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Abstract 

Natural gas is an environmentally friendly fuel, yet its emissions have 

received much attention with growing concerns for its contribution to global 

warming. The reduction of fugitive methane emissions from industrial 

installations is included in the ever increasing efforts to attain sustainable 

atmospheric greenhouse gas concentrations. 

Several sources of natural gas emissions from transmission operations 

have proven difficult to avoid. One such source is pipeline compressor dry gas 

seal leakage. 

The present contribution examines the potential of reducing these 

emissions by allowing seal leakage to be introduced into the intake air of a 

typical gas turbine compressor drive. Combustion of the resulting ultra lean 

methane-air mixture is evaluated analytically and through experimental 

determination of the sunrival of the ingested methane. 

It is shown that such measures can convert the fugitive gas at a thermal 

utilization efficiency of around 73% and an avoidance efficiency of around 81 %. 
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Nomenclature 

E~ Average Specific Heat at Constant Pressure 

E Arrhenius Reaction Activation Energy 

h f Specific Enthalpy of Formation at 298 K 

k Ratio of Specific Heats. 

m Mass Flow Rate 

P Pressure 

patm Atmospheric Pressure 

R Universal Gas Constant 

RH Relative Humidity 

Outlet Pressure 
Pressure Ratio, inlet Pressure 

t Time 

T Temperature 

T a ~  Ambient Temperature 

[4 Gas Species Concent ration 

Greek Symbols: 

'I lsentropic Efficiency 

P Density 

C Thermal Utilization 

X Avoidance Efficiency 

Q Equivalence Ratio 

(A) 



Nomenclature (cont.) 

Abbreviations and Acronyms: 

CEM 

CEPA 

CGA 

CPS 

DLE 

FCCC 

FI D 

GHG 

GRI 

GWP 

HPT 

IPCC 

MSR 

NDlR 

NGL 

STP 

THC 

VCCCR 

VOC 

Continuous Emission Monitoring 

Canadian Energy Producer's Association 

Canadian Gas Association 

Continuous Power generation System 

Dry Low Emission (referring to dry low NOx combustion systems) 

United Nations Framework Convention on Climate Change 

Flame Ionization Detector 

Greenhouse Gas 

Gas Research Institute 

Global Warming Potential 

High Pressure Turbine 

Intergovernmental Panel on Climate Change 

Methane Steam Reformation 

Non-Dispersive Infrared 

Natural Gas Liquid 

part per million by volume 

part per million by volume corrected for total volume flow 

Power Turbine 

Standard Pressure and Temperature (1 01.325 kPa and 15 O C )  

Total Hydrocarbon Concentration 

Voluntary Climate Change Challenge Registry 

Volatile Organic Compounds 

Emission volume flow rates given herein are typically in units of $. m i s  

presentation is the equivalent volume flow rate at standard pressure and 

temperature (101.325 kPa and 15 O C ) .  



I I Motivation 

This work has been initiated to answer questions regarding the potential 

fugitive methane emission reduction mechanism of allowing an operating gas 

turbine to ingest a given methane emission mixed with its intake air. One 

specific emission source common within the natural gas transmission industry is 

due to process gas leakage past pipeline compressor dry gas seals. The 

process gas here is natural gas composed predominantly of methane. Gas 

turbine power plants driving centrifugal process corn pressors are common place 

for natural gas transmission applications. The industry's choice for compressor 

sealing is a mechanism referred to as dry gas seals. These types of seals rely 

on leakage gas flowing past the seal faces resulting in vent gas and thus fugitive 

methane emissions. This leakage is present at very low rates. However, 

accumulation from continuous operation represents a significant source of 
fugitive methane emissions. This emission gas is present at all times the 

compressor is in operation coinciding with the operation of the adjacent gas 

turbine power plant. Close proximity of this emission source to the gas turbine 

intake, and coincidental operation, makes this potential emission reduction 

mechanism attractive economically. 

However, the question is what fraction of this methane emission will be 

disposed of as it passes through the gas turbine? Typical dry gas seal leakage 

rates mixed with typical gas turbine air flow rates result in ultra lean mixtures of 

methane in air. These would be well below the prevailing lean flammability 

limits, and thus will not support combustion. However, some will bum within the 

gas turbine combustion chamber where additional fuel is added creating a 

corn bustion zone. 



This emission reduction mechanism has been previously considered 

[37]t and ruled out since gas turbine overall equivalence ratios are much less 

than unity leading to the conclusion that the majority of the emission gas would 

be exhausted by the gas turbine unconverted as methane. 

For very similar applications, a gas turbine has been developed and is 

commercially available for Volatile Organic Compound (VOC) emission disposal 

reported at better than 95% efficient [I I]. This gas turbine is reported to have a 

patented combustion chamber design resulting in the high VOC destruction 

efficiency. 

Thus, the motivating question of this examination is; for typical production 

gas turbines with original combustion chamber designs, powering dry gas 

sealed natural gas compressors, what fraction of fugitive methane emissions 

ingested by the gas turbine will be exhausted unchanged? 

1 .2 Scope of Present Work 

The scope of this work includes a comprehensive review of the problem of 

fugitive methane emissions, in particular those due to the leakage of natural gas 

pipeline compressor dry gas seals. The potential emission reduction 

mechanism of allowing an operating gas turbine to ingest dry gas seal leakage 

mixed with its intake air is reviewed, highlighting technical considerations and 

estimating its effectiveness. Recognizing the large effort required to accurately 

model this mechanism, a field test program was conducted with production gas 

turbines to provide a preliminary indication of the effectiveness of this potential 

emission reduction mechanism. Two analytical approaches based on 

simplifying assumptions are also discussed. These approaches do not 

necessarily yield accurate results. However, good general agreement with the 

field test data tends to validate these results. 

t Square brackets indicate reference numbers as listed alphabebIly in the Refwence Sedion at 
the end of this thesis, 



1.3 Objective 

The objective of this examination was to provide answers to the 

motivating question of how effective gas turbine ingestion of fugitive methane 

emission is as an emission avoidance mechanism. In other words, what fraction 

of the fugitive emission is oxidized to carbon dioxide and water. This work is 

intended as a preliminary review to develop an understanding of the problem 

and determine if this specific emission avoidance mechanism is worthy of further 

detailed consideration. This includes development of an understanding of the 
impact on the gas turbine operation and potential benefits beyond simple 

emission destruction such as utilization of the methane exothermic oxidation 

reactions. 



2.1 The Greenhouse Gas Issue 

In recent years anthropogenic emissions of atmospheric greenhouse 

gases has become a predominant environmental issue. This emerged in the 

mid 1980s with much debate. In 1992 Canada, among over 150 other countries, 

signed the United Nations Framework Convention on Climate Change (FCCC). 

The ultimate objective of this convention was: 

'...stabilization of greenhouse gas concentrations in the 

atmosphere at a level that would prevent dangerous 

anthropogenic interference with the climate system. Such a 

level should be achieved within a time frame sufficient to allow 

ecosystems to adapt naturally to climate change, to ensure that 

food production is not threatened and to enable economic 

development to proceed in a sustainable manner.' [I91 

The 1992 FCCC was the outcome of the international Earth Summit in 

Rio de Janeiro, Brazil. The objective of the FCCC has been more commonly 

and specifically interpreted as reducing global greenhouse gas emission rates 

to the levels seen in 1990. and to do this by the year 2000. This emission 

scenario is interpreted as resulting in sustainable atmospheric concentrations of 

greenhouse gases. However, this is a very generalized interpretation. The 

Intergovernmental Panel on Climate Change (IPCC) is recognized as the 

international authority on the climate change issue. The IPCC reports (191 a 

much broader set of scenarios, all of which result in significantly higher 

atmospheric greenhouse gas concentrations than present, and all of which 

require eventual reduction in anthropogenetic emission to below 1990 levels. 

*A stable level of carbon dioxide concentration at values up to 750 ppmv can be 

maintained only with anthropogenetic emissions that eventually drop below 

1990 levelsD [I 91. It is noted that the current concentration of atmospheric 



carbon dioxide is approximately 350 ppmv. For a doubling of atmospheric 

carbon dioxide from pre-industrial levels, to a level of approximately 500 ppmv, 

it is reported that the global average surface temperature would rise between 

1.5 and 4.5 O C ,  with a best estimate of 2.5 "C [I 91. 

As part of Canada's National Action Program on Climate Change [28], 

the Canadian government initiated the Voluntary Climate Change Challenge 

and Registry in 1994 [29],[30]. This initiative invites Canadian institutions to 

voluntarily reduce greenhouse gas emissions and to file plan and progress 

reports with the registry. 

In December of 1997, in Kyoto, Japan, the international community 

extended its commitment to greenhouse gas emission reduction. This 

commitment is in the form of the Kyoto Protocol which has set binding emission 

limits for individual countries. This is unique, considering the previous voluntary 

objectives of the FCCC. The Protocol sets varying targets for individual 

countries, adding up to a 5% reduction in greenhouse gas emissions below 

1990 levels for industrialized countries as a whole, averaged over the period 

2008 to 201 2. The United States agreed to 7% reductions, the European Union 

8%, and Japan 6%. Canada is committed to reducing emissions to 6% below 

1990 levels. Some countries have only stabilization goals, while three are 

actually allowed increases, all accounted for in the overall 5Oh reduction [16]. 

At the time of the present work the Kyoto Protocol outlines objectives 

only. Resulting policies or regulations for Canadian institutions have yet to 

materialize. 

The primary greenhouse gas emissions of concern can be categorized 

based on gas species in decreasing order of significance as [19]; 

Carbon Dioxide 

Methane 

Nitrous Oxide 

Combustion utilization of fossil fuels is the predominant anthropogenetic 

source of increased atmospheric concentration of these greenhouse gases. 

This order of significance is based on the rate of anthropogenetic 

emission and the global warming potential (GWP) of the specific gas species. 



The GWP of a given gas species quantifies its atmospheric warming potential 

relative to carbon dioxide for a specific period of time. Since specific gas 

species exhibit varying atmospheric stability, these GWPs differ depending on 

the time period under consideration. The most typical time period used is one 

hundred years. For a one hundred year time period the GWP, on a per unit 

mass basis, of carbon dioxide, methane, and nitrous oxide is 1 , 21 , and 3 1 0 

respectively (311. Reference 1 9 provides an excellent overview of the GWPs for 

greenhouse gases. The GWPs previously cited differ from those of reference 19 

due to the continual development of climate change and atmospheric modeling 

knowledge (i.0.; 1, 24.5 and 320 given by reference 19 as per unit mass GWPs 

for Con,  CH4, and N20, respectively). It is interesting to note that, when 

considering greenhouse gas activity (i.e.; per unit mass GWPs), the order of 

significance is the reverse of that stated previously. Therefore, mass based 

emission rates for carbon dioxide are by far the highest, followed by methane, 

and nitrous oxide. 

There are many other atmospheric greenhouse gases. However, these 

are not typically associated with the climate change issue of anthropogenetic 

emission of greenhouse gases. For example, due to its atmospheric 

abundance and energy absorption characteristics, the most active greenhouse 

gas is water vapor. There are many anthropogenetic sources of atmospheric 

water vapor emissions. However, water vapor emissions quickly stabilize 

through condensation and rain. Other greenhouse gases influence indirectly 

the effect of atmospheric water vapor as a greenhouse gas, as any warming 

effect created, facilitates increased atmospheric water vapor concentrations. 

Another example of greenhouse gases typically omitted from the climate 

change issue are non-methane hydrocarbons. These are typically referred to 

as Volatile Organic Compounds (VOC). Similar to other greenhouse gases 

many non-methane hydrocarbons have infrared energy adsorption 

characteristics facilitating atmospheric greenhouse effects. However, relative to 

methane, the most stable gaseous hydrocarbon, these have very short 

atmospheric life. The comfortable climate we live in is due to the greenhouse 

effect of our atmosphere. This effect is not a concern on its own, and is in fact 



necessary to support life. The concern is over greenhouse gas emissions that 

are accumulating in the atmosphere enhancing the greenhouse effect. 

Furthermore, the current rate that these gases are accumulating due to 

anthropogenetic sources is unprecedented in the history of the earth and 

ecosystem natural evolutionary processes may not be able to adapt quickly 

enough. 

For the natural gas industry the obvious focus is on methane emissions. 

Relative to pre-industrial times, overall atmospheric concentration increases of 

methane have imposed a warming effect approximately one third that of the 

most predominant anthropogenic greenhouse gas carbon dioxide. Nitrous 

oxide is the third most significant with a waning effect due to atmospheric 

concentration increase since pre-industrial time of approximately 13% of that 

from carbon dioxide [19]. Approximately 20% of the total natural and 

anthropogenic emission of methane can be attributed to the production, 

distribution, and use of fossil fuels [19]. 

It is often highlighted by industry proponents that, natural gas produces 

less combustion carbon dioxide than all other fossil fuel alternatives (see Table 

#2.1), and that this requires consideration when evaluating greenhouse gas 

emissions. For example the Canadian Energy Producers Association (CEPA) 

reports [B]; 'The fuels transported by our industry are replacing other fossil fuels 

which have more adverse greenhouse impact. We believe some consideration 

must be given to balancing the emissions of the Canadian pipeline industry 

against the net reduction of greenhouse gas (GHG) emissions that result from 

the environmentally preferred fuels we transporta, and the Canadian Gas 

Association (CGA) states [lo]; 'With over 50°h of product being exported to the 

US, no credit is currently being received for emission reduction in the US from 

fuel switching to natural gas. Such credits could be used to offset the emissions 

associated with the production, processing and transmission of gas destined for 

the US.' However true these statements, all possible emission reduction 

initiatives must be explored if atmospheric greenhouse gas stabilization goals 

are to be achieved. 



Table 12.1- Comparison of Fossil Fuel Combustion C02 Emissions [25] 

I I C 0 2  Emission Rate I Ratio Relative to 
Fuel 

L L  

Methane 
(kg Car bonlGJ) Methane 

13.5 1 
Ethane 

r 

Probane 
Butane 

Gasoline 

Bituminous Coal 23.8 1-73 
Su bbituminous Coal 25.3 1 -87 

15.5 
16.3 

Diesel Oil 
r 

No. 6 Fuel Oil 

Gas pipeline carbon dioxide emissions result from combustion exhaust of 

the gas corn pressor drivers typically used in pipeline applications. Carbon 
dioxide emission reduction of gas compressors is in the hands of technology 

improvement. Technology improvements are discussed further in Section 2.3. 

On a unit power basis gradual technology improvements in gas compressor 

thermal efficiency is reducing carbon dioxide emissions. However, with a 
growing industry, these improvements cannot keep pace with industrial growth 

resulting in overall increases in carbon dioxide emissions. 

Gas pipeline nitrous oxide emissions again are reported as the result of 

compressor driver corn bustion exhaust. Combustion exhaust oxides of nitrogen 
are conventional and generically described and quantified as NOx, 

representing the total of all oxides of nitrogen. Nitrous oxide (N20) is the only 
NOx species that has been identified as a significantly active greenhouse gas. 

Methods employed to estimate nitrous oxide emissions typically assume that 
nitrous oxide is a fixed percentage of the total NOx. With the total N4, values, 

the actual levels of N20 emissions are not well quantified, but appear 

significantly lower than the other natural gas pipeline greenhouse gas 

emissions. It is suggested by reference 32 that combustion exhaust N20 levels 
are much lower than assumed NOx percentages (typically 1% of total NOx by 

mass [1],[41]) that are used in establishing greenhouse gas emission 

inventories. In addition to being lesser in magnitude than both carbon dioxide 

1.15 
1.21 

16.8 
18.9 

1 -24 
1.40 

19.7 
20-0 

- - - - - - - 

1.46 
I .48 



and methane, nitrous oxide emission reduction, as are carbon dioxide 

emissions, are in the hands of corn bust ion technology improvement. Significant 

improvements are claimed to have been made in this area through the 

introduction of low NOx corn bustion technology (231. However, with the 

exception of policy decisions on what type of gas compressor technology to 

purchase, there is little that the gas pipeline industry can do to reduce N20 
emissions. It should be noted that the driving force behind low NOx combustion 

technology is to reduce emissions of precursory NOx species active in the 

formation of ground level ozone or photochemical smog. These technologies 

do not necessarily reduce the emission of the active greenhouse gas N20. 

2.2 Fugitive Methane Emissions 

The previously noted focus on methane emissions is again highlighted. 

