermal Efficiency %HHV; 

b) Stack Bottom Temperature; 

c) Stack Top Temperature; 

d) Oxygen in Stack %; 

e) Heat Input, HHV; 

f) Heat Loss; 

g) Flame Zone Exit Temperature; 

h) Average Heat Flux; 

i) Hydraulic Pressure Loss; and, 

j) Stack Draft. 
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5.5 Temperature, Pressure and Heat Flux Profile Graphs 

- In addition, Coen program displays the following graphs: 

a) Tube Temperature Profile (Figure 5.11); 

b) Pressure Drop Profile (Figure 5.12); and, 

c) Heat Flux Profile (Figure 5.13) 

 

FIGURE 5.11 COEN Fire-Tube Rating Program – Temperature Profile Graph 

 

FIGURE 5.12 COEN Fire-Tube Rating Program– Pressure Drop Profile Graph 
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FIGURE 5.13 COEN Fire-Tube Rating Program – Heat Flux Profile Graph 
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6 FIELD DATA COLLECTION AND ANALYSIS 
In order to get a better understanding of the current technology design and performance data from a 
number of actual field installations of immersion fire-tube heaters were collected 

6.1 Heater Field Inspection and Efficiency Evaluation Report 

To facilitate the data collection we designed a spreadsheet entitled: “Immersion Heater Field Inspection 
and Efficiency Evaluation Report.” 

The format of the report is illustrated in Figures 6.1 through 6.5 below and its goal is to facilitate and 
standardize data collection and on-the-spot evaluation in the field. A similar report was prepared for  

The first page of the report aids in the collection of the following data: 

a) Owner information; 

b) Manufacturer information; 

c) Heater and process information; and, 

d) Heater design. 

Second page of the report addresses the following topics: 

a) Fire tube and stack design; 

b) Combustion system design; 

c) Fuel gas data; and, 

d) Combustion air data. 

Third page of the report helps in estimating and recording the following data: 

a) Heat loss and thermal energy potential; 

b) Field measurements ”as found”; and, 

c) Thermal efficiency “as found”. 

Fourth page of the report calculates potential energy savings in the following categories: 

a) Sensible heat; 

b) Latent heat; 

c) Unburned CO; and, 

d) Insulation losses 

The magnitude of potential savings is expressed both in terms of GJ/A and in $/A based on a specified 
cost of fuel for GJ. The calculation allows also correction based on measured duty cycle of the heater. 

Fifth page of the report shows a summary of: 

a) Corrective actions taken; 

b) Maintenance recommendations; and, 

c) Recommended modifications. 

By using the above report in the field not only will the pertinent data of the heater be recorded but also an 
on-the-spot evaluation possible of possible upgrades or corrective actions. 

We have used the report on all the surveyed heaters in order to prioritize their upgrades based on two 
criteria: worst performance and safety concerns and biggest potential for savings. 
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FIGURE 6.1 Immersion Heater Field Inspection And Efficiency Evaluation Report Page 1 of 5 
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FIGURE 6.2 Immersion Heater Field Inspection And Efficiency Evaluation Report Page 2 of 5 
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FIGURE 6.3 Immersion Heater Field Inspection And Efficiency Evaluation Report Page 3 of 5 
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FIGURE 6.4 Immersion Heater Field Inspection And Efficiency Evaluation Report Page 4 of 5 
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FIGURE 6.5 Immersion Heater Field Inspection And Efficiency Evaluation Report Page 5 of 5 
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6.2 Scope and Objectives of Heater Survey 

We have surveyed in the field 43 heaters and collected detailed information regarding their design, 
condition, and performance. The collected data is too voluminous to include in this report (over 300 
pages) and the small details of individual installations are outside of the scope of this project. In collecting 
this data we had however, the following objectives in mind: 

a) Develop the data collection method (Heater Field Inspection and Efficiency Evaluation Report); 

b) Test the data collection method on a number of heater installations; 

c) Learn more about the trends in heater performance, average condition, efficiency, etc; 

d) Identify common problems with heaters and reasons for low heater efficiency; 

e) Develop and test simple methods of efficiency improvements; and, 

f) Test larger-scale (multiple installations) data collection, recording, and heater evaluation process. 

Hence, the emphasis of this work was more on identifying the trends with low heater efficiencies and on 
development of methodology to deal with these trends than on repairing individual heaters. 

6.3 Photo Gallery of Surveyed Heaters 

To demonstrate the scope of work conducted in this part of the project we have included a photo gallery 
of 43 surveyed heaters (Figures 6.6 through 6.10). 

6.4 Surveyed Heaters Data Summaries 

Data collected in individual heater surveys was assembled into data summaries shown in Figures 6.11 
through 6.15. The basic structure and content of the summaries is similar to the individual reports, except, 
having multiple heaters data listed side by side allows observation of trends and establishing of priorities. 

Summaries are organized by geographical/operational areas in order to simplify asset management / 
maintenance within the plant. The surveyed heaters were used for the following applications: 

a) Well site gas heater; 

b) Line gas heater; 

c) Glycol heating medium heater; 

d) Diesel oil hot string medium heater; 

e) Amine reboiler; 

f) Salt bath regen gas heater; and, 

g) Salt bath amine reboiler; 

 

In addition, we included in our analysis and research selected data from approximately 60 other 
installations involving the following immersion fire-tube heater applications: 

a) Oil treater; 

b) Conversion of oil treater from natural draft to forced draft; 

c) Oil storage tank; and, 

d) Dehy TEG reboiler. 

This wide crossection of application allowed us to draw generalized conclusions about fire-tube 
efficiencies and potential areas for their improvement. 
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FIGURE 6.6 Photo Gallery “A” of Surveyed Heaters  
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FIGURE 6.7 Photo Gallery “B” of Surveyed Heaters  
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FIGURE 6.8 Photo Gallery “C” of Surveyed Heaters  
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FIGURE 6.9 Photo Gallery “D” of Surveyed Heaters  
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FIGURE 6.10 Photo Gallery “E” of Surveyed Heaters  
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FIGURE 6.11/6.12 Heater Field Inspection and Efficiency Evaluation Summary Report – P 1/2 of 5 

 

FIGURE 6.13/6.14 Heater Field Inspection and Efficiency Evaluation Summary Report - P 3/4 of 5 
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FIGURE 6.15 Heater Field Inspection and Efficiency Evaluation Summary Report - P 5 of 5 

6.5 Summary Synopsis 

- The data from 43 surveyed heaters (45 fire tubes) was summarized. The results were then 
graphically analyzed (Figure 6.16 through 6.19) for trends and distribution patterns. The following 
paragraphs are the result of this analysis: 

a) Figure 6.16 illustrates the distribution of rated capacities of surveyed heaters: 
- between 0.5 to 4.5 MM BTU/hr. At nominal rated efficiency of 65%, these heaters were designed to 
fire between .7 and 6.9 MM BTU/hr; 
- 44% of heaters rated at between 1.5 and 2 MM BTU/hr; 
- 20% of heaters rated at less than 1 MM BTU/hr; 
- 22% heaters rated above 2 MM BTU/hr; 
- Maximum single fire tube rating: 4.5 MM BTU/hr; 
Although this capacity distribution does not represent the overall industry cross-section, it covers 
most of the range of heater sizes discussed in this study; 

b) Figure 6.17 illustrates the distribution of stack bottom temperatures in surveyed heaters: 
- between 180 deg C and 530 deg C; 
- curve shows a relatively even distribution of results, indicating that the stack bottom temperature is a 
rather random result of heater setup rather than a pre-engineered operating parameter; 
- 62% of heaters operated above the maximum target temperature of 350 deg C most likely due to 
inadequate surface area; 
- none of the heaters operated below the minimum target of 150 deg C i.e. significantly above the 
dew point temperature of 60 deg C (139 deg F); 
- average measured stack bottom temperature was 366 deg C 

c) Figure 6.18 illustrates the distribution of stack excess O2 levels in surveyed heaters: 
- between 0% and 13% stack O2; 
- only 20% of heaters running within the target excess O2 range between 2% and 3.5%; 
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- 49% of heaters running with excessive O2; 
- 31% of heaters running with inadequate excess air; 
- the data does not show 8 heaters which were found firing substoichiometrically and were re-
adjusted during survey but prior to recording the data; 
- average excess O2 was 4.5% 

d) Figure 6.19 illustrates the distribution of gross HHV efficiencies of surveyed heaters: 
- between 64 % and 82% HHV; 
- uniform result distribution indicate that the efficiency is a random result of the system setup rather 
than pre-designed and maintained value; 
- 51% of heaters operated below the minimum efficiency target of 72%; 
- disregarding a few really misadjusted units none of the heaters run below the 64%HHV efficiency; 
- - average thermal efficiency was 72.3%HHV. 

6.6 Final Conclusions from Field Tests 

Following were the final conclusions from the field tests of 43 heaters (45 fire-tubes): 

a) The range of heater sizes (between 0.4 and 4.5 MM BTU/hr rating), their number (43), and variety of 
process application provided a valid cross-section of data for analysis in this study; 

b) 8 heaters had very high stack CO in excess of 2%+ and were running substoichiometrically. Simply 
burner adjustment during survey was sufficient to reduce these CO levels to acceptable limits below 
400 ppm; 

c) thermal efficiency of all heaters was between 64% and 82% with average 72.3%, thus confirming 
validity of our theoretical target efficiency range between 72% and 82%. No really low efficiency 
examples (down to 30%) were found; average thermal efficiency of all heaters was 72.3%. 

d) over half of all heaters were running below the 72% minimum target, thus providing good potential for 
improvement; 

e) 62% of the heaters were running with stack bottom temperature above 350 deg C target, indicating 
most likely inadequately sized fire tube; 

f) None of the heaters measured was found running close to the dew point temperature; 

g) Almost half of all heaters were found running with excessive air levels, and 30% were running with 
inadequate air levels. Only 20% of heaters were set to the optimum stack O2 levels between 2% and 
3.5% 

h) Flame cells were plugged up on 3 heaters; 

i) Burner was misadjusted on 16 heaters; 

j) Burner was overfiring on 5 heaters; 

k) Fire tubes needs cleaning on 6 heaters; 

l) Heater was grossly oversized on 3 heaters; and, 

m) No flame detection on 14 heaters. 

Field testing phase of this project, and the collected data, confirmed the validity of heater efficiency range 
target of between 72% and 82%, and the stack bottom temperature range between 150 and 350 deg C. 
All heaters running with high CO were easily readjusted during the survey to provide reasonable 
combustion data with at least 64% HHV efficiency. There is a definite room for further improvement to 
operate heaters closer to the 82% optimum efficiency point. At the same time there were no heaters 
found running at really low efficiencies as claimed in some of the references. 
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FIGURE 6.16 Surveyed Heater Rated Capacity Distribution 

 

 

FIGURE 6.17 Surveyed Heater Stack Temperature Distribution 
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FIGURE 6.18 Surveyed Heater Stack Excess O2 Distribution 

 

 

FIGURE 6.19 Surveyed Heater Gross Efficiency Distribution 
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7 TEST UNIT DESIGN AND CONSTRUCTION 
In order to test and calibrate Coen program and also obtain further insights into the operation and 
behavior of immersion fire tube heaters we conducted laboratory tests in field environment. Although this 
term sounds like a contradiction of terms, this unique opportunity was made possible by a partnership 
with the Petroleum Industry Training Service (PITS) Training Centre in Nisku, AB. (Figure 7.1) 

7.1 Test Facilities at PITS 

For readers unfamiliar with PITS activities, following is a brief overview: 

a) Training arm of the Canadian petroleum industry 

b) Owned, directed and partially funded by six petroleum associations 

c) Non-profit 

d) Internationally recognized for high quality training in petroleum technologies 

e) Over 8000 students trained per year 

f) Owns fully operational and instrumented training and testing facility in Nisku 

g) Mandate to identify training needs, develop and offer training, provide advice and guidance and help 
establish standards 

h) PITS mandate is: TRAINING – TESTING –STANDARDS DEVELOPMENT in technology areas 
related to the Alberta oil & gas Industry operations. 

To fulfill this need PITS training facility in Nisku includes besides classrooms a truly fascinating fully 
functional petroleum “mini” plant including drilling rigs, well control centre, compression and gas 
processing facility (Figure 7.2), and, oil facility (Figure 7.3). The equipment used in these facilities is real 
petroleum equipment, which has been either donated to PITS by the industry or acquired from 
decommissioned plants. For space reasons and process load restrictions the capacities of individual 
equipment are small, however the equipment is fully functional and part of the training offered by PITS 
includes its actual hands-on operation. For safety reasons the training centre does not use sour gas or 
any other processes containing possibly lethal chemicals. Fore example: fuel gas used for training 
purposes is sweet sales gas and oil processing facility stores oil in tanks, mixes it with water and nitrogen 
to produce oil/water emulsion. The mixing process is precisely controlled by the DCS and any specific 
oil/water ratio can be simulated. The emulsion is the processed through a treater where oil and water are 
separated and returned back to the storage tanks.  

 

FIGURE 7.1 Petroleum Industry Training Service in Nisku 
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The entire training facility is fully instrumented with latest technology sensors and controlled by OPTO 
DCS (distributed control system) (Figure 7.8). Not only can the process by demonstrated and operated by 
the students, but also upset and failure conditions can be safely simulated. Such is for example the 
purpose of the well control facility, which is regularly used to deliver the well blow-up prevention training 
program. 

 

FIGURE 7.2 PITS Gas Facility 

 

FIGURE 7.3 PITS Drilling Rig and Oil Facility 
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FIGURE 7.4 PITS amine reboiler in Gas Processing Facility 

 

FIGURE 7.5 PITS Line Heater at the Sweet Gas Let Down Station 
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FIGURE 7.6 PITS oil treater controls in the Oil Processing Facility 

 

FIGURE 7.7 PITS Heater controls and the Gas Processing Facility 
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FIGURE 7.8 PITS DCS interface panel in the Gas Processing Facility 

 

FIGURE 7.9 PITS horizontal oil treater and site to immersion fire-tube test unit at the Oil 
Processing Facility 
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7.2 Test Objectives 

Thanks to the courtesy of PITS and with their tremendous support we were able to build the prototype of 
a fully instrumented multipass immersion fire-tube heater and test it for a period of 1 month with various 
burners fluids and at various operational conditions. 

To start this process we identified the following objectives: 

a) Build test stand 

b) Install instrumentation 

c) Configure data collection hardware 

d) Procure burners for tests (9 burners planned – 25 burners received) 

e) Burner stand test (flame shape, noise, primary air, stack data, temperature profile) 

f) Test first with water, then glycol, and oil (Specific Gravity SG=0.88, Specific Heat cp=0.4365) 

g) Test 2, 3, 4 pass configuration 

h) Test turbulator effectiveness 

7.3 Test Unit Configuration 

Various configurations of the test unit were considered (Figure 7.10), and a decision was made to 
proceed with configuration E (Figure 7.11), which incorporated 8” diameter first pass, 6” dia second, third 
and fourth pass, configurable elbows to change number of passes from between 2, 3, and 4, and 
2x10’section stack which could be configured for either 10’ or 20’ operation. 

Figure 7.12 shows the unit P&ID, Figure 7.13 Bill of Materials – Mechanical, and Figure 7.14 Bill of 
Materials – Instrumentation. 

A photo gallery of the test unit and its construction and instrumentation details follows these figures. 

 

FIGURE 7.10 Various prototype configurations considered 
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FIGURE 7.11 Final test unit configuration E, which was implemented 

7.4 Test Unit P&ID 

 

FIGURE 7.12 Test Unit P&ID 
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7.5 Test Unit Bill of Materials (BOM) 

 

FIGURE 7.13 Test Unit BOM - Mechanical 
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FIGURE 7.14 Test Unit BOM - Instrumentation 
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FIGURE 7.15 Test Unit BOM – DCS Control System Components 

 

FIGURE 7.16 Test Unit BOM – Burners 
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7.6 Test Unit Construction 

 

FIGURE 7.17 Test unit shell under construction (return end) 

 

FIGURE 7.18 Test unit shell under construction (burner end) 
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7.7 Test Unit Installation at the PITS Oil Facility 

 

FIGURE 7.19 Finished test unit installed outside of the PITS Oil Facility 

7.8 Test Unit Instrumentation Details 

 

FIGURE 7.20 High Temperature S-type thermocouples in the 1st pass 
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FIGURE 7.21 K-type thermocouples in 2nd, 3rd and 4th pass 

 

FIGURE 7.22 Wired control panel and liquid inlet 
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FIGURE 7.23 Interface to plant DCS 

 

FIGURE 7.24 Fuel train 
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FIGURE 7.25 Fuel gas outlet from preheat coil with TC 

 

FIGURE 7.26 Fuel gas inlet to preheat coil with TC 
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FIGURE 7.27 Calibrated fuel metering flow run with temperature and pressure compensation 
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FIGURE 7.28 Automatic Gas Safety Shutoff Valve 

 

FIGURE 7.29 Main gas pressure regulator 
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FIGURE 7.30 Fisher type 119 regulator used for control valve 

 

FIGURE 7.31 Alternative Fisher D2 and D4 control valves tested 
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FIGURE 7.32 Fisher I/P transducer 

 

FIGURE 7.33 Fisher new “I2P” transducer 
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FIGURE 7.34 Fuel temperature TC for temperature correction 

 

FIGURE 7.35 Fuel pressure PT upstream of control valve 
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FIGURE 7.36 Fuel pressure PT downstream of control valve 

 

FIGURE 7.37 Fuel inlet pressure gauge 
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FIGURE 7.38 Fuel pressure to burner pressure gauge 

 

FIGURE 7.39 Burner mixture pressure PT 

 

FIGURE 7.40 Fire tube draft PT 
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FIGURE 7.41 Primary Air Flow Measurement – Isolation Tube 

 

FIGURE 7.42 Primary Air Flow Measurement - Sensor 

 

FIGURE 7.43 Primary Air Flow Measurement - Readout 
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FIGURE 7.44 Liquid outlet 1 with TC and pressure gauge 

 

FIGURE 7.45 Liquid outlet switchover valves 
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FIGURE 7.46 Liquid outlet 2 with TC and pressure relief valve 

 

FIGURE 7.47 Liquid FLOCO flow meter 
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FIGURE 7.48 Return elbow between 3rd and 4th pass with TC 

 

FIGURE 7.49 Return elbow between 2nd and 3rd pass with TC 
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FIGURE 7.50 Stack Connected to 4th pass outlet, with stack bottom TC 

 

FIGURE 7.51 Stack assembled to 20ft height with middle and top TC  
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FIGURE 7.52 Adjustable burner mounting bracket at the 1st pass inlet 

7.9 Test Unit DCS Operator Interface 

 

FIGURE 7.53 Main test unit control DCS screen and operator interface 
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FIGURE 7.54 DCS graph of temperature profile in the tube 
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7.10 Test Unit Final As-Built Features 

The following objectives were achieved in the construction of the immersion fire-tube heater prototype 

a) 2-, 3-, and 4-pass tube operation; 

b) Stack extendable from 10’ to 20’; 

c) Fuel preheat / no-preheat selectable; 

d) Adjustable burner mount for various burners; 

e) Can accommodate turbulators; 

f) Liquid flow direction (counter- vs. co-current); 

g) Liquids: water – glycol – oil; 

h) Automatic fuel flow adjustment; and, 

i) 65 channels of process data recording to plant DCS 
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8 BURNER BENCH TESTS 
This chapter contains summary of the bench testing of the burners at the PITS facility in Nisku, AB. 

Figure 8.1 illustrates side-by-side some of the burners provided by various burner manufacturers and 
used in the bench tests. These manufacturers include: 

a) ACL Manufacturing; 

b) A-Fire Holdings; 

c) Bekaert; 

d) Eclipse; 

e) Hauck Manufacturing; 

f) Kenilworth; 

g) Maxon Corporation; 

h) North American; 

i) Pro-Fire; and, 

j) Pyronics. 

Except for one small 1” Maxon burner, all of the other burners in the photograph were sized and 
recommended by their vendors in response to the same specification of 500,000 BTU/hr HHV burner 
output which was to be released in an 8” diameter first path of fire tube of the test heater. The striking 
differences in the burner physical sizes and their design illustrate alternative concepts used by 
manufacturers. As part of this project we looked at various aspects of the burner design and performance 
and its impact on the fire-tube heater efficiency. 

 

FIGURE 8.1 Various burners used in the bench tests. 
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Figures 8.2, 8.3, and 8.3 illustrate the arrangement of the test stand used for bench testing. 

The bench tests included firing of each burner with natural gas in “open flame” tests. The gas was being 
modulated by the DCS while the following data was being recorded: 

a) fuel gas flow, pressure and temperature; 

b) primary air flow and temperature; 

c) burner gas/air mixture pressure; 

d) burner sound pressure level at 1m to the side and 1m behind the burner; and, 

e) flame length and diameter. 

 

FIGURE 8.2 Bench test stand– primary air 
flow measurement. 

An 8” PVC pipe was sealed around the mixer inlet to 
guide the primary flow to the burner’s mixer, a 
velocity meter installed in the pipe was used to 
measure the air flow at various firing rates. 

 

 

 

 

 

FIGURE 8.3 Bench test stand – burner 
mount 

Each burner was mounted leveled on the burner 
mount so that flame could be freely observed. 

Air/fuel mixture pressure was measured upstream of 
the burner nozzle. 

 

 

 

 

 

FIGURE 8.4 Bench test stand – reference 
grid for flame size measurement. 

Burner test stand was located in front of a 6”x6” grid 
used as a background for photos, and as a 
reference of flame, length, diameter and trajectory. 

In addition, flame size was physically measured at 
each firing rate using a tape measure. 

Flame in this photograph is approximately 5’ long 
and 5” in diameter. 
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8.1 ACL 1” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.5; 

- self-centering in the tube; 

- flame view obstructed by spinner; 

- spinner blades maybe difficult to adjust and subject to breaking, misalignment may cause flame 
instability in the tube; 

- flame nozzle with limited spin and flame anchoring; 

- small mixer with low air entrance coefficient, and low primary air capability; 

- small diameter straight barrel with stepped entry resulting in high mixture pressure drop and therefore 
limited air induction capability. 

Open Flame Tests 

- see Figure 8.6; 

- flame suspended aerodynamically stabilized, may cause higher noise, pulsation and problems with 
flame rod signal due to lack of grounding at the flame base; 

- Reddish flame coloring indicates low primary air in this rich flame and reliance on secondary airflow; 

- Small perimeter gas ports produce individual “flower” like flames with angular trajectory; 

- Long and wide flame due to low primary air indicates that the burner is too small for the tested 
capacity. 

- Tube soot deposits and hot spots due to impingement possible. 

Bench Test results 

- See figure 8.7; 

- Stoichiometric air in primary air at less than 20%, qualifies this burner as mostly raw gas burner; 

- Gas pressure at 20 PSIG not used effectively for primary air induction and fuel air mixing; 

- Burner mixture pressure high up to 4.5”W.C. mostly due to raw gas flow; 

- sound pressure level high (back measurement) between 90 and 95 dBA; 

- Large flame volume with low Q/V (BTU/volume) = 262,000 BTU/ft3 due to low primary air; 

- Low L/D (length/diameter) ratio = 4.2. 
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FIGURE 8.5 ACL – 1” burner characteristics. 
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FIGURE 8.6 ACL – 1” burner open flame tests. 
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FIGURE 8.7 ACL – 1” burner bench test performance summary. 
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8.2 A-Fire 1” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.8; 

- good quality NC machined stainless construction 

- flame nozzle with limited spin and flame anchoring; 

- small mixer with higher entrance coefficient, but low primary air capability 

- easily adjustable primary air louvers visible form the back, supplied as an option; 

- small diameter straight barrel with stepped entry resulting in high mixture pressure drop and therefore 
limited air induction capability. 

Open Flame Tests 

- see Figure 8.9; 

- flame suspended aerodynamically stabilized, may cause higher noise, pulsation and problems with 
flame rod signal due to lack of grounding at the flame base; 

- Reddish flame coloring indicates low primary air in this rich flame and reliance on secondary airflow; 

- Small perimeter gas ports produce individual “flower” like flames with angular trajectory; 

- Tube soot deposits and hot spots due to impingement possible. 

Bench Test results 

- See figure 8.10; 

- Stoichiometric air in primary air at less than 45%, qualifies this burner as low primary air burner; 

- Gas pressure at 20 PSIG not used effectively for primary air induction and fuel air mixing; 

- Burner mixture pressure – could not be measured; 

- sound pressure level high (back measurement) at 95 dBA; 

- Low flame volume with high Q/V (BTU/volume) = 1,936,000 BTU/ft3; 

- Acceptable L/D (length/diameter) ratio = 9.0. 
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FIGURE 8.8 A-Fire – 1” burner characteristics. 
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FIGURE 8.9 A-Fire – 1” burner open flame tests. 
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FIGURE 8.10 A-Fire – 1” burner bench test performance summary. 
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8.3 Bekaert 3”x12” (Config. A) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.11; 

- innovative design with good quality, NC machined stainless construction and external high 
temperature metal mesh 

- pressure drop of the nozzle and fuel/air mixture distribution to the mesh controlled by perforated 
screen on the inside; 

- nozzle was supplied together with a standard Eclipse mixer but without compound barrel of Venturi 
sleeve and with a recommendation that a straight pipe nipple be installed in between the two 
components 

- to the best of our knowledge the two components were not tested as an assembly prior to the delivery 
for evaluation 

Open Flame Tests 

- see Figure 8.12; 

- although both the “radiant” and the “blue flame” mode of operation was achieved, it was not without a 
large “lazy” external flame present at all firing rates; 

- The external flame was raising vertically up from the mesh surface in an uncontrollable fashion; 

- This burner has no forward momentum and must rely on other means of directing the flame such as a 
strong natural draft or a combustion air blower 

- Tube soot deposits and hot spots due to impingement around the burner will lead to a premature tube 
failure. 

- This flame shape is not suitable for fire tube application. 

Bench Test results 

- See figure 8.13; 

- Stoichiometric air in primary air high at over 80%; 

- Gas pressure at 20 PSIG produces good air induction in the Eclipse mixer; 

- Burner mixture pressure – could not be measured; 

- Sound pressure level low  (back measurement) at 85 to 87 dBA; 

- Large flame volume due to external flame with low Q/V (BTU/volume) = 109,000 BTU/ft3; 

- L/D (length/diameter) ratio = 0.4 - difficult to measure due to external free flowing flame 
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FIGURE 8.11 Bekaert – 3”x12” (Config. A) burner characteristics. 
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FIGURE 8.12 Bekaert – 3”x12” (Config. A) burner open flame tests. 
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FIGURE 8.13 Bekaert – 3”x12” (Config. A) burner bench test performance summary. 
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8.4 Bekaert 3”x12” (Config. B) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.14; 

- same nozzle as used in Config. A 

- pressure drop of the nozzle and fuel/air mixture distribution to the mesh controlled by perforated 
screen on the inside; 

- nozzle was tested with available on site smaller Eclipse mixer and Venturi sleeve in an attempt to 
improve performance compared to test of Config. A 

Open Flame Tests 

- see Figure 8.15; 

- flame performance was improved for both the “radiant” and the “blue flame” mode of operation, but a 
smaller “lazy” external flame was still present at most  firing rates; 

- The external flame was raising vertically up from the mesh surface in an uncontrollable fashion; 

- This burner has no forward momentum and must rely on other means of directing the flame such as a 
strong natural draft or a combustion air blower 

- Tube soot deposits and hot spots due to impingement around the burner will lead to a premature tube 
failure. 