For the natural gas pipeline industry reduction of methane emissions is an 

active area of work. These methane emissions are commonly referred to as 

fugitive methane emissions. Exploration of the definition of the term fugitive 

emission merits some discussion. Griffin [17] defines fugitive emissions as; 

'consisting of primary pollutants generated by activities or processes other than 

combustion or evaporation". The U.S. Environmental Protection Agency (EPA) 

defines fugitive emissions as; Yhe diffuse release of volatile organic compounds 

(VOC) or hydrocarbons into the atmosphere, through pumps, valves, 

connections, open-ended lines, compressors, etc. [7Im. In reference 32 'fugitive 

emissions ate defined as emissions from leaking components, including 

'engineered leaks". The dictionary definitions of 'fugitive' [44] include; 

running away or intending flight. 

moving from place to place. 

being of short duration, 

difficult to grasp or retain, 

likely to evaporate, deteriorate, change. fade or disappear. 

Therefore, the qualifier 'fugitive' is quite appropriate for many types of methane 

emissions. The present author gives a general natural gas pipeline definition of 



fugitive methane emissions as; Atmospheric release of methane process 

gas due to venting of high pressure systems, component leakages, 
and operational requirements such as system purging and power 
gas supply. With the exception of those emissions resulting from 

incomplete compressor fuel combustion, and since evaporatlon is 
not a consideration, the methane portion of all atmospheric 

releases of pipeline process gas are by definition fugitive methane 
emissions for natural gas pipeline operations. The testing of this study 

shows that gas turbine exhaust Total Hydrocarbon (THC) concentration is 

typically less than the ambient THC suggesting that methane combustion 

emissions are non-existent. The one gas turbine tested (Avon at TransCanada 

PipeLines' unit 928) that showed greater exhaust THC concentration than 

ambient was found to be composed predominantly of non-methane 

hydrocarbons, and therefore must have been due to sources other than the 

incomplete combustion of methane fuel (e.g.; lubricants, etc.). Therefore, for 

emissions due to natural gas pipeline operation, the qualifier 'fugitive' is 

redundant for methane emissions. However, this is the term that has been 

adopted by industry. Table 12.2 summarizes reported methane emission 

sources from natural gas pipelines. Examination of these shows that, with the 

exception of combustion exhaust emissions, ail are by definition fugitive 

methane emissions. 

Inspection of Table #2.2 highlights a distinct difference between the 

various sources of methane emissions. The first three sources are intermittent 

sources with very large volume rates. For example, a pipeline is in operation 

most of the time and only periodically requires maintenance. However, prior to 

these maintenance outages, sections of pipe many kilometers in length must be 

vented of a large volume of gas. The remaining sources exhibit much lower 

volume rates, however, these are continually accumulating to significant total 

volumes also. 



Table 12.2 - Main Methane Emission Sources From Gas Pimlines 

Pipeline Venting for Maintenance 
7 

Accidental and Emergency Pipeline Venting 
L 

Emissions Resulting from Purging Processes 
I 4 

Power Gas Consumption (e.g.; Turbine Starters, and Valve Actuators) 

Seal. Packina. and Fittina Leaks 

I Unburned Exhaust Fuel I 

2.3 Emission Reduction Through Technology Improvement 

Several times previously, the author has referenced areas of operating 

companies' inability to reduce emissions due to technology development being 

in the hands of those other than pipeline operators. The implication is that there 

is nothing that can be done by pipeline operators in these areas. This is not 

exactly true as the operating companies are customers of this technology and 

can impose requirements on the machinery suppliers. The question is always, 

at what cost? With the high level of environmental awareness and development 

of regulatory requirements, this customer demand pressure has resulted in 

significant technology improvements. For example; 'for stationary engines, the 

attainment of ultra-low NOx has become the foremost marketing issue' [23]. 

This customer I supplier relationship does not restrict pipeline operators from 

funding research into these areas. However, the regulatory approach imposed 

on machinery operators is the requirement of the use of the best available 

technology. This has resulted in these research areas being pursued by the 

machinery suppliers in order to gain competitive advantage in the marketplace. 

2.4 Fugitive Methane Emission Mitigative Measures 

A review of current technical literature shows that much wok has been 

done in the area of identifying and quantifying fugitive methane emissions from 



natural gas pipelines [33]. One particular comprehensive literature review [33] 

shows that, with the exception of technology improvement in the area of seals, 

packings, and fittings, research into reduction mechanisms for the primary 

sources of fugitive methane emissions from gas pipeline operation is limited. 

This should not be too surprising as, even in the absence of the greenhouse 

gas issue, it wou Id be extremely poor business practice for pipeline companies 

to wastefully emit its revenue generating product. All sources of fugitive 

methane emissions have typically been managed well, pehaps, with slightly 

more focus in recent years with the emergence of the climate change issue. A 

good current source of information regarding fugitive methane emissions in 

Canada, is the Voluntary Climate Change Challenge Registry (VCCCR), and 

the Action Plan / Progress reports filed by industry. The reader must review 

these considering the political origin of this registry and the reports filed. In 

general many accomplishments are claimed that are simply common sense and 

should have (or would have in the absence of the VCCCR) been done anyway. 

Some of these are; 
Restaalno of Com~resso rs for lmoroved Effic~ency . . 
Centrifugal gas compressors have a specific flow range at which 

optimum compression efficiency is achieved. Operation outside this 

range results in higher power demands to meet compression 

requirements, and thus higher fuel consumption and exhaust emissions. 

Restaging of compressors is commonly done when compressor flow 

rates change with increased pipeline flow rates, and the addition or 

retirement of adjacent compression equipment. This is done by 

changing the aerodynamic components of the compressor that define its 

performance characteristics and optimum flow range. 

Control Eoui~ment U~arades Re~lacina Gas Bleed Pneumatic Controls 

Modern digital control systems combined with electrically powered 

control devices do not require pressurized power gas as do 

pneumatically operated devices. In gas pipeline applications the most 

convenient and common source of pneumatic power gas is natural gas. 

thus bleed gas results in methane emissions. Replacing pneumatic 



control systems, the modern digital revolution has seen much technology 

development resulting in inexpensive reliable control equipment. 

se and Retrofittina with Corn~ressor DN Gas Seals 

Dry gas seals have proven to be the optimum process compressor 

sealing mechanism for clean natural gas service. This is based on 

reduced frictional power losses, oil consumption, maintenance 

requirements, and higher reliability. The lower frictional power losses, 

equate to less combustion C02 emissions. 

se of Transfer Com~ressors Prior to Pi~eline Maintenance Reducinp 

Q 
When sections of pipeline are taken out of service for maintenance they 

must be depressurized removing the natural gas. The use of transfer 

compressors takes this gas and discharges it into an operating section of 

pipeline. Typically limited by the compression ratio of the transfer 

compressor, the entire volume of gas cannot be transferred, and a 

residual volume is vented to atmosphere. The only other option is to vent 

the entire volume of gas. 

Although one must not ignore these initiatives, as in the absence of the 

climate change issue, these types of initiatives have been over-looked. Also, 

initiatives such as utilization of transfer compresson, in some cases are indeed 

genuine emission reduction initiatives. There are many innovative and 

progressive initiatives apparent that are beyond simple improved business 

practice such as; 

The use of transfer compressors may not be the best economic 

procedure, as this practice significantly increases the period of time that a 

pipeline is out of revenue generating service. 
Cvclical Pine Purge Procedm 

Cyclical purge techniques involve short purge cycles followed by shutting 

in the pipe network by valve closure. During these shut in periods gas 
held within pipe network dead spots diffuses with the natural gas purge 



gas. Repeating these cycles as required results in oxygen dilution to 

safe concentrations. Reference 32 describes this procedure as emitting 

10% of the methane that a conventional continuous purge emits (i.e.; 

90% emission reduction). 

Reference 45 describes nitrogen plug purge procedures as reducing 

methane release by approximately one-half for each purge prior to 

putting the pipeline into operation. The process entails starting the purge 

with a so called nitrogen plug and then pushing this plug ahead of the 

natural gas. It must be assumed that the nitrogen acts as an initial purge 

removing oxygen from dead spots in the pipe network, and that the purge 

is stopped immediately following natural gas detection at the purge 

outlet. Conventional purging requires natural gas flow from the purge 

outlet for a defined period of time so that all oxygen is removed leaving 

incombustible gas in the pipe. 

I d e m  and Repair 1 e&s 

Implementing suweys to identify leaks is done solely for the purpose of 

emission reduction. Without these practices, not only is the magnitude of 

emission rates unknown, but there is little chance of detecting and 

repairing the leaking component. 

2.5 Methane Emissions from Dry Gas Seal Leakage 

Dry gas seal leakage rates can vary significantly. Factors affecting the 

leakage rate include: seal design, seal condition, and compressor operating 

parameters such as pressure and rotating speed. Leakage rates are typically 

given as an average or nominal value. Because of these factors accurate 

quantification of leakage rates is difficult. However, in order to provide 

perspective on the magnitude of the problem, this section will approximate dry 

gas seal leakage rates for some Canadian natural gas pipelines and compare 

these to published total methane emissions. TaMe H . 3  shows a summary of 



approximate methane emissions due to dry gas seal leakage compared to total 

pipeline methane emissions with description of the derivation to follow. 

Table #2.3 - 
Dry Gas Seal 

Emission 

per annum 

TransCanada Pi~eLines 

Alberta Natural Gas 1 0.25 

Nova I 4.2 

TransCanada PipeLines Canadian mainline had an estimated methane 

emission of 3.1 Gg due to dry gas seal leakages for the 1997 calendar year [34]. 

This is compared to TransCanada PipeLine's forecast for total methane 

emissions for 1997 of 37.9 Gg [41]. Natural gas is taken as methane, when in 

actual fact is approximately 95% methane with trace higher hydrocarbon gases 

and other impurities (see Appendix G). 

An inquiry by the author with Alberta Natural Gas' Cranbrook. British 

Columbia field office revealed a fleet of seven compressor units with dry gas 

seals. Three of these are beam style compressors requiring seals on each end 

of the beam supported rotor shaft, giving a total of ten seals (see Section 2.7.2). 

Applying a nominal leakage rate of 5 m3/h [35] and an 80% unit utilization factor 

[35], these units emit approximately 0.25 Gg of methane per year. This is 

compared to Alberta Natural Gas' forecast total methane emissions for 1997 of 

1.83 Gg [I]. 

Reference 32 shows Nova Gas Transmission Ltd. with a fleet of 90 

compressor units fitted with dry gas seals in 1997. An inquiry to Nova Gas 

Transmission Calgary Corporate Office revealed that 13 of these units have 

over hung style compressors. giving a total number of dry gas seals of 167. 

This inquiry also verified, as an estimate. the nominal leakage rate of reference 

35. Nova utilizes a correlation of rotor shaft size to leakage flow for estimating 

bs Seal Methane Emissions 

1997 Total 

Methane 

Emission 

( G g )  

37.9 

1.83 

Dry Gas Seal 

Percentage of 

Total Emissions 

8.2% 

13.7% 



dry gas seal leakage rate. This correlation is given in reference 37. Based on 

the minimum and maximum shaft sizes of the compressor fleet that Nova 

operates, this correlation gives leakage rates in the range of 3 to 8 m3h with the 

median essentially equal to the 5 m31h given by reference 35. Applying a 
nominal leakage rate of 5 m3/h [35] and an 80% unit utilization factor [35], these 

units emit approximately 4.2 Gg of methane per year. This is compared to 

Nova's estimated total methane emissions for 1996 of 59 Gg (321. 

Table X2.3 shows significant variability from one pipeline operation to 

another. However, it is clear that the leakage gas from dry gas seals in natural 

gas pipeline applications is a significant source of methane emissions. 

2.6 Dry Gas Seal Emission Avoidance Options 

Methane emissions from dly gas seals are recognized by the natural gas 

industry as a significant greenhouse gas emission source. These have 

however proven to be difficult to avoid. In fact these emissions are significantly 

lower than alternative process compressor sealing systems. The typical 

alternative to dry gas seals are referred to as wet or oil seals. Wet seals exhibit 

from 10 to 100 times the leakage rate of dry gas seals [40].[43]. There are 

applications where wet seal leakage is vented into low static pressure locations 

in the compressor suction. However, these applications still exhibit gas 

emission rates similar to dry gas seals due to oil entrapment (i.0.; some process 

gas is carried, entrapped in the seal oil, into the oil reservoir, where it eventually 

escapes through reservoir vents) [431. Retrofitting from wet seals to dry gas 

seals is frequently acknowledged as a greenhouse gas emission reduction 

initiative [1],[32],[41]. This is due to, the typically lower leakage rates, and that 

the reduced frictional losses equate to less combustion carbon dioxide. Dry gas 

seals have the additional advantage over wet seals of; no power requirements 

as for seal oil systems, avoidance of seal oil problems such as handling 

hazards, and spill containment, as well as superior operating reliability. 



This section will discuss some initiatives that have been explored for the 

avoidance of methane emissions due to dry gas seal leakage. 

Nova Gas Transmission has been studying the problem of dry gas seal 

leakage emissions by employing the consulting services of Revolve 

Technologies. Reference 32 reports the outcome of the initial portion of this 

study with a recommended approach of utilizing dry gas seal leakage for the 

heating of buildings by catalytic com bustion. It is highlighted that the utilization 

of this approach to provide building heat is minimized by the fact that 

compressor building heat requirements are small when a non-enclosed gas 

turbine is operating within the building. Reference 32 reports plans to carry the 

project into pilot phase. The following list summarizes the options considered 

for the avoidance of methane emissions due to dry gas seal leakage: 

lniection into the Continuous Power Generation Svstem [CPS) 

Some remote natural gas compression facilities maintain CPS units for 

electrical power generation. The fuel gas pressure to these systems is 

typically less than other locally usable pressures such as pipeline or gas 

turbine fuel pressure. 

This option is given a separate economic consideration since many 

compression facilities do not have CPS units. 
al Enerav Generam 

Leakage gas could be routed into a thermoelectric fuel cell for power 

generation. 
. ~aht~ng 

Leakage gas could be fed to a series of gas lamps with the goal of 

reducing the need for electric lamps. 
a 

Leakage gas could be routed into a series of intrinsically safe catalytic 

heating cells and be used to help meet compressor station heating 

demands. 



meration Convers~on ~nto COd . . 

Leakage gas could be fed to a pilot or small flare for incineration and 

conversion to a less environmentally unfriendly gas (C02). 

s Tu- 

Leakage gas could be fed to the gas turbine air intake, diluted with 

incoming air and be allowed to bum within the gas turbine. It is noted 

that this option is identical to the intended application of this work. 

ane Steam Reformer IMSQ 

Leakage gas could be injected into the exhaust gas stream of the MSR 

system with the goal of boosting the temperature and improving the 

overall conversion rate of the endothermic reforming of methane 

producing carbon monoxide and hydrogen gas as an enriched gas 

turbine fuel gas. The MSR process is described briefly by reference 32 

as a research concept with the potential of reducing CO2 and N20 

emissions. The MSR process itself is not a research concept, but is 

commonly used to generate hydrogen in relatively large units. 

Application at natural gas compression stations for enriching the natural 

gas fuel is new and promising economically with the added benefit of 

emission reduction. 
. *  . omornssor Differem Driven Retn~ect~on Punlp 

Head or pressure differential developed by the pipeline compressor 

could be used to drive a small compressor, re-compressing the seal 

leakage gas so that it can be reinjected into the pipeline. 

As noted previously the study option of 'Combustion by the Gas Turbine' 

is essentially identical to the intended application of the research results of this 

thesis. At that time this option was ruled out due to some oversights. However, 

reference 37 highlights that extensive investigation may be required to evaluate 

this option. The information required to make this evaluation was not readily 

available at that time. One of the key oversights is that the resulting COz is 

considered as a waste product and therefore an inefficiency in the process. 

Since the reaction of methane to carbon dioxide occurs in an environment 



where the oxidation energy is utilized (i.0.; prior to entry into the gas turbine 

expansion turbines), the resulting CO2 is not a waste product, but effectively 

displaces a small quantity of CO2 that would have been generated by 

conventional fuel corn bustion. The second key oversight is the mistaken belief 

that only 20% of the methane leakage is usable product with this process. This 

conclusion is based on the estimate that typically 20% of the total gas turbine air 

flow is utilized for primary combustion air, and that leakage methane mixed with 

the remaining 80% would not oxidize. As will become apparent from this 

research, much more than 20% of the leakage gas is oxidized. 

One option not considered in reference 37 is utilization as the gas fuel for 

a small (i.8.; approximately 50 kW of energy is available in the leakage gas) 

dual fuel diesel engine. Reference 4 describes the advantages and 

disadvantages of dual fueled diesel engines. If applied fueled by dry gas seal 

leakage, there could be the added benefit of efficiently utilizing this leakage 

gas. Data given in reference 4 suggests utilization of 99% by volume or better, 

could be achieved with care given to the combustion tuning. If an economically 

viable use of such a small engine could be found at natural gas compressor 

stations this option merits consideration. 

Ruhrgas, a German natural gas pipeline company, has applied an 

elaborate system for avoiding and utilizing the leakage methane emission from 

compressor dry gas seals [22]. It is the author's understanding that this 

approach has been applied as a pilot evaluation, and to date has not been 

integrated on the entire Ruhrgas compressor fleet. This approach uses a 

commercially available gas engine fueled by dry gas seal leakage and 

additional make-up gas from the pipeline to generate electricity. Furthermore, 

the engine intake charge is such that the exhaust gas is effectively devoid of 

oxygen. Therefore. the engine's exhaust is further utilized as an inert 

compressor seal buffer gas. The system is shown to be economically justified 

due to the value of the electricity generated, and the replacement of 

conventional inert buffer gas supply. Reference 22 describes this approach in 

much more detail. 



It is highlighted that a system such as that piloted by Ruhrgas would be 

difficult to justify economically in Canada's current economic environment. For 

example, the German justification is based on an electricity value equivalent to 
approximately 45 $%compared to the Canadian value of approximately 

17 'F, and a German gas value of approximately 9 SF compared to the 
$CDN Canadian value of approximately 2 7 

With the current Canadian regulatory requirement of voluntary reduction 

of greenhouse gas emissions, reduction initiatives must show economic benefit. 

Thus, dry gas seal leakage emission avoidance can only be accomplished with 

a mechanism that can be implemented with minimal cost, and with one which 

realizes utilization of the leakage gases thermal energy providing a cost saving 

annuity to offset the initial capital installation cost. 



2.7 Technical Considerations 

2m7,1 Gas Turbine Gas Path 

In order to appreciate the processes that take place within the gas 

turbine, a background description of the gas turbine gas path is provided. 

Figure #2.1 illustrates schematically a free power turbine configuration typically 

applied in pipeline applications. The term free power turbine refers to the fact 

that the high pressure and power turbines are aerodynamically coupled, and 

thus free to rotate at different speeds. Air is compressed by the axial 

compressor and delivered to the combustor where fuel is injected under 

pressure for combustion. The hot combustion exhaust gas is then partially 

expanded through the high pressure (HP) turbine providing the required shaft 

power for the axial compressor. Shaft power to drive the pipeline compressor is 

then derived by completion of the expansion to the atmosphere through the 

power turbine. This thermodynamic cycle is referred to as the Brayton cycle 

with detailed discussion found in any introductory thermodynamic text book. 

CH duel + Gas Turbine 
Exhaust 

L 

Combustor 
@ 

Figure #2.l - Gas Turbine Gas Path 



The gas path component that requires detailed examination is the 

combustor or combustion chamber. At first glance with the basic information 

deduced from Figure #2.1, one might conclude that trace methane in the gas 

turbine intake air stream will bum along with the fuel, and that this mechanism 

would be very effective as an emission disposal system. However, following 

examination of the combustion chamber, this conclusion is incorrect. 

Turbine materials cannot withstand contact with or continuous exposure 

to the flame temperatures realized during combustion. For conventional 

diffusion flame combustion chambers the flame temperature of natural gas 

fueled turbines can be in excess of 2600 K. Emerging dry low emission (OLE) 
or dry low NOx combustion chambers are designed to minimize the formation of 

thermal NOx, without excessive unburned hydrocarbon and carbon monoxide 

em issions, by utilizing lean prem ixed corn bustion maintaining the flame 

temperature at approximately 1850 K [23]. Maximum HP turbine inlet 

temperatures are in the range of 1200 - 1700 K To achieve HP turbine inlet 

temperature the products of combustion must be cooled. Therefore, for 

conventional diffusion flame combustion chambers, and to a lesser extent for 

DLE corn bustion chambers, a significant portion of the total gas turbine air flow 

is not utilized for combustion. This portion of air is commonly referred to as 

dilution or cooling air. Often the gas turbine air stream is segregated more 

generally into combustion air and by-pass air. One must be careful with this 

terminology as it is often used loosely. Generally by-pass air is all air that does 

not participate is combustion (i.8.; non-primary combustion air). However the 

term by-pass can also refer to air that does not enter the combustion chamber, 

etc.. 

Figure #2.2 [39] illustrates a typical example of the diffusion flame 

combustion cham beh air flow distribution in a generalized form. With the same 

turbine inlet temperature constraints and a lower flame temperature, lean 

premixed DLE combustion chambers require less coaling air and thus have a 

greater percentage of the airflow distribution entering the primary zone. For 

DL€ combustors, primary combustion air is as much as 80% of the total 

corn bustor air flow [24]. 



Fuel 

Figure t2.2 - Schematic Representation of the Gas Turbine 
Combustion Chamber Airflow Distribution 

The first combustion chamber zone is conventionally referred to as the 

primary zone. Within this zone, primary combustion takes place. Conventional 

diffusion flame combustion chambers maintain primary air flow relative to fuel 

flow providing for approximately stoichiometric combustion. This is done, in 

particular in aircraft applications, to maintain rapid, efficient combustion with 

minimal combustor size and weight. Many industrial gas turbines are derived 

from aircraft turbines, and most of the non-aero industrial gas turbine models 

typically follow this philosophy. 

Utilization of fugitive methane emission could be accomplished optimally 

if these emissions were introduced to the primary combustion chamber air 

stream only. This approach however, is restricted by the fact that gas turbine 

modifications are required as well as recompression to gas turbine compressor 

discharge pressure. 

Secondary air admission follows the primary combustion zone. This air 

is introduced gradually without rapid quenching to provide excess oxygen 

facilitating complete oxidation of any unburned or partially oxidized fuel from the 

primary zone, while reducing the temperature. 



Dilution or cooling air admission then follows to bring the combustion 

products to the required turbine inlet temperature. These admission points are 

often large discrete openings as quenching is no longer a concern, and 

minimizing pressure losses is desirable to optimize the overall gas turbine 

thermal efficiency. At this point within the combustion chamber, the primary 

design goal is to provide dilution air such that the turbine sees a uniform and 

acceptable temperature profile. 

This discrete combustion chamber zoning is very general and is not 

readily apparent by inspection of many actual corn bustion chambers. This 

zoning can be viewed as functional. In practice, actual combustion chamber air 

admission points may satisfy requirements for more than one functional zone. 

Also shown in Figure W2.2 is an off take of turbine cooling air. High 

temperature modern turbine blade development has been realized due to a 

combination of exotic material development and film cooling strategies. Turbine 

blade film cooling air is taken directly from the discharge of the axial 

compressor, by-passing the combustion chamber. 

A potential air flow not shown in Figure #2.2 is with gas turbines utilizing 

compressor air bleed strategies. This is done for reasons such as maintaining 

proper surge margin on the axial compressor and (or) maintaining stable 

combustion without lean flame extinction. Bleed air is typically vented to 

atmosphere or to a location in the turbine expansion process. Therefore, bleed 

air and ultra lean methane due to the proposed emission avoidance 

mechanism, is not exposed to high combustor temperatures. Typically these 

strategies are only applied during part load operation, with bleed valves closed 

for full load operation. 

Detailed discussion of the gas turbine combustion chamber has been 

given as this is the component of the gas path where the majority of reaction of 

ultra lean methane will take place. As will be discussed in Section 2.7.3, this is 
based on considering the primary controlling factor of temperature. At the 

relatively low temperatures seen within the axial compressor it is suggested that 

gas phase oxidation of methane will be insignificant. At the intake of the axial 

compressor the temperature is equal to the ambient air temperature. The 



temperature then increases due to compression given by the relationship, 

accounting for the compressor's isentropic efficiency, of equation 2.1 . 

2 

too 
where; T1 = intake or ambient temperature 

T2 = compressor discharge temperature 

Rp = compressor pressure ratio 

flc = compressor isentropic efficiency ( O h )  

k = ratio of specific heats of compression air 

Therefore, compressor discharge temperatures will be in the range of 300 O C  for 

typical first generation aero derivative gas turbines such as the Rolls Royce 

Avon with a pressure ratio of 8:1, and as high as 600 O C  for modem high 

pressure ratio engines such as the General Electric LM6000 with a pressure 

ratio of 30:1 (241. Considering that methane gas phase oxidation at ambient 

temperatures occurs over time periods in the order of years [I91 and that the 

time period within any component of the gas turbine is in the order of fractions of 

a second, it is suggested that oxidation of ultra lean methane will typically not 

significantly proceed within the axial compressor. However, this possibility 

should not be over-looked, especially with modern high pressure ratio gas 

turbines. 

Although the temperatures seen within the gas turbine high pressure 

turbine (HPT) and power turbines (PT) are significantly less than combustion 

flame temperatures, within these gas turbine components oxidation of some of 

the methane that has not gone to completion within the combustor may be 

realized. 



The temperature drop across a given turbine can be quantified similar to 

the temperature rise across the axial compressor (see equation 2.2 and 2.3). 

where; T3 = turbine inlet or combustor outlet temperature 
T4 = high pressure turbine outlet or power turbine inlet temperature 
T5 = power turbine exhaust temperature 
Rp = turbine pressure ratio 
qt = turbine isentropic efficiency (%) 
k = ratio of specific heats of products of combustion 

Therefore, ultra lean methane that has not oxidized within the combustion 

chamber will see temperatures in the range of turbine inlet to turbine exhaust 

temperatures. As discussed previously, turbine inlet temperatures vary 

depending on the vintage of the machine in the range of 1200 to 1700 K. 

Furthermore, it is noted that the expansion process typically leaves exhaust 

gases at temperatures in the range of 700 to 800 K. 

2.7.2 Dry Gas Sealed Compressor Layout 

The problem of methane emissions due to dry gas seal leakage, has 

been studied and documented prior to the present work [22],[37],[42]. To 

summarize briefly, the problem is a difficult one due to low seal leakage rates 

and the fact that the leakage gas is at atmospheric pressure limiting useful 

applications. Since the introduction of dry gas seals in pipeline compressor 

applications there has been much effort put into minimizing leakage rates due 

to the resulting emissions. However, these efforts have likely achieved 

minimum possible leakage rates as a finite leakage rate is required for seal face 
lubrication, and to ensure positive seal supply flow returning to the process 

compressor. Seal failures are frequently attributed to contact between the 

rotating and stationary faces due to a lack of leakage flow, and to a lack of 



sufficient supply flow to prevent process contaminants from entering and 

damaging the seal. Therefore, an additional mechanism is required. Most 

options are quickly ruled out by the high capital costs required for installation of 

equipment such as compressors required to make use of the gas, leaving only a 

few possibilities, such as gas turbine ingestion. Furthermore, with the current 

voluntary approach to greenhouse gas emission reduction, economic utilization 

of the leakage gas must be realized. 

Figure X2.3 illustrates schematically the two most typical compressor 

rotor configurations for natural gas pipeline compressors utilizing dry gas seals 

in centrifugal compressor applications. 

The first configuration type is conventionally referred to as an overhung 

or cantilever compressor with the compressor impeller overhanging the 

supporting bearings. This is often the preferred configuration as axial flowing 

inlet streams can be facilitated. This provides superior compression efficiency 

by avoiding the losses associated with taking radial flowing inlet gas and 

diverting it axially into the impeller eye. 

The second configuration type is conventionally referred to as a beam 

style compressor with the compressor impeller supported by bearings on each 

side. Although overhung configurations can provide superior efficiency, beam 

configurations are frequently employed in high pressure ratio applications 

where rotor dynamic problems develop with overhung configurations. This is 

especially prevalent when pressure ratio requirements dictate multiple 

compression stages and multiple impellers. 

The important consideration here, with respect to fugitive methane 

emissions due to dry gas seal leakage, is the fact that beam style rotors require 

two seals versus the single seal requirements of an overhung rotor. Thus, 
compressors with beam style rotors exhibit twice the emissions of those with 

overhung style rotors. 
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Figure W2.3 - Typical Pipeline Compressor Rotor Configurations 



2-7-3 Chemical Kinetic Processes 

This section will provide background information on the chemical kinetic 

processes governing the oxidation of ultra lean methane mixtures within a gas 

turbine. The mechanism is well known due to research for combustion 

applications. This mechanism is well documented at the University of Calgary 

due to the work of Karim and Zhou [47] and others. Perhaps the most widely 

used source of methane combustion kinetic data is due to the work of the many 

contributors to the Gas Research Institute (GRI) mechanism (61. The process 

mechanism is independent of the ultra lean methane concentration. However, 

due to the focus on combustion processes, the current kinetic schemes may not 

accurately model ultra lean mixtures since these schemes have only been 

validated under mixture conditions that support combustion. 

An elementary single step chemical reaction will proceed at a rate 

defined by the reaction rate of chemical species forming new product species 

minus the backward reaction rate of the product species reforming the original 

reagent species. 
fo%ard 

W + X  Y +z (2.4) 

These elementary reaction rates are quantified through application of Arrhenius 

Reaction Rate relationships shown in the generalized form of equation 2.5. 

Many kinetic models include additional terms. For example Zhou [47l includes 

a reaction specific proportionality constant, and an t e n  raising the temperature 

to a reaction specific constant. 

where; (WI, [XI, M, and = Concentration of respective gas species 
t =time 
E = Activation Energy of forward reaction 
E' = Activation Energy of backward reaction 
R = Universal Gas Constant 
T = Absolute Temperature 

By examination of equation 2.5, it is readily apparent that the chemical 

kinetics for any reaction is dependent on species concentration and 



temperature. Since rate is defined as change in concentration with respect to 

time, time dependency is apparent. Time dependency is also due to the 

changing species concentration with time. Most reactions are independent of 

pressure, and typical gas turbine combustion applications are at constant 

pressure. However, pressure dependency can be considered through the 

introduction of additional term to the general relationship of equation 2.5. 

Derived constants have been proven for many years for combustion 

applications. However, for application with ultra lean methane mixture 

reactions of the study topic of this work, these constants may not accurately 

describe the true reactions. 

In order to model kinetically a methane reaction system each elementary 

reaction steps is considered and integrated for the duration of the process. 

Various mechanisms have been applied ranging from single gross reaction 

mechanisms to comprehensive mechanisms incorporating in excess of one 

hundred elementary reactions. Gross reaction mechanisms and those based 

on a few reactions are not common with today's computer power. Although 

these simplify the computation required, they are dependent on the conditions 

under which derivation was done, and cannot be universally applied. Today 

comprehensive computer codes exist that are much more universally accurate 

for combustion applications. Figure X2.4 due to Zhou schematically illustrates 

one such mechanism applying 131 elementary reactions. The GRI mechanism 

applies a scheme of I77 elementary reactions for methane oxidation. 

A simpler view of the oxidation sequence of methane are the steps 

shown on the following page. 
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As shown on Figure #2.4 there are many more possible reactions. 

However, this five step mechanism is by far the most predominant for the 

oxygen rich environments seen in gas turbine combustion. However, for 

accurate combustion modeling comprehensive consideration of all reactions is 

required. 

In summary, the factors controlling the chemical kinetic process of ultra 

lean methane oxidation are: time, concentration, and temperature. 

Temperature is the most significant with reaction rates increasing exponentially 

with temperature. 



Figure X2.4 - Methane Chemical Reaction Mechanism 1471 



2.7.4 Physical Processes 

Section 2.7.3 provided a background on the kinetic processes governing 

the oxidation of ultra lean methane mixtures within a gas turbine. Consideration 

of these processes shows several physical processes that control the kinetics. 

These include fluid dynamic processes defined by the physical geometry of the 

gas turbine gas path, and the mixing processes from combustor fuel and air jets 

as well as more benign secondary air admission and film cooling. In general 

the physical geometry defines residence time and air admission points, and the 

mixing processes will redefine the gas species concentration and temperature 

of the upstream mixture. Since these are major tasks requiring much time, 

development, and resources, the present work has not attempted to define 

these processes nor to apply a comprehensive analytical approach with kinetic 

analysis. However, if the required geometric information was obtained for a 

specific gas turbine, a computational fluid dynamic simulation combined with a 

cham ical kinetic analysis could provide an analytical solution to the subject 

problem. This approach was considered for the present work, however, it was 

viewed as beyond the scope of this initial examination. It is highlighted that a 

production gas turbine combustion chamber is much more complicated than the 

generalized layout shown in Figure X2.2, and furthermore each gas turbine 

manufacturer has different aerodynamic and combustion chamber designs. 

2.7.5 Temperature Rise Due to Ultra Lean Methane Mixtures 

The temperature rise due to the oxidation of methane in air at the ultra 

lean concentrations of this exam ination requires some consideration. 

ObviousIy the purpose of methane as a gas turbine fuel is to provide a 

temperature rise so that useful work can be done by the expansion turbines. 

When a temperature rise due to ingested fugitive methane is realized within the 

combustion chamber this represents the potential for thermal utilization. 