- This flame shape is not suitable for fire tube application. 

Bench Test results 

- See figure 8.16; 

- Stoichiometric air in primary air good at over 110%; 

- Gas pressure at 20 PSIG produces good air induction in the Eclipse mixer with Venturi sleeve; 

- Burner mixture pressure 0.2” W.C.; 

- Sound pressure level (back measurement) at 90 dBA; 

- Large flame volume due to external flame with low Q/V (BTU/volume) = 100,800 BTU/ft3; 

- L/D (length/diameter) ratio = 0.4 - difficult to measure due to external free flowing flame 
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FIGURE 8.14 Bekaert – 3”x12” (Config. B) burner characteristics. 
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FIGURE 8.15 Bekaert – 3”x12” (Config. B) burner open flame tests. 
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FIGURE 8.16 Bekaert – 3”x12” (Config. B) burner bench test performance summary. 
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8.5 Bekaert 3”x12” (Config. C) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.17; 

- same nozzle as used in Config. A, and B 

- pressure drop of the nozzle and fuel/air mixture distribution to the mesh controlled by perforated 
screen on the inside; 

- nozzle was tested with available on site Eclipse compound barrel in an attempt to improve 
performance compared to test of Config. A and B 

Open Flame Tests 

- see Figure 8.18; 

- flame performance was similar to configuration “A” with “lazy” external flame present at most  firing 
rates; 

- The external flame was raising vertically up from the mesh surface in an uncontrollable fashion; 

- This burner has no forward momentum and must rely on other means of directing the flame such as a 
strong natural draft or a combustion air blower 

- Tube soot deposits and hot spots due to impingement around the burner will lead to a premature tube 
failure. 

- This flame shape is not suitable for fire tube application. 

Bench Test results 

- See figure 8.19; 

- Stoichiometric air in primary air high at approximately 90%; 

- Gas pressure at 20 PSIG produces good air induction in the Eclipse mixer with compound barrel; 

- Burner mixture pressure could not be measured; 

- Sound pressure level (back measurement) low at 87 dBA; 

- Large flame volume due to external flame with low Q/V (BTU/volume) = 144,900 BTU/ft3; 

- L/D (length/diameter) ratio = 0.5 - difficult to measure due to external free flowing flame 
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FIGURE 8.17 Bekaert – 3”x12” (Config. C) burner characteristics. 
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FIGURE 8.18 Bekaert – 3”x12” (Config. C) burner open flame tests. 
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FIGURE 8.19 Bekaert – 3”x12” (Config. C) burner bench test performance summary. 
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8.6 Bekaert 3”x18” (Config. D) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.20; 

- same diameter bur longer nozzle than used in Config. A, B, and C 

- pressure drop of the nozzle and fuel/air mixture distribution to the mesh controlled by perforated 
screen on the inside; 

- nozzle was tested with available on site Eclipse mixer and Venturi sleeve 

Open Flame Tests 

- see Figure 8.21; 

- flame performance was similar to configuration “B”, “lazy” external flames still present at higher firing 
rates, best performance out of all three configurations due to the use of a proper Venturi.; 

- The external flame was raising vertically up from the mesh surface in an uncontrollable fashion; 

- This burner has no forward momentum and must rely on other means of directing the flame such as a 
strong natural draft or a combustion air blower 

- Tube soot deposits and hot spots due to impingement around the burner will lead to a premature tube 
failure. 

- This flame shape is not suitable for fire tube application. 

Bench Test results 

- See figure 8.22; 

- Stoichiometric air in primary air high at approximately 100%; 

- Gas pressure at 20 PSIG produces good air induction in the Eclipse mixer with Venturi; 

- Burner mixture pressure could not be measured; 

- Sound pressure level (back measurement) low at 87 dBA; 

- Large flame volume due to external flame with low Q/V (BTU/volume) = 67,000 BTU/ft3; 

- L/D (length/diameter) ratio = 0.6 - difficult to measure due to external free flowing flame 
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FIGURE 8.20 Bekaert – 3”x18” (Config. D) burner characteristics. 

 

 



8. BURNER BENCH TESTS 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 8-25 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

 

FIGURE 8.21 Bekaert – 3”x18” (Config. D) burner open flame tests. 
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FIGURE 8.22 Bekaert – 3”x18” (Config. D) burner bench test performance summary. 
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8.7 Bekaert 3”x18” (Config. E) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.23; 

- same nozzle as used in Config. D 

- pressure drop of the nozzle and fuel/air mixture distribution to the mesh controlled by perforated 
screen on the inside; 

- nozzle was tested with available on site Eclipse compound barrel 

Open Flame Tests 

- see Figure 8.24; 

- flame performance was similar to configuration “C”, “lazy” external flames still present at higher firing 
rates; 

- The external flame was raising vertically up from the mesh surface in an uncontrollable fashion; 

- This burner has no forward momentum and must rely on other means of directing the flame such as a 
strong natural draft or a combustion air blower 

- Tube soot deposits and hot spots due to impingement around the burner will lead to a premature tube 
failure. 

- This flame shape is not suitable for fire tube application. 

Bench Test results 

- See figure 8.25; 

- Stoichiometric air in primary air high at approximately 100%; 

- Gas pressure at 20 PSIG produces good air induction in the Eclipse mixer with compound barrel; 

- Burner mixture pressure could not be measured; 

- Sound pressure level (back measurement) low at 85 dBA; 

- Large flame volume due to external flame with low Q/V (BTU/volume) = 72,000 BTU/ft3; 

- L/D (length/diameter) ratio = 0.6 - difficult to measure due to external free flowing flame 
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FIGURE 8.23 Bekaert – 3”x18” (Config. E) burner characteristics. 
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FIGURE 8.24 Bekaert – 3”x18” (Config. E) burner open flame tests. 
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FIGURE 8.25 Bekaert – 3”x18” (Config. E) burner bench test performance summary. 
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8.8 Bekaert 3”x18” (Config. F) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.26; 

- same nozzle as used in Config. D and E 

- pressure drop of the nozzle and fuel/air mixture distribution to the mesh controlled by perforated 
screen on the inside; 

- nozzle was tested with Eclipse mixer and pipe nipple as supplied by manufacturer 

Open Flame Tests 

- see Figure 8.27; 

- flame performance was similar to configuration “A”, “lazy” external flames present at all firing rates, 
worst performance out of D, E, F configurations; 

- The external flame was raising vertically up from the mesh surface in an uncontrollable fashion; 

- This burner has no forward momentum and must rely on other means of directing the flame such as a 
strong natural draft or a combustion air blower 

- Tube soot deposits and hot spots due to impingement around the burner will lead to a premature tube 
failure. 

- This flame shape is not suitable for fire tube application. 

Bench Test results 

- See figure 8.28; 

- Stoichiometric air in primary air high at approximately 100%; 

- Gas pressure at 20 PSIG produces good air induction in the Eclipse mixer; 

- Burner mixture pressure could not be measured; 

- Sound pressure level (back measurement) low at 83 dBA; 

- Large flame volume due to external flame with low Q/V (BTU/volume) = 97,000 BTU/ft3; 

- L/D (length/diameter) ratio = 0.7 - difficult to measure due to external free flowing flame 
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FIGURE 8.26 Bekaert – 3”x18” (Config. F) burner characteristics. 
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FIGURE 8.27 Bekaert – 3”x18” (Config. F) burner open flame tests. 
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FIGURE 8.28 Bekaert – 3”x18” (Config. F) burner bench test performance summary. 
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8.9 Bekaert 4”x24” (Config. G) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.29; 

- largest 4” nozzle submitted for evaluation 

- pressure drop of the nozzle and fuel/air mixture distribution to the mesh controlled by perforated 
screen on the inside; 

- nozzle was tested with Eclipse mixer, compound barrel, and Venturi sleeve. 

Open Flame Tests 

- see Figure 8.30; 

- flame performance was similar to smaller nozzles, “lazy” external flames present at firing rates close 
to stoichiometric, some improvement with fully open mixer and high excess air; 

- top row of photos demonstrate well burner performance with high primary air (140% stoichiometric), 
middle row burner performance close to stoichiometric (90%) and bottom row partial primary air 
(40%). 

- The external flame was raising vertically up from the mesh surface in an uncontrollable fashion; 

- This burner has no forward momentum and must rely on other means of directing the flame such as a 
strong natural draft or a combustion air blower; 

- Radiant heat from nozzle was overheating connecting nipple and Venturi sleeve (see dark 
discoloration in the photograph) 

- Tube soot deposits and hot spots due to impingement around the burner will lead to a premature tube 
failure. 

- This flame shape is not suitable for fire tube application. 

Bench Test results 

- See figure 8.31; 

- Stoichiometric air in primary air high at approximately 90% with controlled air flow, and 140% with 
fully open mixer; 

- Gas pressure at 20 PSIG produces good air induction in the Eclipse mixer with Venturi; 

- Burner mixture pressure could not be measured; 

- Sound pressure level (back measurement) low at 85 dBA; 

- Large flame volume due to external flame with low Q/V (BTU/volume) = 97,000 BTU/ft3; 

- L/D (length/diameter) ratio = 0.7 - difficult to measure due to external free flowing flame 
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FIGURE 8.29 Bekaert – 4”x24” burner characteristics. 
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FIGURE 8.30 Bekaert – 4”x24” burner open flame tests. 
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FIGURE 8.31 Bekaert – 4”x24” burner bench test performance summary. 
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8.10 Eclipse 1-1/2” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.32; 

- most common burner in fire tube heaters in Alberta 

- Ferrofix nozzle producing narrow flame more suitable for this application than a Sticktite nozzle with 
wider flame which has a tendency to produce rumble and pulsations; 

- Complete assembly consisting of air/fuel mixer, compound barrel, Venturi sleeve, and Ferrofix gas 
nozzle. 

- Somewhat difficult to reach gas orifice, which requires the removal of the mixer. 

- Primary air louver lock using electric crown nut does not provide secure locking 

Open Flame Tests 

- see Figure 8.33; three flame type are clearly visible: 

- typical high momentum/intensity premix burner. Good flame stability, although may become unstable 
at low firing rates, good match for the fire tube application. 

- top row of photographs illustrates 120% stoichiometric air/fuel ratio homogeneously premixed inside 
the mixer; resulting in a fully aerated short and straight flame; blue, purple and white in colour; ideal 
for the fire tube application; will not impinge on the tube surface and will also result in the highest 
radiative heat transfer. 

- Middle row of photographs illustrates 70% stoichiometric air/fuel ratio; resulting in an air deficient 
flame; blue and reddish in colour; bending upwards due to buoyancy, not recommended for fire tube 
application; as it will impinge on the tube surface, some soot deposit and local tube 
overheating/thermal oxidation probable. 

- Bottom row of photographs illustrates 30% stoichiometric air/fuel ratio, resulting in a mostly raw gas 
flame; blue and yellow in colour; unburned fuel searching for oxygen turns into uncontrollable yellow 
flame tips impinging on the tube surface. Not recommended to the fire tube application. Will lead to 
soot deposits, tube overheating oxidation and premature failure. 

Bench Test results 

- See figure 8.34; 

- Stoichiometric air in primary air high at approximately 120% ideal for fire tube application but it may 
create flame stability at turndown; 

- Gas pressure at 20 PSIG produces good air induction in the Eclipse mixer with compound barrel and 
Venturi; 

- Burner mixture pressure 1.8” W.C.; 

- Sound pressure level (back measurement) high at 100 dBA; 

- small flame volume with high Q/V (BTU/volume) = 5,052,000 BTU/ft3; 

- L/D (length/diameter) ratio = 8 
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FIGURE 8.32 Eclipse – 1-1/2” burner characteristics. 
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FIGURE 8.33 Eclipse – 1-1/2” burner open flame tests. 
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FIGURE 8.34 Eclipse – 1-1/2” burner bench test performance summary. 
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8.11 Hauck 2” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.35; 

- very un-common burner in Alberta 

- Excellent, heavy duty cast gas nozzle design with good flame retention capability 

- Simple assembly with integral mixer and Venturi sleeve with low air inlet coefficient. 

- Easy to reach gas orifice. 

- Secure locking mechanism of the primary air. 

Open Flame Tests 

- see Figure 8.36; 

- excellent high momentum/intensity premix burner. Good flame stability, for all firing ranges and most 
primary air settings. 

- Top three rows of photographs illustrate between 80% and 110% stoichiometric air/fuel ratio 
homogeneously premixed inside the mixer; resulting in a fully aerated short and straight flame; blue, 
purple and white in colour; ideal for the fire tube application; will not impinge on the tube surface and 
will also result in the highest radiative heat transfer. 

Bench Test results 

- See figure 8.37; 

- Stoichiometric air in primary air high at approximately 110% ideal for fire tube application; 

- Gas pressure at 20 PSIG produces good air induction in this high efficiency Venturi; 

- Burner mixture pressure measured at .1” W.C (? possibly in error); 

- Sound pressure level (back measurement) high at between 95 and 100 dBA; 

- small flame volume flame with high Q/V (BTU/volume) = 1,677,000 BTU/ft3; 

- L/D (length/diameter) ratio = 7.5 
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FIGURE 8.35 Hauck – 2” burner characteristics. 
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FIGURE 8.36 Hauck – 2” burner open flame tests. 
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FIGURE 8.37 Hauck – 2” burner bench test performance summary. 
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8.12 Kenilworth 1-1/2” (Config. 101) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.38; 

- combination of gas nozzle with secondary air spinner and external burner sleeve  

- good flame retention capability 

- large non-plugging burner orifices 

- Simplified “stepped” small diameter and lower efficiency “Venturi” 

- Modified small Eclipse mixer, with low air entrance coefficient, and difficult to reach gas orifice, but 
redrilled internally to accommodate flue gas recirculation 

- Secure locking mechanism of the primary air, plus adjusting plate drilled to ensure sufficient airflow. 

- Unique “scavenger” flue gas recirculation arrangement designed to preheat wet fuel gas using hot 
products of combustion. 

- Self-centering bracket 

Open Flame Tests 

- see Figure 8.39; 

- long but relatively straight flame shaped by the external burner sleeve. 

- Reddish flame colour indicates soot caused by insufficient primary combustion air, internal burner 
flame impingement, and/or carbon from local overheating of steel burner surfaces. High burner sleeve 
temperature indicated by red glow, and sleeve discoloration, may lead to premature oxidation of the 
sleeve. 

Bench Test results 

- See figure 8.40; 

- Stoichiometric air in primary air low at approximately 50%; 

- Gas pressure at 10 PSIG not fully utilized for primary air induction; 

- Burner mixture pressure measured at 1.4” W.C; 

- Sound pressure level (back measurement) high at between 95 dBA; 

- small flame volume with high Q/V (BTU/volume) = 1,062,000 BTU/ft3; 

- L/D (length/diameter) ratio = 8.4 
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FIGURE 8.38 Kenilworth – 1-1/2” (Config 101) burner characteristics. 
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FIGURE 8.39 Kenilworth – 1-1/2” (Config 101) burner open flame tests. 
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FIGURE 8.40 Kenilworth – 1-1/2” (Config 101) burner bench test performance summary. 
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8.13 Kenilworth 1-1/2” (Config. 102) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.41; 

- combination of gas nozzle with secondary air spinner and external burner sleeve  

- good flame retention capability 

- large non-plugging burner orifices 

- Standard small size Eclipse mixer, compound barrel and Venturi sleeve 

- Self-centering bracket 

Open Flame Tests 

- see Figure 8.42; 

- long but relatively straight flame shaped by the external burner sleeve. 

- Reddish flame colour indicates soot caused by insufficient primary combustion air, internal burner 
flame impingement, and/or carbon from local overheating of steel burner surfaces. High burner sleeve 
temperature indicated by red glow, and sleeve discoloration, may lead to premature oxidation of the 
sleeve. 

Bench Test results 

- See figure 8.43; 

- Stoichiometric air in primary air at approximately 75%; 

- Gas pressure at 10 PSIG not fully utilized for primary air induction; 

- Burner mixture pressure measured at .45” W.C; 

- Sound pressure level (back measurement) high at between 95 to 97 dBA; 

- medium flame volume with high Q/V (BTU/volume) = 726,100 BTU/ft3; 

- L/D (length/diameter) ratio = 7.0 
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FIGURE 8.41 Kenilworth – 1-1/2” (Config 102) burner characteristics. 
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FIGURE 8.42 Kenilworth – 1-1/2” (Config 102) burner open flame tests. 

 



8. BURNER BENCH TESTS 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 8-54 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

 

 

FIGURE 8.43 Kenilworth – 1-1/2” (Config 102) burner bench test performance summary. 
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8.14 Kenilworth 1-1/2” (Config. 103) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.44; 

- combination of gas nozzle with secondary air spinner and external burner sleeve  

- good flame retention capability 

- large non-plugging burner orifices 

- Standard small size Eclipse mixer 

- Simplified “stepped” small diameter and lower efficiency “Venturi” 

- Self-centering bracket 

Open Flame Tests 

- see Figure 8.45; 

- long but relatively straight flame shaped by the external burner sleeve. 

- Reddish flame colour indicates soot caused by insufficient primary combustion air, internal burner 
flame impingement, and/or carbon from local overheating of steel burner surfaces. High burner sleeve 
temperature indicated by red glow, and sleeve discoloration, may lead to premature oxidation of the 
sleeve. 

Bench Test results 

- See figure 8.46; 

- Stoichiometric air in primary air at approximately 60%; 

- Gas pressure at 10 PSIG not fully utilized for primary air induction; 

- Burner mixture pressure measured at 1.2” W.C; 

- Sound pressure level (back measurement) high at between 95 to 100 dBA; 

- low flame volume with high Q/V (BTU/volume) = 1,048,000 BTU/ft3; 

- L/D (length/diameter) ratio = 8.4 
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FIGURE 8.44 Kenilworth – 1-1/2” (Config 103) burner characteristics. 
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FIGURE 8.45 Kenilworth – 1-1/2” (Config 103) burner open flame tests. 
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FIGURE 8.46 Kenilworth – 1-1/2” (Config 103) burner bench test performance summary. 
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8.15 Kenilworth 1-1/2” (Config. 104) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.47; 

- combination of gas nozzle with secondary air spinner and external burner sleeve  

- good flame retention capability 

- large non-plugging burner orifices 

- Simplified “stepped” small diameter and lower efficiency “Venturi” 

- Modified small Eclipse mixer, with low air entrance coefficient, and difficult to reach gas orifice, but 
redrilled internally to accommodate flue gas recirculation, compound barrel 

- Secure locking mechanism of the primary air, plus adjusting plate drilled to ensure sufficient airflow. 

- Unique “scavenger” flue gas recirculation arrangement designed to preheat wet fuel gas using hot 
products of combustion. 

- Self-centering bracket 

Open Flame Tests 

- see Figure 8.48; 

- long but relatively straight flame shaped by the external burner sleeve. 

- Reddish flame colour indicates soot caused by insufficient primary combustion air, internal burner 
flame impingement, and/or carbon from local overheating of steel burner surfaces. High burner sleeve 
temperature indicated by red glow, and sleeve discoloration, may lead to premature oxidation of the 
sleeve. 

Bench Test results 

- See figure 8.49; 

- Stoichiometric air in primary air low at approximately 50%; 

- Gas pressure at 10 PSIG not fully utilized for primary air induction; 

- Burner mixture pressure measured at 1.4” W.C; 

- Sound pressure level (back measurement) high at between 95 dBA; 

- small flame volume due to external flame with high Q/V (BTU/volume) = 1,062,000 BTU/ft3; 

- L/D (length/diameter) ratio = 8.4 

- Very similar in performance to configuration 101 
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FIGURE 8.47 Kenilworth – 1-1/2” (Config 104) burner characteristics. 
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FIGURE 8.48 Kenilworth – 1-1/2” (Config 104) burner open flame tests. 
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FIGURE 8.49 Kenilworth – 1-1/2” (Config 104) burner  bench test performance summary. 
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8.16 Maxon 3” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.50; 

- un-common burner in Alberta 

- Heavy duty cast gas nozzle design with good flame retention capability 

- Simple assembly with integral mixer and Venturi sleeve with large bell, low entry loss air entrance. 

- Easy to reach gas orifice. 

- Secure locking mechanism of the primary air register. 

Open Flame Tests 

- see Figure 8.51; 

- excellent high momentum/intensity premix burner. Good flame stability, for all firing ranges and most 
primary air settings. 

- Top three rows of photographs illustrate between 80% and 130% stoichiometric air/fuel ratio 
homogeneously premixed inside the mixer; resulting in a fully aerated short and straight flame; blue, 
purple and white in colour; ideal for the fire tube application; will not impinge on the tube surface and 
will also result in the highest radiative heat transfer. 

Bench Test results 

- See figure 8.52; 

- Stoichiometric air in primary air high at approximately 110% ideal for fire tube application; 

- Gas pressure at 20 PSIG produces good air induction in this high efficiency Venturi; 

- Burner mixture pressure measured at .8” W.C (? possibly in error); 

- Sound pressure level (back measurement) high at 100 dBA; 

- small flame volume flame with high Q/V (BTU/volume) = 2,190,000 BTU/ft3; 

- L/D (length/diameter) ratio = 5.8 
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FIGURE 8.50 Maxon – 3” burner characteristics. 
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FIGURE 8.51 Maxon – 3” burner open flame tests. 

 



8. BURNER BENCH TESTS 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 8-66 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

 

 

FIGURE 8.52 Maxon – 3” burner bench test performance summary. 
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8.17 Maxon 1-1/2” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.53; 

- un-common burner in Alberta 

- Heavy duty cast gas nozzle design with good flame retention capability 

- Simple assembly with integral mixer and Venturi sleeve with large bell, low entry loss air entrance. 

- Easy to reach gas orifice. 

- Secure locking mechanism of the primary air register. 

Open Flame Tests 

- see Figure 8.54; 

- excellent high momentum/intensity premix burner. Good flame stability, for all firing ranges and most 
primary air settings. 

- photographs illustrate between 65% and 70% stoichiometric air/fuel ratio; resulting in a partially 
aerated long and straight blue flame; for this application this burner was too small and therefore 
overfired and with lower primary air 

- ideal for the fire tube application; will not impinge on the tube surface and will also result in the 
highest radiative heat transfer, if used within its lower capacity ratings. 

Bench Test results 

- See figure 8.55; 

- Stoichiometric air in primary air high at approximately 65%; 

- Gas pressure at 20 PSIG produces good air induction in this high efficiency Venturi; 

- Burner mixture pressure measured at .8” W.C (? possibly in error); 

- Sound pressure level (back measurement) high at 95 dBA; 

- small flame volume flame with high Q/V (BTU/volume) = 2,270,000 BTU/ft3; 

- L/D (length/diameter) ratio = 10.3 
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FIGURE 8.53 Maxon – 1-1/2” burner characteristics. 
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FIGURE 8.54 Maxon – 1-1/2” burner open flame tests. 
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FIGURE 8.55 Maxon – 1-1/2” burner bench test performance summary. 
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8.18 Maxon 1” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.56; 

- un-common burner in Alberta 

- Heavy duty cast gas nozzle design with good flame retention capability 

- Simple assembly with integral mixer and Venturi sleeve with large bell, low entry loss air entrance. 

- Easy to reach gas orifice. 

- Secure locking mechanism of the primary air register. 

Open Flame Tests 

- see Figure 8.57; 

- excellent high momentum/intensity premix burner. Good flame stability, for all firing ranges and most 
primary air settings. 

- photographs illustrate between 60% stoichiometric air/fuel ratio resulting in an air deficient long and 
sharp blue flame; ideal for very small fire tube applications; will not impinge on the tube surface and 
will also result in the highest radiative heat transfer. 

Bench Test results 

- See figure 8.58; 

- Stoichiometric air in primary air high at approximately 65% ideal for fire tube application; 

- Gas pressure at 20 PSIG produces good air induction in this high efficiency Venturi; 

- Burner mixture pressure measured at 1.3” W.C.; 

- Sound pressure level (back measurement) high at 90 dBA; 

- small flame volume flame with high Q/V (BTU/volume) = 2,900,000 BTU/ft3; 

- L/D (length/diameter) ratio = 11 
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FIGURE 8.56 Maxon – 1” burner characteristics. 
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FIGURE 8.57 Maxon – 1” burner open flame tests. 
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FIGURE 8.58 Maxon – 1” burner bench test performance summary. 
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8.19 North American 3” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.59; 

- un-common burner in Alberta 

- Excellent, heavy duty cast gas nozzle design with good flame retention capability 

- Simple assembly with integral mixer and Venturi sleeve with low air inlet coefficient. 

- Easy to reach gas orifice. 

Open Flame Tests 

- see Figure 8.60; 

- excellent high momentum/intensity premix burner. Good flame stability, for all firing ranges and most 
primary air settings. 

- Top row of photographs illustrate 110% stoichiometric air/fuel ratio homogeneously premixed inside 
the mixer; resulting in a fully aerated short and straight flame; blue, purple and white in colour; ideal 
for the fire tube application; will not impinge on the tube surface and will also result in the highest 
radiative heat transfer. 

Bench Test results 

- See figure 8.61; 

- Stoichiometric air in primary air high at approximately 110% ideal for fire tube application; 

- Gas pressure at 20 PSIG produces good air induction in this high efficiency Venturi; 

- Burner mixture pressure measured at 2” W.C (? possibly in error); 

- Sound pressure level (back measurement) high at between 93 dBA; 

- small flame volume flame with high Q/V (BTU/volume) = 2,216,000 BTU/ft3; 

- L/D (length/diameter) ratio = 8.4 
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FIGURE 8.59 North American – 3” burner characteristics. 
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FIGURE 8.60 North American – 3” burner open flame tests. 
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FIGURE 8.61 North American – 3” burner bench test performance summary. 
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8.20 Profire 1” (w/o Venturi) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.62; 

- lowest cost “bare bone” burner, often used on smaller installations. 

- flame nozzle with limited spin; 

- standard small Eclipse mixer 

- small diameter straight pipe nipple resulting in high mixture pressure drop and therefore limited air 
induction capability. 

Open Flame Tests 

- see Figure 8.63; 

- stable, well anchored flame 

- straight log and narrow blue flame due to low primary air, but suitable for smaller tubes 

- Small perimeter gas ports produce individual “flower” like flames with angular trajectory; 

- Tube soot deposits and hot spots due to impingement possible. 

Bench Test results 

- See figure 8.64; 

- Stoichiometric air in primary air at less than 42%, qualifies this burner as low primary air burner; 

- Gas pressure at 20 PSIG not used effectively for primary air induction and fuel air mixing due to small 
mixer and straight connecting nipple; 

- Burner mixture pressure – 2” W.C.; 

- sound pressure level high (back measurement) at 90 dBA; 

- Low flame volume with high Q/V (BTU/volume) = 3,029,000 BTU/ft3; 

- Acceptable L/D (length/diameter) ratio = 13.7. 