However, there are potential adverse effects l a significant temperature rise 

was seen, for example, within the gas turbine air stream that is used for turbine 



cooling (see Figure tt2.2). Thus the magnitude of this temperature rise needs to 

be considered. 

The maximum temperature rise possible is if complete oxidation of 

methane to carbon dioxide and water vapor occurs. This can be calculated 

thermodynamically taking the process as adiabatic. The maximum wou Id occur 

at conditions defining the maximum methane concentration. These conditions 

are minimum gas turbine mass flow and maximum dry gas seal leakage. 

Consider as an example the Solar MARS gas turbine tested at TransCanada 

PipeLines station 21 1C. The air mass flow rate was 40.24 2. At a nominal dry 

gas seal leakage rate of 5 $ homogeneously mixed with the gas turbine air 

flow we have a concentration of 55 ppmv methane in air. At this volume 

concentration 'XI as shown in the oxidation reaction of methane in air below is 

Taking the reaction as adiabatic, the enthalpy of the products is equal to the 

enthalpy of the reactants, and for simplicity considering the temperature rise 

from the standard formation enthal~v reference temperature of 298 K we have; 

But the reactants are at 298 K 

The heats of formation at the reference condition of 298 K for methane, carbon 

dioxide, and water vapor are; 
kJ kJ " and -241 820 respectively, with molecular -74850 -393520 

oxygen and nitrogen at zero. The average constant pressure specific heats are 

taken as the constant pressure specific heat at 298 K and are; 

t fcp a approximated as 5P298 AT, taking the average amstant pressurn speck heat at 298 K 
298 
since AT is smell. 



for methane, oxygen, nitrogen, carbon dioxide, and water and 33.7290 kmol~ 

vapor respectively. 

c.. AT = 
393520 + 2 x 241 820 - 78450 

79.1 33.9523 + 2 x 33.7290 + 3796 x 29.4975 + 3800 x x ) . ~ x  29.1 71 4 

AT= 1.5 K 

This temperature rise is very small and can be ignored. As an example 

consider the effect on the cooling capacity for the extreme case of turbine inlet 

blade cooling. Taking a turbine inlet temperature of 1700 K and a cooling air 

temperature at an axial compressor discharge temperature of 600 K, if oxidation 

occurs, the cooling air would increase to approximately 601 -5 K. This reduces 

the temperature difference or cooling potential by 0.1 X. 
It should be highlighted that this discussion is focused on the fugitive 

methane emission rates due to dry gas seal leakage. At these rates the impact 

on gas turbine operation is indeed insignificant provided the emission gas is 

mixed homogeneously with the gas turbine intake air. Dry gas seal leakage 

rates are low but continuous accum ulating to significant total em issions. If 

however, the emission rate was significantly higher, even for a short duration, 

the proposed practice would be unacceptable. The potential temperature rise 

discussed could have adverse effects on the gas turbine cooling systems. 

Furthermore, under no circumstances could a flammable mixture be allowed to 

enter the gas turbine. 

2.7.6 Brayton Cycle Impact 

One must question what impact fugitive methane ingestion wiil have on 
the operation of the gas turbine. This requires some evaluation of the 

thermodynamic Brayton cycle. The primary parameters of interest to the gas 

turbine operator are the available power and the thermal efficiency. 

Available power, for a fully loaded machine, defines the machine's ability 

to deliver product and thus generate revenue. If this maximum power is 

reduced the cause of that reduction is a business liability. For a machine that is 



not required to run to full load rating, maintaining available power might not be 

a requirement. 

There are several parameters that are monitored by gas turbine fuel 

governors to prevent exceeding of physical gas turbine limitations. These 

limitations include: expansion turbine inlet temperature due to material thermal 

limits, maximum rotational speed due to mechanical limits, maximum blade tip 

speed due to aerodynamic limits, and sometimes maximum power or torque 

limitations due to mechanical or structural limits. A gas turbine governor will 

monitor the required gas turbine parameters and ensure that none exceed 

defined limiting values. Depending on the ambient conditions the gas turbine is 

operating in, one of these limiting values will define the maximum available 

power. Over-firing the turbine or exceeding the thenal limitation is prevented 

by simply monitoring the temperature. Operation at or below maximum 

rotational and blade tip speed is maintained by monitoring rotational speed. 

With some gas turbine types, a power limit is defined. If in fact the turbine type 

requires it, depending on the type of gas turbine various control schemes are 

used to prevent over-powering. If maximum power is the mode of control, 

ingestion of fugitive methane will have no impact on available power as the fuel 

governor will compensate and maintain maximum power. Thus speed and 

temperature limiting conditions are those that merit discussion. 

The Brayton cycle impact at constant or maximum speed can be 

evaluated quite simply. The rotational speed of the gas turbine axial 

compressor aerodynamically defines the intake volume flow rate. At prevailing 

ambient conditions (i.e.; ambient temperature and pressure), this defines the 

intake air mass flow rate. Since the Brayton cycle power output is proportional 

to mass flow rate, the power can be deduced simply by evaluating the change 

in intake air density due to fugitive methane ingestion. Methane has a lower 

density than air. Therefore, at speed limited conditions, there will be less mass 

flow when methane is mixed with the intake air compared to normal operation 

with ambient air. Equation 2.7 quantifies the loss in power. 

Power Loss = Rated Power x 



As an example, consider the Rolls Royce RB211 gas turbine of the field test at 

TransCanada Pipelines compressor unit 2Glf . This gas turbine has an IS0 
rated power of 24,900 kW at an intake mass flow rate of 86 +. Therefore, 

equation 2.7 gives a power loss of 0.2 kW for a typical ingested flow rate of 1 

(i.e.; 5 $) or 24,899.8 kW available power due to fugitive methane ingestion. 

Therefore, there is a loss of available power associated with the proposed 

emission avoidance mechanism. However, this loss of power is very small 

indeed. 

The impact of fugitive methane ingestion on a gas turbine limited by 

turbine temperature is much more complex. Therefore, it is recommended that 

equation 2.7 be used to gain insight into the similar magnitude of power loss 

realized under temperature limited conditions. 

Brayton cycle thermal efficiency is commonly defined as the ratio of work 
Power Since, there is Thermal Utilization (see output to heat input. or 
F,I (Mw . 

Section 3.6) of fugitive methane apparent through application of the proposed 

emission avoidance mechanism, there is a positive impact on thermal efficiency 

considering the fuel supplied. The heat released by the oxidation of fugitive 

methane upstream of the gas turbine expansion turbine is available to do work 

as is the heat released by fuel combustion. Thus, a small amount of 

conventional fuel is displaced by the fugitive methane increasing the thermal 

efficiency. 

t TransCanada compressor unit designation retern- firs2 the numeric station cmqmding to 
the site mainline vabe, followed by the alphabetic unl at Chat station ( eg: 926 is the second unit 
at station 92 ). 



3.1 Field Study Introduction 

The results of this work are intended to provide the technical information 

required to evaluate the potential greenhouse gas emission reduction 

mechanism of allowing fugitive methane to be ingested by an operating gas 

turbine. In particular, the methane emissions due to natural gas compressor dry 

gas seal leakage are worthy of consideration. 

The proposed utilization mechanism allows the emission gas to mix with 

gas turbine intake air at atmospheric pressure resulting in ultra lean mixtures. 

The approach to the study of these. methane reactions must therefore consider 

the entire gas turbine gas path, and due to the ultra lean mixture, the extent that 

oxidation reactions proceed must be scrutinized. The overall process is 

examined comparing exhaust gas concentration increases due to the ultra lean 

methane ingestion. 

The approach of this field study has focused on the most probable 

species of the primary five step reaction mechanism discussed in Section 2.7.3. 

Other than carbon dioxide, the presence of any of the five species discussed 

represents inefficiencies or incomplete oxidation. The most probable species 

are non-oxidized methane, formaldehyde, and carbon monoxide. The other 

intermediary radical species given are highly reactive making their presence 

unlikely. A field experimental procedure was applied taking gas species 

concentration measurements to establish the inefficiencies in the oxidation 

process. 



3.2 Field Test Procedure 

The test procedure used in this study provides for a comparison gas 

turbine exhaust species concentrations for normal operation to those seen 

when trace fugitive methane is ingested. The comparison effectively measured 

exhaust species concentration increases, and compared these to intake 

methane concentrations. Intake and exhaust baseline measurements were 

taken with the gas turbine operating with ambient intake air. A duplicate set of 

readings was then taken with the same gas turbine operation with the exception 

that a stream of natural gas, simulating dry gas seal leakage fugitive methane, 

was allowed to mix with the intake air stream, resulting in an ultra lean mixture 

of natural gas in air. At the typical dry gas seal emission rates that this study is 

considering, the resulting mixture was less than 100 ppmv methane (see test 

data within respective appendices). By comparison of the baseline 

measurements to those taken with methane ingestion, relative increases were 

noted. All gas species measurements were taken as volume concentrations. 

The intake and exhaust gas streams were taken as homogeneous. 

Gas species measured were: lntake Total Hydrocarbon (THC), Exhaust 

THC, and Exhaust Carbon Monoxide (CO). THC was calibrated to, and taken 

as methane. During one test (at TransCanada PipeLines unit 2G) 

measurements for relative increase of exhaust formaldehyde were attempted. 

However, experimental formaldehyde measurement at the prevailing 

concentrations proved impractical. 

As discussed previously, there are other possible products from ultra 

lean methane oxidation that were not measured in the exhaust. These include; 

methyl and formyl radicals, and carbon dioxide. The radical species noted 

were excluded due to their highly reactive nature making them unlikely 

products. Carbon dioxide was excluded due to the small overall change in the 

exhaust gas concentration. Gas analyzer sensitivity was inadequate to detect 
the increases in the order of parts per million carbon dioxide from the normal or 

baseiine carbon dioxide concentration in the order of parts per hundred or 

percent. For example, a gas turbine fueled with methane and an overall 



equivalence ratio (cp) of 0.25, will have an exhaust volumetric CO2 concentration 

of 2.6%. With an intake methane concentration of 50 ppmv due to fugitive 

methane, the exhaust CO2 would merely increase to 2.605% for complete 

oxidation of the ingested methane. 

For all tests, gas analyzers with flame ionization (FID) sensors were 

utilized for THC measurements. Two analyzers were employed, with separate 

analyzers providing intake and exhaust gas concentrations. Exhaust carbon 

monoxide measurements taken by ERRCanadat (testing at compressor units 

928, 1028, and 21 1C) were done using an analyzer applying non-dispersive 

infrared (NDIR) spectrometry techniques, while Entech Environmental* utilized 

a gas filter correlation infrared analyzer (testing at compressor units 2G. 130, 

and 13E). For the one field test where formaldehyde measurements were 

attempted (testing at compressor unit ZG), wet chemical techniques were used. 

Gas analysis procedures and the test protocols followed can be found in 

references 12, 13, and 14. 

The relative increase in measured exhaust species concentration of 

unburned or partially burned hydrocarbon represents overall inefficiencies in 

the oxidation process. If the relative increase was zero then the process would 

have been 100% efficient, The relative increase describes the measured 

exhaust concentration increase relative to the measured intake concentration 

increase due to fugitive methane on a percentage basis. Since the intake 

concentration increase is proportional to the emission flow rate, this relative 

comparison represents a percentage of the emission gas. Figure #3.1 

illustrates these measurements schematically. 

t The gas analysis services of ERRCanada and Entech Environ-1 were utiiied for tie# 
testing . 
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Figure 13.1 - Relative comparison of Gas Concentrations 

3.3 Test Apparatus 

The test apparatus utilized is shown schematically in Figure C3.2. It is 

highlighted that this testing was conducted on full scale production gas turbines 

in natural gas pipeline compression service. This fact presented certain 

limitations on the test apparatus and procedure. For example pipeline 

operation dictated the gas turbine operation. For the majority of the testing the 

gas turbine was operating at full rated power. However, some testing required 

part load operation. Unit 13E was restricted to 85% of rated power due to 

problems with the new Dry Low Emission (DLE) combustion system, and the 

power of unit 13D was also coincidentally reduced to 85% of rated power for a 
portion of the testing. The expense of field testing required a simple test 

procedure facilitating quick testing and minimizing data analysis time before the 



test apparatus had to be disassembled. Furthermore, no impact on the gas 

turbine operation could be tolerated, such as shutdowns for installation of the 

test apparatus. 

Figure #3.2 illustrates the test apparatus. Intake and exhaust gas 

samples were taken from the gas turbine air intake plenum immediately 

upstream from the gas turbine bellmouth, and in gas turbine exhaust stack 

immediately downstream of the gas turbine power turbine. Stainless steel 

sample probes were inserted approximately 20 cm into the exhaust flow 

streams. Teflon lines were used on both the intake and exhaust sample 

streams to deliver the gas samples to the gas analyzers. The exhaust gas was 

typically assumed to be non-stratified, and the stainless steel sample probe 

inserted randomly, with only a concern for penetrating the boundary layer such 

that the sample be drawn from the flowing gas stream. However, during 

preparation for the testing of TransCanada PipeLines unit 102B, discrete 

samples were taken at various sample probe insertion depths without a 

detectable change in measured species concentrations. These samples were 

taken starting located at the duct wall to a central location of the duct cross 

section. 
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Figure t3.2 - Test Apparatus 
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Figure 13.3 - Emission Simulation Mechanism 

Simulation of fugitive methane emission was done by taking a supply of 
high pressure (approximately 6.9 MPa) pipeline process gas run through 6.35 

1 * mm (5 ) tubing to a rotameter flow meter underneath the gas turbine air intake. 

The pressure was roughly throttled through a needle valve at the source to 

allow approximately the desired flow rate and then again through another flow 

control needle valve that could be adjusted in view of the rotameter to achieve 

the desired flow rate. Approximately 30 rn of tubing was used from the supply to 

the flow control valve. followed by another approximate tubing coil of 30 rn 

before entering the rotameter. Long lengths of tubing were desirable to get the 

throttled gas temperatures close to ambient, minimizing the rotameter 



temperature correction (i-e.; calibrated at 60 O C )  and frosting of the tubing and 

flow meter. Following the flow meter, a header configuration was constructed 

with two headers designed to allow for approximately constant release of 

simulated emission gas over as large an area as possible. Constant 
distribution of emission gas over as large an area as possible assisted in mixing 

so that air intake samples were taken on homogeneous mixtures. The header 

concept required some back pressure on the rotameter to achieve similar flow 

at both ends of the headers. This back pressure was minimized by applying a 

ratio of approximately 2 to 1 for flow inlet area (flow meter outlet tube cross 
1 

sectional area) to flow outlet area (sum of 1.5875 mm (d) circular hole outlet 

areas). A water filled manometer was used to measure this back pressure, and 

this measurement combined with the site barometric pressure was used to 

correct rotameter indication to calibration conditions. 

3.4 Data Validation Methods Employed 

There are other methods of deriving the data required for the relative 

exhaust gas species increases used in the field testing analysis. Application of 

these act as data validation mechanisms. The two methods employed utilize 

gas turbine cycle flow rates (air and fuel flow), to derive gas species 

concentrations. These are compared to measured concentrations. 

The relative increase of hydrocarbon concentration in the intake air 

stream is representative of the fugitive gas flow rate. Often there was a simple 

check that could be done on the intake methane concentration provided that all 

of the aidmethane mixture enters the gas turbine. Some of the test turbines 

were fitted with air filtration systems that supply clean air not only to the gas 

turbine, making this check invalid. However, at test sites where all of the filtered 

air enters the gas turbine air intake, the concentration measurements are 

validated by calculating the expected concentration as the ratio of metered 

simulated fugitive emission flow rate and the nominally expected gas turbine air 



flow rate. The expected hydrocarbon concentration increase is calculated using 

equation 3.1. 
/ ~ c H *  \ 

Expected Concentration Increase (ppmv) = (PCH*J~ 1000 
(*) 
(Pair ) 

where; PCHI = Natural Gas Density at STPt 

m c ~ ~  = Measured Natural Gas Mass Flow Rate (9 
Pair = Air Density at STPf 

fie = Nominal Gas Turbine Mass Flow Rate 

('Nominal' refers to expected gas turbine air flow based on gas turbine type. Typically 

sourced from gas turbine manufacturer performance data or engine test cell data) 

A bobbin type Rotameter was used to measure ftcH4. The device was 
m3 

calibrated and graduated in ii- natural gas at 333.15 K (60 "C) and 105 kPa. 

Mass flow was calculated assuming the ideal gas relationship 6 = TIN 

where the constant 'IC relates conditions that rotameter was graduated at (i.8.; 

6') to rotameter inlet measurement conditions PIN and TIN. 

:. ACH4 = 0.3535 x Rotameter Indication TN, in units of 9 , 
Note that the Rotameter used for measuring the simulated emission mass 

flow (fic~, of equation 3.1) is typical of unit instrumentation for metering dry gas 

seal leakage rates. These are known to have poor accuracy. However, as a 

data validation check as described, this provides a reasonable comparison. 

This validation method is also limited by the accuracy of establishing the gas 

turbine air flow rate. A specific gas turbine's air flow rate may vary in the order 

off  5% from manufacturer's nominal rates for a specific type or model of gas 

f ~ e s t  condiins were not at STP ( Standard Pressure and Temperature - 15 OC and 101 325 kPa ). 
However, assuming ideal gas behaviour, the change in density of the natural gas is proportional to 
change in density of the air, and thus cancels in equation 3.1. 



turbine. Furthermore, as a gas turbine degrades from new condition, its air flow 

rate is reduced. 

At some test sites the gas turbine intake air supply was common with the 

cooling air supply for the turbine enclosure and therefore, this validation method 

could not be employed. For these test sites, the fugitive gas could have been 

released downstream of the enclosure air ducting. However, to ensure 

complete homogeneous mixing of the emission gas in the air stream, and so not 

to risk catastrophic gas turbine ingestion of the test apparatus, the emission gas 

was released upstream of the intake air filters. 

A good validation of the exhaust gas sample system is to ensure that the 

exhaust gas oxygen concentration is consistent with the fuel consumption of the 

gas turbine and the gas turbine air flow rate. This check is based on the 

stoichiometrics of the gas turbine combustion process discussed in Section 3.4, 

with calculations shown in the appendix for each respective test. For two of the 

tests (at TransCanada PipeLines units 1028 and 21 18) this method had to be 

employed to arrive at gas turbine air flow rate since nominal data was not 

available from the manufacturer. This method, utilizing the exhaust oxygen 

concentration and fuel rate for validating air mass flow, also demonstrates the 

integrity of the exhaust sample line (i.8.; sample line leaks would be apparent 

through higher than expected oxygen concentration). 

3.5 Stoichiometric Analysis 

As discussed previously, the test procedure is based on the relative 

comparison of volume concentration measurements. This is based on the 

stoichiometrics of the combustion process taking place within the gas turbine. 

As can be seen from the relationship below, molar quantities are conserved in 

the oxidation of methane to carban dioxide and water, 

( 
Excess Excess CH4 + 2 0 2  + '32)+~(T) * C02 + 2H20 +*p + x ( ~ )  

Therefore, gas turbine intake and exhaust gas species concentration 

measurements are comparable to each other provided the samples include 



total volume flow. In actual fact the samples do not include total volume flow 

and therefore the measured concentrations must be corrected. 

It is noted that molar or volume conservation is not true for all chemical 
1 reactions taking place (e.g.; CH4 + 5 O2 a CO + 2H2). However, these 

reactions are insignificant with respect to the overall com bustion reaction and 

thus do not influence the total volume. 

Assuming ideal gas behavior, the product and reactant molar quantities 

in the stoichiometric relationship above are related to volume proportionally. 

Therefore, the stoichiometric relationship can be used to determine volume 

quantities. 

Gas samples taken on the gas turbine intake do not include the volume 

of fuel. Therefore, intake sample concentrations must be diluted by the fuel 

volume, or corrected for the gas turbine fuel rate as shown by equation 3.2. 

Intake: 

Pair 
PPmvcomcted = PPmvmeasured 

Exhaust samples may have been dried prior to concentration analysis. 

The analyzers used for these tests do not require dried samples (i.0.; FID and 

NDlR analyzers). Jahnke [21] describes how NDlR carbon monoxide analyzers 

are constructed minimizing errors due gas samples containing gases with high 

infrared absorption characteristics such as carbon dioxide and water vapor. 

However, some of the test data (e-g.; collected by Entech Environmental) was 

collected on dried samples. The slightly different test procedures followed by 

the two gas analysis firms utilized for this study dictate sample drying or not. For 

exhaust samples analyzed following dryers, the measured sample 

concentrations must be diluted by the volume of water removed by the dryers. 

The fuel combustion water volume is established based on stoichiometrics and 

the fuel rate. Taking the fuel as methane this exhaust correction is similar to the 

intake conection of equation 3.2 with the exception of a factor of two applied to 

the fuel volume rate since two volumes of water are exhausted for every volume 

of methane fuel. 



Dry Exhaust: 

PPmvmrrected = PPmvmeasured 

m~ 0 i n f ~  
but: -= 2 

PH@ Pfuel 
f "& 

Pair 
A PPmVcurrected = PPmvmeasured fuel I - + 2  - I 

(P air Pfuel / 
For exhaust measurements taken without sample drying no correction is 

required. 

The ambient air moisture content may also require consideration when 
gas sample analysis is done on a dry basis. A regression fit, covering the 
ambient temperature range of study test data, for the water vapor pressure data 
of reference 3 gives vapor pressure (PHZ0) for 100% relative humidity as a 

function of ambient air temperature (Tamb) as; 
PHs= 3.7463~1 0°5 x Tarn$ + 1.429 x 10-3 x T a d  2 + 4.3549 x 104 x T B ~  (3.4) 

Since relative humidity is by definition the ratio of partial pressure of 

water vapor to the saturated partial pressure for the same total pressure, and 

applying Dalton's law of partial pressures, the volume fraction of water vapor as 
a function of relative humidity, ambient temperature, and barometric pressure is 

given as; 
P H o x R H  

Hz0 by volume = barn where pH# = f(Tamb) from equation 3.4 (3.5) 

Therefore dry volume concentration measurements are to be corrected for 

humidity by multiplying by (1- Hz0 by ,,durn) if total volume is to be considered. 

It is noted that this correction factor is between 1 and 0.99 (or less than 1% 

dilution) for the study test data and only becomes significant for high ambient 

temperatures with high relative humidity. 



3.6 Presentation of the Results 

The fundamental results of this study are the fugitive emission avoidance 
efficiency and the thermal utilization designated by the symbols X and 6 
respectively. These ara defined and described within this section. 

The emission avoidance or destruction efficiency is defined as the 

percentage of emission gas that is ingested by the gas turbine and does not 

pass through the gas turbine, thus remitted in the gas turbine exhaust. 

Thus Em ission Avoidance Efficiency is defined as; 

With subscripts 'EX', 'IN', 'TEST', and 'BASE' abbreviating 'exhaust', 'intake', 

'test run with simulated emission ingestion', and 'baseline run with ambient 

intake air' respectively. Gas concentrations are on a volumetric basis. 

For economic evaluation the term thermal utilization is introduced. This 

parameter represents the percentage of the thermal energy of the fugitive 

emission released within the gas turbine compared to the total available 

thermal energy for complete combustion or oxidation to carbon dioxide and 

water vapor. The assumption is made that oxidation occurs upstream of the gas 

turbine expansion turbines and therefore, the thermal energy is available for 

useful work. Based on the data of this study the thermal utilization can be 

quantified in terms of the standard heating values of methane and carbon 

monoxide with water exhausted as vapor. Reference 3 gives the heating value 

of carbon monoxide as 35% that of methane. Therefore, the heating value of 

methane partially oxidized to carbon monoxide is 65% that of complete 

oxidation of methane. 

Thus Thermal Utilization is defined as; 

With subscripts EX', 'IN', TEST, and 'BASE' abbreviating as per equation 3.6, 

with volumetric gas concentrations. 



It is noteworthy that this term is analogous to the common combustion 
engineering term of combustion efficiency. However, since the majority of this 

fugitive emission oxidation is taking place under conditions not supportive of 

combustion (i.8.; ultra lean with respect to the combustible fuel) the tern thermal 
utilization is employed to differentiate. 

3.7 Test Procedure Limitations 

As with any experimental procedure, there are limitations to this test 
procedure as will be described. Each should be recognized when evaluating 

the study results. However, for the purpose of this study to provide general 

overall quantification of the fate of ultra lean methane mixtures that are ingested 

by operating gas turbines, the results are sufficient. 
Natural gas has been loosely used interchangeably with methane. In 

practice this is not true as there are many constituents of natural gas that are not 

methane. The percentage of non-methane constituents is minimized for 

pipeline transmission applications such as at the test sites of this study where 

the gas has been processed prior to the pipeline system. Appendix G 

summarizes the average natural gas composition for TransCanada Pipelines. 

Review of this shows the gas is approximately 95% methane by volume with 

trace non-combustible impurities and higher hydrocarbons (i.e.; C2, C3, C4, 

etc.). The reason for the low levels of C2 and greater hydrocarbons is that these 

so called natural gas liquids (NFL) are typically stripped from the natural gas 

prior to transmission and are handled separately. Furthermore, examination of 

the fluctuations in gas composition shows a very constant composition. 

However, treating the pipeline natural gas as pure methane is a bit 

erroneous meriting a discussion of the impact on the results of this study. The 

first point of merit is that the fugitive emission destruction efficiencies reported 

here can only be loosely applied as greenhouse gas destruction efficiencies as 

the methane content is the primary greenhouse gas constituent. The other 

hydrocarbon constituents can also be viewed as pollutants but are not 



considered greenhouse gases. Furthermore, trace carbon dioxide in the 

natural gas will effectively pass through the gas turbine. Therefore, to apply a 

greenhouse gas destruction efficiency to the test results one should consider 

the gas composition of the fugitive emission. The second point that requires 

discussion is that the hydrocarbon gas sampling used reports concentrations as 
total hydrocarbon (THC). Gas turbine exhaust gas can have non-methane 

constituents and in some instances (0.g.; Avon gas turbine at 928 test site) the 

THC is composed predominantly of non-methane species. Therefore, equating 
the total hydrocarbon directly to methane is erroneous. However, with the 

relative comparison approach of the test procedure this does not influence the 
results with respect to quantifying the simulated fugitive methane (i.8.; change in 

exhaust THC relative to change in intake THC is a valid comparison). 

It is also a reasonable quantification of flame ionization detection (FID) 

analyzer THC readings that have been calibrated to methane to take the 

emission simulation natural gas as methane. This is due to the fact that infrared 

FID analysis response is in principle proportional to the carbon content of the 

analyzed gas species. For example, an infrared analyzer response and output 

readings to ethane are twice the level that would be recorded for the same 

volume concentration of methane, and three times the level that would be 

recorded for the same concentration of propane, etc. Although the natural gas 

used in this study to simulate fugitive methane emission is not pure methane, to 

simplify discussion and analysis it can be considered methane. For example 

the FID analysis readings taken for total hydrocarbon on the gas turbine intake 

may not have been on pure methane but the volume response is essentially 

identical. As shown in Appendix G the expected response increase of the trace 

C2 and greater hydrocarbons is essentially negated by the lack of response of 

the trace non-hydrocarbon impurities. As shown, an FID analyzer would have a 

volume measurement response of 100.87% to a 100% level of typical natural 

gas for an analyzer calibrated to- methane. The carbon content response 

characteristic discussed is accurate in practice for straight chain hydrocarbons 

(alkanes). alkenes, and aromatics [46]. However for many hydrocarbons, the 

response in practice does not adhere to this principle. This applies, in pafticular 



for oxygenated hydrocarbon species. For example, fully oxidized carbon 

dioxide, partially oxidized formaldehyde and carbon monoxide essentially 

provide no response on an FID analyzer calibrated to methane [46]. 

A significant potential source of error with this test procedure could be 

due to changes or fluctuation in the concentration of ambient hydrocarbon 

during a test run. Significant ambient hydrocarbon concentration increases 

were experienced during testing due to various factors within and surrounding 

the compressor facilities. Factors contributing to these fluctuations were noted 

as: adjacent industrial facilities with significant hydrocarbon em issions, 

operation of natural gas powered equipment within the compressor station 

facility, and adjacent livestock feed lots. All of these could be intuitively noted 

by changes in wind direction and (or) wind speed and were frequently noted by 

odorous air. To minimize potential errors due to ambient hydrocarbon 

fluctuations baseline ambient readings were typically taken before and after a 

set of simulated methane ingestion readings was recorded. Where possible, if 

any significant change in baseline ambient hydrocarbon level was noted the 

test run was repeated. If it was not possible to repeat the test run, judgment had 

to be used to select the baseline. An example judgment selection of baseline 

data was the utilization of one specific baseline run with the closest time 

proximity to the simulated emission ingest ion test run. Normally the average of 

all baseline data could be used. 

In order to appreciate the magnitude of possible ambient fluctuations, 

some examples are noted. During the test preparations on compressor unit 26 

intake THC readings were noted to increase from 4 to 35 ppmv due to a wind 

direction change. The test facility was down wind from NGL stripping plants 

approximately 3 km from the compressor facility and there was the appearance 

of a 'sweet' odor in the air. lt is noted that methane is odorless. The odorous air 

was noted just prior to completion of the formaldehyde test run, and may have 

influenced the analysis of those samples. Another example was noted during a 

test at TransCanada Pipelines Compressor Station 123 that is not reported 

since stable ambient THC readings could not be achieved. During this test 

fluctuations between 5 to > 100 ppmv were noted due to changes in wind 



intensity, and were attributed to a natural gas powered air mover being used to 
evacuate a pipeline for servicing. The high readings (100 ppmv and greater) 

were noted when the wind intensity increased bringing more of the air mover's 

exhaust to the test gas turbine. Testing at Station 13 [12] had ambient baseline 

intake THC readings of 4 ppmv to 10 ppmv attributed to a livestock feedlot 
within approximately 750 m of the compressor station. These levels and 

fluctuations can be compared to the global average atmospheric methane 

concentration of 2 ppmv [I 91. 

It is an interesting observation that, for many of the baseline test runs the 

exhaust hydrocarbon concentration is less than at the intake. Therefore, an 

operating gas turbine is often in essence cleaning the air of hydrocarbon. 

Gas turbine exhaust pollutant measurement is an area of great interest 

with the current level of environmental awareness. As with this testing, it is 
difficult to achieve a high level of accuracy for these measurements. Reference 
18 describes a minimum achievable uncertainty for Nq( measurements of 16 

ppmv taken using similar techniques and under similar Yield' conditions and 

describes an inability to quantify uncertainty in similarly measured carbon 

monoxide concentrations. Although the difficulty in achieving highly accurate 

absolute concentration measurements is recognized, it is highlighted that the 

test procedure used in this study is comparing relative changes in gas species 

concentration and therefore highly accurate absolute levels are not required but 

repeatable comparable readings are. To this end it may have been more 

desirable to utilize the identically calibrated THC analyzer for both exhaust and 

intake concentration measurement. However, it was decided that simultaneous 

measurement was more important to minimize errors due to ambient and gas 

turbine condition changes with time. Identical calibration gas was used for both 

the intake and exhaust THC analyzers. 

As discussed previously the intake THC relative increases could be 

validated for some tests from expected concentration increases based on 
simulated emission flow rate measurements and manufacturer's gas turbine 

mass flow rate information. For test sites with intake filter air requirements in 

addition to gas turbine intake air, and which the air filtration housing was not 



partitioned isolating gas turbine air from other supplies, this validation was not 

possible. Examples are the tests conducted at 2G and 13D. There is a lower 

level of confidence in these test results and the emission flow rate is calculated 

rather than measured. 



GMmEHA 

umrnarv of Field Test Results 

Table #4.1 summarizes the results of the field testing of this study. The 

gas species concentrations given have been corrected for total gas turbine 

volume flow and are given as concentration increases from baseline levels. 
Therefore these exhaust species concentrations are comparable to the in take 

hydrocarbon concentrations in the relative sense described previously. 

Not shown in Table t4.1 are the results of the one attempt to measure the 

increase in exhaust formaldehyde due to gas turbine ingestion of methane 

emissions. This testing proved impractical for field testing, due to the variability 

between sample train measurements, and that the formaldehyde levels present 

are close to the detection limits of the test procedure. Statistical evaluation of 

the data shows, with 95% confidence, that there is no difference between the 

sample means (see Appendix 6). However, the average of the data collected 

does suggest a portion of the ingested methane is exhausted as formaldehyde. 

The wet (i.e.; total volume flow included) measured exhaust formaldehyde 

shows an increase of 0.70 ppmv due to a total volume intake THC 

concentration increase of 43.24 ppmv. In other words, 1.6% by volume of the 

intake methane is apparent in the exhaust only partially oxidized to 

formaldehyde. In principle, this inefficiency should already be included in the 

Avoidance Efficiency, due to the FID analyzers response to the carbon content 

of formaldehyde. However, as discussed in Section 3.7, in practice an Flame 

Ionization (FID) analyzer's response to formaldehyde is essentially zero when 

calibrated to methane. Furthermore, separate consideration is required due the 

unique environmental impact of formaldehyde emissions. 