8. BURNER BENCH TESTS 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 8-80 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

 

FIGURE 8.62 ProFire –1” burner without Venturi characteristics. 
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FIGURE 8.63 ProFire –1” burner without Venturi open flame tests. 
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FIGURE 8.64 ProFire –1” burner without Venturi bench test performance summary. 
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8.21 Profire 1” (with Venturi) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.65; 

- low cost burner, often used on smaller installations. 

- flame nozzle with limited spin; 

- standard small Eclipse mixer and Venturi sleeve 

- small diameter components resulting in high mixture pressure drop and therefore limited air induction 
capability. 

Open Flame Tests 

- see Figure 8.66; 

- stable, well anchored flame 

- Venturi adds 10% stoichiometric air to the mixture as compared to a burner with only a pipe nipple  

- straight log and narrow blue flame due to low primary air, but suitable for smaller tubes 

- Small perimeter gas ports produce individual “flower” like flames with angular trajectory; 

- Tube soot deposits and hot spots due to impingement possible. 

Bench Test results 

- See figure 8.67; 

- Stoichiometric air in primary air at less than 55%, qualifies this burner as medium primary air burner; 

- Gas pressure at 20 PSIG not used effectively for primary air induction and fuel air mixing due to small 
mixer and Venturi, although mixture pressure higher than without Venturi; 

- Burner mixture pressure – 3” W.C.; 

- sound pressure level high (back measurement) at 95 dBA; 

- Low flame volume with high Q/V (BTU/volume) = 3,370,000 BTU/ft3; 

- Acceptable L/D (length/diameter) ratio = 12.3. 
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FIGURE 8.65 ProFire –1” burner with Venturi characteristics. 
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FIGURE 8.66 ProFire –1” burner with Venturi open flame tests. 
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FIGURE 8.67 ProFire –1” burner with Venturi bench test performance summary. 
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8.22 Pyronics 2-1/2” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.68; 

- uncommon burner in Alberta 

- Heavy duty cast gas nozzle design with good flame retention capability 

- Simple assembly with integral mixer and Venturi sleeve. 

Open Flame Tests 

- see Figure 8.69; 

- excellent high momentum/intensity premix burner. Good flame stability, for all firing ranges and most 
primary air settings. 

- photographs illustrate between 75% and 105% stoichiometric air/fuel ratio homogeneously premixed 
inside the mixer; resulting in a fully aerated short and straight flame; blue and white in colour; ideal for 
the fire tube application; will not impinge on the tube surface and will also result in the highest 
radiative heat transfer. 

Bench Test results 

- See figure 8.70; 

- Stoichiometric air in primary air high at approximately 105%; 

- Gas pressure at 20 PSIG produces good air induction in this high efficiency Venturi; 

- Burner mixture pressure measured at 1.4” W.C (? possibly in error); 

- Sound pressure level (back measurement) high at 93 dBA; 

- small flame volume with high Q/V (BTU/volume) = 4,501,000 BTU/ft3; 

- L/D (length/diameter) ratio = 9.7 
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FIGURE 8.68 Pyronics –2-1/2” burner characteristics. 
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FIGURE 8.69 Pyronics –2-1/2” burner open flame tests. 
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FIGURE 8.70 Pyronics –2-1/2” burner bench test performance summary. 
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8.23 Pyronics 1-1/2” Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.71; 

- uncommon burner in Alberta 

- Heavy duty cast gas nozzle design with good flame retention capability 

- Simple assembly with integral mixer and Venturi sleeve. 

Open Flame Tests 

- see Figure 8.72; 

- excellent high momentum/intensity premix burner. Good flame stability, for all firing ranges and most 
primary air settings. Too small for this application 

- photographs illustrate 75% stoichiometric air/fuel ratio resulting in an air deficient long, narrow and 
straight flame; blue in colour; ideal for small fire tube application; will not impinge on the tube surface. 

Bench Test results 

- See figure 8.73; 

- Stoichiometric air in primary air high at approximately 75%; Burner overfired. 

- Gas pressure at 20 PSIG produces good air induction in this high efficiency Venturi; 

- Burner mixture pressure measured at 1.6” W.C; 

- Sound pressure level (back measurement) high at 90 dBA; 

- small flame volume with high Q/V (BTU/volume) = 3,661,000 BTU/ft3; 

- L/D (length/diameter) ratio = 12. 
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FIGURE 8.71 Pyronics –1-1/2” burner characteristics. 
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FIGURE 8.72 Pyronics –1-1/2” burner open flame tests. 
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FIGURE 8.73 Pyronics –1-1/2” burner bench test performance summary. 
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8.24 Pyronics 2” (Self-Adjusting) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.74; 

- uncommon burner in Alberta 

- Heavy duty cast gas nozzle design with good flame retention capability 

- Pneumatically self-adjusting orifice plate inside the burner nozzle 

- Simple assembly with integral mixer and Venturi sleeve. 

Open Flame Tests 

- see Figure 8.75; 

- medium intensity burner; too much radial momentum in gas causing too wide flame which combined 
with buoyancy may cause flame impingement and high CO. 

- photographs illustrate very wide and buoyant flames not suitable for fire tube application.. 

Bench Test results 

- See figure 8.76; 

- Stoichiometric air in primary air low at approximately 35%; 

- Gas pressure at 10 PSIG does not produce good aeration; 

- Burner mixture pressure measured at .1” W.C; 

- Sound pressure level (back measurement) high at 85 dBA; 

- large flame volume with low Q/V (BTU/volume) = 692,700 BTU/ft3; 

- L/D (length/diameter) ratio = 2.5 
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FIGURE 8.74 Pyronics –2” self-adjusting burner characteristics. 
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FIGURE 8.75 Pyronics –2” self-adjusting burner open flame tests. 
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FIGURE 8.76 Pyronics –2” self-adjusting burner bench test performance summary. 
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8.25 Pyronics 1-1/2” (Self-Adjusting) Burner Bench Tests 

Following is the summary of the bench testing performed on this burner: 

Review of Mechanical Design: 

- see Figure 8.77; 

- uncommon burner in Alberta 

- Heavy duty cast gas nozzle design with good flame retention capability 

- Pneumatically self-adjusting orifice plate inside the burner nozzle 

- Simple assembly with integral mixer and Venturi sleeve. 

Open Flame Tests 

- see Figure 8.78; 

- medium intensity burner; too much radial momentum in gas causing too wide flame which combined 
with buoyancy may cause flame impingement and high CO. 

- photographs illustrate very wide and buoyant flames not suitable for fire tube application.. 

Bench Test results 

- See figure 8.79; 

- Stoichiometric air in primary air low at approximately 100%; 

- Gas pressure at 10 PSIG does produce good aeration; 

- Burner mixture pressure measured at .45” W.C; 

- Sound pressure level (back measurement) high at 93 dBA; 

- small flame volume with high Q/V (BTU/volume) = 2,035,900 BTU/ft3; 

- L/D (length/diameter) ratio = 3 
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FIGURE 8.77 Pyronics – 1-1/2” self-adjusting burner characteristics. 
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FIGURE 8.78 Pyronics – 1-1/2” self-adjusting burner open flame tests. 
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FIGURE 8.79 Pyronics – 1-1/2” self-adjusting burner bench test performance summary. 
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8.26 Comparison of All Burners – Bench Tests 

The results of bench testing presented in this report, represent only a selected group of burners and their 
sizes, as supplied by their respective manufacturers for evaluation in a specific configuration of our test 
unit. As we previously demonstrated in our test report, various sizes of the same burner make and model 
may produce different results. Consequently, it is the match between the burner selection and the fire 
tube configuration, which is of greater importance to the heater efficiency than any specific burner make 
or model. In other words, even the seemingly “best” burner can be misapplied to a specific fire-tube 
application, thus creating both poor efficiency and reliability problems. 

Figure 8.80 illustrates the comparison of the following flame parameters for all bench tested burners: fuel 
Input Q in BTU/hr HHV; flame length L in inches; flame diameter D in inches; flame volume in ft3, flame 
intensity Q/V in BTU/hr/ft3; and flame momentum L/D [dimensionless]. 

 

FLAME PARAMETERS Q L D V Q/V L/D 

CALCULATION BTU/hr in in ft3 BTU/hr/ft3 - 

ACL 1" 501,000 42 10 1.909 262,447 4.2 

A-Fire 1" 507,000 36 4 0.262 1,936,597 9.0 

Bekaert 3"x12" (A) 500,000 12 29 4.587 109,005 0.4 

Bekaert 3"x12" (B) 495,000 12 30 4.909 100,841 0.4 

Bekaert 3"x12" (C) 494,000 12 25 3.409 144,917 0.5 

Bekaert 3"x18" (D) 500,000 18 30 7.363 67,906 0.6 

Bekaert 3"x18" (E) 496,000 18 29 6.880 72,089 0.6 

Bekaert 3"x18" (F) 497,000 18 25 5.113 97,198 0.7 

Bekaert 4"x24" (G) 477,000 24 24 6.283 75,917 1.0 

Eclipse 1-1/2" 496,000 24 3 0.098 5,052,215 8.0 

Hauck 2" 366,000 30 4 0.218 1,677,620 7.5 

Kenilworth 1-1/2" (101) 507,000 42 5 0.477 1,062,362 8.4 

Kenilworth 1-1/2" (102) 499,000 42 6 0.687 726,110 7.0 

Kenilworth 1-1/2" (103) 500,000 42 5 0.477 1,047,694 8.4 

Kenilworth 1-1/2" (104) 507,000 42.0 5.0 0.477 1,062,362 8.4 

Maxon 1" 116,000 22.0 2.0 0.040 2,900,208 11.0 

Maxon 1-1/2" 455,000 36.0 3.5 0.200 2,270,004 10.3 

Maxon 3" 524,000 26.0 4.5 0.239 2,189,711 5.8 

North American 3" 540,000 33.5 4.0 0.244 2,216,577 8.4 

Profire (w/o Venturi) 1" 508,000 41.0 3.0 0.168 3,028,944 13.7 

Profire (with Venturi) 1" 510,000 37.0 3.0 0.151 3,369,611 12.3 

Pyronics 1-1/2" 312,000 30.0 2.5 0.085 3,661,063 12.0 

Pyronics 2-1/2" 534,000 29.0 3.0 0.119 4,501,473 9.7 

Pyronics 1-1/2" Auto 347,000 15.0 5.0 0.170 2,035,879 3.0 

Pyronics 2" Auto 403,000 20.0 8.0 0.582 692,706 2.5 

FIGURE 8.80 Burner Flame Parameters Comparison 
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In order to better illustrate methods of evaluating burner performance, a number o comparison charts also 
were prepared. These charts are presented below. 

Figures 8.81, 8.82, and 8.83 provide side-by-side comparison of photographs of flames from all burners 
at maximum fire. Burners with short, intense flames with full aeration can be easily identified by their white 
and blue color and short and sharp shape. Similarly flames lacking air can be identified though their long 
blue flames sometimes turning reddish or orange. Also flames, which are not suitable for fire tube 
application can be identified through their amorphous, uncontrollable and buoyant shape. 

Figure 8.84 illustrates side-by-side comparison of the % stoichiometric air in the primary air for tested 
burners. Burners with minimum 100% stoichiometric air at maximum fire are recommended. In addition, 
the curve should be as flat as possible for lower firing rates. 

Figure 8.85 illustrates the burner pressure. Burners with fuel pressure of 20 psig (approx. 140 kPaG) offer 
the best performance due to maximized primary air induction and the highest turndown. Burner pressures 
above 25 psig should be avoided due to burner noise problems. Burner pressure lower than 20 psig, 
results in the reduced air induction, and limited turndown. 

Figure 8.86 illustrates the burner mixture pressure. Although an exact correlation is difficult to establish, 
generally larger diameter burners, with higher air induction, had lower mixture pressures upstream of the 
gas nozzle than the small diameter, mostly raw gas burners. The larger burners also had proportionally 
larger openings in the gas nozzle than the smaller burners. There were a number of large burners, which 
did not show any reliable and steady air/fuel mixture pressure readings. 

Figure 8.87 illustrates the flame lengths of all burners at various firing rates. At the maximum firing rate of 
500,000 BTU/hr, burners with high aeration had shorter flames between 25” and 33”. Burners with lower 
aeration had on average 36% longer flames at 36” to 43”. 

Figure 8.88 illustrates the flame diameters of all burners at various firing rates. To match the 8” fire tube 
diameter of the test unit, acceptable flame diameters were between 2” to 6”, with an average 4” diameter 
providing the best compromise between the maximum radiant heat absorption and the lowest probability 
of flame impingement on the tube surface. Long and large diameter flames are the most likely to impinge 
on the tube due to flame buoyancy. 

Figures 8.89, 8.90 illustrate the sound pressure measurements recorded during the open air firing at a 
one-meter horizontal distance on the side and in the back of the burner. The radiant metal mesh burners 
emitted the lowest sound pressure levels between 83 and 88 dBA. The large burners with high primary air 
induction emitted the highest sound pressure levels at between 94 and 99 dBA. Side measurements were 
higher than the back measurements. 

The key to matching burner performance with tube performance is in its flame characteristics, some of 
which were previously discussed in this report. 

In general, following are the guidelines related to flames for fire tube applications: 

a) Flame “envelope” should match the tube diameter so that it is neither too large, nor too small. Flame, 
which is too large causes flame impingement, tube wall oxidation and high CO. Flame, which is too 
small is ineffective in radiant heat transfer. 

b) Short flames are preferred over longer flames. Long flames are a symptom of air deficiency in the 
fuel/air mixture and are subject to buoyancy and impingement on the tube wall also leading to tube 
oxidation and high CO. Despite popular belief, long, orange flames do not increase the radiant heat 
transfer, 

c) High aeration flames recommended, preferably 110% stoichiometric at maximum fire with flat 
aeration curve at turndown 

d) Short, narrow, straight, high intensity flames recommended as opposed to long, wide, buoyant and 
“lazy” flames. 

e) White/clear to blue flames recommended as opposed to reddish or orange flames 

f) Flame momentum L/D between 5 and 10 recommended 

g) Flame intensity Q/V from 600,000 BTU/hr/ft3 and up recommended 
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Based on the above guidelines, the burners which are not recommended for the fire tube application due 
to their flame characteristics are: Bekaert metal mesh burners, and Pyronics self-adjusting burners. 

All of the remaining burners submitted for our evaluation provided acceptable performance and could be 
used for fire tube application providing they are sized properly to provide acceptable fuel/air mixture 
aeration, flame shape, and the turndown. 

To address this requirement we created the following list of nominal burner sizes (including matching 
mixers and Venturi sleeves) and their recommended maximum fuel input capacities (expressed in BTU/hr 
HHV), which will provide desired burner performance, all in accordance to the above listed 
recommendations: ½” – 24,000; ¾” - 52,000; 1” – 96,000; 1-¼” – 148,000; 1-½ - 212,000; 2” – 380,000; 
3” – 848,000; 4” – 1,500,000; 5” – 2,400,000; 6” – 3,400,000; 8” – 6,000,000. 

A detailed list showing maximum and minimum firing rates, as well as, gas orifice sizes is included in the 
final recommendations of this study in the Figure 15.2. 
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8.26.1 Comparison of All Burners - Flame Tests 

 

FIGURE 8.81 Burner Bench Test Performance Comparison – Burner Flames A 
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FIGURE 8.82 Burner Bench Test Performance Comparison – Burner Flames B 
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FIGURE 8.83 Burner Bench Test Performance Comparison – Bekaert Radiant Burners Flames 
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8.26.2 Comparison of All Burners - % Stoichiometric Air in Primary Air Tests 

 

FIGURE 8.84 Burner Bench Test Performance Comparison – % Stoichiometric Air in Primary Air 
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8.26.3 Comparison of All Burners - Burner Gas Pressure 

 

FIGURE 8.85 Burner Bench Test Performance Comparison – Burner Gas Pressure 



8. BURNER BENCH TESTS 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 8-111 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

8.26.4 Comparison of All Burners - Burner Mixture Pressure 

 

FIGURE 8.86 Burner Bench Test Performance Comparison – Burner Mixture Pressure 
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8.26.5 Comparison of All Burners – Flame Length 

 

FIGURE 8.87 Burner Bench Test Performance Comparison – Flame Length 
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8.26.6 Comparison of All Burners – Flame Diameter 

 

FIGURE 8.88 Burner Bench Test Performance Comparison – Flame Diameter 
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8.26.7 Comparison of All Burners – Sound Pressure Level (1m to side) 

 

FIGURE 8.89 Burner Bench Test Performance Comparison – Burner Sound Pressure Levels (1m 
to side) 
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8.26.8 Comparison of All Burners – Sound Pressure Level (1m back) 

 

FIGURE 8.90 Burner Bench Test Performance Comparison – Burner Sound Pressure Levels (1m 
behind) 
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9 BURNER HEATER TESTS 
This chapter contains performance data from burner firing tests in the test unit, configured to a 2-pass 
operation with water bath. This configuration was chosen to provide closest resemblance to actual field 
installations common in the industry. 

Not all burner configurations presented in the previous chapter were tested. Nineteen (19) out of twenty 
five (25) configurations were chosen as representative. Each one of these 19 burner configurations was 
mounted on the universal mounting bracket, and positioned, at the centre of the fire tube entrance so that 
the burner flame would not affect the fire-tube portion external to the heater, and therefore, not cooled by 
the bath liquid (Figure 9.1). 

 

FIGURE 9.1 Burner Mounted for Testing in the Test Unit 

Each burner was started, and the firing rate was increased to the nominal fuel flow of 500 CFH, 
corresponding to 500,000 BTU/hr HHV fuel input. Then the primary combustion air was set to provide the 
maximum possible flame aeration without loosing the burner stability. And finally, the secondary airflow 
was adjusted by partially blocking the fire-tube entrance area around the burner (Figure 9.2), until the 
stack oxygen reading of approximately 2.5% was measured. 

 

FIGURE 9.2 Secondary Air Partially Blocked and the Fire Tube Entrance 
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A Similar combustion setup, optimized at the maximum firing rate, was the starting point for each of the 
burner tests. Almost all of the 19 burners tested, offered an acceptable performance at this setting with 
the exception of the radiant metal fibre burners and the self-adjusting burners. 

The radiant metal fibre burners did not provide sufficient forward flame velocity to induce the secondary 
airflow. This was especially evident during the burner startup with very limited natural draft, and, with the 
substantial flame external to the burner mesh. This external flame traveled both in the forward direction 
into the tube but also backwards towards the fire-tube inlet where normally a flame arrester would be 
located. Even after the stack draft was fully developed, the firing rate of the radiant burners had to be 
limited to about 50% in order to stop the flame travel in the backwards direction. Consequently, due to the 
flame shape characteristics and the lack of the flame forward momentum the radiant burners as supplied 
for this test had to be considered unsuitable. 

We also experienced some flame stability problems with the self-adjusting burners, which we attributed to 
their wide flame pattern. Consequently, although these burners are designed to provide a wide turndown 
range, in a fire-tube application such turndown could not be achieved. 

To better illustrate the flame behavior inside a fire tube, we have taken the photographs of the 
comparable maximum flame sizes from bench testing, and cropped them to an approximate dimension of 
an 8” fire tube, “as if” the flame was photographed through a fire-tube made of glass. Although the 
secondary airflow induced by the natural draft, as well as, by the “air pump” effect of the burner itself, may 
in part alter these flame shapes, it is our observation, that flame shape inside and outside of the fire-tube 
is similar. Figure 9.3 illustrates the comparison between “sharp and dynamic” flame shapes, where Figure 
9.4 illustrates “wide and static” flame shapes. 

 

FIGURE 9.3 “Sharp and Dynamic” Flame Shapes inside a Fire Tube 
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FIGURE 9.4 “Wide and Static ” Flame Shapes inside a Fire Tube 

It is worth noting that none of the above photographs shows a long, lazy and “smoking” flame, which can 
be found from time to time in the field installations, and which should be altogether avoided. 

Looking at the above photographs, we can visualize how “sharp and dynamic” flames better promote 
flame and products of combustion flow through the fire tube, than the “wide and static” flames. This is 
especially important in fire-tube applications with frequent ON/OFF cycling, where the natural draft has to 
be re-established every time the burner is fired, since it naturally diminishes during the burner OFF 
period. 

The photographs also demonstrate potential tube impingement and overheating problems due to flame 
buoyancy. Mounting burner slightly below tube centerline, and inclining it downwards can help to 
minimize the tube impingement, as long as the flame remains “sharp and dynamic” throughout its 
turndown range. It is not uncommon that at high turndown even sharp flames loose their shape and 
become “lazy and static”, consequently impinging on the fire-tube surface immediately above the burner 
nozzle. This common characteristic of natural draft Venturi style burners puts a practical limit on the ability 
to modulate their fuel input, which must be carefully assessed during heater and controls design, as well 
as, during burner setup up. Figure 9.5 illustrates a sharp, high intensity flame, which does not impinge on 
the fire-tube. A row of glowing points along the tube bottom represents the tube temperature 
thermocouples installed on a 12” spacing in the test unit. 

 

FIGURE 9.5 “Sharp and Dynamic” Non-Impinging Flame inside the Test Unit’s Fire-Tube 

In addition to the burner flame shaping capability at various fuel inputs, fire-tube performance also is 
influenced by the secondary airflow. As discussed previously, burners, which have higher percentage of 
stoichiometric air induced through the primary air inlet, require less secondary air. Ideally, their fuel/air 
mixture delivered from the mixer to the burner nozzle should be homogeneous, and should have enough 
oxygen (including 10% excess), to provide complete combustion regardless of the natural draft condition.  

Conversely, burners, which do not induce high percentage of stoichiometric air through the mixer (raw 
gas burners), rely heavily on the natural draft providing air necessary for combustion, and on some 
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means of mixing this air with the fuel inside the fire-tube. Modulation of fuel input to such burners is 
problematic, since only the fuel flow changes, while the secondary airflow is maintained due to a 
presence of the relatively constant natural draft. This results in high excess air combustion and low heater 
efficiency. 

The objective of an energy efficient heater design is therefore, to provide a combustion and controls 
solution, which allows the burner to modulate while maintaining a constant low air/fuel ratio with 10% 
excess air. 

The currently used heater designs including burners, fire-tubes and controls do not address the above 
objective. Although most of the burners can be set, as proven in this study, to provide a relatively efficient 
combustion at one specific firing rate, finding such rate in a field application is practically impossible due 
to changing process demand or ambient conditions. Consequently, the firing rate has to be set higher 
than the highest possible energy demand, thus causing heater to cycle ON/OFF. Not only is this 
inefficient due to the heater overfiring during most of the ON times, but also inefficient due to heater 
loosing energy to natural draft during the OFF times. 

At the same time, a conventional method of fuel modulation using a fuel control valve, is a step in the 
wrong direction, since the perceived efficiency gain due to modulation is counteracted by the efficiency 
loss due to high excess air. 

Individual burner testing in a 2-pass configuration of the test unit was aimed at researching this efficiency 
dilemma. To achieve this goal, burner performance was optimized at the maximum firing of 500,000 
BTU/hr and then the firing rate was gradually reduced to 100,000 BTU/hr (without readjusting the burner). 
These tests simulated a conventional modulating control valve application. 

The following heater performance parameters were recorded: 

a) Gross thermal efficiency; 

b) Stack oxygen; 

c) Stack temperature; 

d) Stack CO 

e) Stack NOx; 

f) Burner Sound pressure level; 

g) Fire-tube and stack temperature profiles 

The following pages contain graphs illustrating these parameters for each tested burner, and are followed 
by comparison graphs of all burners. 

As explained previously, the generalization of this data should be done with caution, as the performance 
of each burner is dictated by its “match” to a specific fire-tube configuration. For different tube sizes, each 
burner may perform better or worse. Also, any burner from any manufacturer may be misapplied and 
create flame instability, impingement problems, or low efficiency. 
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9.1 ACL 1” Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.6; 

- colder fire-tube “entry zone”: first 3 to 4 feet of the fire-tube 

- temperature peak: 1730 deg F at 5.5 feet 

- partial tube flow: at less than 150,000 BTU/hr; approx above 3:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.7; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 72% HHV at maximum fire, 58% HHV at minimum fire 

- stack oxygen: 2.5% at maximum fire; 16.8% at minimum fire – show high reliance on secondary air 
flow 

- stack temperature: 500 deg C at maximum fire; 260 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 102 dBA at maximum fire; 61 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 10 and 45 ppm 

- stack CO: between 50 ppm and 87 ppm 

 

FIGURE 9.6 Tube Temperature Profiles with 1” ACL Burner 
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FIGURE 9.7 1” ACL Burner Performance in the Fire Tube 
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9.2 A-Fire 1” Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.8; 

- colder fire-tube “entry zone”: first 3 to 4 feet of the fire-tube 

- temperature peak: 1930 deg F at 5. feet 

- partial tube flow: at less than 120,000 BTU/hr; approx above 4:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.9; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 72% HHV at maximum fire, 55% HHV at minimum fire 

- stack oxygen: 2.6% at maximum fire; 16.5% at minimum fire – show high reliance on secondary air 
flow 

- stack temperature: 520 deg C at maximum fire; 280 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 95 dBA at maximum fire; 67 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 10 and 80 ppm 

- stack CO: between 0 ppm and 165 ppm 

 

FIGURE 9.8 Tube Temperature Profiles with 1” A-Fire Burner 
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FIGURE 9.9 1” A-Fire Burner Performance in the Fire Tube 
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9.3 Bekaert 3”x12” (Config. A) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.10; 

- direct flame impingement and overheating around the burner nozzle 

- temperature peak: 3000 deg F at 1 foot 

- limited temperature gain above 300,000 BTU/hr, due to flame flowing backwards. 

Burner Performance Graphs: 

- see Figure 9.11; 

- maximum fire: 300,000 BTU/hr; minimum fire: 100,000 BTU/hr; 3:1 turndown – flame flowing 
backwards (into flame arrester) when firing rate in excess of 250,000 BTU/hr 

- gross thermal efficiency: 65% HHV at maximum fire, 52% HHV at minimum fire (low due to high 
excess air) 

- stack oxygen: 10% at maximum fire; 17% at minimum fire – needs high excess air to operate 

- stack temperature: 400 deg C at maximum fire; 220 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 81 dBA at maximum fire; 61 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 12 and 65 ppm 

- stack CO: between 5 ppm and 58 ppm 

 

FIGURE 9.10 Tube Temperature Profiles with 3”x12” Bekaert Burner (Config. A) 
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FIGURE 9.11 3”x12” Bekaert Burner (Config. A) Performance in the Fire Tube 
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9.4 Bekaert 3”x18” (Config. F) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.12; 

- direct flame impingement and overheating around the burner nozzle 

- temperature peak: 2000 deg F at 1 feet 

- limited temperature gain above 300,000 BTU/hr, due to flame flowing backwards. 