The gas species concentrations measurements were made using 

Continuous Emissions Monitoring Systems (CEMS). The one minute running 

averages of the CEMS measurements are plotted on Figures lf4.1 through W4.6 

for the respective compressor units tested. For each segment of data the type of 
test run is indicated (i.e.: Baseline, or Ingested CH4 with the emission flow rate), 

showing the average measurements plus I minus one sigma for that test run. 



fable X4.1 - Summary of Field Test Results 

Test Emission Intake THC Exhaust THC Exhaust CO Avoidance Thermal 

Unit Rate Increase Increase Increase Efficiency Utilization 

[ $ ) Total Volume Concentration ( ppmv ) X 5 

t Test data collected with gas turbine at 85% of rated power. 

Improved Avoidance Efficiency and Thermal Utilization is expected at full power. 
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Figure # 4.3 - 13E Gas Analysis CEMS Data 
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Figure # 4.4 - 13D Gas Analysis CEMS Data 
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Figure # 4.5 - 1028 Gas Analysis CEMS Data 
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Figure # 4.6 - 211 B Gas Analysis CEMS Data 



5.1 Explanation of Field Test Results 

As introduced in the Problem Review Section, the complete oxidation of 

ultra lean methane mixtures ingested by a gas turbine will be some percentage 

greater than the percentage defined by the ratio of air destined for primary 

combustion aspiration to total air flow, but likely less than 100%. It is a 

reasonable assumption that 100% of the ingested methane mixed with air 

destined for primary combustion aspiration will oxidize completely to carbon 

dioxide and water, as within the combustion chamber, this air stream has 

sufficient fuel added for self sustained combustion. Ingested methane not 

destined for the combustor primary zone may be viewed to be well below the 

local lean flammability limit and thus will not support self sustained combustion. 

However, this portion of the ingested methane is exposed to elevated 

temperature which will induce chemical oxidation. The question is at what rate. 

This section will explore two simple analytical approaches that can be 

considered. Neither are sufficiently comprehensive such that the Avoidance 

Efficiency nor Thermal Utilization values could be derived accurately. However, 

they do provide perspective, and some explanation or verification of the field 

test results. 

5.1 -1 Combustion Zone Defined by the Lean Flammability Limit 

Section 2.7.1 describes the typical gas turbine primary zone combustor 

design approach of supplying sufficient air for stoichiometric combustion (i.e.; 

equivalence ratio of unity). With diffusion type combustion this is optimum 

facilitating rapid combustion with a minimum combustor volume. Combustion 

can occur over a significantly wider range of fuel-air mixtures than that defined 

by the stoichiometric mixtures. For methane in air this range is approximately 



5% to 15% by volume fuel in air for typical quiescent ambient conditions. The 

lower range (i.0.; 5%) is referred to as the lean flammability limit. The 

upper range (i.e.; 15%) is referred to as the rich flammability limit. It is well 

known that the flammability range of many fuels widens as temperature 

increases (i.e.; lower lean limit and higher rich limit at high temperatures). 

Reference 2 provides quiescent experimental data for methane in air with 

upward flame propagation over the temperature range of 15 to 350 OC. It is 

shown that the flammability range of methane widens linearly under these 

conditions. Using these data, the lean limit of methane in aii can be defined on 

a volume basis by the linear relationship of equation 5.1 as a function of 

temperature (T in Kelvin); 

Methane Lean Limit = -0.0041 791 ( T -273.1 5 ) + 6.20421 (5-1 

However, it is recognized that this is only an approximation for homogeneous 

and quiescent mixtures, as the conditions seen within a gas turbine combustion 

chamber differ significantly from those of the experimental procedure of 

reference 2. The temperature that needs to be considered here is that at the 

discharge of the gas turbine axial compressor. This temperature can be 

evaluated by the relationship given previously as equation 2.1. 

Knowing that combustion can occur within mixtures at equivalence ratios 

other than unity we can consider the outer boundary of a combustion zone 
defined by the lean flammability limit. For discussion purposes, within this 

combustion zone we will assume that methane within the air stream will burn 

completely as sufficient fuel is added to get the mixture to the lean flammability 

limit. This zone represents a larger zone than the primary combustor zone 

defined by merely stoichiometric air requirements. With this approach good 

general agreement with the field test data is seen. Table lu5.1 lists, in bold text, 

the calculated volume percentages according to this method for complete 

methane oxidation to the corresponding values measured experimentally. The 

field test data collected for TransCanada PipeLines compressor unit 1 30 1 have 

been omitted from Table r5.1 due to the questions raised about the reliability of 

these results- 



Since gas turbine axial compressor pressure rise was not measured 

during field testing, the Pressure Ratio is taken as the nominal IS0  value 

reported in reference 15. The Compressor Discharge Temperature was 

calculated using equation 2.1 as the temperature rise from IS0 (i.e.; 288.15 K), 

and using this temperature, the Lean Limit is calculated using equation 5.1. 

The Stoichiometric Volume is calculated using the average exhaust oxygen 

concentration and fuel rate for each field test unit, The Lean Limit Volume is 

then calculated using equation 5.2 as follows; 

Lean Calculated 9.5% . -  

Limit = Stoichiometric x Calculated 
Volume Volume Lean Limit 

where; 9.5% is the stoichiometric mixture volume percentage for methane 

in air 

The Measured Complete Oxidation, for each test is, taken as the 

measured unoxidized exhaust hydrocarbon and partially oxidized carbon 

monoxide percentage of intake hydrocarbon increase as, as given by equation 

5.3. 

Measured 
Complete = (I - Exhaust THC Increase + Exhaust CO Increase 

Intake THC Increase ) x 100%(5.3) 
Oxidation 

This approach is a very gross approximation based on the assumption 

that the combustion chamber mixtures are homogeneous. 



Table W5.1 - Comblete Oxidation at Lean Limit 

Emission 

Rate 

Test I (3 Unit 

Calculated 

Compressor Calculated Lean 

Discharge Calculated Stoich. Umit 

Temperature LeanUmit Vdwne Vdume 

(K) (%I (%It (%)t 
536.38 3.96 22.05 52.9 

Measured 

Complete 
Oxidation 

(%) 

6 6 

- 

-f Percent of Total Air flow or Approximately Total Combustor Volume 

As can be seen from Table #5.1 there is significant discrepancy between 

the Lean Limit Volume percentage and the Measured Complete Oxidation. One 

reason for this discrepancy is that this method does not consider the possibility 

of any oxidation taking place outside this lean flammability zone. Since a 
significant portion of the methane is partially oxidized to carbon monoxide, there 

is oxidation taking place outside of this zone if the assumption that complete 

oxidation occurs within this zone. This approach however, agrees more closely 

with the field test results than erroneously concluding that only methane mixed 

with combustor primary zone air is oxidized. In the absence of experimental 

data it is apparent that a more comprehensive analytical approach would be 

required. 



5.1.2 Simple Kinetic Model 

This section will discuss and apply for one example a simple analytical 

approach using a chemical kinetic model. The approach assumes chemical 

reactions as per a perfectly stirred reactor with the gas turbine combustion 

chamber approximated by two discrete zones. The first zone, referred to as the 

Primary Zone, is proportioned according to stoichiometric air requirements for 

fuel combustion, and the remaining Second Zone admits the excess air. This 

approach is only an approximation, not representative of the true mixing 

processes (i.0.; not perfectly stirred prior to reaction), nor the complex fluid 

dynamics of the actual air and fuel flows of the gas turbine combustion 

chamber. 

The geometric information shown in Figure t5.1 was obtained from a full 

scale drawing of a Rolls Royce RB211 gas turbine. This geometry was 

translated as straight line approximations of the actual complex combustor 

geometry. This approximation is however sufficient for this simple kinetic 

calculation. 

--b 
Discharge 
Nozzle 

Dimensions in mm 

- - - - -  Gas Turbine - - - - - - - - - - -  
Axis 6f Rotation 

Figure 6 . 1  - Rolls Royce RB211 Gas 1 urblne Annular Combustor 



The RB211 combustor is an annular type. Therefore, its volume may be 

defined approximately by rotating the cross-section as shown 360° around the 

machine's centerline or axis of rotation as shown. The volume is thus 

approximated by simple geometry as; 
Volume n n 41 52-31 S2)370+i(31 52-2852)370+ (41 52-3602) 1 0 0 + ~ ( 3 6 0 ~ - 2 8 5 ~ ) 5 0  mm3 (( 1 
i.e.; Volume n 0.1 12 m3 

The kinetic calculations utilize the GRI mechanism [I41 with model output 

shown in Appendix H. The required full power gas turbine data is taken from 

the manufacturer's test cell report for the machine that was in service during 

field testing at TransCanada Pipelines compressor unit 2G1 (see Appendix I). 

The kinetics are modeled assuming a perfectly stirred reactor. 

Two reaction volumes are used approximating the actual combustor flow 

by a primary combustion volume with stoichiometric air followed by a second 

volume where the remaining excess air enters. 76.517 MW of thermal 
energy input (fuel) gives 2.252 5 at Standard Temperature and Pressure 

(ST?) for the nominal natural gas fuel of Appendix G. 90.51 +of intake air flow 

gives 70.0 $at STP. The nominal dry gas seal leakage rate of 0.0014 5 
m3 and the intake air flow gives an intake methane emission (i.e.; 5 ?;) 

concentration of 20 pprnv. The combustor total mass flow is 78.1 9 , or at STP 

conditions 60.47 $ . Therefore, the combustion chemistry is; 

From the chemistry it is apparent that 35.6 % of the combustor air flow is 

used for primary combustion aspiration. Therefore, this simple kinetic model 

consists of a primary combustion zone of 0.039872 rn3 followed by a second 

volume of 0.072128 m3. Assuming ideal gas behavior, the air flow rate entering 

the primary combustion zone defines a residence time of 0.015 seconds as 

shown below: 

Primary Zone Residence Time = 0.039872 ma 
m3 1 atm 60.47 ,X 35.6% x 20.7 atm 742.2 K 

288.15 K 



Similarly the second zone has a residence time defined by the volume and 

volume flow rate of the primary zone plus the remaining air flow rate; 

Second Zone Residence Time = 
0.0721 28 m3 

1 atm 2528 K 1 atrn 742.2 K ) = 00005 
60047 $(3506%x2~.7 almx288.15 K +64*4%x2~.7 atrnX288.15 K 

With this information three perfectly stirred reactor GRI-MECH 2.1 1 runs 

were done as shown in Appendix H. The first run simulates the primary 

combustion zone reaction as combustion of the fuel. The second run simulates 

further reaction as the excess combustor air mixes with the products of 

combustion. The third run is similar to run 2 except that the excess air contains 

20 ppmv methane. The differences in the products from run 2 to run 3 

represents the reaction of the fugitive methane. 
For the test cell data it is apparent that 12.32 or 13.6% of the total 

intake flow by-passes the combustion chamber. It is a reasonable assumption 

that this by-pass air is used for turbine cooling, and that ultra lean methane 

oxidation in this air stream is negligible. 

The Avoidance Efficiency and Thermal Utilization as defined by equation 

3.6 and 3.7 can now be calculated for this simple kinetic model. It is assumed 

that the primary zone, as defined for this model (i.8.; 30.76% of total air flow), 

portion of ultra lean methane completely oxidizes to carbon dioxide and water, 

the second zone portion as per this model (i.e.; 55.64% of total air flow) oxidizes 

according to GRI-MECH 2.1 1 output. and the by-pass portion (i.e.; 13.6% of total 

air flow) is exhausted as methane. Thus the exhaust THC increase due to 

ingested methane is: 

20 ppmv x 13.6% + (0.148 ppmv - 0.000) x 55.64Oh = 2.80 ppmv 

and the exhaust CO increase is; 
(3.64 ppmv - 2.55 ppmv) x 55.64% = 0.61 ppmv 

Therefore. the Avoidance Efficiency and Thermal Utilization is respectively; 



This is compared to 86.5% and 76.3% Avoidance Efficiency and Thermal 

Utilization, respectively established for the field testing at TransCanada PipeLines 

compressor unit 261 with similar fugitive emission flow. The exhaust THC 

concentration increase of this model compares well with the field testing, and thus the 

Avoidance efficiency agrees well. However, the model predicts the partial oxidation 

to carbon monoxide much less than that measured during field testing, and thus the 

Thermal Utilization does not agree well. It is suggested that the primary inadequacy 

of this simple model is the lack of accurate fluid dynamic mixing process 

representation, in particular for the second zone. This is a complex turbulent mixing 

process in which local thermally quenched zones will exist resulting in temporary 

freezing of the oxidation chemistry, and thus partial oxidation products will be greater 

than those simulated by a perfectly stirred reactor model. 

If better represen tation of the partial oxidat ion product carbon monoxide was 

seen with this simple model it would have been a useful tool to evaluate other 

potential partial products such as formaldehyde. The model does show an 

insignificantly small increase of 0.03% of the ingested methane emission exhausted 

as formaldehyde. However, this value is most likely lower than the true value similar 

to the carbon monoxide results. The true magnitude of formaldehyde formation may 

be insignificantly small however, a comprehensive model would be required to draw 

any conclusion in this regard or any other partial oxidation products. 

This analysis supports a conclusion that the methane reactions within the 

secondary and dilution combustor zones are those where partial oxidation 

inefficiencies in this emission avoidance mechanism ate most likely to occur. 

5.2 lmplicatlons of Field Test Results 

It is the Thermal Utilization that provides for economic benefii in justifying 

the capital expense of installing a system to put this mechanism into practice. 

The value of the dry gas seal leakage can be established. Considering this 

value, the seal leakage rate, and the thermal utilization, economic benefit can 

be demonstrated. Based on a natural gas value of $2/G.l, a dry gas seal 



leakage rate of 5 F, and a 73% Thermal Utilization, there are cost savings of 

approximately $0.25/h for a single seal compressor (overhung style) or $O.SO/h 

for a two seal compressors (beam style) from the proposed emission avoidance 

mechanism. Although this saving is small, it can be used to justify the expense 

of implementing this emission avoidance rnechan ism. Therefore, the cost of 

any system for implementation must be kept to a minimum. 

The Avoidance Efficiency is not 100%. however is quite comparable to 

other options. Reference 42, describes the three most economically viable 

emission avoidance options as; 

1) Gas Turbine Ingestion 

2) lncineration 

3) Recompression and Utilization as Fuel Gas 

Option 3) is described as three times the cost of both I )  and 2), quickly 

ruling it out economically. 

Incineration is shown to be a comparable option to gas turbine ingestion 

from a capital cost perspective. However, as a greenhouse gas avoidance 

mechanism incineration is also less than 100% effective even if perfect 

combustion within the incinerator is achieved, This is due to the fact that the 

greenhouse gas carbon dioxide remains as an exhaust product and must be 

emitted. Although carbon dioxide is also emitted due to gas turbine ingestion, 

this carbon dioxide is effectively displacing a small amount of carbon dioxide 

that would have been emitted due to conventional fuel combustion. 

The currently accepted global warming potential (GWP) of methane is 21 

[31]. This factor compares the atmospheric greenhouse effect of methane 
relative to carbon dioxide on a per unit mass basis. As can be seen below, 

combustion of methane produces one mole of carbon dioxide per mole of 

methane. However, the molecular weights differ (i-e.; 16 for methane and 44 for 

carbon dioxide). 

~ ~ 4 + 2  ( 02+'N2 * ~ 0 2 + 2 ~ 2 0 + ? f h ~  

Therefore, through incineration, we can reduce the greenhouse impact of a 

given methane emission to a lesser impact of a carbon dioxide emission. For 



44 complete combustion, kg of carbon dioxide is produced per kg of methane. 

Therefore, the Avoidance Efficiency for incineration is; 

This is comparable to the apparent Avoidance Efficiencies of many of the gas 

turbines field tested as part of this study. However, incineration has zero 

Thermal Utilization. Therefore, not only is the thermal energy wasted from an 

energy conservation perspective, but also there is no economic benefit to 

incineration, and no means to offset the initial capital cost of installation. 

It is apparent from this study that a significant portion of fugitive methane 

ingested by a gas turbine is exhausted as carbon monoxide. The average of all 

field testing shows that 21.8% by volume of the fugitive methane is exhausted 

as carbon monoxide. Atmospheric carbon monoxide is not a concern due to 

greenhouse activity. However, high ground level carbon monoxide 

concentrations are a health concern. Typically the application of this disposal 

mechanism will not result in adverse carbon monoxide implications due to the 

low emission levels, as these will quickly disperse. As a general conclusion. 

even if some of the methane emission is only partially oxidized to carbon 

monoxide, this disposal mechanism has still greatly accelerated the oxidation 

process compared to atmospheric methane oxidation. This is due to the fact 

that carbon monoxide has a much shorter atmospheric life time than does 
methane. 

The individual gas turbine testing shows varying percentages of 

ingestion methane emission only partially oxidized to carbon monoxide. This 

study has been focused on the avoidance of methane greenhouse gas 
emissions. Therefore, partial oxidation to carbon monoxide has achieved this 

avoidance. However, carbon monoxide is also a pollutant with adverse health 

effects when present at significant concentrations. The carbon monoxide 

concentration increases due to the proposed application are too small to have 

adverse health effects alone. However, each application should be considered. 

For example within urban areas that are classified as non-attainment of carbon 



monoxide standards, special consideration should be given. Considering the 

chem ical processes involved, this mechanism has greatly accelerated the 

oxidation of methane over what would occur in the atmosphere, even if a 

significant portion is only partially oxidized to carbon monoxide. Reference 19 

gives the atmospheric life of methane as 14.5 years, compared to the 

atmospheric life of carbon monoxide given by reference 9 at 2 to 3 months. 

5.3 Field Test Details 

The following is a general discussion regarding some of the details of the 

individual gas turbine field tests. Comments on the data validation method 

results and unique test conditions will provide some perspective for confidence 

in the results, 

TransCanada PipeLines Compressor Unit 928; 

This test was the first attempt at field testing. Only a single test run with 

simulated emission and a single baseline run was done. At this point in time it 

was understood that a nominal dry gas seal leakage rate was in the order of 

10 $ , and thus this was the selected simulated emission flow rate. The 

difference in expected intake THC concentration increase and measured 

suggests that the engine air flow rate was 11% higher than that nominally 

expected for this gas turbine if the concentration and emission flow rate 
measurements are correct. It is not typical for gas turbine air flow rates to be 

significantly higher than nominal. However, this is consistent with the measured 

oxygen concentration being greater than expected. An 1 1% increase in air flow 

would bring the 17% expected oxygen concentration to 17.3% which is doser 

but still not equal to the 18% measured. Other potential errors can easily 

explain the remaining difference. As a general comment the data validation 

methods show reasonable consistency providing a good level of confidence 

with this test. 



TransCanada P nes Com~ressor Un 

The gas turbine driver of this unit was enclosed with a cooling air supply drawn 

common with the gas turbine combustion air. Therefore, validation of the intake 

hydrocarbon concentration was not possible. The measured exhaust oxygen 

concentration of 15.4% agrees well with the expected concentration of 15.6% 

demonstrating the integrity of the exhaust sample lines. The exhaust carbon 

monoxide due to 0.87 methane ingestion is suspiciously high at 44.8% of the 

ingested methane on a total volume basis. It is noted that the ambient 

hydrocarbon concentration was not constant throughout the testing, and that 

changes during a test run would influence the results. 

TransCanada P nes Compressor Un 

The intake concentration measurements could be questioned due to the 

differences noted between the measured and expected concentration increase. 

However, these could also be due to inaccuracies in establishing gas turbine 
air flow, and simulated emission flow. The measured 16.2Oh exhaust oxygen 

concentration compares well with the expected concentration of 16.3%. 

Therefore, the determination of the air flow rate does not represent a source of 

serious error. 

TransCanada Pr~e  es Com~ressor Un 

As a general comment, there is a very low level of confidence with the results of 

this test. The pipeline power demand changed during the test and repeat tests at 

full power was not possible. The testing had to be done late in the evening and 

time did not permit repeating of part load testing. Intake concentrations could not 

be validated since this compressor package was constructed with a gas turbine 

enclosure cooled by air common with the gas turbine intake air. Exhaust 

measured oxygen concentrations do not agree well with that expected (i.0.; 

1 4.9% versus 1 7.3% respectively). The poor Avoidance Efficiency apparent from 

this testing could easily be in error. 



ranCanada PpclLlnes Compresor Unit 1028; 

The results of this test are based on the expected concentration increase 

determined using the measured simulated emission flow rate. Following the 

test it was deduced that the intake concentration at the location that the sample 

was taken was being diluted by air leaking through the gasket sealing a clear 

plastic view port that was attached to the intake plenum. The air leaking 

through this gasket could not have been significant relative to the total air flow. 

However, since the sample was being drawn from within a few centimeters of 

this leak, it was deduced that this was the cause of the discrepancy. Therefore. 

the expected concentration increase is taken as the true increase for relative 

comparison analysis. Figure #5.2 illustrates the source of error for the 

measured THC concentration increase. The MARS type gas turbine is fitted 

with an enclosure with cooling air drawn from the intake air filtration housing 

that also supplies combustion air. However, this did not interfere with the test 

procedure since within the filter housing, just down stream of the filter 

cartridges, a partitioning wall was in place, isolating the enclosure and 

combustion air. Therefore, the simulated emission gas had to be released 

adjacent to the filter cartridges supplying the combustion air side of the filter 

housing. Since nominal gas turbine air flow could not be obtained, the 

exhaust oxygen concentration was used to calculate the air flow rate. 
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Figure 15.2 - MARS Gas Turbine Intake Sampling 

i~eLines Compressor Unit 21 1 R; TransCanada P 

This compressor unit is powered by a MARS gas turbine essentially identical to 
1028 described previously. The difference is that 21 16 has a dry low NOx 

combustion system described by the manufacturers (Solar Turbines) trade 

name SoLoNox. The gas turbine intake is identical to 1WB. Therefore to avoid 

the erroneous intake measurements noted previously, a long sample probe was 
used with the inlet located approximately two meters up the intake duct and 
approximately centered (see Figure 115.2). Reasonable agreement between 
expected and measured intake THC increase was achieved. Since nominal 

gas turbine air flow could not be obtained. the exhaust oxygen concentration 

was used to calculate the air flow rate. 



Conclusions 
The main conclusions that can be drawn from the work presented in this thesis 

are the following; 

1) Dry gas seal leakage is a significant source of fugitive methane emissions 

for the Canadian natural transmission industry. Dry gas seal leakage 

contributes approximately 10% of the total methane emissions due to 

pipeline operations. 

2) With 21 times the atmospheric greenhouse warming effect of that due to 

carbon dioxide, fugitive methane emissions contribute significantly to the 

issue of global warming. 

3) Venting dry gas seal leakage gas such that an operating gas turbine will 

ingest the leakage gas through its air intake is a potential method of 

avoiding methane emissions, worthy of further consideration. 

4) Partial oxidation to carbon monoxide occurs when fugitive methane 

emissions are ingested by an operating gas turbine. This partial oxidation 

most likely mainly occurs within the gas turbine combustor dilution or 

cooling air stream. 

5) The field testing of this study shows Avoidance Efficiencies in the range of 

75% to 88% for ingestion by gas turbines at full power, with an average of 

all tests at 81%. Furthennore, the average Thermal Utilization is 73%. 

6) Formaldehyde is present in the exhaust of natural gas fueled gas turbines 

at concentrations of less than 1 ppmv. Increases from fuel combustion 

exhaust, for the purposes of evaluating the motivating question of this 

thesis, cannot be measured with wet chemical analysis methods. 



7 )  The gas turbine power loss that occurs due to mixing methane with the gas 

turbine intake air is insignificant for the methane emission rates due to dry 

gas seal leakage. 

8) Adverse operational effects such, as explosion hazards or reduced turbine 

cooling, are not apparent for the methane emission rates due to dry gas 

seal leakage. 



ecommendations and Further Study 

The results of this study are encouraging, showing that methane 

oxidation occurs at a significant rate when present at ultra lean concentrations 

and allowed to pass through an operating gas turbine. This fact provides a 

potential emission reduction mechanism for fugitive methane emissions from 

known sources such as natural gas pipeline compressor dry gas seals. 

However, there are outstanding issues that merit further study. In particular the 

apparent partial oxidation of methane to species such as carbon monoxide and 

formaldehyde should be investigated further. 

The environmental impact of the partial oxidation of methane to carbon 

monoxide is worthy of further study. Intuitively one could conclude, since 

carbon monoxide is a pollutant of adverse health effects when inhaled through 

respiration, that trace emissions through good gas turbine exhaust designs will 

have negligible impact on ground level concentrations where health hazards 

are possible. However, exhaust dispersion modeling and a study of the 

atmospheric chemistry of carbon monoxide may provide further information. 

If this emission avoidance mechanism was applied, the methane 

emission could be converted to other hazardous partial oxidation species. For 

example formaldehyde is a health hazard pollutant. Field measurements of this 

species proved impractical. A comprehensive computational fluid dynamic 

model of the gas turbine gas path combined with a kinetic analysis may provide 

further insight into this issue. It is not known how accurate current methane 

kinetic models, designed primarily for the simulation of combustion processes, 

can predict the reaction of ultra lean methane / air mixtures. Thus development 

of such a model may prove difficult. 

Another benefit of the analytical study described, would be to validate 

that the thermal oxidation energy of methane emission is released upstream of 

the gas turbine's expansion turbines, and is therefore available to do useful 

work An analytical study could show where significant oxidation occurs, as 



opposed to simply assuming it occurs predominantly within the combustion 

chamber. 

The results of this work show that significant reductions in fugitive 

methane emissions at natural gas compression facilities can be achieved by 

allowing small volume rate emissions, such as dry gas seal leakage, to be 

ingested by operating gas turbines that are typically used for pipeline 

compression power. It is recommended that this approach be considered for 
adoption. 
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Appendix A - Unit 928 Site Test Data 

Gas Turbine Type: Coberra 26488 
Site Location: TransCanada Pipetines Station 92, Matice, Ontario 
Test Date: October 24, 1 996 
Relative Humidity: 94% 

Environment Canada Kapuskasing Ontario Weather Station 
Test Personnel: T. Parker (TransCanada PipeLines), 

Ron Thompson (ERRCanada) 

General Notes: Gas turbine without enclosure. Thus, all simulated 
emission gas entered gas turbine, providing for data 
validation check of equation 3.1. 

Gas turbine air mass flow and fuel rate based on overhaul 
performance for installed engine SM 3731 4 from Rolls 
Royce Canada Test Cell Performance report of July 19, 
1995. The values are established based on IS0 corrected 
site turbine speed to determine expected IS0  air and fuel 
flow, and taking these values corrected back to site 
conditions. 

Table # A1 - 928 General Data 

Run 
1 
2 

Table # A2 - 928 Measured Process Data 

Type 
Ingested Em ission 

Baseline - Ambient Intake 

Time 

1653 to 1 7:08 
17:12 to 17:32 

Intake 
Filter 
dP 

. (kPa) 
0.625 

0.6 . 

Gas Turbine 
Speed 
(rpm) 
7542 

7541 

Run 
1 

2 

Barometer 

(kPa) 
97.02 

97.02 

Gas Generator 
Exhaust Temp 

( OC ) 
625 
625 

7 

Intake 
Temp 
,,) 

4 

3.5 

Emission 
Flow 

F1 t) 
10.25 / 2.27 - 

0 



Table # A3 - 928 Gas Analyzer Average Measured Data 

Exhaust Oxygen Data Validation: 
rn3 1 .I 77 fuel at 0.71 45 $ gives 1.6473 7 fuel 

Table # A4 - 928 Calculated Data 

74.6 air at 1.293 $ giver 57.6853 5 air 

Run Measured 
lntake THC 

(wet ppmv) 
1 65.14kl.So 

2 3.23 + 0.57 

Excess ) Based on stoichiornetrics, Total Volume = Fuel Volume ( 3 + 7 

Measured 
Exhaust 0 2  

( dry % ) 
18.10fo.03 

18.14 * 0.02 

Run 
1 

r 

2 

A Excess Air = 33.024 $ 

Measured 
Exhaust THC 

(wet pprnv) 
62.615~0.32 

49.25k 0.2s 

Intake THC 
Increase 

( ppmv ) 
61.91 

n/a 

Expected 
lntake THC 
Increase 

( ppmv ) 
55.1 

n/a 

Excess 0.21- 
Based on stoichiornetrics, exhaust dry % 0 2  = AC 

7 9  
Air + Fuel Volume[ 1 + , ] 

Measured 
Exhaust CO 

( dry PPmv 
113.17f1.64 

105.33 i 1.06 

Gas Turbine 
Mass Flow el 
74.6 

74.6 

:. exhaust dry % 0 2  should be 17%, which is tested 18% 

Total Vol. 
lntake 
THC 

( ppmv ) 
63.33 

3.14 

Gas Turbine 
Fuel Flow el 
1.177 

1.177 

Total Vol. 
Exhaust 

THC 

( P P ~ V  ) 
62.615 

, 49.25 

Total Vol. 
Exhaust 

CO 

( P P ~ V  ) 
106.22 

98.86 



Appendix B - Unit 20  Site Test Data 

Gas Turbine Type: Cobena 6462 
Site Location: TransCanada PipeLines Station 2, Burstall, Saskatchewan 
Test Date: December 1, 1997 
Relative Humidity: 57% 

Environment Canada Medicine Hat Alberta Weather Station 
Test Personnel: T. Parker (TransCanada Pipelines), 

Larry West and Darren Bourget (Entech) 

General Notes: Gas turbine with enclosure cooled by air supply common 
with turbine combustion air. Thus, not all metered 
simulated emission gas is ingested by gas turbine. 
Italicized emission flows estimated based on equation 3.1. 

Gas tubine air mass flow and fuel rate from nominal 
TransCanada PipeLines performance data for Coberra 
6462 turbine, The values are established based on IS0 
corrected site turbine speed to determine expected IS0  air 
and fuel flow, and taking these values corrected back to site 
conditions, 

Table # B1 - 2G General Data 
1 ~ u n  I Type I Time I 

1- I Baseline - ~mbient 'Intake 1 1750 to 18:10 1 
2 

3 

4 

Ingested Em ission 
Ingested Emission 

Baseline - Ambient Intake 

1852 to t9:12 

20:09 to 20:21 

2022 to 20~30 



Table # 62 - 2G Measured Process Data 

Table # 83  - 26 Gas Analyzer Average Measured Data 

ambient THC concentration. 

Table # 84 = 2G Calculated Data 

Exhaust Oxygen Data Validation: 
1.49 &fuel s at 0.7145 3 giver 2.0854 $ fuel 

Intake 
Temp 

( * c1  
0.9 

-2.3 
-3.5 

Gas Generator 
Exhaust Temp 

(OC) 
729 
721 

Intake THC 
Increase 
( ppmv ) 

n/a 
1 

45.01 
I 

19,10 
I 

n/a I 

82.2 air at 1.293 3 gives 63.573 $ air 

Emission 
Flow 

(?I:) I 

0 I 

9.61 /2.04 

4.14/0.87 

Gas Turbine 
LP Spool 
Speed 

(rpm) 
631 1 
6290 

Measured 
Exhaust 0 2  

(dry % ) 
. 15.3 k 0.0 

15.34io.05 
15.4 * 0.0 

15.4ro.o 

Total Vol. 
Exhaust 

CO 

( ppmv ) 
65.92 

78.46 

74.1 6 

65.76 

Excess ) Based on stoichiometrics, Total Volume = Fuel Volume ( 3 + ~ i ,  

Intake 
Filter 
AP 

( kPa ) 
0.5 

0.5 

Run 
1 

2 

Measured 
Exhaust CO 

( dry ppmv ) 
70.80 * 0.32 

84.27ko.61 

79.65 * 0.76 

, 71.63i1.35 

Run 1 used as baseline for run 2, and run 4 used as baseline for run 3, due to apparent change in 

Total Vol. 
Exhaust 

THC 

( ppmv) 
3 -62 
9.47 

7-63 

4.n 

Barometer 

( kPa ) 
93.6 
93.6 

-3.5 

Measured 
Exhaust THC 

( dry PPmv - 

3.89 2 0.105 

tO.f7+0.2i 

8.2 f 0.1 8 

5.12io.63 

Run 

1 

2 

3 
4 

Run 

0.5 

0.5 

3 
4 

624 1 

6225 - 0 

Measured 
Intake THC 

( dry PPmv 
4.42 r 0.15 

49.43k3.23 

34.41 k 4.74 

15.31+3.ts 

Expected 
lntake THC 

Increase 

( ppmv ) 

93.7 
93.7 

712 

710 

Total Vol. 
lntake 
THC 

( ppmv ) 

Gas Turbine 
Mass Flow 

(3 
4.25 

47,49 
33.06 

14.31 

1 

2 
3 
4 

Gas Turbine 
Fuel Flow 

el 
82.2 

82.2 

1 .49 

1.49 

n/a 

n/a 
n/a 
n/a 

82.2 
82.2 

1 ,49 

1 -49 



:. Excess Air = 28.485 5 
Excess 0.21Air 

Based on stoichiometrics, exhaust dry % 0 2  = Excess 7 9  
Air + Fuel Volume[ 1 + 2, ] 

.: exhaust dry 1 O2 should be 15.6%, which is i tested 15.4% 

Table # 65 - 2G Forrnaldehvde Te 

Baselhe 
time: 

18:17 - 18:47 

I I Analyzed I 
I I Concentration I 

wet mv I 
I Train 2 1 ~0.00005 1 
I Train 3 1 0.01252 1 

I Average f a I 0.1 90 k 0.271 

I I I Analyzed I 
I I I Concentration I 

Simulated 

time: 

Average f a I 0.889 i 0.923 1 
Statistical Difference Between Mean Formaldehyde Measurementst271: 
The test statistic for differences between the mean of two samples sets for a 
normal distribution is written as; 

42.G 
nz where; subscripts 1 and 2 indicate data sets 

n = number of samples in each data set 

a = standard devitaion 

6 = difference tested for, in this case 8 is zero 

x = mean of data set samples 

Therefore, to test the hypothisis that the mean of the samples taken with 
ingested methane is greater than the mean of the baseline samples 

For normally distributed data sets, the hypothisis is supported with a 0.05 level 
of significance or 95% confidence is z 1.645. Since z < 1.645, the hypotisis is 
not supported, and the data sets are not significantly different. 