Burner Performance Graphs: 

- see Figure 9.13; 

- maximum fire: 300,000 BTU/hr; minimum fire: 100,000 BTU/hr; 3:1 turndown – flame flowing 
backwards (into flame arrester) when firing rate in excess of 250,000 BTU/hr 

- gross thermal efficiency: 67% HHV at maximum fire, 55% HHV at minimum fire 

- stack oxygen: 11% at maximum fire; 18% at minimum fire – shows high reliance on secondary air 
flow 

- stack temperature: 370 deg C at maximum fire; 180 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 80 dBA at maximum fire; 67 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 10 and 55 ppm 

- stack CO: between 5 ppm and 70 ppm 

 

FIGURE 9.12 Tube Temperature Profiles with 3”x18” Bekaert Burner (Config. F) 
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FIGURE 9.13 3”x18” Bekaert Burner (Config. F) Performance in the Fire Tube 
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9.5 Bekaert 4”x24” (Config. G) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.14; 

- direct flame impingement and overheating around the burner nozzle 

- temperature peak: 2100 deg F at 2 feet 

- limited temperature gain above 300,000 BTU/hr, due to flame flowing backwards. 

Burner Performance Graphs: 

- see Figure 9.15; 

- maximum fire: 300,000 BTU/hr; minimum fire: 100,000 BTU/hr; 3:1 turndown – flame flowing 
backwards (into flame arrester) when firing rate in excess of 250,000 BTU/hr 

- gross thermal efficiency: 73% HHV at maximum fire, 63% HHV at minimum fire 

- stack oxygen: 9.5% at maximum fire; 17.2% at minimum fire – show high reliance on secondary air 
flow 

- stack temperature: 300 deg C at maximum fire; 170 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 82 dBA at maximum fire; 67 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 10 and 35 ppm 

- stack CO: between 10 ppm and 50 ppm 

 

FIGURE 9.14 Tube Temperature Profiles with 4”x24” Bekaert Burner 
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FIGURE 9.15 4”x24” Bekaert Burner (Config. G) Performance in the Fire Tube 
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9.6 Eclipse 1-1/2” Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.16; 

- colder fire-tube “entry zone”: first 3 to 4 feet of the fire-tube 

- temperature peak: 160 deg F at 5 feet 

- partial tube flow: at less than 220,000 BTU/hr; approx above 2.5:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.17; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 72% HHV at maximum fire, 60% HHV at minimum fire 

- stack oxygen: 4% at maximum fire; 16% at minimum fire 

- stack temperature: 520 deg C at maximum fire; 220 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 96 dBA at maximum fire; 67 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 60 and 75 ppm 

- stack CO: between 5 ppm and 10 ppm 

 

FIGURE 9.16 Tube Temperature Profiles with 1-1/2” Eclipse Burner 
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FIGURE 9.17 1-1/2” Eclipse Burner Performance in the Fire Tube 
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9.7 Hauck 2” Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.18; 

- colder fire-tube “entry zone”: first 2 feet of the fire-tube (good entry performance) 

- temperature peak: 1680 deg F at 5 feet 

- partial tube flow: at less than 200,000 BTU/hr; approx above 2.5:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.19; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 74-76% HHV at maximum fire, 66% HHV at minimum fire 

- stack oxygen: 3% at maximum fire; 14% at minimum fire 

- stack temperature: 500 deg C at maximum fire; 270 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 93 dBA at maximum fire; 74 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 75 and 88 ppm 

- stack CO: between 0 ppm and 5 ppm 

 

FIGURE 9.18 Tube Temperature Profiles with 2” Hauck Burner 
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FIGURE 9.19 2” Hauck Burner Performance in the Fire Tube 
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9.8 Kenilworth 1-1/2” (Config. 101) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.20; 

- colder fire-tube “entry zone”: none – good entry performance 

- temperature peak: 1950 deg F at 2 and 5 feet 

- partial tube flow: at less than 200,000 BTU/hr; approx above 2.5:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.21; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 73% HHV at maximum fire, 55% HHV at minimum fire 

- stack oxygen: 3.5% at maximum fire; 17% at minimum fire 

- stack temperature: 500 deg C at maximum fire; 220 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 96 dBA at maximum fire; 75 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 48 and 68 ppm 

- stack CO: between 0 ppm and 23 ppm 

 

FIGURE 9.20 Tube Temperature Profiles with 1-1/2” Kenilworth Burner (Config. 101) 
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FIGURE 9.21 1-1/2” Kenilworth Burner (Config.101) Performance in the Fire Tube 

 



9. BURNER HEATER TESTS 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 9-21 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

9.9 Kenilworth 1-1/2” (Config. 102) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.22; 

- colder fire-tube “entry zone”: none – good entry performance 

- temperature peak: 1800 deg F at 5 feet 

- partial tube flow: at less than 180,000 BTU/hr; approx above 2.7:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.23; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 74% HHV at maximum fire, 56% HHV at minimum fire 

- stack oxygen: 2.5% at maximum fire; 17.2% at minimum fire 

- stack temperature: 505 deg C at maximum fire; 220 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 98 dBA at maximum fire; 72 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 48 and 72 ppm 

- stack CO: between 0 ppm and 20 ppm 

 

FIGURE 9.22 Tube Temperature Profiles with 1-1/2” Kenilworth Burner (Config. 102) 



9. BURNER HEATER TESTS 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 9-22 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

 

FIGURE 9.23 1-1/2” Kenilworth Burner (Config.102) Performance in the Fire Tube 
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9.10 Kenilworth 1-1/2” (Config. 103) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.24; 

- colder fire-tube “entry zone”: none – 3 to 4 feet 

- temperature peak: 1780 deg F at 5 feet 

- partial tube flow: at less than 190,000 BTU/hr; approx above 2.6:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.25; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 75% HHV at maximum fire, 57% HHV at minimum fire 

- stack oxygen: 2% at maximum fire; 16.8% at minimum fire 

- stack temperature: 500 deg C at maximum fire; 220 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 97 dBA at maximum fire; 76 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 32 and 80 ppm 

- stack CO: between 0 ppm and 45 ppm 

 

FIGURE 9.24 Tube Temperature Profiles with 1-1/2” Kenilworth Burner (Config. 103) 
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FIGURE 9.25 1-1/2” Kenilworth Burner (Config.103) Performance in the Fire Tube 
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9.11 Kenilworth 1-1/2” (Config. 104) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.26; 

- colder fire-tube “entry zone”: none – good entry performance 

- temperature peak: 2000 deg F at 1-5 feet 

- partial tube flow: at less than 250,000 BTU/hr; approx above 2:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.27; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 73% HHV at maximum fire, 55% HHV at minimum fire 

- stack oxygen: 3.5% at maximum fire; 17% at minimum fire 

- stack temperature: 500 deg C at maximum fire; 220 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 97 dBA at maximum fire; 77 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 48 and 72 ppm 

- stack CO: between 0 ppm and 16 ppm 

 

FIGURE 9.26 Tube Temperature Profiles with 1-1/2” Kenilworth Burner (Config. 104) 
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FIGURE 9.27 1-1/2” Kenilworth Burner (Config.104) Performance in the Fire Tube 
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9.12 Maxon 1-1/2” Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.28; 

- colder fire-tube “entry zone”: first 2 feet of the fire-tube 

- temperature peak: 1900 deg F at 2 feet 

- partial tube flow: at less than 150,000 BTU/hr; approx above 3:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.29; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 73.5% HHV at maximum fire, 63% HHV at minimum fire 

- stack oxygen: 3.2% at maximum fire; 15% at minimum fire 

- stack temperature: 500 deg C at maximum fire; 250 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 92 dBA at maximum fire; 65 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 70 and 90 ppm 

- stack CO: between 0 ppm and 5 ppm 

 

FIGURE 9.28 Tube Temperature Profiles with 1-1/2” Maxon Burner 
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FIGURE 9.29 1-1/2” Maxon Burner Performance in the Fire Tube 
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9.13 Maxon 3” Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.30; 

- colder fire-tube “entry zone”: none – good entry performance 

- temperature peak: 2000 deg F at 1 foot 

- partial tube flow: at less than 150,000 BTU/hr; approx above 3:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.31; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 76% HHV at maximum fire, 62% HHV at minimum fire 

- stack oxygen: 2.8% at maximum fire; 18% at minimum fire 

- stack temperature: 470 deg C at maximum fire; 175 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 88 dBA at maximum fire; 60 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 50 and 95 ppm 

- stack CO: between 0 ppm and 10 ppm 

 

FIGURE 9.30 Tube Temperature Profiles with 3” Maxon Burner 
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FIGURE 9.31 3” Maxon Burner Performance in the Fire Tube 
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9.14 North American 3” Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.32; 

- colder fire-tube “entry zone”: first 2 feet of the fire-tube 

- temperature peak: 1600 deg F at 2 feet 

- partial tube flow: at less than 210,000 BTU/hr; approx above 2.5:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.33; 

- maximum fire: 500,000 BTU/hr; minimum fire: 150,000 BTU/hr; 3.5:1 turndown 

- gross thermal efficiency: 74.5% HHV at maximum fire, 71.5% HHV at minimum fire 

- stack oxygen: 3.2% at maximum fire; 11.8% at minimum fire 

- stack temperature: 475 deg C at maximum fire; 290 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 90 dBA at maximum fire; 68 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 50 and 92 ppm 

- stack CO: between 0 ppm and 3 ppm 

 

FIGURE 9.32 Tube Temperature Profiles with 3” North American Burner 
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FIGURE 9.33 3” North American Burner Performance in the Fire Tube 
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9.15 Profire 1” (with Venturi) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.34; 

- colder fire-tube “entry zone”: first 4 feet of the fire-tube 

- temperature peak: 1730 deg F at 5 feet 

- partial tube flow: at less than 210,000 BTU/hr; approx above 2.5:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.35; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 74% HHV at maximum fire, 61% HHV at minimum fire 

- stack oxygen: 3.2% at maximum fire; 16.5% at minimum fire 

- stack temperature: 505 deg C at maximum fire; 250 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 97 dBA at maximum fire; 67 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 25 and 78 ppm 

- stack CO: between 0 ppm and 50 ppm 

 

FIGURE 9.34 Tube Temperature Profiles with 1” ProFire Burner 
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FIGURE 9.35 1” ProFire Burner Performance in the Fire Tube 
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9.16 Pyronics 1-1/2” Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.36; 

- colder fire-tube “entry zone”: first 5 feet of the fire-tube 

- temperature peak: 1300 deg F at 5 feet 

- partial tube flow: at less than 130,000 BTU/hr; approx above 2:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.37; 

- maximum fire: 250,000 BTU/hr; minimum fire: 100,000 BTU/hr; 2.5:1 turndown (NOTE: LOW 
INPUT!!!) 

- gross thermal efficiency: 73.5% HHV at maximum fire, 76% HHV at minimum fire 

- stack oxygen: 3.2% at maximum fire; 12.2% at minimum fire 

- stack temperature: 305 deg C at maximum fire; 190 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 80 dBA at maximum fire; 60 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 20 and 78 ppm 

- stack CO: between 0 ppm and 37 ppm 

 

FIGURE 9.36 Tube Temperature Profiles with 1-1/2” Pyronics Burner 
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FIGURE 9.37 1-1/2” Pyronics Burner Performance in the Fire Tube 
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9.17 Pyronics 2-1/2” Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.38; 

- colder fire-tube “entry zone”: none; good entry performance 

- temperature peak: 1900 deg F at 1 ft 

- partial tube flow: at less than 200,000 BTU/hr; approx above 2.5:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.39; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 75.2% HHV at maximum fire, 69.5% HHV at minimum fire 

- stack oxygen: 2.5% at maximum fire; 13.8% at minimum fire 

- stack temperature: 430 deg C at maximum fire; 230 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 97 dBA at maximum fire; 69 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 75 and 105 ppm 

- stack CO: between 0 ppm and 3 ppm 

 

FIGURE 9.38 Tube Temperature Profiles with 2-1/2” Pyronics Burner 
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FIGURE 9.39 2-1/2” Pyronics Burner Performance in the Fire Tube 
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9.18 Pyronics 1-1/2” (Self-Adjusting) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.40; 

- colder fire-tube “entry zone”: first 3 feet of the fire-tube 

- temperature peak: 1900 deg F at 1ft – direct flame impingement!!!! 

- partial tube flow: at less than 190,000 BTU/hr; approx above 2.6:1 turndown. 

Burner Performance Graphs: 

- see Figure 9.41; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 74% HHV at maximum fire, 58% HHV at minimum fire 

- stack oxygen: 4% at maximum fire; 17% at minimum fire 

- stack temperature: 500 deg C at maximum fire; 220 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 88 dBA at maximum fire; 64 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 20 and 60 ppm 

- stack CO: between 5 ppm and 85 ppm 

 

FIGURE 9.40 Tube Temperature Profiles with 1-1/2” Pyronics Self-Adjusting Burner 
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FIGURE 9.41 1-1/2” Pyronics Self-Adjusting Burner Performance in the Fire Tube 
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9.19 Pyronics 2” (Self-Adjusting) Burner Heater Tests 

Following is the summary of this burner testing in the 2-pass fire-tube configuration of the test unit. 

Fire-Tube Temperature Profiles 

- see Figure 9.42; 

- colder fire-tube “entry zone”: none – direct impingement due to a wide flame 

- temperature peak: 1600 deg F at 1 ft 

- partial tube flow: not recorded. 

Burner Performance Graphs: 

- see Figure 9.43; 

- maximum fire: 500,000 BTU/hr; minimum fire: 100,000 BTU/hr; 5:1 turndown 

- gross thermal efficiency: 58% HHV at maximum fire, 72% HHV at minimum fire 

- stack oxygen: 5.5% at maximum fire; 16% at minimum fire 

- stack temperature: 480 deg C at maximum fire; 260 deg C at minimum fire 

- burner sound pressure level (without flame arrestor): 84 dBA at maximum fire; 70 dBA at minimum 
fire 

- stack NOx corrected to 3% excess O2: between 0 and 70 ppm 

- stack CO: between 20 ppm and 370 ppm (high CO producer) 

 

FIGURE 9.42 Tube Temperature Profiles with 2” Pyronics Self-Adjusting Burner 
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FIGURE 9.43 2” Pyronics Self-Adjusting Burner Performance in the Fire Tube 
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9.20 Comparison of all Burners – Heater Tests 

The following pages contain comparative performance graphs of all burners. 

Figure 9.44 illustrates stack bottom temperatures at various firing rates. Disregarding the radiant metal 
fibre burners, the maximum fire temperatures vary between 460 and 520 deg C with only one burner at 
430 deg C. The minimum fire temperatures vary between 220 and 260 deg. These stack bottom 
temperatures for all burners follow a similar profile and the differences can be explained due to variations 
in excess air. In general, burner type does not have a significant influence on the stack bottom 
temperature. 

Figure 9.45 illustrates excess oxygen in the stack. As explained previously, all burners were set to 
approximately 2.5% excess oxygen at maximum firing rate of 500,000 BTU/hr. The actual recorded 
values at that rate were between 2% and 4%. A distinct difference can be observed between the burners 
with low, versus with high aeration through the mixer. When turned down, the burners with low aeration 
follow a straight excess oxygen line between 3% O2 at 500,000 BTU/hr and 17% O2 at 100,000 BTU/hr. 
Burners with higher aeration follow a curve, which limits the increase of excess O2 in the initial stages of 
turndown so that at 50% of the firing rate it is only between 5% and 8%. The ability of burners with higher 
aeration to better maintain the excess air between 100% and 50% firing rate can be utilized to obtain 
higher heater efficiencies. 

Figure 9.46 illustrates the gross thermal efficiency of the test unit recorded during tests with various 
burners. With all burners set to similar maximum fire operating conditions the efficiency was between 72% 
and 76%. For the burners with low aeration the efficiency decreased at low fire to between 57% and 62%. 
For the burners with high aeration, this efficiency decrease occurred slower to between 66% and 74%. 
Although all burners are set to similar efficiencies at maximum fire, on average, there is approximately 
10% difference in efficiency of both types of burners at low fire. Also, if the turndown was limited to 2:1, 
the burners with high aeration would maintain the efficiency within our 72% to 82% target range. 

Figure 9.47 illustrates a comparison of stack CO for various burners. With the exception of two burners, 
which had slightly elevated but still acceptable CO levels, all other burners were able to maintain CO 
levels below 50ppm, through the entire turndown range. Consequently, we conclude that the high CO 
cases found occasionally in the field installations are not inherent to any specific burner design but are 
the result of burner misadjustment, blocked air flow, and poor maintenance. 

Figure 9.48 illustrates a comparison of stack NOx corrected to 3% O2 in the stack, for various burners. 
Although low fire NOx values are difficult to interpret due to varying levels of excess air, all burners 
produced at high fire between 60 to 90 ppm of NOx, which is not unusual for this type of combustion 
equipment. 

Figure 9.49 illustrates a comparison of sound pressure levels from various burners. These levels were 
measured at 1 meter distance behind the burner nozzle, and without a flame arrester installed. At high fire 
all burners had a sound level in excess of 85 dBA. Burners with low aeration (mostly raw gas) operated at 
higher sound pressure levels between 95 and 102 dBA. Burners with high aeration thorough primary port 
operated at lower sound pressure levels between 87 and 94 dBA. 

Figure 9.50 illustrates a comparison of fire tube temperature profiles with various burners firing at 500,000 
BTU/hr. Three black lines are shown as the minimum, average and maximum temperature profiles. 
Following are our observations from this analysis: 

a) In the first few feet of the fire-tube length, the minimum and maximum profile curves are far apart due 
to the way, the combustion air is introduced into the burner, and due to how the flame is formed. For 
burners with low aeration cold air is shielding the tube entrance from flame radiation and the tube is 
cold. For burners with high aeration, the tube entrance does not see the inflow of cold air, which 
enters mostly through the primary inlet. Consequently, for those burners the heat transfer starts 
working sooner and more of the tube surface area is utilized. Finally, some burners, cause very high 
entrance temperatures due to flame impingement close to the tube entrance, and in some cases, due 
to reverse flow of the products of combustion. The first thermocouple readings range from 400 to over 
2100 deg F. We give to this area of the fire-tube characterized by low temperatures, a name of the 
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COLD ENTRY ZONE. Depending on the burner type, size, mounting arrangement and firing rate this 
entry zone can extend a few feet into the fire-tube, thus rendering this portion of the heat transfer 
surface ineffective. 

b) The cold entry zone of the fire-tube turns into a FLAME ZONE, in which the fuel and air mixing and 
the combustion process continues and the temperature increases 

c) After combustion is complete at approximately five feet of tube length (specific for the tested tube size 
and maximum firing rate of 500,000 BTU/hr), the temperature profile curves converge forming a HOT 
SPOT with temperatures between 1500 and 2000 deg F. This is the area of the fire-tube most prone 
to overheating, external coking with deteriorated bath liquid, and to tube failure. Although the location 
of the hot spot is more a function of the heat input, than the specific burner design, the actual 
temperature value is dictated by the flame shape 

d) For the remainder of the first pass, the temperature profiles inside the tube remain parallel until they 
reach the return elbow, which promotes turbulence and gas mixing. Exiting the elbow, temperature 
profiles are between 1250 and 1500 deg F, representing a relatively small 250 deg F difference. This 
tube temperature profile convergence due to turbulence is indicative of the flow stratification in the 
first pass, rather than of a superior or inferior thermal performance of any specific burner. 

e) Temperature profiles converge even further in the fire-tube exit elbow to the stack. Here the 
temperature ranges from 850 to 1000 deg F only a 150 deg F difference, which corresponds to 
approximately 4% difference in thermal efficiency. This difference can be explained through slightly 
different fire-tube entry conditions and accuracy and variability of measurement. 

f) A generalized conclusion from this analysis is, that based on a fixed identical burner setup (fuel input 
and excess O2 in the stack) the type of burner has only a small effect on the stack bottom 
temperature and overall efficiency of heat transfer in the tube. The small difference (up to 4% 
measured) can be found in the length of cold entry zone, magnitude of the hot spot, possibility of 
flame impingement, and in the stratification of the products of combustion in the tube. 

g) Although the burner type may not make a significant difference on the momentary heat transfer in the 
tube, it may impact its long term performance through coking, fouling, increased corrosion, 
temperature stress metal cracking, all leading to shortened fire tube life. 

Figure 9.51 illustrates the above fire-tube temperature profiles for each burner as a comparison between 
average fire-tube temperature, peak temperature, and stack bottom temperature. Following are the 
ranges of these temperatures: 

a) peak temperature from 1591 to 2093 deg F; 

b) average temperature ranged from 1292 to 1577 deg F, and; 

c) stack bottom temperature from 797 to 941 deg F. 

Figure 9.52 illustrates a summary of heater emissions and efficiencies with various burners with 500,000 
BTU/hr firing. 

Following are the recorded ranges  

a) Stack O2: 0.8% to 5.4%.(target burner setpoint was between 2.0% and 3.5% with some burners 
allowing lower and some requiring higher oxygen rates in order to maintain CO below 100 ppm 
target); 

b) Stack CO: 0 to 72 ppm (below the maximum target of 100 ppm); 

c) Stack NOx (corrected to 3% O2): 48 to 95 ppm (relatively high NOx levels, but typical to this type of 
combustion equipment); 

d) Stack CO2: 8.2% to 11.2% (function of the excess air); 

e) Excess Air: 4.1% to 35.1% (ideal target excess air 10% to 20%) 

f) Gross thermal efficiency: 72.5% to 75.7% (within target efficiency range of 72% to 82%) 
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9.20.1 Comparison of all Burners – Stack Bottom Temperature 

 

FIGURE 9.44 Burner Performance Comparison – Stack Bottom Temperatures 
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9.20.2 Comparison of all Burners – Stack O2 

 

FIGURE 9.45 Burner Performance Comparison – Stack Excess O2 
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9.20.3 Comparison of all Burners – Gross Efficiency HHV 

 

FIGURE 9.46 Burner Performance Comparison – Thermal Efficiency %HHV 
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9.20.4 Comparison of all Burners – CO 

 

FIGURE 9.47 Burner Performance Comparison – Stack CO 
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9.20.5 Comparison of all Burners – cNOx (3% O2) 

 

FIGURE 9.48 Burner Performance Comparison – Stack NOx (corrected to 3% O2) 
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9.20.6 Comparison of all Burners – Sound Pressure Level (1m back) 

 

FIGURE 9.49 Burner Performance Comparison – Burner Sound Pressure Levels (1m to back) 
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9.20.7 Comparison of all Burners – Fire Tube Temperature Profiles 

 

FIGURE 9.50 Burner Performance Comparison – Fire Tube Temperature Profiles 
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9.20.8 Comparison of all Burners – Fire-Tube Peak, Average, Stack Bottom Temperatures 

 

FIGURE 9.51 Burner Performance Comparison – Fire Tube Peak, Average, Stack Bottom 
Temperatures 
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9.20.9 Comparison of all Burners – Emissions and Efficiencies 

 

FIGURE 9.52 Burner Performance Comparison – Emissions and Efficiencies 
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10 2-, 3-, AND 4-PASS TUBE TESTS WITH WATER, GLYCOL AND 
OIL 

This chapter contains data from comparative firing of the test unit with water, 50% EG (ethylene glycol) 
and oil, in 2-, 3-, and 4-pass configuration. All tests were conducted in similar conditions with the same 
burner randomly selected from the group of burners capable of higher primary aeration rates. 

Figure 10.2 illustrates a comparison between fire-tube temperature profiles on the gas side, when firing 
with 500,000 BTU/hr at 2.5% O2 in the stack, into a 2-, 3- , and 4-pass configuration of the test unit with 
water on the bath side. Figure 10.3 illustrates the results of similar tests with 50% EG, and Figure 10.4 
with oil (Specific Gravity SG=0.88, Specific Heat cp=0.4365). 

Table below (Figure 10.1) provides the summary of these tests. 

  Hot Spot 
1-st 

Elbow 
2-nd 

Elbow 
3-rd 

Elbow 
4-th 

Elbow 
2 pass 

stack top 
3 pass 

stack top 
4 pass 

stack top 

Temp deg F 1567 1170 764 554 367 595 440 275 

Decrease deg F - 397 406 210 187 169 114 92 
2-3-4 Pass with 

water 

Decrease % - 33.1 33.8 17.5 15.6 - - - 

Temp deg F 1557 1196 753 529 372 590 390 279 

Decrease deg F - 361 443 224 157 163 139 93 
2-3-4 Pass with 

50% EG 
Decrease % - 30.5 37.4 18.9 13.2 - - - 

Temp deg F 1576 1183 729 554 367 595 440 275 

Decrease deg F - 393 454 175 187 134 114 92 
2-3-4 Pass with 

oil 
Decrease % - 32.5 37.6 14.5 15.5 - - - 

FIGURE 10.1 Summary of Multipass Fire-Tube Tests with Various Liquids. 

The following conclusion were drawn from these test results: 

g) Fire-tube temperature profiles for 2, 3 and 4 pass fire-tube configurations follow closely the same 
curve, so that each additional pass curve is simply an extension of the previous pass curve. 

h) Return elbows create distinct steps in the curve due to the turbulence and mixing of the gases. These 
steps can be attributed more to gas temperature averaging through mixing, than to the increase in 
heat transfer due to increased turbulence. 

i) The fire tube performance with various liquids is very similar. The “hot-spot” temperature is 
approximately 1567 deg F, and stack bottom temperature 370 deg F (4 pass configuration). 

j) Intermediate temperatures indicate that the gas temperature drops to approximately 1180 deg F at 
the end of the first tube pass. This can be translated from efficiency charts to approximately 58% of 
the heat transfer achieved in the first pass. 

k) The radiant heat transfer continues in the second tube pass until the gas temperature decreases to 
1000 deg F. With outlet temperature of about 750 deg F, the second pass contributes an additional 
13% of heat transfer. 

l) The third pass with 545 deg F exit temperature, provides 6% of overall heat transfer and the fourth 
pass with 370 exit temperature deg F, 4% of heat transfer. 

m) Although the above examples of heat transfer rates in individual fire-tube passes may point to 
“diminishing returns” if the form of thermal efficiency gains from increasing the tube length, the above 
results are based on a well-tuned burner running at steady load with 2.5% O2 in the stack. Therefore, 
the results and should not be taken as an absolute guideline for evaluating the feasibility of heater 
design with extended tube-length and a proper thermal design and assessment should be conducted 
for each application. If software program is used apply under Calibration constants: Convective 
Coefficient Modifier = 1.3 and Radiation Coefficient Modifier = 2.0. 
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10.1 Performance of 2-, 3-, 4-Pass Fire-Tube in Water 

 

FIGURE 10.2 Performance of 2-; 3-; and 4-Pass Fire Tube in Water Bath 
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10.2 Performance of 2-, 3-, 4-Pass Fire-Tube in 50/50 EG 

 

FIGURE 10.3 Performance of 2-; 3-; and 4-Pass Fire Tube in 50/50 Ethylene Glycol Bath 
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10.3 Performance of 2-, 3-, 4-Pass Fire-Tube in Oil 

 

FIGURE 10.4 Performance of 2-; 3-; and 4-Pass Fire Tube in Oil Bath 
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The next group of graphs illustrates side-by-side the results of test unit firing with water, 50%EG and oil 
bath. The results were corrected for ambient temperature variations and bath liquid temperature 
variations. The objective of this analysis is to research the influence of the type of liquid bath on the heat 
transfer performance. 

Figure 10.6 illustrates fire-tube temperature profile curves for a 2 pass heater with water, 50EG, and oil 

Figure 10.7 illustrates similar curves for 3-pass, and Figure 10.8 for 4-pass heater configuration. 

Table below (Figure 10.5) provides the summary of these tests. 

 

  Hot Spot 
1-st 

Elbow 
2-nd 

Elbow 
3-rd 

Elbow 
4-th 

Elbow 
2 pass 

stack top 
3 pass 

stack top 
4 pass 

stack top 

Temp deg F 1575 1193 765 - - 608 - - 

Decrease deg F - 382 428 - - 157 - - 
2 Pass with 

water / 50EG / 
oil 

Decrease % - 47.2 52.8 - - - - - 

Temp deg F 1566 1191 803 549 - - 419 - 

Decrease deg F - 375 388 254 - - 130 - 
3 Pass with 

water / 50EG / 
oil 

Decrease % - 36.9 38.2 25.0 - - - - 

Temp deg F 1572 1183 791 534 386 - - 289 

Decrease deg F - 389 392 257 148 - - 97 
4 Pass with 

water / 50EG / 
oil 

Decrease % - 32.8 33.1 21.7 12.5 - - - 

FIGURE 10.5 Summary of Test Results of Fire-Tube Performance with Various Liquids. 

The following conclusion were drawn from these test results: 

a) After correcting the test results for ambient temperature variations and bath liquid temperature 
variations, the tube temperature profiles are within 50 deg F tolerance for all three liquids tested. 
Since there does not seem to be any consistency in which bath liquid provides better or worse test 
results, the above tolerance is attributed to the accuracy of measurement.  

b) Return elbows in the fire-tube influence the temperature profiles by increasing the mixing of the 
products of combustion. Average temperature values and their polynomial trends are also shown. 

c) The average temperature values are similar to the individual tests previously presented. The “hot-
spot” temperature is at 1570 deg F, first elbow temperature at 1190 deg F, 2-nd elbow temperature at 
786 deg F, 3-rd elbow temperature at 541 deg F, and, stack elbow at 386 deg F. 

d) The temperature loss in the stack averages to 128 deg F. 
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10.4 Performance of 2-Pass Fire-Tube in Water / 50/50EG / Oil 

 

FIGURE 10.6 Comparison of 2-Pass Fire Tube Performance in Water; 50/50 EG and Oil Bath 
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10.5 Performance of 3-Pass Fire-Tube in Water / 50/50EG / Oil 

 

FIGURE 10.7 Comparison of 3-Pass Fire Tube Performance in Water; 50/50 EG and Oil Bath 
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10.6 Performance of 4-Pass Fire-Tube in Water / 50/50EG / Oil 

 

FIGURE 10.8 Comparison of 4-Pass Fire Tube Performance in Water; 50/50 EG and Oil Bath 
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10.7 Surface Heat Flux Rates of 2-, 3-, 4-Pass Fire-Tube in Water / 50/50EG / Oil 

Based on the above temperature profiles, heat flux rates were calculated in between individual 
measurement points in the fire tube. This was achieved by calculating heat transfer to the tube between 
each pair of thermocouples then dividing by the tube surface area between these thermocouples 
(typically on 12” spacing). The resulting heat flux rates are illustrated in the Figure 10.9. 

The following conclusion were drawn from this heat flux analysis: 

a) All fire-tube configurations and, bath liquids result in similar temperature profiles in the tube, therefore 
also result in similar heat flux profiles; 

b) heat flux rate in the flame zone area was calculated at 24,000 BTU/hr/ft2; 

c) heat flux rate is influenced by the fire-tube’s return elbows which create gas turbulence and mixing; 

d) heat flux rate diminishes with the decrease in the temperature of the products of combustion. In the 
remaining portion of the fire-tube it fluctuates between 1000 and 4000 BTU/hr/sqft.; 

e) An average heat flux rate in the 2 pass heater configuration was calculated at 9936 BTU/hr/sqft and 
resulted in 71% thermal efficiency; 

f) An average heat flux rate in the 3 pass heater configuration was calculated at 7013 BTU/hr/sqft and 
resulted in 77% thermal efficiency; and 

g) An average heat flux rate in the 4 pass heater configuration was calculated at 5599 BTU/hr/sqft and 
resulted in 81% thermal efficiency. 

The above measured average heat flux rates are consistent with the fire-tube rating software developed 
in this project. The temperature profile curves were compared with the results of the program 
computation, and used to verify its validity. If software program is used, apply under Calibration 
constants: Convective Coefficient Modifier = 1.3 and Radiation Coefficient Modifier = 2.0. 

The next chapter uses this calibrated fire-tube rating software program to predict heat flux rate for various 
fire-tube configurations. 
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FIGURE 10.9 Surface Heat Flux Rates of 2-; 3-; and 4-Pass Fire Tube in Water; 50/50 EG; and Oil 
Bath 
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10.8 Turbulator Thermal Performance Tests 

In addition to the previously described group of tests designed to research the fire-tube performance in 2-, 
3-, and 4-pass configuration with water, 50EG, and oil, this part of the project included also a 
performance test of turbulators. 

Two types of turbulators were provided: by Kenilworth (Figure 10.10) and by Profire (Figure 10.11). 

 

FIGURE 10.10 Kenilworth Turbulator 

 

FIGURE 10.11 Profire Turbulator 

The test unit was operated in 4-pass configuration with water on the bath liquid side. The following 
procedure was used to conduct this test:: 

a) Heater was started in a 4 pass configuration (without turbulators), with a constant water flow, 500,000 
BTU/hr firing rate and 2.5% O2 in the stack. Heater temperatures were allowed to stabilize so that the 
difference between outlet and inlet water temperature became constant indicating that there is more 
heat being stored inside the heater bath. At an average water temperature of 46.7 deg F 
(54.5+38.9/2) and the stack temperature was 397.4 deg F, the gas to water approach temperature 
was 397.4-46.7=350.7 deg F 

b) Profire turbulator was installed, burner readjusted to 2.5% O2, and heater operated until similar 
conditions were reached. At an average water temperature of 53.3 deg F (61.6+45/2) and the stack 
temperature was 388.7 deg F, the gas to water approach temperature was 388.7-53.3=335.4 deg F 

c) Kenilworth turbulator was installed, burner readjusted to 2.5% O2, and heater operated again until 
similar conditions were reached. At an average water temperature of 58.7 deg F (66.2+51.2/2) and 
the stack temperature was 387 deg F, the gas to water approach temperature was 387-58.7=328.3 
deg F 



10. 2-, 3-, AND 4-PASS TUBE TESTS WITH WATER GLYCOL AND OIL 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 10-12 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

Figure 10.12 illustrates the results of these tests. 

Based on the recorded data, the installation of the Profire turbulator lowered the stack temperature by 
15.3 deg F (350.7-335.4), which can be translated to 0.38 % thermal efficiency gain. 

Similarly, the installation of the Kenilworth turbulator lowered the stack temperature by 22.4 deg F (350.7-
328.3), a 0.56 % thermal efficiency gain. 

These results led us to a conclusion that the thermal efficiency gains due to the installation of static 
turbulators inside a fire-tube heater with a natural draft burner are negligible. 

In addition, turbulators create pressure drop, which impacts the natural draft and the performance of the 
burner. 

On the other hand, the application of turbulators may be of value with forced draft systems, where 
significant static pressure is available. In these systems turbulators should be designed to maximize the 
scrubbing action of the tube internal surfaces in order to lower the boundary layer heat transfer 
coefficient. 

 

FIGURE 10.9 Turbulator Test Results 
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11 FIRE-TUBE RATING CHARTS 
This chapter contains fire tube rating charts, which were developed based on the test results and 
calibrated COEN fire-tube rating program. The charts are based on the following operating conditions 
typical to a line heater operation: 

a) Fuel: natural gas as methane at 1000 BTU/cuft HHV 

b) Excess stack oxygen: 2.5% - equivalent to 12.8% excess air 

c) Stack height: 20 ft minimum for 2 pass tubes, 30 ft minimum for 4 pass tubes. 

d) Ambient temperature: 30 deg C 

e) Bath Temperature: 80 deg C 

f) Elevation: 3000 ft A.S.L (914 meters) 

For operating conditions significantly different from the above values, efficiency corrections from charts 
presented in sections 4.6 through 4.21 could be used, or the design could be customized using the fire-
tube rating software. 

The intent of these rating charts is to provide an easy to use tool for evaluating thermal designs of various 
sizes of fire tubes. These tube sizes have been selected to represent a wide crossection of actual fire-
tubes found in the industry in the following diameters: 4”; 6”; 8”; 10”; 12”; 14”; 16”; 18”; 20”; 22”; 22”; 24”; 
26”; 30”; and, 36”. In addition, the following U-tube lengths were used for comparison (not for all tube 
diameters if not practical): 5’; 10’; 15’; 20’; 25’; 30’. Note that the expression: “U-tube length” refers to 
physical “immersed”, “straight-line” length of the assembly and not the total length of the tube within this 
assembly. Thus a 2-pass x 20’ U-tube has approximately 40’ of pipe length in it, where a 4-pass x 15’ U-
tube has approximately 60’ of pipe length in it. 

Intermediate tube diameters or lengths can be interpolated between the above “nominal” sizes, however, 
designs using changing tube diameter should be evaluated using fire-tube rating software program. If 
software program is used apply under Calibration constants: Convective Coefficient Modifier = 1.3 and 
Radiation Coefficient Modifier = 2.0. 

All of the charts presented in this chapter were created with the consideration of the available draft. For 2-
pass natural draft fire-tubes this draft was based on a minimum stack height of 20 ft, and for 4-pass 
natural draft fire-tubes on a minimum stack height of 30 ft. Hence, the maximum firing rate for each curve 
represents a point, where the friction loss through the fire-tube and stack will exceed the available draft. 

Beyond the above firing rate limit, dictated by the available natural draft, is the area of forced draft 
systems, in which the products of combustion have to be pushed through the fire-tube by mechanical 
means such as a combustion air blower. 

The computation methods used in our research and in the software program provide a “seamless” 
approach to both the natural draft, and the forced draft fire-tube designs. The heat transfer calculation is 
still valid when the friction loss exceeds the natural draft, except, a blower must supply the “missing” draft. 
This calculation can continue up to the point when the theoretical flame diameter becomes equal or larger 
than the fire-tube diameter. The 4-pass forced draft fire-tube rating charts presented in this chapter were 
created based on this method. 

In order to simplify tube description in the charts we used the following fire tube configuration coding 
system: 

8-2-10 fire-tube means: 8” diameter – 2 pass – 10’ immersed U-tube length 

The rating charts are organized in the following three basic sets: 

a) Charts for 2-pass fire tubes; 4” to 36” diameter, using a natural draft burner; 

b) Charts for 4-pass fire tubes; 4” to 36” diameter, using a natural draft burner; and, 

c) Charts for 4-pass fire tubes; 4” to 18” diameter, using a forced draft burner. 
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Within each one of these three groups there are the following three sub-sets of charts: 

a) Process Duty Fire Tube Rating – illustrating the gross thermal efficiency of the heater equipped with a 
given configuration of a fire-tube, based on the net heat transfer to the liquid bath; This rating is 
equivalent to a current industry practice of rating heaters by their process heat transfer duty. Thus a 
heater rated at 1 MM BTU/hr will actually transfer 1 MM BTU/hr from the gas side of the fire-tube to 
the bath liquid. To calculate the burner input simply divide the rated value by the gross efficiency from 
the chart. Thus a 1.0 MM BTU/hr heater with 75%HHV efficiency will use: 1.0 / 0.75= 1.33 MM 
BTU/hr (HHV) of natural gas. Lower efficiency target of 72% is shown on each chart as a red 
horizontal line. High efficiency target of 82% is shown as a green horizontal line. 

b) Burner Input Fire Tube Rating – illustrating the gross thermal efficiency of the heater equipped with a 
given configuration of a fire-tube, based on the gross heat input from the burner; This rating is 
currently used for the design of burners and fuel trains and their regulatory requirements, where the 
purpose and thermal efficiency of the heater is secondary to how much fuel is being burned. Thus a 
heater rated at 1 MM BTU/hr burner input will transfer less than 1 MM BTU/hr from the gas side of the 
fire-tube to the bath liquid because of its efficiency. To calculate the heat transfer, simply multiply the 
burner input by the gross efficiency from the chart. Thus a 1.0 MM BTU/hr burner input with 75%HHV 
efficiency will produce: 1.0 * 0.75= 0.75 MM BTU/hr heat transfer to the bath liquid. Lower efficiency 
target of 72% is shown on each chart as a red horizontal line. High efficiency target of 82% is shown 
as a green horizontal line. 

c) Surface Heat Flux Charts – illustrate the gross thermal efficiency of each fire-tube as a function of the 
surface heat flux rate. For example using Figure 11.15, an 18-2-20 fire-tube configuration fired with 
10,000 BTU/hr/ft2 average heat flux rate will operate at 70.5 (%HHV) gross thermal efficiency. The 
chart includes two horizontal lines: a green high 82% target efficiency line, and a red low 72% target 
efficiency line. There are also a number of vertical reference lines. An orange line marks the standard 
industry design heat flux value of 10,000 BTU/hr/ft2. The blue lines are located to point to the areas 
where all the curves either drop below the 72% efficiency, exceed the 72% efficiency, or exceed the 
82% efficiency. In Figure 11.15, those values would be respectively: 11,800; 6,100; and, 2,200 
BTU/hr/ft2 

In order to find an appropriate chart the following procedure could be used: 

a) Decide if 2 pass natural draft, 4 pass natural draft, or 4 pass forced draft should be used. 

b) Chose chart type: process duty, burner input, or surface heat flux rate. 

c) Find desired range of tube diameters (for example: 14” to 18”). Note that for convenience the largest 
tube diameter from smaller range chart is always shown as the smallest diameter on the next chart, 
hence an 18” tube curve can be found on either 14” to 18” chart or 18” to 22” chart. 

d) Find curve representing desired fire-tube configuration, for example: 18-2-20. 

e) Compare to other fire-tube configurations with equivalent thermal performance. 

f) Apply efficiency corrections as per sections 4.6 through 4.21 or confirm thermal performance using 
fire-tube rating software program. If software program is used apply under Calibration constants: 
Convective Coefficient Modifier = 1.3 and Radiation Coefficient Modifier = 2.0. 
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11.1 Process Duty Charts for 2 Pass Fire Tube with Natural Draft 

 

FIGURE 11.1 Process Duty Chart for 2 Pass 4” to 10” Fire Tube with Natural Draft 
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FIGURE 11.2 Process Duty Chart for 2 Pass 10” to 14” Fire Tube with Natural Draft 
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FIGURE 11.3 Process Duty Chart for 2 Pass 14” to 18” Fire Tube with Natural Draft 
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FIGURE 11.4 Process Duty Chart for 2 Pass 18” to 22” Fire Tube with Natural Draft 
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FIGURE 11.5 Process Duty Chart for 2 Pass 22” to 26” Fire Tube with Natural Draft 
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FIGURE 11.6 Process Duty Chart for 2 Pass 26” to 36” Fire Tube with Natural Draft 
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11.2 Burner Input Charts for 2 Pass Fire Tube with Natural Draft 

 

FIGURE 11.7 Burner Input Chart for 2 Pass 4” to 10” Fire Tube with Natural Draft 
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FIGURE 11.8 Burner Input Chart for 2 Pass 10” to 14” Fire Tube with Natural Draft 
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FIGURE 11.9 Burner Input Chart for 2 Pass 14” to 18” Fire Tube with Natural Draft 
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FIGURE 11.10 Burner Input Chart for 2 Pass 18” to 22” Fire Tube with Natural Draft 
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FIGURE 11.11 Burner Input Chart for 2 Pass 22” to 26” Fire Tube with Natural Draft 
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FIGURE 11.12 Burner Input Chart for 2 Pass 26” to 36” Fire Tube with Natural Draft 
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11.3 Surface Heat Flux Charts for 2 Pass Fire Tube with Natural Draft 

 

FIGURE 11.13 Surface Heat Flux Chart for 2 Pass 4” to 10” Fire Tube with Natural Draft 
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FIGURE 11.14 Surface Heat Flux Chart for 2 Pass 10” to 14” Fire Tube with Natural Draft 
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FIGURE 11.15 Surface Heat Flux Chart for 2 Pass 14” to 18” Fire Tube with Natural Draft 
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FIGURE 11.16 Surface Heat Flux Chart for 2 Pass 18” to 22” Fire Tube with Natural Draft 
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FIGURE 11.17 Surface Heat Flux Chart for 2 Pass 22” to 26” Fire Tube with Natural Draft 
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FIGURE 11.18 Surface Heat Flux Chart for 2 Pass 26” to 36” Fire Tube with Natural Draft 
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11.4 Process Duty Charts for 4 Pass Fire Tube with Natural Draft 

 

FIGURE 11.19 Process Duty Chart for 4 Pass 4” to 10” Fire Tube with Natural Draft 
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FIGURE 11.20 Process Duty Chart for 4 Pass 10” to 14” Fire Tube with Natural Draft 
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FIGURE 11.21 Process Duty Chart for 4 Pass 14” to 18” Fire Tube with Natural Draft 
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FIGURE 11.22 Process Duty Chart for 4 Pass 18” to 22” Fire Tube with Natural Draft 
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FIGURE 11.23 Process Duty Chart for 4 Pass 22” to 26” Fire Tube with Natural Draft 
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FIGURE 11.24 Process Duty Chart for 4 Pass 26” to 36” Fire Tube with Natural Draft 
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11.5 Burner Input Charts for 4 Pass Fire Tube with Natural Draft 

 

FIGURE 11.25 Burner Input Chart for 4 Pass 4” to 10” Fire Tube with Natural Draft 
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FIGURE 11.26 Burner Input Chart for 4 Pass 10” to 14” Fire Tube with Natural Draft 
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FIGURE 11.27 Burner Input Chart for 4 Pass 14” to 18” Fire Tube with Natural Draft 
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FIGURE 11.28 Burner Input Chart for 4 Pass 18” to 22” Fire Tube with Natural Draft 
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FIGURE 11.29 Burner Input Chart for 4 Pass 22” to 26” Fire Tube with Natural Draft 
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FIGURE 11.30 Burner Input Chart for 4 Pass 26” to 36” Fire Tube with Natural Draft 
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11.6 Surface Heat Flux Charts for 4 Pass Fire Tube with Natural Draft 

 

FIGURE 11.31 Surface Heat Flux Chart for 4 Pass 4” to 10” Fire Tube with Natural Draft 
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FIGURE 11.32 Surface Heat Flux Chart for 4 Pass 10” to 14” Fire Tube with Natural Draft 
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FIGURE 11.33 Surface Heat Flux Chart for 4 Pass 14” to 18” Fire Tube with Natural Draft 
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FIGURE 11.34 Surface Heat Flux Chart for 4 Pass 18” to 22” Fire Tube with Natural Draft 
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FIGURE 11.35 Surface Heat Flux Chart for 4 Pass 22” to 26” Fire Tube with Natural Draft 
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FIGURE 11.36 Surface Heat Flux Chart for 4 Pass 26” to 36” Fire Tube with Natural Draft 
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11.7 Process Duty Charts for 4 Pass Fire Tube with Forced Draft 

 

FIGURE 11.37 Process Duty Chart for 4 Pass 4” to 10” Fire Tube with Forced Draft 
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FIGURE 11.38 Process Duty Chart for 4 Pass 10” to 14” Fire Tube with Forced Draft 
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FIGURE 11.39 Process Duty Chart for 4 Pass 14” to 18” Fire Tube with Forced Draft 
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11.8 Burner Input Charts for 4 Pass Fire Tube with Forced Draft 

 

FIGURE 11.40 Burner Input Chart for 4 Pass 4” to 10” Fire Tube with Forced Draft 
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FIGURE 11.41 Burner Input Chart for 4 Pass 10” to 14” Fire Tube with Forced Draft 
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FIGURE 11.42 Burner Input Chart for 4 Pass 14” to 18” Fire Tube with Forced Draft 
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11.9 Surface Heat Flux Charts for 4 Pass Fire Tube with Forced Draft 

 

FIGURE 11.43 Surface Heat Flux Chart for 4 Pass 4” to 10” Fire Tube with Forced Draft 
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FIGURE 11.44 Surface Heat Flux Chart for 4 Pass 10” to 14” Fire Tube with Forced Draft 
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FIGURE 11.45 Surface Heat Flux Chart for 4 Pass 14” to 18” Fire Tube with Forced Draft 
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12 FIRE-TUBE HEAT FLUX RATE ANALYSIS 
The fire-tube rating software program was calibrated using the data from the previously described heater 
tests. The program was then extensively tested to predict the thermal performance of a wide range of fire-
tube configurations at various firing rates. This data was used to create the fire-tube rating charts 
discussed in the previous chapter. 

In this chapter, we addressed the impact of heat flux rates on the fire-tube heater efficiency. 

Figure 12.1 illustrates the trend of the relationship between an average heat flux rate and heater’s gross 
(%HHV) efficiency. All of the data points, used in the previous chapter to create surface heat flux rates for 
2 pass natural draft fire tubes (4” to 36”), were plotted here on a single chart. A black line represents an 
average trend. A green horizontal line is shown to represent high efficiency target of 82%, and a red 
horizontal line is shown to represent a low efficiency target of 72%. Vertical lines are used to mark the 
following trends: 

a) At a standard industry 10,000 BTU/hr/ft2 surface heat flux rate, almost all of the data point fall 
underneath the red low efficiency line. This means that this standard industry design guideline (per 
API and many other publications) is almost “guaranteed” to result in a low efficiency, regardless of the 
fire-tube configuration. At 10,000 BTU/hr/ft2 this efficiency could be as low as 62%. 

b) At heat flux rates exceeding 10,000 BTU/hr/ft2 efficiencies can be significantly lower than the 72% 
low target and down to 50% range. These designs represent overfired fire-tubes, which simply do not 
have sufficient heat transfer surface area to effectively transfer the heat. 

c) Between 6,000 and 10,000 BTU/hr/ft2 fire-tube designs can produce results which either exceed or 
are below the 72% low efficiency target, hence, careful consideration must be given to chose the 
designs with higher efficiencies 

d) Between 3,200 and 6,000 BTU/hr/ft2 fire-tube designs are almost “guaranteed” to fall within the 72% 
and 82% target efficiency range. The exception to that rule are very small (4”) and short tube 
diameters. 

e) Below 3,200 BTU.hr/ft2 all fire-tube designs exceed the 82% high efficiency target. Note that the 85% 
efficiency point is considered to be a limit for condensation problems and potential flooding of the fire-
tube with condensate. 

Figure 12.2 illustrates a similar analysis of surface heat flux rates for 4 pass natural draft fire tubes (4” to 
36”). The following trends can be observed: 

a) Most of the 4 pass designs not exceeding 10,000 BTU/hr/ft2 will result in efficiencies higher than the 
72% low efficiency target. 

b) At 9,200 surface heat flux rate, the average trend line exceeds 72% efficiency indicating that any tube 
design will provide 72% or better efficiency. 

c) Between 4,000 and 7,800 BTU/hr/ft2 fire-tube designs are “guaranteed” to fall within the 72% and 
82% target efficiency range. 

d) Below 4,000 BTU.hr/ft2 all fire-tube designs exceed the 82% high efficiency target. Note that the 85% 
efficiency point is considered to be a limit for condensation problems and potential flooding of the fire-
tube with condensate. 

Figure 12.3 illustrates a similar analysis of surface heat flux rates for 4 pass forced draft fire tubes (4” to 
18”). Computations indicate that for this heater application, limited to a maximum of 6 MM BTU/hr process 
duty per fire-tube, there is no benefit to thermal transfer in using fire-tubes exceeding 18” in diameter. The 
large diameter 2-pass tubes do not utilize the blower pressure, which has to be “dissipated” by the means 
of dampers, orifices, etc. Consequently, the flow velocities are slow, and the effect of forced draft on heat 
transfer is negligible. As a result, there is no benefit to the simple conversion projects of natural draft 
heaters to forced draft burners, unless such forced draft is combined with heat transfer augmentation 
techniques, such as turbulators, multi-pass tube designs, or stepped-tube designs. For these 
augmentation methods to have any noticeable effect, a minimum of 1” W.C. pressure drop on the gas 
side must be used. 
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The following trends can be observed with 4 pass forced draft designs: 

a) Most of the 4 pass designs not exceeding 12,800 BTU/hr/ft2 heat flux rates will result in efficiencies 
higher than the 72% low efficiency target. 

b) Between 5,000 and 9,900 BTU/hr/ft2 fire-tube designs are “guaranteed” to fall within the 72% and 
82% target efficiency range. 

c) Below 5,000 BTU.hr/ft2 all fire-tube designs exceed the 82% high efficiency target. Note that the 85% 
efficiency point is considered to be a limit for condensation problems and potential flooding of the fire-
tube with condensate. 

Figure 12.4 illustrates a side-by-side comparison of the above three trends for 2 pass and 4-pass natural 
draft designs and 4-pass forced-draft designs. 

The following conclusions can be drawn from this comparison: 

a) 4-pass natural draft fire-tube designs offer on average a better utilization of the heat transfer surface 
than the conventional 2-pass natural draft designs of the same surface area. For example at 10,000 
BTU/hr/ft2 heat flux rate, 4-pass design will provide 76.3% HHV efficiency, where the 2-pass design 
will only provide 70% efficiency. 

b) 4 pass forced draft fire-tube designs offer a similar utilization of the heat transfer surface to the 
conventional 2-pass natural draft designs of the same surface area. In other words, in order to 
accommodate a certain heat transfer rate, a 4-pass forced draft fire-tube must have a surface area 
equal to a 2 pass natural draft fire-tube, except the forced-draft tube must be smaller in diameter in 
order to work properly (not exceeding 18”). Such smaller diameter fire-tube may be easier to 
accommodate inside the heater’s vessel. 

c) Forced draft fire tube design (with 4” to 5” W.C. blower pressure) offers also opportunities for 
enhanced heat transfer using turbulators, ribbed tubes and other heat transfer augmentation 
techniques, which are not available and not effective with a natural draft design (with only 0.1 to 0.3” 
W.C. natural draft available) 

d) With any fire tube design a 7,000 BTU/hr/ft2 average heat flux rate is almost “guaranteed” to provide 
thermal efficiency in excess of the 72% low target.  

e) Efficiencies higher than 72% must be addressed through proper engineering assessment of the fire-
tube design using fire-tube rating charts or the fire-tube rating software program. 

f) Lower average heat flux rate can be “designed into” the fire-tube on new installations by allowing for 
longer (possibly 4 pass tubes), or obtained through lowering of the burner firing rates on existing 
installations, which often are oversized. Such increase in the duty cycle of the heater is a very 
effective way of obtaining significant efficiency gains without any major changes to the existing 
equipment. If for example, an existing heater designed originally for 10,000 BTU/hr heat flux rate is 
operating at 50% duty cycle (burner is on only 50% of the time), then by simply re-tuning this burner 
to a 50% firing rate, the heat flux will drop to 5,000 BTU/hr/ft2, and the efficiency will increase 
accordingly. In doing so it is essential to address at the same time the impact of the secondary air 
infiltration as described previously. 
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12.1 Distribution of Thermal Efficiency Results for Various Heat Flux Rates in a 
4” to 36” Two Pass Natural Draft Fire Tube 

 

FIGURE 12.1 Distribution of Thermal Efficiency Results for Various Heat Flux Rates in a 4” to 36” 
Two Pass Natural Draft Fire Tube 
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12.2 Distribution of Thermal Efficiency Results for Various Heat Flux Rates in a 
4” to 36” Four Pass Natural Draft Fire Tube 

 

FIGURE 12.2 Distribution of Thermal Efficiency Results for Various Heat Flux Rates in a 4” to 36” 
Four Pass Natural Draft Fire Tube 
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12.3 Distribution of Thermal Efficiency Results for Various Heat Flux Rates in a 
4” to 18” Four Pass Forced Draft Fire Tube 

 

FIGURE 12.3 Distribution of Thermal Efficiency Results for Various Heat Flux Rates in a 4” to 18” 
Four Pass Forced Draft Fire Tube 
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12.4 Comparison of Efficiency Distribution in a 2-, and 4-Pass Natural Draft and 
4-Pass Forced Draft Fire Tube 

 

FIGURE 12.4 Comparison of Efficiency Distribution in a 2-, and 4-Pass Natural Draft and 4-Pass 
Forced Draft Fire Tube 
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12.5 Cross-sectional Heat Flux 

Figures 12.6 to Figure 12.11 illustrate the relationship between the cross-sectional heat flux rate of a fire-
tube and its efficiency for various sizes of 2-pass natural draft fire-tubes from 4” to 36” diameter. The 
purpose of this analysis is to address the commonly used “rule of thumb” for designing the fire-tube for 
15,000 BTU/hr/in2 of tube cross-sectional area. 

Based on the curves, the following table illustrates the cross-sectional heat flux rate values at which gross 
thermal efficiency is either always-below 72%, always within the 72% to 82% target range or always 
above 82%. 

 Gross Efficiency [%HHV] 

Fire-Tube 
Diameter <72% 

72% to 
82% >82% 

4" to 10" 22,000 7,000 2,000 

10" to 14" 24,500 5,000 1,500 

14" to 18" 23,000 4,000 1,300 

18" to 22" 19,000 4,000 1,500 

22" to 26" 15,100 4,800 1,800 

26" to 36" 12,500 3,500 1,500 

Average 19,350 4,717 1,600 

Although the cross-section al heat flux rate values change with tube sizes, their calculated average 
values are a good guideline for evaluating a 2-pass natural draft fire-tube performance: 

a) Rates higher than 19,000 BTU/hr/in2 will result in gross efficiencies lower than the low target 
of72%HHV; 

b) Rate of 4,700 BTU/hr/in2 will result in efficiencies within the target range of 72% to 82% 

c) Rates below 1,600 BTU/hr/in2 will result in efficiencies exceeding the high 82%HHV efficiency target. 

For the purpose of “guaranteeing” that the fire-tube design will fall within the 72% to 82% target efficiency 
range, we can combine the above 4,700 BTU/hr/in2 cross-sectional heat flux rate with the previously 
established 7,000 BTU/hr/ft2 surface heat flux rate to achieve an “ideal” 2-pass fire-tube design. As a 
result we obtain an “equal-diameter-length” curve illustrated in the Figure 12.5. 

The burner heat input expressed in BTU/hr HHV is shown on the horizontal X-axis of the graph. The 
vertical Y-axis shows the tube diameter in inches and also the U-tube length in feet. For example: 
according to the graph an “ideal” 2-pass natural draft fire-tube designed for 1 MM BTU/hr HHV burner 
heat input should be 16.5” in diameter and 16.5 feet long (i.e. approximately 33 ft total tube length). 
According to the rating charts from the previous chapter, such fire-tube would provide indeed 74% HHV 
thermal efficiency. 

The purpose of this section is not to provide a single curve which can be used to design all sizes of fire-
tubes for all application, but to illustrate how the knowledge of cross-sectional and surface heat flux rates 
could be used for “rough estimates” of the heater’s efficiency.  

As explained previously, there is simply no single heat flux value, which would address all applications 
with a reasonable accuracy. The heat transfer model of a fire-tube heater, unfortunately has too many 
variables and is too complicated, to be able to condense it into a simple formula or a single value. 

As the “equal-diameter-length” curve leads to somewhat oversized designs, so do commonly published 
and used practice of 10,000 BTU/hr/ft2, and the 15,000 BTU/hr/in2, surface and cross-sectional heat flux 
rates, do not take under consideration a number of factors needed for the optimization of the fire-tube 
thermal performance. As demonstrated in this chapter the use of either one of the two heat flux values will 
almost certainly lead to heater designs with efficiencies lower than our target range of 72% to 82% HHV. 
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FIGURE 12.5 “Equal-Diameter-Length” Curve for a 2-Pass Natural Draft Fire-Tube 
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FIGURE 12.6 Cross-sectional Heat Flux Rate for 4” to 10” Fire Tubes 
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FIGURE 12.7 Cross-sectional Heat Flux Rate for 10” to 14” Fire Tubes 
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FIGURE 12.8 Cross-sectional Heat Flux Rate for 14” to 18” Fire Tubes 
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FIGURE 12.9 Cross-sectional Heat Flux Rate for 18” to 22” Fire Tubes 
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FIGURE 12.10 Cross-sectional Heat Flux Rate for 22” to 26” Fire Tubes 
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FIGURE 12.11 Cross-sectional Heat Flux Rate for 26” to 36” Fire Tubes 
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12.6 Impact of Fire Tube L/D Ratio on Thermal Efficiency 

Another “rule of thumb” found in the some of the references is the L/D (length / diameter) ratio, which will 
provide best fire-tube design. 

For the purpose of testing this concept, a comparative graph of L/D ratios for 1 MM BTU/hr firing in fire-
tube sizes from 12” to 36” is illustrated in the Figure 12.12. 

For low efficiency target of 72% the L/D ratios are as follows: 12” L/D = 27; 14” L/D = 21; 16” L/D= 17; and 
18” L/D = 13.5. 

For high efficiency target of 82% the L/D ratios are as follows: 12” L/D = 54; 14” L/D = 44; 16” L/D= 35; 
18” L/D = 28; 20” L/D = 23 ; 22” L/D = 20 ; 24” L/D = 14.5. 

There does not seem to be any specific L/D value, or correlation, which would be common to the above 
results. Consequently, we concluded that the L/D design rule of the fire-tube design is incorrect. 

12.7 Fire Tube Efficiency with Constant Length 

Figure 12.3 was designed to test another “rule of thumb” found in the literature, claiming that the heat 
transfer does not change with tube diameter but only with tube length.  

The horizontal X-axis of the graph shows tube diameter, the vertical Y-axis the thermal HHV efficiency. 
Individual curves represent fixed fire U-tube length in 5’ increments from 10’ to 30’. For each constant 
length efficiency changes for different tube diameters, for example for a 15’ long U-tube following are the 
fire tube efficiencies: 8” = 71%; 10” = 72.5%; 12” = 73”; 14” = 76%; 16” = 77%; 18” = 78.5%, etc. 

Based on the above, the fire-tube thermal efficiency changes both with the fire-tube length and diameter. 
Consequently, we conclude that the “constant fire-tube length” rule of heat transfer is incorrect. 
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FIGURE 12.12 Impact of Fire Tube L/D Ratio on Thermal Efficiency 
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FIGURE 12.13 Efficiency of Fire Tube with Constant Length 
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13 FIRE-TUBE HEATER EFFICIENCY, RELIABILITY, AND TUNE-UP 
GUIDELINES 

This chapter contains the following two guidelines intended for the operating and maintenance personnel: 

a) Combustion Efficiency, Emissions And Reliability Guideline – This guideline is of general nature and 
designed to provide the operating and maintenance personnel with basic information on this topic; 
and, 

b) Fire-Tube Heater Tune-up and Inspection Procedure – Provides simple, step-by-step procedure for 
evaluating and tuning-up fire-tube heaters for best immediate efficiency gains. In the process, 
appropriate design and performance data is recorded, which can be forwarded by the operator to the 
engineering department for an in-depth evaluation. Note that the procedure assumes the availability 
of a combustion analyzer to the person performing it. 

The above two guidelines are intended to help in a time-effective data collection and evaluation process, 
which has been tested not to exceed more than 30 minute per heater. During this evaluation, basic burner 
adjustment can be performed, in order to eliminate obvious cases of fuel overfiring, or combustion air 
deficiency, thus yielding a “reasonable” performance data record. Installations, were such improvement 
cannot be achieved through simple adjustment can be immediately reported to a combustion technician 
for specialist servicing. Data from heaters with “reasonable” readings can by further analyzed for potential 
energy and emission savings. 

These guidelines should be used as part of the training program discussed later in this report. 
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13.1 Combustion Efficiency, Emissions, and Reliability Guidelines 

 

FIGURE 13.1 Combustion Efficiency, Emissions and Reliability Guidelines Page 1 of 4 
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FIGURE 13.2 Combustion Efficiency, Emissions and Reliability Guidelines Page 2 of 4 
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FIGURE 13.3 Combustion Efficiency, Emissions and Reliability Guidelines Page 3 of 4 
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FIGURE 13.4 Combustion Efficiency, Emissions and Reliability Guidelines Page 4 of 4 
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13.2 Fire-Tube Heater Tune-up / Inspection Procedure 

 

FIGURE 13.5 Fire Tube Heater Inspection and Tune-up Procedure – Page 1 of 2 
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FIGURE 13.6 Fire Tube Heater Inspection and Tune-up Procedure – Page 2 of 2 
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14 INSTALLATION, OPERATING AND MAINTENANCE PERSONNEL 
TRAINING PROGRAM CONCEPT 

Recent changes in Alberta legislation impose qualification requirements on personnel involved in the 
installation and startup of fired heaters. These requirements encompass not only new installations but 
also alteration and upgrade projects to the existing equipment. This definition includes immersion fire-
tube heater efficiency upgrade projects discussed in this study. 

In the following chapter, we propose a paradigm designed to address these projects and we identify a 
similar need for education and training programs for personnel that are involved in these projects. This 
need is not only based on a legal perspective but also on the general lack of experience in the industry 
with respect to energy conscious installation, startup, operation and maintenance of immersion fire-tube 
heaters. The primary concern is that in order to achieve verifiable long-term efficiency improvements both 
owner’s and manufacturer’s personnel need to be educated in the principles and details of this essential 
efficiency work. Without an educational component, the proposed paradigm is destined to fail like 
numerous similar projects undertaken in the past by various industries. It is our conviction that through 
proper training, the industry can raise the awareness in their employees of practical ways to improve the 
existing processes with both a positive environmental and economic outcome. 

As part of this project, we discussed this training concept extensively with the Petroleum Industry Training 
Service (PITS) and consulted with the Alberta Municipal Affairs. In order for such a training program to be 
effective and legally acceptable, it would have to be endorsed by Alberta Advanced Education and with 
collaboration with our neighboring provinces it could also be extended to cover similar activities in BC and 
Saskatchewan. This program would respond to both the requirements of the current Alberta legislation 
and the proposed paradigm of the immersion fire-tube heater efficiency improvement program. 

PITS have proposed the creation of a sub-trade called: Oilfield Gas-Fired Appliance Technician (OGFAT). 

The following paragraphs are a conceptual description of this proposed program. 

14.1 Oilfield Gas-Fired Appliance Technician (OGFAT) Sub-Trade Model 

The development of the OGFAT program could be modeled after the three special sub-trades previously 
developed by PITS as follows: Special Oilfield Boiler Operator, Special Well site Boom-truck Operator, 
and, Electrical Work for Non-Electricians Program. 

14.2 Sub-Trade Legal Acceptability 

The important aspect of the program is that it would have the endorsement of the Alberta Advanced 
Education and the legal acceptability of the Alberta Municipal Affairs, and similar counterparts in BC and 
Saskatchewan. 

This acceptability would alleviate current the liability exposure faced by the operating companies from the 
point of view of both the provincial and federal legislations. 

14.3 Objectives of the OGFAT Training Program 

The following is a summary of the objectives of the proposed OGFAT training program 

a) To provide workers competency targeted at installation, operation and maintenance of oilfield gas-
fired process appliances; 

b) To utilize existing experienced petroleum personnel by expanding their knowledge to deal with these 
appliances; 

c) To obtain program accreditation with Alberta Advanced Education and Alberta Municipal Affairs; 

d) To provide legal solutions to the current provincial and federal requirements for minimum competency 
level when dealing with gas-fired appliances; 

e) To ensure the inter-provincial reach of the new training program; 
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f) To include new technical solutions and products in the training program; and, 

g) To combine elements of safety, energy efficiency and environmental impact in the training program. 

14.4 Course Pre-Requisites 

To address the above objectives, the following are the proposed student pre-requisites for this program  

a) A letter from the employer stating a minimum 6 months work experience on gas fired appliances in 
the petroleum industry; or, 

b) A gas fitting license. 

14.5 Outline 

The proposed OGFAT training program would include the following curriculum: 

DAY 1 (5 hrs class + 3 hrs practical) 

a) combustion fundamentals 

b) safety regulations 

c) permitting requirements 

d) scope of competency 

e) introduction to gas-fired petroleum appliances 

f) subsystem and component identification. 

DAY 2 (4 hrs class + 4 hrs practical) 

a) gas piping 

b) gas piping pressure drops 

c) pipe fitting 

d) gas fitting 

e) gas piping testing 

f) gas piping leaks 

g) gas piping purging 

h) odorant / signage requirements. 

DAY 3 (4 hrs class + 4 hrs practical) 

a) fuel train basics 

b) gas pressure regulation 

c) fuel flow/temperature control basics 

d) safety devices 

e) component assembly. 

DAY 4 (4 hrs class + 4 hrs practical) 

a) burners basics 

b) burner start / stop 

c) burner adjustment 

d) burner modulation 

e) combustion analyzer basics 
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f) efficiency  

g) emissions. 

DAY 5 (4 hrs class + 4 hrs practical) 

a) Control systems 

b) Wiring to end devices 

c) functional tests 

d) startup procedures 

e) tune-up procedures 

f) maintenance procedures 

g) troubleshooting 

h) course review. 

14.6 Course Completion 

To complete the OGFAT training program would require the following: 

a) Attendance of all classes; 

b) Passing mark on daily quizzes and on the final exam; 

c) Satisfactory assembly of a fuel train, controls and burner; 

d) Satisfactory startup and tune-up of a heater; 

e) Upon completion of the above 4 steps, a temporary certificate would be issued; 

f) Students would be given a checklist to be signed by the employer upon completion of all practical 
tasks outlined on the checklist; and, 

g) Once the signed checklist was received, a permanent certificate would be issued. 

14.7 Training Program Development Process 

The following steps must be undertaken to develop the OGFAT training program: 

a) Industry recommendation to be formalized (letter from relevant Association); 

b) PITS to form an industry committee; 

c) Committee to develop skill profile; 

d) PITS to develop training outline; 

e) Outline to be approved by Alberta Municipal Affairs, ABSA, Advanced Education; 

f) Outline and process to be consulted with BC, Saskatchewan and NWT; 

g) Complete training program pilot; and, 

h) Training delivery. 
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15 AREAS FOR IMPROVEMENT AND SOLUTIONS - NEW 
PARADIGM AND FINAL RECOMMENDATIONS 

Based on the literature study and previously presented detailed research of heater efficiency basics, we 
established that the subject of immersion fire-tube heaters efficiency is related to a great number of 
factors, many of which are not purely technical nature. 

Some of these non-technical factors, which we mentioned before include: 

a) efficiency requirements and environmental pressure are relatively new issues with these heaters; 

b) heater designs are typically 30-40 years old and are rarely updated; 

c) design standards such as GPSA (Ref A23) or API Spec 12K (Ref A3) represent these old, low 
efficiency designs; 

d) the large infrastructure in Alberta of both existing installations and heater manufacturers using these 
outdated standards; 

e) project specifications rarely question immersion fire tube heater efficiency, and manufacturers rarely 
specify fuel consumption; 

f) heater rating is based on the net heat (useful energy) transferred to the process and there are no 
thermal efficiency guarantees implied; 

g) heaters are not equipped with appropriate test equipment or even test connections. For example: 
many heaters do not have a stack connection for a combustion analyzer; 

h) the inertia of the industry to try new solutions which may be “unreliable”; 

i) the lack of commitment to high efficiency by operating companies; 

j) the expectation by operating companies that heater manufacturers should come up with “better” 
solutions is countered by manufacturers statements that operating companies are not willing to pay 
for “better” solutions; 

k) the offers by manufacturers to provide efficiency solutions are “hard to sell”; 

l) a lack of on-going maintenance programs, some heaters are not maintained at all until they fail; 

m) the unfamiliarity of operating and maintenance personnel with proper operating and tune-up 
procedures; 

n) the lack of combustion testing equipment at the plant level; 

o) many burners are set “by eye” without making any measurements or recording any performance data; 

p) the reliance on outside contractors to do occasional maintenance and tune up of equipment; 

q) no combustion-related formal qualifications or education is required from contractors offering tune-up 
services; 

r) a lack of good literature on the subject; and, 

s) a lack of educational programs on the subject. 

These are just some of the non-technical challenges, which must be overcome in order to achieve 
sustainable efficiency improvements of immersion fire-tube heaters. And no single technical solution no 
matter how efficient will solve the problem in the long term until a more holistic approach is used, which 
includes but also reaches past the “nuts and bolts” of the immersion fire-tube heater design. 

In our research, we have encountered a number of innovative efficiency solutions, which were tried in the 
past. There certainly is a sufficient knowledge base from other industries to offer effective and reliable 
technical solution for improved efficiency of immersion fire-tube heaters. 
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In order to address both the technical and non-technical issues related to these heaters, we propose a 
paradigm, which encompasses the entire process of evaluating, specifying, designing, installing, 
commissioning, operating, maintaining, and monitoring activities aimed at the most safe, reliable and 
efficient operation of immersion fire tube heaters. 

The concept of this paradigm is illustrated in Figure 15.1. This paradigm proposes the following there 
concentric circles: 

CORPORATE & ENGINEERING - This outer circle encompasses the activities of operating companies 
leading to the specification and procurement of heaters and provides both framework and control to the 
other two circles. 

EQUIPMENT MANUFACTURERS – This middle circle encompasses the heater equipment 
manufacturers for both final assemblies and subcomponents. This circle responds to and is controlled by 
the outer circle through specification and procurement activities. In economic and business terms, it is a 
market demand driven relationship. 

PLANT OPERATIONS – this inner circle encompasses the heater end-users who install, operate, and 
maintain these heaters. Although some of the procurement activities maybe done on the plant level, we 
propose to treat them independently as they rely on what the manufacturers offer and typically do not 
have the policy setting powers to change the existing practices related to the heaters. 

 

FIGURE 15.1 Immersion Fire-Tube Heater Efficiency Improvement Paradigm 
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Each circle is defined individually from the point of view of its potential impact on heater efficiency. The 
paradigm is designed to follow the actual logical sequence of all specified activities and their 
interdependence. The circular nature of the paradigm indicates that this is a continuing iterative process 
capable of adapting to new regulations, corporate goals or technological advancements in this field. In 
addition, all three circles are interconnected in a spiral fashion. Each circle has a feedback point to the 
controlling activity of production. 

15.1 Corporate and Engineering Activities Circle 

The outer circle of the paradigm consist of the following 13 activity areas: 

a) production requirements; 

b) process design concept; 

c) laws and regulations (compliance); 

d) safety requirements; 

e) reliability requirements; 

f) environmental considerations; 

g) economics; 

h) energy conservation; 

i) waste heat sources; 

j) waste fuel utilization; 

k) gross process heat input requirement; 

l) life cycle of the process; and, 

m) improvements to the process. 

These activities are described in greater detail in the following paragraphs. 

15.1.1 Production Requirements 

The starting and ending point of this circle is the PRODUCTION, which controls all of the other activities 
in the paradigm. What we mean here is that the production requirements (in corporate sense) set the 
production goals and allocate resources to meet these goals. Production requirements also set policies 
related to such issues as safety, legal framework, reliability, economics or environment. These policies 
are the key to the implementation of efficiency improvements in immersion-fire tube heaters. 

15.1.2 Process Concept 

The next step in the paradigm is the PROCESS, which dictates how the production goals are achieved. 
An energy conscious process design is by far the most effective method of efficiency improvements. In 
other words; don’t produce thermal energy, which does not have to be produced. The efficiency 
measures, which may address this goal, are: 

a) analyze the process to confirm its usefulness. If not useful, simply eliminate or reduce the process; 
note: it should not be assumed up front that all processes are essential or that they serve some useful 
purpose. An analogy could be given in a simple example like keeping the lights on during the day, or 
heating a room while all doors and windows are open. Strangely enough, there are many similar 
examples in the industrial applications; 

b) if possible, equalize the load so that the heater operates constantly at a lower firing rate, instead of 
high/low fire cycling; 

c) optimize heater performance to match this equalized actual process demand instead of optimizing is 
maximum rating point which may never be utilized; 
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d) minimize thermal process overrun by relocating process control sensors (usually thermocouple) to 
places which directly reflect energy demand and allow firing rate adjustment and fast response; and, 

e) minimize thermal process overrun by bypassing part of the process stream around the heater without 
heating it, so that the combined downstream temperature setpoint is maintained regardless of the 
process turndown. 

15.1.3 Compliance With Laws and Regulations 

- Requirements, which must be considered when analyzing possible efficiency improvements, must 
comply with federal, provincial and local legislated standards or codes. In many cases, there are also 
certain regulations imposed by insurance underwriters, associations, trade unions, and other non-
governmental bodies, which must be observed. Finally, there are the regulations and standards 
imposed by owner companies themselves. A clear distinction must be made here between the 
legislated codes and other recommended practices and standards, which are not required by law. 
Since some of these non-legislated recommended practices are outdated and possibly at the core of 
inefficient heater designs, a decision must be made to abandon these practices or at least their 
portions which are the reason for inefficiencies. On the other hand, even the best technical solution 
cannot be used if it violates the legislated requirements. 

15.1.4 Safety Requirements 

- This requirement is usually paramount to all other requirements, since the improvement in efficiency 
cannot come at a cost of reduced safety. 

15.1.5 Reliability Requirements 

- This requirement is essential to meeting the production goals and usually cannot be traded for 
efficiency gain. The reduced reliability argument is the most common argument in the industry for not 
implementing efficiency improvements. Therefore, any efficiency improvements must ensure that the 
reliability is not sacrificed. 

15.1.6 Environmental Requirements 

- Efficiency improvements of fire-tube heaters are usually viewed as a means to reduce fuel 
consumption and greenhouse gas (GHG) emissions and to help in achieving emission and energy 
utilization reduction goals. These reductions may in the near future, translate into tangible GHG 
credits under Kyoto protocol. However, in certain situations efficiency improvements may be viewed 
as reducing system reliability and creating a potential for environmental damage or perhaps even a 
safety concern larger than the benefits of GHG reductions. Such situations include: release of sour 
gas, or hydrate formation in the case of system failure. Such concern must be addressed when 
designing efficiency improvement solutions for fire tube heaters. 

15.1.7 Economic Requirements 

- Barring all of the previously mentioned consideration, economic requirements are the most important 
driver behind efficiency improvements. Most of the operating companies require that efficiency 
improvement projects are economically justifiable within an acceptable payback period. The larger the 
installation and corresponding fuel cost, the easier it is to meet this goal. For the majority of small 
installations such as oil tank heaters with small burners working on an intermittent basis with only a 
small gas input, these savings may be very small and the efficiency improvements may be difficult to 
justify economically. 

- The main problem of economics is that the majority of installations do not have any fuel metering, 
hence the “before” versus “after” energy consumption difference is difficult to prove. Efficiency 
improvement project must therefore include some means of their verification. 

Once the proposed efficiency improvement project goes through the above scrutiny of acceptability 
requirements, it should be also reviewed for possible process efficiency solutions described in the 
following paragraphs. 
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15.1.8 Energy Conservation 

Analyze the process to identify energy losses and inefficiencies. If possible, reduce the process 
temperatures, add insulation, reduce fuel vents, eliminate leaks, recycle heat, etc. 

15.1.9 Waste Heat Sources 

- Try utilizing existing waste heat sources for the process before adding more heating capacity in the 
fire-tube heaters. 

15.1.10 Waste Fuel Utilization 

- Consider using waste fuel which otherwise would be flared or vented, such as casing gas. 
Consideration should be given to the negative aspect of those fuels such as safety, moisture, 
corrosive properties, or changes in the heating value. Use gas glycol and amine scrubbers and drip 
pots. In larger systems waste gas could be mixed with normal fuel gas to improve its quality. 

15.1.11 Gross Process Input Energy Requirement 

Once an energy conscious process review is complete with all of the “peaks and valleys” of the process 
energy requirement identified and addressed and all of the possible energy conservation means applied, 
then a gross process input may be established. This optimized value is used as an input into the middle 
circle of efficiency improvements, which we will discuss below. 

But first to complete the outer circle of our paradigm, we need to consider two more aspects of the fire-
tube heater efficiency considerations. 

15.1.12 Process Life Cycle 

Since many of the processes encountered in the oil and gas industry are subject to the depletion of the 
maturing resource, not only the present energy demand must be taken under consideration but also a 
projection must be made of the impact of this natural depletion on the process efficiency and energy 
demand in the future. In some cases, there may not be enough life left in the process to justify any 
improvements. 

15.1.13 Process Improvements 

These future projections are used for possible process improvements, which are the last consideration of 
the outer circle. Improvements may be undertaken a number of times during the life-cycle of the process. 
Solutions may involve, for example, combining flows from two adjacent wells into one heater and shutting 
the other heater off, or reducing the heater capacity. 

From the point of view of energy efficiency, this iterative nature of the process evaluation should lead to 
proactive decisions aimed at energy conservation, elimination of excess heating capacities, heat losses, 
vent or leak losses, thermal overruns or any other situation which otherwise leads to the production of 
thermal energy which in reality does not have to be produced. 

15.2 Equipment Manufacturers Activities Circle 

The same process presented below, can be used for energy efficiency optimization of new and existing 
equipment. For new equipment, the process could be used by the original equipment manufacturer 
(OEM). For existing heaters, it could be used by a contractor, an engineering company, or owner’s own 
engineering department. For simplicity, we will consider all parties mentioned above as “OEM”. 

Once an optimized gross energy input requirement to the process is defined, this value can be used by 
the OEM to arrive at the most efficient equipment design to fulfill this requirement.  

Taking under consideration the energy efficiency requirements addressed in the outer circle, such as, the 
use of waste fuel, or other sources of waste energy, as well as, constraints related to system compliance, 
safety, reliability, environmental and economic guidelines, the OEM can now propose various solutions 
aimed at optimizing the efficiency. 
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15.2.1 “Paid-For” Fuel Considerations 

This work starts with establishing how much “paid for” fuel is required to run the heater. In addition to 
switching to waste fuel sources, which were discussed above, efficiency ideas may include the following: 

a) lowering the firing rate so the heater operates all the time, at a lower rate instead of cycling OFF and 
ON to high firing rate; and, 

b) turning the pilot off if heat is not required. 

15.2.2 Combustion Air Considerations 

The next step in heater design is to look at the combustion air. To maximize the efficiency the following 
measures need be taken: 

a) limit excess air at full fire to 2.5% O2 in the stack; 

b) run as much air as possible through burner primary air inlet to maximize fuel/air mixing. This will also 
limit the excess air at turn down; 

c) reduce the secondary air flow as much as possible to maintain 2.5% O2 in the stack. This can be 
done by the use of adjustable plates installed in the fire tube at the burner inlet. In some cases with 
grossly oversized tubes a tight stack damper may be also helpful. The secondary air adjustment must 
be very precise (+/- 1 in2. of open air flow area). Traditional adjustable flame arrester lids or bands on 
are not effective. Also partial blocking of flame arrestor cell renders it ineffective, and,  

d) consider preheating combustion air if stack temperature is high (above 500 deg F) 

15.2.3 Combustion Process (Burner) Considerations 

The air and gas mixing, delivery and stabilization of the combustion process is performed by a burner, 
therefore the next set of efficiency improvement apply to the burner. Although we show fire-tube sizing 
subsequent to the burner selection, it is clear that the two have to match in order to maximize the 
efficiency. Therefore, the burner and fire-tube sizing has to be viewed as an iterative and parallel process, 
where one component affects the other.  

In simplified terms, the flame has to fit inside the tube without impingement, but the tube has to provide 
desired heat transfer to the bath liquid and not to be too large for the flame size. Under-sizing the fire tube 
leads to both tube and bath liquid overheating and deterioration, where over-sizing the tube leads to 
partial flows and partial use of the heat transfer area.  

Also, the burner selection must be based on the thermal efficiency of the fire-tube design thus providing 
adequate gross heat input to cover the heater losses. The firing rates discussed in this section represent 
the total input and not the heat transfer to the bath liquid. 

Based on these principles following are the burner selection considerations: 

a) Choose burner with a proper conical Venturi and a large smooth bell shaped primary air inlet 
providing a low entrance loss coefficient. Maximizing the primary air flow is the main objective to 
achieving controllable excess air levels, good fuel/air mixing, and flame shaping. Ideally, the burner 
should provide 110% of stoichiometric flow though the mixer, thus allowing the elimination of 
secondary air. Although this may not always be achievable, the burner should be able to provide at 
least 80% of stoichiometric flow through the mixer at full fire; 

b) If the burner Venturi diameter is too small, its pressure drop will be too high for the air flow and will 
not induce an adequate amount of primary air. In extreme cases, small burners will work as a raw gas 
burner relying totally on the secondary air and fuel/air mixing inside the fire tube. This leads to poor 
air/fuel mixing, uncontrollable flame shape, flame lifting and impingement on the tube surface; 

c) If possible, use at least 15 PSIG (for natural gas) pressure. 20 PSIG is considered ideal for this 
application and below the high noise threshold. This should allow a minimum 3:1 burner turndown, in 
some cases 4:1 turndown may still provide a stable flame; 
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d) Recognize that every burner has a minimum fire, below which the flame snuffs out. Allow for snap 
acting shutoff, which does not allow the burner to go below this minimum stable setting. Test this 
minimum during system commissioning; 

e) Recognize that every burner has a maximum fire, above which the flame lifts off. Make sure that the 
controls are set not to allow burner to overfire; 

f) Burner sizing should maximize the primary air induction, which means that the diameter of the mixer 
and Venturi must be adequate to pass 110% stoichiometric air. Typically this translates to about 
100,000 to 120,000 BTU/hr/in2 of nominal Venturi cross-sectional area. Figure 15.2 offers a general 
guideline for maximum and minimum burner HHV inputs (based on 4:1 turndown), and gas orifice 
sizing. Check with burner supplier that their product will work properly within the specified maximum 
and minimum range while maintaining its primary air induction capability; 

g) Avoid exceeding the maximum recommended heat inputs because of the resulting reduction of 
primary air induction. Avoid operating burner below the specified minimum input because of the 
concern for flame stability; 

h) For burner capacities falling between the specified ranges choose the next larger burner size and 
adjust the orifice diameter accordingly to maintain the recommended 20 PSIG pressure drop. For 
example, for a 1 MM BTU/hr gross HHV input requirement we would chose a 4” burner and adjust the 
orifice size to 5/32” (0.1562); 

i) While reducing the orifice size keep in mind that under—sized orifice in an over-sized burner reduces 
its air induction capability; 

j) The above recommendations are based on natural gas firing and on the assumption that there is 
sufficient fuel pressure available to the burner i.e. in excess of 20 PSIG. See Figure 15.2 below. 

 

- Burner 
Nominal Size 

- Maximum 
Fuel Input 

BTU/hr 
(HHV) 

- Minimum 
Fuel Input 

BTU/hr 
(HHV) 

- Orifice Size 
for 20 PSIG 
Natural Gas 

- Burner to 
Orifice 
Cross-

sectional 
Area Ratio 

- 1/2” - 24,000 - 6,000 - #73 ; 0.024” - 434 

- 3/4” - 52,000 - 13,000 - #64 ; 0.036” - 434 

- 1 - 96,000 - 24,000 - 3/64” ; 0.047” - 453 

- 1-1/4” - 148,000 - 37,000 - #53 ; 0.0595” - 441 

- 1-1/2” - 212,000 - 53,000 - #49 ; 0.073” - 422 

- 2” - 380,000 - 95,000 - #41 ; 0.096” - 434 

- 3” - 848,000 - 212,000 - #27 ; 0.144” - 434 

- 4” - 1,500,000 - 375,000 - #11 ; 0.191” - 439 

- 5” - 2,400,000 - 600,000 - C ; 0.242” - 427 

- 6” - 3,400,000 - 850,000 - L ; 0.290” - 428 

- 8” - 6,000,000 - 1,500,000 - W ; 0.386” - 430 

FIGURE 15.2 Recommended Burner And Gas Orifice Sizes 

k) For applications using other fuels, or low pressure fuels, these specific recommendations must be 
adjusted by a proper engineering assessment, while maintaining the overall objective of maximizing 
the primary air flow and the elimination of the secondary air flow; 

l) The gas orifice should be easily accessible from the back of the burner without having to remove the 
burner assembly from the heater. Use proper orifice sizing charts to establish orifice diameter; 
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m) Orifice fine-adjustment needles are not recommended, as they are difficult to adjust in the field 
conditions without proper instrumentation. In some cases they may also contribute to orifice plugging 
or freezing up. Consequently, the adjustable needle valve may create more problems than benefits. 
Use of a properly sized gas orifice is preferred. If adjustment is necessary simply replace or redrill the 
orifice; 

n) Check orifice diameter against the nominal burner diameter. If properly sized, at maximum burner 
ratings, the ratio between burner cross-section area and orifice cross-section area should be 
approximately 430:1 for natural gas. Figure 15.2 shows that ratio; 

o) Burner must have primary air adjustment, and this adjustment must be equipped with a positive lock 
and be accessible from the back of the burner. Electrical locking crown-nut used typically on burners 
is ineffective as it does not provide positive lock, especially when used with cast iron burner 
components. In most heaters, the locking nut cannot be easily accessed and tightened through the 
access port in the back of the windbox or flame arrester; 

p) Specify burner nozzle providing sharp straight and short and stable flame envelope. Long lazy flames 
or wide flames are not recommended since they are affected by buoyancy, impinge on the tube and 
do not contribute to the radiant heat transfer, which is related to gas emmisivity rather than to 
presence of a visible flame. In other word combustion should be completed as soon as possible so 
optimal heat transfer (radiative and convective) between the hot products of combustion and the fire 
tube surface can take place; 

q) Ideally, there should be a distinct clearance of about 3” between flame bushel and the tube surface all 
around the flame. Under no circumstances should the flame be allowed to touch the tube surface. For 
estimating purpose it can be assumed that the flame diameter is on average 2 to 3 times the nominal 
burner diameter; 

r) Ensure that burner materials are compatible with the fuel. Use of brass should be avoided if sulfur is 
present in the fuel. Specify stainless steel gas orifice if sour gas is present; 

s) When selecting a burner, consideration must be given to noise characteristics and susceptibility to 
plugging and freezing; and, 

t) When installing a burner and dependent on the actual flame shape, consider locating the burner 
nozzle below the tube centerline (at about 1/3 diameter) and pointing is slightly down (about 10 to 15 
degrees) in order to minimize the potential of flame lifting by buoyancy and impinging on the tube’s 
top invert. If possible, external adjustment should be provided to change the burner centerline 
elevation and angle. 

15.2.4 Fire Tube Design Considerations 

- As explained in the previous section, although we show fire-tube sizing subsequent to the burner 
selection, it should be clear that the two have to match in order to maximize the efficiency. Therefore 
the burner and fire-tube sizing has to be viewed as an iterative and parallel process, where one 
component affects the other. In simplified terms, the flame has to fit inside the tube without 
impingement, but the tube has to provide desired heat transfer to the bath liquid and not be too large 
for the flame size. Under-sizing the fire tube leads to both tube and bath liquid overheating and 
deterioration, where over-sizing the tube leads to partial flows and partial use of the heat transfer 
area. Also the burner selection must be based on the thermal efficiency of the fire-tube design thus 
providing adequate gross heat input to cover the heater losses.  

- The following should be considered when designing an energy efficient fire-tube for a specific process 
application: 

a) Base the thermal design on sound engineering principles, which include both the radiative and 
convective heat transfer; 

b) Recognize the fact that although the main objective of the fire-tube is to transfer the energy to the 
bath-liquid, its main limitation in achieving such heat transfer is in the boundary layer heat transfer 
coefficient on the gas side. Therefore, the conventional surface heat flux rating of the tube heat 
transfer to the bath liquid (such as 10,000 BTU/hr/ft2 rule-of-thumb) is in reality secondary to, and a 
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result of, what happens to the heat transfer on the gas side. This means that the heat flux rate is not 
“guaranteed” just by providing sufficient fire-tube area and the fire tube design must be first optimized 
on the gas side in order for the average heat flux rate to be realized; 

c) Avoid using generalized design “rules-of-thumb” such as average heat flux rate, or average cross-
sectional flux rate. Using a shell and tube heat exchanger design analogy there is no single “optimal” 
heat transfer coefficient for heat exchanger sizing. Similarly, there is no single “best” heat flux rate for 
fire-tube design. For example, using a traditional approach to a 1 MM BTU/hr heat transfer 
requirement to the bath liquid, we would divide this value by a standard heat flux rate of say 10,000 
BTU/hr/ft2 and obtain a 100 ft2 fire tube surface specification. We could take this specification and 
make the tube “short-and-fat” or long-and-skinny” and obtain a totally different thermal heat transfer 
and pressure drop performance. Similarly, if we applied the commonly used cross-sectional heat flux 
of 15,000 BTU/hr/in2, we would have not addressed the non-linear nature of fluid dynamics and 
thermodynamics principles involved in the flow of hot gases through the fire-tube; 

d) Customize fire-tube designs based on heat input, bath liquid type and temperature, fuel composition, 
type of burner used, desired thermal efficiency and available draft; 

e) Use Gross (HHV) thermal efficiency guideline between 72% and 82%. Ideally 82% gross efficiency 
should be used, except for designs where such specification would result in excessively large surface 
area requirements for example in high temperature salt bath heater applications; 

f) Avoid designs exceeding 85% gross efficiency due to a potential for condensation and tube flooding 
problems, unless special measures are undertaken to deal with this condensation. Fire tube should 
be equipped with a low point drain connection, which could be used in case of excessive 
condensation; 

g) Ideally, design fire-tube flame zone to match the selected burner’s maximum flame diameter plus 
approximately 6”. If this is not feasible for larger heat inputs, use the smallest possible tube diameter; 

h) Use a general guideline that smaller diameter but longer tubes result in more efficient designs, as 
long as, the additional friction due to extra tube length does not exceed the available draft; 

i) If possible, consider using a smaller diameter, 4 pass tube instead of larger diameter 2 pass tube. In 
4 pass design an external return elbow should be considered between 2nd and 3rd pass for access; 

j) If feasible, consider using forced draft burners to overcome additional friction loss from longer and 
multi-pass tubes; 

k) Thermal design principles are the same for both natural and forced draft burners. Forced draft burner 
applications in fire-tubes can be seen simply as an extension of natural draft designs into areas 
where there is not enough natural draft available from the stack. Typically, natural draft is limited to 
0.2” W.C. negative pressure, where forced draft systems can handle pressure drops as high as 4” to 
5” W.C.; 

l) Forced draft burners allow not only the use of smaller tube diameters and higher velocities and heat 
transfer coefficients, but also the use of various heat transfer augmentation techniques such as 
turbulators, fins, baffles, etc.; 

m) On the other hand, using forced draft systems in oversized tubes with low pressure drop will not 
enhance the heat transfer. Although some enhancement can be claimed through more turbulent and 
further reaching outlet flow from forced draft burners, this turbulence usually does not extend past the 
first return elbow and has no effect on the rest of the fire tube; 

n) Similarly, any air-flow control devices on the natural draft burners such as spinners, or spiral vanes 
may help in the fuel and air mixing but are ineffective in increasing the heat transfer to the fire-tube; 

o) Designs involving only replacement of natural draft burners with forced draft burners without changing 
the design of the fire-tube itself will not significantly increase the heat transfer and fire tube efficiency. 
Since a natural-draft fire-tube has a very low pressure drop, the additional pressure available from the 
forced draft burner will have to be throttled either at the burner or the stack end, thus making the 
forced draft burner “emulate” the natural draft burner performance; 
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p) For such conversion projects to improve efficiency they must include measures aimed at significantly 
increased turbulence and inside surface “scrubbing” action throughout the entire fire-tube length 
rather than dissipating this kinetic energy with dampers; 

q) Fire-tube surface heat transfer augmentation techniques aimed at increased turbulence are only 
effective in highly turbulent regions with Reynolds numbers between 10,000 and 200,000, and have a 
negligible effect with laminar flows. Any augmentation technique must increase the turbulence and 
“scrubbing” effect on the gas boundary layer by redirecting the kinetic energy of the gas flow. This 
change is achieved at the cost of pressure drop. As a practical guideline any such redirection, which 
uses less than 1” W.C. pressure drop will not result in significant heat transfer gains; 

r) The use of turbulators with natural draft fire-tube designs, which are inherently based on laminar 
flows, and have only 0.1” to 0.2” W.C. draft available is not effective, as these designs do not have 
sufficient kinetic energy to create the desired turbulence; 

s) Use of spiral turbulators should not be considered even with forced draft systems, as the spiral flow 
tends to pull the gases towards the centre of the spiral and away from the tube wall, possibly reducing 
the heat transfer; 

t) Tube surface extensions such as fins may be effective only if they are in solid contact with the tube 
wall, spot welding or friction fit does not provide such contact therefore fins, if used, must be 
continuously welded to the internal tube wall; 

u) The use of finned economizer tubes welded on the inside of the fire tube has been suggested in the 
literature. Theoretically, this idea has a potential although we have not found any data showing where 
this concept has been successfully used; 

v) Since the gas boundary layer film coefficient controls the heat transfer in the fire tube, and the tube 
surface enhancements must protrude past the boundary layer to be effective, the tube roughness (for 
example in form of small indentations or grooves) cannot enhance heat transfer in mostly laminar flow 
region of a fire tube; 

w) Any heat transfer enhancements must affect the inside of the fire tube rather than its outside, 
because this is where most of the resistance to the heat transfer is located; 

x) For all tube designs including any heat transfer augmentation additions, access to all passes for 
cleaning must be assured; 

y) If longer tubes or any augmentation techniques are used, check friction loss to make sure that it does 
not exceed the available draft; 

z) Use formed round return elbows or at least 5-piece miter elbows in the tube design. Elbows are the 
main source of pressure drop through the tube and the main cause for draft problems. 3-piece 
(square) miter return should not be used as it creates a large pressure drop and may contribute to 
noise problems; 

aa) Consider using a stepped tube design to maintain tube velocities. Flame zone should be of the 
largest diameter specifically designed to avoid flame impingement. First diameter reduction could be 
considered after the first return elbow; 

bb) The use of natural draft burners, which rely heavily on secondary air, creates an inherent problem 
due to secondary air keeping the entrance and first few feet of the fire tube cold and therefore not 
participating in the heat transfer. In fact the longer the flame, the longer it takes for the products of 
combustion to develop to full temperatures, and the greater is the tube length not fully utilized for heat 
transfer. Our burner selection guidelines, aimed at eliminating the secondary air flow by choosing 
burners with high primary air flow, address this problem. In addition, there is also a potential 
opportunity to fully utilize the fire-tube entrance by physically moving the burner back out of the tube. 
Although, this may not be fully possible with existing fire tube and flame arrester designs, an ideal 
solution aimed at maximizing the heat transfer in the fire tube would be to remove fully or partially, the 
combustion out of the fire tube so only the completely oxidized and mixed products of combustion 
enter the tube. This idea would eliminate flame impingement, hot spots and flame quenching 
problems; and, 
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cc) For applications involving fuels containing sulfur or fuels, which may be subject to dew point 
condensation, fire-tube made out of corrosion resistant material could be considered. The reduction 
of corrosion would result in a better heat transfer even taking under consideration the lower 
conductivity of the alloy material than the traditional carbon steel. Recent increases in carbon steel 
prices relative to alloy steel plus increased energy cost may make such use of alloy steel fire-tubes a 
possibility. 

15.2.5 Stack Performance Considerations 

The following should be considered when designing an energy efficient stack for a specific process 
application: 

a) Design the stack in conjunction with the fire-tube to provide sufficient draft and minimal friction loss; 

b) For higher draft applications (such as a forced draft design) incorporate draft control measures in the 
stack design such as a tight stack damper with a maximum –1/4” tolerance on stack diameter. The 
mechanical design must ensure that the damper does not bind in the stack due to thermal expansion 
and that it is equipped with a positive locking mechanism. Locate damper in a straight run of the 
stack, away from the elbow, in a location, which can be easily accessed (using a step ladder) for 
adjustment; 

c) For applications where the stack temperature is expected to either exceed 600 deg F or where water 
vapor condensation is expected, consider using a lighter gauge alloy material (304 SS or similar) 
instead of heavy wall carbon steel pipe. This will not only increase stack resistance to corrosion and 
oxidation at high temperatures, but it will also reduce stress on the mounting flange; 

d) Use a minimum stack height of 20 ft, and in special cases when dictated by friction loss and the draft 
calculations, consider using a 30 ft stack height; 

e) Provide 1” mineral wool insulation with thin gauge aluminum or stainless steel jacket over the entire 
stack length in order to maintain draft and prevent condensation and freezing; 

f) Provide two (2) 1/2” test ports near the stack bottom for combustion analyzer and Pitot tube 
measurements. Avoid using carbon steel NPT connection, which tends to seize permanently due to 
high temperature and corrosion; and, 

g) Use a low pressure drop rain cap with stainless steel bird screen to prevent water, snow, and birds 
from entering the stack. 

15.2.6 Bath Liquid Performance Considerations 

The following should be considered when designing an energy efficient liquid bath for a specific process 
application: 

a) Bath liquid must be suitable for the process application from the point of view of thermal rating and 
heat transfer properties, such as: conductivity, specific heat, and specific gravity, as well as, its 
resistance to breakdown, coking, or deterioration when in contact with the hot fire tube surface; 

b) Use of water is not acceptable due to the potential for freezing; 

c) Corrosion properties must be compatible with heater internal materials thus preventing external tube 
surface fouling; 

d) Use of corrosion inhibitors can be considered as long as they are not susceptible to deterioration 
when in contact with the hot fire-tube; 

e) Since the heat transfer, in an immersion fire-tube heater is controlled by the gas side, the effect of 
higher bath liquid conductivity is negligible, and the use of special heat transfer liquids (such as 
Thermogreen) has been proven to be ineffective in increasing the overall heat transfer in the heater; 

f) Comparative tests conducted on the same fire tube and burner configuration with water, 50% 
ethylene glycol, and light oil did not show any significant difference in heat transfer to the bath liquid, 
again confirming the controlling nature of the gas side; 
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g) Heavy oil or oil/water emulsion application requires special consideration from the point of view of the 
potential for coking, however, with a clean tube these emulsion applications do not significantly 
influence the heat transfer. Therefore, the heater design for these applications is less a question of an 
overall heat transfer but more a question of high tube wall temperatures caused by inappropriate 
burner selection, installation, and setup; 

h) Although heavy oil is especially susceptible to coking around any “hot spots” on the tube, such hot 
spots must be avoided for all applications in order to minimize bath liquid deterioration and to extend 
fire-tube life; 

i) For applications involving liquids containing impurities and solids such as sand, in oil treaters, special 
measures must be taken to prevent sand accumulation on the tube top tangent. Excessive 
accumulation of sand will result in a decrease in heat transfer, and premature tube failure. Using 
smaller diameter fire tubes (which have less “flat” top tangent than a larger diameter tube) for these 
applications could be considered as a means of reducing sand/silt accumulation. At the same time, 
smaller and longer tubes may provide a better heat transfer and higher thermal efficiency; 

j) Thermal siphoning, liquid conduction and natural convection through the bath liquid should be 
considered when designing a process coil and locating it above the fire tube; 

k) The amount of bath liquid is essential for applications, which are unpredictable and experience 
frequent load cycling, and which need an energy “accumulator” to draw the energy from during high 
peaks of the process load; 

l) An excessive volume of bath liquid increases the maintenance cost (when liquid has to be replaced), 
and it decreases the thermal efficiency due to thermal overrun during the low process load. Using 
conventional controls with fixed bath liquid temperature setpoint the process fluid flowing through the 
fixed surface area of the process coil may absorb more energy than needed from the bath liquid; and, 

m) Smaller volumes of bath liquid combined with appropriate controls such as process coil bypass valve, 
can contribute to increased efficiencies by avoiding thermal overruns and responding faster to the 
energy demand. 

15.2.7 Process Coil Performance Considerations 

The following should be considered when designing an energy efficient process coil for a specific process 
application: 

a) Consider thermal siphoning, liquid conduction and natural convection through the bath liquid when 
designing a process coil and locating it above the fire tubes. Ensure that the entire coil surface is 
immersed in the “thermally accessible” part of the heater and that there are no “cold dead pockets” of 
the bath liquid; 

b) Consider the impact of the difference in heat transfer from the first fire-tube pass and all subsequent 
passes into the liquid bath and the process coil. As the products of combustion cool down and the 
temperature gradient decreases so does the heat transfer. Consequently, one end, or one side of the 
heater is warmer than the other. If feasible, consider running a process flow counter-current to the 
heat distribution in the bath liquid; 

c) Consider the impact of bath-liquid volume on the time it takes for the heat to travel between the fire 
tube and the process coil. This is important in the case of sudden process load changes. Efficiency 
measures such as, reduction in the bath liquid volume or bypassing part of the process flow around 
the heater were discussed in previous sections; and, 

d) Consider using a larger surface area of the process coil in order to lower the bath temperature. Lower 
bath temperature will be reflected in lower stack temperature and will result in a thermal efficiency 
increase. 

15.2.8 Heater Energy Conservation Considerations 

The following heater energy conservation measures should be considered: 
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a) Insulation – there is a significant reduction in heat losses between uninsulated and insulated heater 
surfaces. This heat loss is especially high with outdoor installations, in winter and high wind velocity 
conditions. Consideration should be given to insulating the entire heater including the end heads; 

b) The thickness of the insulation is not as important as insuring that the surface is fully insulated and 
isolated from the wind, rain, snow and cold temperatures. A minimum 1” insulation should be used. 
With higher bath temperatures 2” insulation thickness should be considered; 

c) Insulating materials, which do not absorb moisture, are preferable over porous materials, although 
any insulation (as long as it meets temperature rating criteria) is better than none; 

d) Insulation must be covered by a water tight aluminum jacket, with all seems properly sealed using 
appropriate high temperature sealing compound; 

e) Wind-shield around the shell reduces the heat loss but is not as effective as sealed and jacketed 
insulation material; 

f) The stack should be insulated to maintain draft and minimize the potential for condensation, freezing 
and corrosion; 

g) Insulate process piping, connections and any major heat conductive surfaces protruding from the 
heater; and, 

h) Consider locating the heater inside an insulated and heated building. Usually this is feasible for most 
of the heater length except for the burner end. 

15.2.9 Internal Heat Recovery Considerations 

The following internal heat recovery measures should be considered: 

a) An energy conscious design from the point of view of the process itself, fuel usage, combustion air 
control, combustion process, fire-tube design, stack, bath liquid, process coil, or insulation should 
result in the maximum economically justifiable energy recovery. In other words, if the heater design 
was focused on achieving the maximum efficiency of 85%HHV without causing condensation, and 
eliminating all heat losses, there would be no viable energy source left to recover the energy from; 

b) From a thermal design point of view it is more efficient to extract the energy from the process within 
the process itself than to allow the energy to leave the process and then to try to recover it afterwards 
in order to put it back into the same process. Any such energy recovery concept is subject to its own 
efficiencies, temperature gradients and losses; 

c) Consequently, the only reason for the possibility of heat recovery is that the original thermal design is 
inefficient. Such is the case with many existing immersion fire-tube heaters; 

d) The focus of the heat recovery should first be on the elements internal to the process in order to 
eliminate the losses as much as possible. In other words, instead of starting by trying to recover the 
waste energy from the stack, we should start by trying not to let the energy go into the stack in the 
first place. This could be done by changing the burner, combustion air control, perhaps enhancing the 
heat transfer inside the fire tube or even by changing the fire tube, or using any of the other 
recommendations addressed previously. This is not to say that implementing any or all of these 
improvements will be economically viable. However, only after we prove that there are no feasible 
solutions left, aimed at keeping the energy inside the system we should look for external 
improvements; 

e) Those improvements are site specific and may include, for example, a combustion air preheat from 
the stack, fuel preheat from the stack, or even building heating with the stack energy. Just by running 
the stack pipe partially through the building (if there is one) we could conceivably heat it, thus 
eliminating the energy consumption from Catadyne heaters; and, 

f) Any of the energy recovery alternatives, both internal and external, must meet the general objectives 
and restraints defined previously in the outer circle of this paradigm. 
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15.2.10 Controls Considerations 

When designing an energy efficient control system for a specific process application, the following should 
be considered: 

a) Control system design should flow out of, and be subsequent to, the previously discussed efficiency 
measures for the process, burner and fire tube. Without addressing these design aspects first, any 
control system no matter how sophisticated cannot fully compensate for the inefficiencies inherent to 
inefficient process, thermal or mechanical heater design; 

b) A clear understanding of the optimized process operating range, as well as, burner turndown 
requirements must be matched by a corresponding controls strategy; 

c) Eliminate the use of instrument gas for control, instrument gas venting, and electric control power 
generation from fuel gas. Consider the use of all electric controls powered by solar power; 

d) Recognition must be given to the fact that the burner has a limited turndown, which in the best 
scenario does not exceed 4:1, however this turndown comes at a price of decreased thermal 
efficiency due to the impact of secondary air. Although proper burner selection maximizing the 
primary air flow and precise control of the secondary air can address this problem, the turndown 
should be limited to a maximum 3:1 in order for the combustion to stay close to its peak efficiency 
point; 

e) ON/OFF temperature control should be avoided as it results in efficiency losses during the ON cycle 
with an oversized burner and OFF cycle with natural draft pulling cold air through the tube; 

f) At the same time, excessive modulation should be also avoided as it increases the energy loss to 
secondary air; 

g) Ideally, if the process load could be “evened-out”, and proper burner selection and setup made to 
ensure that the burner is neither grossly oversized nor undersized, that it runs at its highest efficiency 
point, and that the secondary air flow is minimized, only a small amount of modulation would be 
required to maintain this process at its peak efficiency and without the need to cycle the burner on 
and off; 

h) To address the exact process energy requirement and eliminate thermal overrun, the control strategy 
should include the review of the location for the temperature control element so the heater responds 
quickly to any changes in the energy demand; 

i) In addition, the control strategy should look at the possibility of bypassing part of the process flow 
around the heater in order to maintain a constant temperature setpoint of the recombined flow 
downstream of the heater; and, 

j) In order to meet the requirements identified in the outer circle of the paradigm, any control strategy 
must be reviewed for its compliance with legal, regulatory, safety, reliability, environmental, and 
economic constraints.  

15.2.11 Fabrication Considerations 

The following should be considered for the procurement and fabrication activities associated with the 
immersion fire-tube heaters: 

a) Include efficiency specifications and requirement for efficiency guarantees in the project 
specifications; 

b) Specify that energy efficiency calculations must be submitted with the product bids; 

c) Develop and publish energy efficient design techniques for the industry; 

d) Encourage innovation and more efficient designs and allow departure from old low efficiency design 
“standard”; 

e) Create effective “market pull” for energy efficient designs for the heater manufacturers to respond to; 

f) Include life cycle efficiencies of equipment in the bid evaluation process; 
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g) Consider use of modern and more expensive high efficiency control methods and equipment in the 
heater design instead of rudimentary low efficiency and low-cost controls; and, 

h) Create a partnership between equipment purchasers and manufacturers aimed at increasing the 
efficiency and reducing the emissions from fire-tube heaters; 

15.2.12 Support Considerations 

The following should be considered for the support activities associated with fire-tube heaters: 

a) Not only must the more efficient heater design or strategy be developed, engineered, specified, and, 
fabricated, but it must be also supported; 

b) As new energy efficient heater solutions are developed, demonstrated, evaluated, and included in the 
production programs from various manufacturers, there has to be a parallel development of support 
to this infrastructure. This includes qualified engineers, designers, sales personnel, installers, startup 
technicians, troubleshooters, as well as, component stocking suppliers who all will be familiar with the 
new methods and requirements; 

c) Without this support infrastructure the more efficient installations may follow the previous attempts in 
this area, and slowly through lack of monitoring, maintenance an repair revert to the “old ways”; 

d) The development of such support can only start with appropriate education and training 
methodologies and their delivery; and, 

e) Appropriate funding should be allocated to the continuing development of the support infrastructure 
personnel, tools, training, procedures, etc) for the high efficiency equipment. 

15.2.13 Ongoing Heater Design Improvements Considerations 

Heater design improvement considerations with respect to the more efficient immersion fire-tube heater 
designs are as follows: 

f) As the new, more efficient heater solutions are developed there will be an ongoing process of 
improvements; 

g) This means, that not only must the new solution be delivered, but it must also be followed up, 
monitored, reported and analyzed. Without actually checking the efficiency gains and providing a 
forum for discussing the knowledge gained in the process there will be no continuity of improvements 
and the original ideas will most likely be lost; 

h) With the introduction of new gas safety regulations in Alberta there is a legal requirement for safety 
improvements to the field equipment including the immersion fire-tube heaters. It seems logical that 
such safety requirement could be combined with the energy efficiency aspects of the heaters, thus 
satisfying the legal requirement and providing at the same time economic justification for the 
upgrades through energy savings. 

i) This process completes the middle circle of the paradigm through simultaneous feedback to the 
manufacturers as well as it ties it back to the outer circle through feedback to the main controlling 
activity of the paradigm which we called production. 

15.3 Plants Operations Activities Circle 

The final chain of activities in our paradigm circle is related to the actual implementation of the energy 
improvements to the fire-tube heaters in the field. 

15.3.1 Heater Installation Considerations 

After the improved heater is delivered to the site the following should be considered: 

a) Availability of qualified installation personnel who understand the improvement concepts; 

b) Availability of special materials and tools which may be required for installation of the improved 
designs; 
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c) Appropriate documentation such as Installation and Operating Manuals, and installation check list; 
and, 

d) Availability of training and technical support   

15.3.2 Heater Commissioning Considerations 

Similar considerations apply to startup and commissioning activities of new equipment, which is often 
performed by the owner, sometimes with the assistance of the manufacturer or consultant. For efficiency 
gains to be realized appropriate education and training of all parties involved is required. 

15.3.3 Heater Operation Considerations 

The release of the new improved heater to plant operations marks the most important point of the 
process, and also starts the verification phase of the project. Not only must the improvement be 
embraced by the operations, but also it must be used on a daily basis to prove its long-term benefits. The 
change will involve modifications of old operating procedures. Without the acceptance of this process and 
the changes it brings with it by the operators the new solution has a good chance of failure. The 
education and training is crucial and operators must be included in this process. 

15.3.4 Heater Maintenance Considerations 

Similar comments apply to maintenance activities and personnel. With any new equipment there must be 
a change in the maintenance procedures. There is a tendency with some maintenance personnel to “fix” 
things and reset them to the old familiar ways. This tendency must be addressed by appropriate 
equipment protection. Similar to operators, maintenance personnel must also be trained in any new 
procedures related to the high efficiency heaters. In addition, they must be provided with appropriate 
equipment to conduct this maintenance. To address these requirements, appropriate funding should be 
included in the operating and maintenance budgets for the continuing support of the high efficiency 
equipment. 

15.3.5 Heater Monitoring Considerations 

The next important activity of the fire-tube heater efficiency improvement paradigm is the monitoring of 
new equipment. This aspect of the process is essential for the verification that the improvement actually 
works. Quite often various process improvements do not address this aspect and there is no way of 
telling if the project is successful or not. Until sufficient level of confidence is built up for the new solutions, 
there must be a monitoring system in place, which would keep track of the progress. Ideally, such 
monitoring system should include a “before” and “after” comparison, where the equipment is monitored 
for a while before the conversion and then continues to be monitored after the conversion so the “before” 
and “after results can be compared. 

Such monitoring should include as a minimum: stack temperature; bath temperature; gas pressure to the 
burner; fuel flow; ambient temperature; and, process load. There also must be a permanent record of 
combustion performance of the heater available on site, so this performance can be intermittently 
checked. A simple idea of such record is a sticker, which would be placed in an appropriate location on 
the heater, and which includes: 

a) date and technician’s name; 

b) stack readings (O2, CO, NOx, stack bottom temperature); 

c) gross thermal efficiency (% HHV); 

d) burner gas orifice size;  

e) burner fuel pressure; 

f) fuel flow; and, 

g) bath control temperature setpoint. 
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If available, process inlet temperature and process outlet temperature should be also recorded. Since 
such monitoring may require special instrumentation, it should be done close to the plant and in 
conjunction with existing trending capabilities in the plant DCS or PLC. If these are not existing, other 
continuous monitoring techniques should be considered. 

The collected data must be analyzed to show the impact of the energy improvement and long-term 
benefits. 

15.3.6 Ongoing Heater Improvements Considerations 

The final step of the paradigm is the ongoing heater improvement in the field. This is a very important 
step, which proves the long-term feasibility of the installation. Besides data monitoring, there should also 
be a procedure in place to record observations, experiences, adjustments to the heater, etc. This could 
be done in the form of a log book left at the site where all these observations, changes or adjustments 
would be logged. It is essential that such a log book be periodically reviewed and recommendations made 
regarding possible modifications to the heater. Such feedback could be provided to plant management, 
manufacturer, as well as, to our main controlling activity of production. 

This last item completes the paradigm by connecting all three circles of activity together thus providing 
verifiable results which may be used in future upgrade projects of a similar nature. 

15.4 Education / Training Requirements of the Efficiency Improvement Paradigm 

As explained above, the whole process of heater efficiency improvements is iterative and includes various 
levels of management engineering and operations. 

The key element, which has been repeated again and again throughout this analysis and which connects 
it altogether is the education and training. 

This education and training should be designed primarily to create an awareness of energy efficiency and 
to provide tools for working with and assessing this efficiency. 

15.5 Final Conclusions and Recommendations 

The principal objective of this project was to define practical methods for increasing energy efficiency and 
reducing emissions of gas fired immersion fire-tube heaters used in the petroleum industry. In addition, 
these methods were designed, to provide the improvement to the largest number of both the existing 
heaters, and new installations, at the lowest cost and with a minimum of modifications. 

To meet this objective, a detailed study of the existing technology was conducted including a survey of 
background information, literature, and the existing standards. A short synopsis of 44 references is 
included in this report. This research, led to the conclusion, that many relevant references are outdated, 
incomplete, unclear, or sometimes even lacking on the topic of fire-tube heaters energy efficiency and 
emissions. In fact, the existing references and standards may in some cases, be partially to blame for the 
lower efficiencies. The study compiles the information from various references and combines it with our 
own experience in this technology in order to identify the reasons for the low efficiency. 

To address the “information-gap” in the published literature and to further deepen the understanding of 
the subject, a detailed guideline of the fire-tube heater efficiency principles was prepared. The guideline 
addresses the theoretical principles of the laws of thermodynamics, the convective, conductive and 
radiative heat transfer, mass/energy balances, all in the context of the practical application of these 
principles to various performance parameters encountered in fire-tube heater operations. Numerous 
graphs are included to help in estimating the impact of these parameters on the heaters efficiency. 

The intent of this work was to illustrate, that heater efficiency is not just a random result of simplified 
design methods but also a quantifiable result of all of the various operating parameters. An analogy was 
drawn between the fire-tube heater design and a shell and tube heat exchanger design, with the 
exception that the fire-tube design is much more complicated due to the simultaneous presence of the 
combustion reaction, radiative, convective and conductive heat transfer. To address this complexity with 
any level of design predictability of heater efficiency, all the proper engineering principles, methods and 
tools must be used. 
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In addition to providing the basic theoretical information necessary to properly assess the fire-tube heater 
designs, operation, and maintenance, the study was also aimed at addressing the numerous “myths” that 
currently surround this subject. An example of such a myth is the idea that a long visible and orange 
burner flame reaching far into the fire-tube is of benefit to the radiant heat transfer. This study shows that 
this myth and 20 others are not relevant. 

This project has identified an achievable theoretical target gross efficiency for fire-tube heaters at 
between 72% and 82% depending on the bath liquid temperature. Although some references have 
identified typical efficiencies, as poor as 30% to 40% we don’t believe it to be the norm as indicated by 
field measurements. 

To confirm the reality of higher efficiency targets, a detailed survey of 43 field installations in various 
applications was conducted and compared to data from another 60 installations. Among the 43 heaters 
tested there were indeed eight installations with much lower efficiencies down to the 30% range. The 
reason for such low efficiencies was due to incomplete combustion, fouling, misadjustment or lack of 
maintenance. Simple readjustment of all eight of these units during the survey returned them to a “more 
reasonable” (higher) range of efficiencies. Subsequent to this adjustment, the actual gross efficiency 
range of all tested heaters was found to be between 64% and 82%, with an average efficiency of 72.3%. 

Besides the confirmation that the actual gross efficiencies encountered in the field installations 
correspond to the theoretical target gross efficiencies, this part of the project also produced guidelines 
and data collection methods for evaluating fire-tube heater efficiencies in the field. These evaluation 
methods were successfully tested and documented on all 43 fire-tube heaters. 

In addition to the theoretical guidelines of the fire-tube efficiency principles, and the field data collection 
methods, a software program was also developed as part of this project, to aid in the evaluation of the 
fire-tube performance. This fire-tube rating program was designed to resemble a standard heat 
exchanger rating program with the addition of the simultaneous radiative and convective heat transfer. 
The computation was based on relatively complex heat transfer models as used in other applications, 
such as, in the gas turbines. Instead of a commonly used average heat transfer value (heat flux) for the 
entire fire-tube, a progressive integration of the varying heat transfer along the entire tube length and the 
stack is applied. This enabled the computation to include a temperature, pressure, and heat flux profile 
along the fire-tube in addition to average heat flux value. 

The software program features a configurable fire-tube and stack geometry with up to 4-pass tube 
configurations, where the diameter of each tube pass can be different. Upon entering various process and 
ambient parameters, this program predicts temperature, pressure and the tube surface heat flux profile. 
By changing either the geometry of fire-tube or the stack, or the process parameters, a thermal design 
and the efficiency of the heater can be predicted and optimized. Due to this novel approach the software 
program does not differentiate between natural and forced draft fire-tube designs, except that the 
pressure drop is shown as exceeding the theoretical draft value, thus requiring a combustion air blower to 
make up the difference between the two values. 

To calibrate the above software program and also to test the impact of various burner designs on the 
heater efficiency, a fire-tube test unit was designed, constructed, and operated at the PITS facilities in 
Nisku. The test unit featured configurable tube geometry with 2-, 3- and 4- pass configuration and 
extendable stack, as well as, 65 pressure, temperature, and flow sensors interfaced via analog channels 
to the plant’s DCS. This data stream, which was recorded at 10 seconds intervals includes: fuel, 
combustion air, and bath liquid flows and temperatures, fire-tube and stack temperature profiles, burner 
parameters, and stack emissions. This test unit was extensively fired between 100,000 BTU/hr and 
500,000 BTU/hr fuel input, with water, 50/50 ethylene glycol, and with oil through the “bath side” of the 
fire-tube. 

Twenty-five (25) burner configurations from various manufacturers were tested to establish their flame 
shape, primary airflow, air/gas mixture pressure and sound pressure levels. These burners were first 
bench tested in the open-air firing in order to measure and photograph the physical size of the flame, and 
later fired inside a 2-pass fire-tube configuration of the test unit. 

The testing of individual burners led to the following conclusions as stated below: 
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a) Once properly selected, and adjusted, most of the tested burners could be fired reliably with at least a 
4:1 turndown. 

b) At maximum fire, all burners (with the exception of radiant type metal fibre burners) could be set to 
provide acceptable levels of CO, NOx, and excess O2 in the stack. At a fixed firing rate and based on 
similar burner settings, burner design did not have any significant effect on the stack bottom 
temperature (fire-tube exit) and the heater efficiency. 

c) Radiant metal fibre burners (three sizes tested) when used with third party fuel/air mixers did not 
provide the expected flame retention at the mesh surface, nor did they provide forward velocity to 
ensure proper flame shaping and products of combustion flow inside the fire-tube. This resulted in an 
uncontrollable flame flow both forward and backward in the fire-tube. 

d) The most significant difference in burner performance was attributed to their ability to induce 
(inspirate) primary air. Burners with higher primary air aeration have a more complete air/fuel mixture 
delivered directly from the mixer to the burner nozzle and rely less on the presence of the secondary 
airflow around the burner. This results in a shorter, more intense, and more controllable flame, and 
more complete combustion. It also helps in avoiding flame lifting and impingement on the tube 
surface. 

e) The high primary air burners allowed operation with minimal secondary airflow. This resulted in higher 
heater efficiencies through turndown as primary airflow decreases proportionally to the fuel flow. The 
aerodynamic properties of the fuel/air mixer were therefore, used effectively to “modulate” the airflow, 
without the need for any external mechanical secondary air modulation devices. 

f) In conclusion, an “ideal burner” for a fire-tube application should have all of the combustion air 
including the excess air go through the primary air port. This ensures a “perfect” homogenous air/gas 
mixture to the burner’s nozzle, resulting in a short controllable flame without impingement on the fire-
tube wall, and the ability to “aerodynamically” modulate the combustion airflow by modulating the fuel 
flow. 

The results of the firing tests of various burners inside a 2-pass fire tube configuration provided valuable 
data of tube temperature profiles indicating for each burner the high and low temperature spots. In 
general, all burners with higher primary air induction provided a more uniform temperature profile in the 
first 5 feet of the fire-tube. The burners with lower primary air induction typically operated with a “cold 
entry zone” due to the inrush of the secondary air around the burner and its shielding effect. 
Approximately 4 to 5 feet down from the tube entrance a high temperature hotspot was observed in an 
area where the secondary air and the raw fuel finally were mixed. In general, the temperature profiles 
from various burners start converging around the first return elbow of the fire-tube and are almost 
identical at the stack bottom.  

A general conclusion from this part of the study was that none of the 25 burner designs submitted for 
evaluation made a significant difference on the overall heat transfer in the fire-tube or on the stack bottom 
temperature. The difference in the burner performance occurs however at the tube entrance due to “cold 
entry zone” and a “hot spot”. The impact of the “cold entry zone” is expected to be more noticeable with 
short tubes. 

A series of heat transfer tests were conducted at almost identical temperature, flow, and firing rate 
conditions, in 2-, 3-, and 4-pass fire-tube configurations using water, then 50/50 ethylene glycol and finally 
oil on the bath side of the test unit. The resulting fire-tube temperature profiles show the efficiency gains 
due to the extension of the tube length from two to three, and then to four passes. At the same time the 
thermal performance of the heater was almost identical for all three liquids tested. 

In addition to providing calibration data for the fire-tube rating software program, the above tests 
confirmed the early assumptions of this project that the heat transfer in the fire-tube is controlled by the 
gas side with very little impact of the bath liquid type on the heater performance, and that extending fire-
tube length from 2 to 4 passes (3 being not practical) can indeed produce significant gains in the heaters 
thermal efficiency. 



15. AREAS FOR IMPROVEMENT AND SOLUTIONS – NEW PARADIGM AND FINAL  
RECOMMENDATIONS 

IMPROVED IMMERSION FIRE-TUBE HEATER EFFICIENCY PROJECT Page 15-20 
PETROLEUM TECHNOLOGY ALLIANCE CANADA PROJECT EETR 0401 

The heater was also tested with two different types of turbulators inside the fire-tube, leading to the 
conclusion that with low flow velocities and pressure drops inherent to the natural draft operation, 
turbulators in the gas path offer little improvement in the overall efficiency. 

The data collected from the above tests at PITS were then compiled and analyzed and the results were 
used to calibrate the fire-tube rating software program in a way that the software output results matched 
the actual test results. The calibrated program was then used to predict performance of tube diameters, 
between 4” and 36”, U-tube lengths between 5’ and 30’, and for 2-pass natural draft, 4-pass natural draft, 
and 4-pass forced draft fire-tube configurations. 

This part of the project produced fire-tube rating charts, which are intended to simplify the preliminary 
selection of various fire-tube configurations for a specific process application and with a specific thermal 
efficiency goal in mind, without having to run the fire-tube rating software. The fire-tube configuration can 
be chosen based on the heat transfer to the process, or based on the heat input to the burner. In addition, 
the effect of various surface heat flux rates on the heater efficiency can be investigated. Since the graphs 
were produced for a specific bath temperature, stack height, fuel composition, ambient conditions, and 
excess air levels, the final results should be confirmed by running the tube rating software program. 

The impact of the surface heat flux rate on the heat efficiency with various fire-tube configurations was 
investigated in order to address the applicability of the currently used common design value of 10,000 
BTU/hr/ft2. This analysis showed that with a 2-pass design in line heater application the above 10,000 
BTU/hr/ft2 is almost guaranteed to produce heater efficiencies lower than the 72% low efficiency target. 

In order to achieve the high efficiency target range of between 72% and 82%, the following approximate 
heat flux rates ranges should be considered: 

a) 2 pass conventional natural draft heaters – between 10,000 and 3,200 BTU/hr/ft2; 

b) 4 pass natural draft heaters – between 8,200 and 4,000 BTU/hr/ft2; and, 

c) 4 pass forced draft heaters – between 12,800 and 4,900 BTU/hr/ft2. 

Within each of these heat flux ranges there are variations in the performance of various fire-tube 
configurations, but generally, smaller diameter and longer tubes offer higher efficiencies than larger 
diameter and shorter tubes of the same surface area. The above heat flux ranges also depend on the 
actual process and ambient conditions. Consequently, instead of using a traditional design method based 
on a fixed assumed heat flux rate (for example 10,000 BTU/hr/ft2) a more accurate assessment can now 
be performed using the fire tube rating charts and the fire-tube rating software. 

A very important aspect of both existing and new installations is that many of them are already, or very 
likely will become, oversized for the actual process energy requirement, due to the natural depletion of 
the resource. Many of the heaters cycle ON/OFF with long OFF periods. During these OFF periods 
heaters loose significant amounts of energy due to the continuous action of the natural draft, fueled by the 
warm stack and by the warm bath liquid. At the same time, the fire-tube heat transfer area is often 
overfired by the original high burner input setting during the ON period and then idle during the OFF 
period. Such frequent fire-tube ON/OFF operation offers an excellent opportunity for energy savings with 
minimal modification to the existing heater. If for example, a given heater is fired 50% of the time (50% 
duty cycle) to maintain the process energy requirement, then the same energy requirement could be 
satisfied by firing this heater 100% of the time at 50% of the original firing rate. Not only would this 
modification eliminate the heat loss during the OFF periods, but it would also half the heat flux rate during 
the ON period, thus making the fire-tube work more efficiently. In other words, the same fire-tube, which 
was designed originally for a nominal heat flux rate of 10,000 BTU/hr/ft2, would start working at 5,000 
BTU/hr/ft2, and therefore closer to the 82% high efficiency target. 

Although a standard engineering solution to this concept would be to use a conventional method of 
burner fuel modulation, our research shows that this method is not effective without addressing the 
secondary airflow control at the same time. This is due to the significant decrease in the heater efficiency 
with burner fuel turndown while the natural draft is maintaining the secondary airflow at, more or less, the 
constant rate. As discussed above, the solution to this challenge is in the application of a burner, which 
does not require secondary air for operation, and which, provides “aerodynamic modulation” of the 
primary air, naturally responding to the fuel flow modulation. 
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The general concept of maximizing the efficiency of the fire-tube heater is by the proper matching of the 
fire-tube configuration, burner size and design, and modulating controls, so that the heater “percolates” at 
a constant firing rate, which matches the process energy demand, without shutting the heater down and 
while maintaining its low excess air operation (between 2% and 3% oxygen in the stack). 

Additional energy efficiency measures which can be considered, include turning the pilot OFF when the 
main burner is OFF; eliminating the use of pneumatic controls, which constantly vent the instrument gas, 
and by using solar or wind power to generate energy necessary to operate heater controls instead of fuel 
powered thermoelectric generators (TEGs). 

The research described in this study also led to a conclusion that energy efficiency issues related to the 
fire-tube heaters often go beyond the technical aspects of fire-tube sizing, burner selection or controls 
design. They are also influenced by the operational and maintenance aspects and concerns about heater 
reliability, availability, and safety. These concerns often overrule the requirements for higher efficiencies 
and lower emissions. It is the conclusion of this study that all of these aspects Reliability-Safety-Efficiency 
can and should go hand-in-hand when all engineering and organizational aspects are properly 
addressed. To help with this task, this study proposes an organizational paradigm consisting of three 
concentric circles entitled: Corporate and Engineering, Equipment Manufacturers, and Plant Operations. 
These circles are broken down into activities related to fire heater application, specification, procurement, 
design, fabrication, installation, commissioning, operation, monitoring, and maintenance. Only through the 
coordination of these activities and continuing feedback, can significant energy efficiency gains be 
achieved and maintained throughout the lifecycle of a heater. 

One of the recurring topics of this research is the need for education related to the energy efficiency of 
the fire-tube heaters. To address this requirement, this study proposes the development under the 
auspices of PITS of a sub-trade given a working name of: “Oilfield Gas Fired Appliance Technician” 
(OGFAT). An industry and government sanctioned sub-trade would provide a suitable knowledge base in 
the industry aimed at the proper installation and maintenance of thousands of high efficiency fire-tube 
heater solutions and their sustainable high efficiency operation. 

This study contains information, design tools, evaluation and maintenance guidelines, as well as, both 
engineering and organizational concepts and recommendations, which could be used to solve the fire-
tube heater energy efficiency and emissions challenge on an industry wide scale. 

There is no question that technology exists to make the immersion fire-tube heaters more efficient. Many 
of these techniques have been tried in the past and can be seen in the older installations. The principles 
of the heat transfer and combustion processes used in this application are available and can be applied 
though proper engineering assessment and due diligence. In this study, we tried to develop tools (such as 
tube-rating software of fire-tube performance charts) and methodology, which may help in achieving this 
goal. 

We are confident that the efficiency of any existing heater can be improved, if resources and time can be 
allocated to such project. This approach however does not address the majority of the installations and 
definitely does not offer a long-term verifiable solution. 

As this study demonstrated there are a number of variables, which must be considered, many of which 
are of a non-technical nature including corporate and plant-level commitment to energy efficiency and 
emission reduction projects, operating and maintenance practices, allocation of resources and funding, 
and most importantly lack of knowledge of advanced combustion and heat principles. 

These non-technical issues combined with inertia of current outdated standards and the existing 
infrastructure of installed assets, heater design manufacturing, and support cannot be addressed by a 
single technical solution, no matter how efficient.  

Additionally, there are many technical issues which fall outside of the “battery limit” of a heater, but which 
determine its effectiveness in the process. These issues must be reviewed and identified before a 
decision is made regarding the feasibility of a heater upgrade. 

All of these concepts were discussed in detail in this report. Additionally, we proposed a new paradigm 
aimed at achieving true, long-term and verifiable results not just for one installation but also for the entire 
industry. 
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Following are the final “high level” recommendation from this project: 

a) use the technical recommendations of this report to develop tools for the assessment and 
improvement of immersion fire-tube heaters; 

b) implement the proposed paradigm concept to the immersion fired-heaters efficiency improvement 
projects in order to encompass a full range of activities including corporate and engineering activities, 
heater manufacturers, and plant operations; 

c) conduct a survey of the existing installations to identify the worst cases of heaters, which would be 
the best candidates for the upgrades. Prioritize upgrades starting with the largest capacity heaters; 

d) start developing upgrade trial projects which would bring verifiable results, and which could be easily 
monitored with existing control systems (DCS, PLC or portable data collection devices); 

e) prove the efficiency savings on the above trial projects; 

f) based on the above proven savings and experience gained in the trial projects continue upgrades 
while improving and standardizing this improvement process; and, 

g) formalize industry recommendations through a relevant industry association such as CAPP or PTAC 
for development of OGFAT sub-trade training program by PITS with endorsement and funding from 
Alberta Advanced Education. 

 