Appendix C - Unit 13E Site Test Data 

Gas Turbine Type: Coberra 6562 with Dry Low Emission Combustion ( DL€ ) 
Site Location: TransCanada Pipelines Station 13, Caron. Saskatchewan 
Test Date: December 3, 1997 
Relative Humidity: 86% 

Environment Canada Moose Jaw SK Weather Station 
Test Personnel: T. Parker (TransCanada PipeLines), 

Larry West and Darren Bourget (Entech) 
Chuck Freeman (Cooper Energy Services) 

General Notes: Gas turbine without enclosure. Thus, all simulated 
emission gas entered gas turbine, providing for data 
validation check of equation 3.1. 

Gas turbine air mass flow and fuel rate based on overhaul 
performance for installed engine 175-806 from Rolls Royce 
Canada Test Cell Performance report of May 1.1993. The 
values are established based on IS0 corrected site turbine 
speed to determine expected IS0 air and fuel flow, and 
taking these values corrected back to site conditions. 

This engine was limited to 85% of full power due to 
problems with the DLE combustion system. 

Table # C1 - 13E General Data 
I Run I Type I Time I 

4 1 Ingested Emission 1 11:36to11:44 

1 
2 

3 

Baseline - Ambient lntake 
Ingested Emission 

Baseline - Ambient Intake 

5 

6 
7 

09:42 to 1002 
- 10~47 to 11:03 

1 1 :05 to 1 1 : 13 

Baseline - Ambient lntake 

Ingested Emission 
Baseline-Arnbientlntake 

1 1 :46 to 1 1 :48 

1 1 :50 to 12:OO 
12:02to12:t2 



Table # C2 - 13E Measured Process Data 

Table # C3 = I: 

Run 
1 

2 

3 
I 

4 

5 

6 

7 

;E Gas Analyzer Average Y 

Measured Measured 
Exhaust THC Exhaust CO 

(dry PPmv ( dry ppmv ) 
2.08 i 0.47 32.5 1 st 0.23 

easured Dr 
Measured 
Exhaust 02 

(dry % ) 

16.13 k 0.07 

Run Measured 
lntake THC 

Barometer 

( kPa) 
88.79 

lntake THC 
Increase 
( ppmv ) 

n/a I 

34.46 

r 

Intake 
Filter 
AP 

( kPa ) 
0.5 

Average lntake THC fc 

Emission 
Flow 

(F' 9 I 

0 

Gas Turbine 
LP Spool 
Speed 

( rpm ) 
6200 

r Baseline Runs d 5.56 ppmv used for 

9 /  1.85 

0 
7.75 / 1.59 

0 I 

4.75 /0.97 

0 

ase ( i.0.; mrrs 3, 5, and 7 ) 

Gas Generator 
Exhaust Temp 

( *C ) 
650 

88.79 

88.79 

88.79 
90.315 

90.315 

90.315 

rtake THC lncn 

Intake 
Temp 

( .c )  
-3 

650 

650 

650 

650 

650 
650 

-3 
-3 
-3 
-3 
-3 
-3 

0.5 

0.5 
0.5 

0.5 
0.5 

0.5 

6200 

6200 

6200 

6200 

6200 

6200 



I Mass Flow I Fuel Flow I Intake THC 

Table # C4 = 13E Calculated - Data 

Increase 
Run ( ppmv ) 

Expected Gas Turbine 
r - 

Total Vol. 
Intake 
THC 

Gas Turbine Total Vol. 
Exhaust 

co 
0 

30.5 

r 

Total Vole 
Exhaust 

THC 

( ppmv ) 
10.1 1 

- - 

Average total volume baseline lntake THC d 5.38 ppmv . Exhaust THC d 2.165 ppmv, and 

( ppmv ) 
1.95 

Exhaust CO of 30.45 used in analysis ( i.e.; runs 3.5, and 7 ) 

Exhaust Oxygen Data Validation: 
m3 1 -34 fuel at 0.71 45 3 gives 1 -875 7 fuel s 

79.5 air at 1.293 2 gives 61 -485 5 air 
Excess , Based on stoichiometrics, Total Volume = Fuel Volume ( 3 + ~ i ,  

:. Excess Air = 30.792 5 
Excess 0.21T 

nlr 
Based on stoichiometrics, exhaust dry % 0 2  = Excess 7 9  

 it + Fuel  Volume[ 1 + 21 ] 
:. exhaust dry % 0 2  should be 16.3%. which is E tested 16.2% 



Appendix D - Unit 130 Site Test Data 

Gas Turbine Type: Dresser-Rand DR-61 
Site Location: TransCanada PipeLines Station 1 3, Caron, Saskatchewan 
Test Date: December 3, 1997 
Relative Humidity: 95% Environment Canada Moose Jaw SK Weather Station 
Test Personnel: T. Parker (TransCanada PipeLines), 

Larry West and Darren Bourget (Entech) 
Chuck Freeman (Cooper Energy Services) 

General Notes: Gas turbine with enclosure cooled by air supply common 
with turbine combustion air. Thus, not all metered 
simulated emission gas is ingested by gas turbine. 
Italicized emission flows estimated based on equation 3.1. 

Gas turbine air mass flow and fuel rate from nominal 
TransCanada Pipelines performance data for Dresser 
Rand DR61 turbine. The values are established based on 
IS0 corrected site turbine speed to determine expected IS0 
air and fuel flow, and taking these values corrected back to 
site conditions. 

This engine was derated to 85% power for test runs 3,4, 
and 5 due to reduced pipeline demand. 

Table # D l  - 130 General Data 

2 
3 
4 

5 

Time I 

f5:17 to IS27 

t 

Run 
1 

Ingested Emission 
Baseline - Ambient Intake 

Type 
Baseline - Ambient Intake 

1530 to 1531 
15:Sl to 16:06 

, 

l ngested Emission 
Baseline - Ambient intake 

f6:46 to 16:56 
- 1658 to 1Z04 



Tabl 
Run 

1 

2 

3 

4 

5 

Table # 02 - 130 Measured Process Data 
- 

lntake THC 
Increase 

0 
n/a 

27.66 
n/a 
48.12 

Run 
1 

2 

3 

4 

5 

3 # D3 - 13D Gas Analyzer Average Measured Dr 

Average Intake THC for Baseline Runs of 10.46 ppmv used for lntake THC Increase 

Barometer 

( kPa ) 
91 -43 

91.43 

91.43 

91.43 
91.43 

Table # 04 - 13 

Intake 
Filter 
AP 

( kPa) 
0.5 

0.5 

0.5 

0.5 

0.5 

Measured 
Exhaust 02 

I ( )  dry % 
14.93ko.o~ 
1 4.94 * 0.05 
1 4.77 * 0.09 

15.69 * 0.03 

Measured Measured Measured 
Intake THC Exhaust THC Exhaust CO 

( dry ppmv 

3 Calculate 

intake 
Temp 

(,, 
-6 
-6 

-6 

10,17it.911 3.19ko.ss I 16.04io.87 115.69~0.04 

10.96k1.83 

38.12kt.37 

10.24kt.12 

58-58 i 2-90 

f Data 

Gas Turbine 
Speed 

( rpm ) 
9200 

9200 

8894 

8892 
8892 

Emission 
Flow 

t) 
0 

4.71 1.0 

0 I 

Gas Turbine 
Mass Flow 

Gas Generator 
Exhaust Temp 

(OC) 
799 

798 

71 9 

719 

71 9 

5.55k1.14 

12.6k2.39 

5.07k1.12 

21.86 * 0.74 

Gas Turbine 
Fuel Flow 

-6 

, 9.55k0.09 

20.18 i 0.1 5 

9.6 k 0.0 

30.26 i 0.25 

Expected 
lntake THC 

l n crease 

0 
n/a 
n/a 
n/a 
n/a 

8 /  1.7 

Total Vol. 
lntake 
THC 

0 
10.54 

-6 0 L 

Total Vol, 
Exhaust 

THC 

0 
5.1 7 

Total Vol. 
Exhaust 

d in analysis. 

Ex)laost CO 

Thus anaFysi 

>f 8.95 p p ,  

Exbust THC and CO readings for test run 5 suspect and thus note us 

used; Baseline Intake THC of 10.1 1 ppmv, b u s t  THC of 4.965, an 



Exhaust Oxygen Data Validation - Runs 1 and 2: 
1.2 fuel at 0.71 45 9 gives 1.6795 !$ fuel 

rn3 64.1 4 air at 1.293 3 gives 49.6056 7 air 
Excess Based on stoichiometrics, Total Volume = Fuel Volume ( 3 + 7 1 

:. Excess Air = 27.536 5 
Excess 0.21- 

N K  Based on stoichiometrics, exhaust dry % 0 2  = Excess 7 9 
Air + Fue l  Volume[ 1 + 21 1 

:. exhaust dry % 0 2  should be 16.3%, which is 1.4% > tested 14.9% 

Exhaust Oxygen Data Validation - Runs 3, 4, and 5: 
m3 l.025 fuel at 0.71 45  3 gives 1 .4346 -5- fuel 

62.9 $ air at 1.293 9 gives 48.6466 5 air 
Excess Based on stoichiometrics, Total Volume = Fuel Volume ( 3 + 7 1 

m3 :. Excess Air = 31.91 
Excess 0.21- Air 

Based on stoichiometrics, exhaust dry % 0 2  = Excess 7 9  
Air + Fue l  Volume[ 1 + ] 

.-. exhaust dry O h  0 2  should be 17.3%, which is 2.4% > than tested 14.9% 



Appendix E - Unit 102B Site Test Data 

Gas Turbine Type: Solar Mars - TI 4000 
Site Location: TransCanada Pipelines Station 102. Potter, Ontario 
Test Date: February 19, 1 998 
Relative Humidity: 83% 

Environment Canada Timmins Ontario Weather Station 
Test Personnel: T. Parker (TransCanada Pipelines), 

Ron Thompson ( CanadERR ) 

General Notes: Gas turbine with enclosure cooled by air supply from filter 
housing common with turbine combustion air supply. 
However, the intake plenum is partition immediately 
downstream of intake filters. Therefore, sim ulated em ission 
gas was released under filters dedicated to combustion air. 
Thus, all simulated emission gas entered gas turbine, 
providing for data validation check of equation 3.1. 

Gas turbine fuel rate measured. Could not source useful 
gas turbine manufacturer's data for air mass flow. 
Therefore air mas flow is calculated based on 
stoichiometrics and measured exhaust oxygen 
concentration. 

Table # El  - l02B General Data 
Time 

16:33 to 1653 
1730 to 17~30 

18:OS to t 8:25 
18:2? to 18:47 
1851 to 19:11 

b 

Run 
1 

2 

3 
4 

I 

5 

Type 
Baseline - Ambient lntake 

Ingested Emission 
Ingested Emission 
ingested Emission 

Baseline - Ambient. Intake 



Table # E2 - 1028 Measured Process Data 

Tabl - 
Run 

- 
1 - 
2 - 
3 - 
4 

3 # E3 - 1028 Gas Anal 

Run 

1 

Measured Measured 
Intake THC Exhaust THC 

(wet ppmv) ( wet ppmv ) 
5-2 + 0.6s 0.95 * 0.21 

44-42 I: 0.81 I 1 .Of i 0.23 

23.35 + 1.49 4.17 + 0.33 

41 -22 i 1.48 9-79 * 0.09 

,zer Averaae 

Emission 
Flow 

(F1t) Barometer 

(kPa) 

Gas Generator 
Exhaust Temp 

( O C )  

Measured 

0 I 

8.25 / 1.77 

3.75 / 0.8 
8.0/1.71 

0 L 

1 

2 

3 

4 

5 

Intake 
Temp 

( o ~ l  

Exhaust CO 

Intake 
Filter 
AP 

( kPa ) 

( dry ppmv ) 
1.75 + 0.14 

98.036 

98.036 

98.036 

98.036 

98.036 

Gas Turbine 
Speed 

(rpm) 

Measured 
Exhaust 0 2  

( dry X ) 
1 5.55 * 0.01 

sta 

1 

1 

1 

1 

1 

lntake THC 
l ncrease 

0 
n/a 

Average lntake THC for Baseline Runs of 5.07 ppmv used for lntake THC Increase. Note 

suspected enor. 

-1.4 

-1.8 

I 2 
-1.3 

-2.1 

11167 I 733 

11167 

11167 

1 1  167 

11164 

733 

733 

733 

733 



Tabl - 

Run 

# E4 - 10 

Gas Turbine 
Mass Flow 

IB Calculated Data 
Gas Turbine Expected 
Fuel Flow I Intake THC 

I s  I ( ppmv ) 

Total Vol. 
Intake 
THC 

0 
5.02 

- - -- 

I Total VOI. 
- 

Total Vol. 
Exhaust Exhaust 

' THC CO 

- - - - - 

Expected Intake THC Increase << less than measured. Intake measured is suspect to be in error with 

detailed discussion in Section 5.3. 1 he expected THC Increase co~ected for total volume is used in 

the analysis as 67.58 ppmv, 30.54 ppmv , and 65.32 ppmv for test runs 2.3, and 4 respectively. 

Average baseline Exhaust THC of 0.545 ppmv used in analysis. 

Average baseline Exhaust CO of 0.88 pprnv used in anabsis 

Air Mass flow for 15.55% Average Exhaust Oxygen: 

0.75 fuel at 0.71 45 3 gives 1 -0465 1 fuel s 

By stoichiornetrics; 

79 m3 which gives X = 5.3448 or total air = (5.305 + 2 x 1.05) x ( 1 +E) = 35.42 , air 

35.42 5 air at 1.293 $ gives 45.8 5 air 



Appendix F - Unit 2118 Site Test Data 

Gas Turbine Type: Solar Mars - TI 5000 - SoLoNox Combustion 
Site Location: TransCanada PipeLines Station 21 1. Lincoln. Ontario 
Test Date: March 24, 1998 
Relative Humidity: 46% 

Environment Canada Hamilton Ontario Weather Station 
Test Personnel: T. Parker (TransCanada PipeLines), 

Ron Thompson ( CanadERR ) 

General Notes: Gas turbine with enclosure cooled by air supply from filter 
housing common with turbine combustion air supply. 
However, the intake plenum is part ition immediately 
downstream of intake filters. Therefore, simulated emission 
gas was released under filters dedicated to combustion air. 
Thus, all simulated emission gas entered gas turbine, 
providing for data validation check of equation 3.1. 

Gas turbine fuel rate for measured site power and expected 
gas turbine thermal efficiency. Could not source useful gas 
turbine manufacturer's data for air mass flow. Therefore air 
mass how is calculated based on stoichiometrics and 
measured exhaust oxygen concentration. 

Table # F1 - 211B General Data 
Time 

13:34 to 14:05 
14:18 to 14:38 
16:45 to 1 655 
17:02to17:12 

Run 
1 

2 

3 

4 

Type 
Baseline - Ambient Intake 

Ingested Emission 
ingested Emission 

Baseline-Ambientlntake 



Tabl - 
Run 

Table # F2 - 2118 Measured Process Data 

3 # F3 - 2' 
Measured 
lntake THC 
(wet ppmv) 

1 .O1 + 0.15 

1B Gas Analyzer Average Measured D 

Measured Measured Measured 
Exhaust THC Exhaust CO Exhaust 0 2  

(wet P P ~ " )  . (dlyppmv) . (dry % 
1.15 io.01 3.93 k 0.1 I 1 5.76io.004 

Run 
1 

2 
3 

ata 
lntake THC 
l ncrease 

0 
nla 

Intake 
Filter 
AP 

( kPa ) 
0.375 

0.375 

0.375 

- 

Barometer 

( 'Hg ) 
100.0 

100.0 

100.0 

Table # f 4  - 2118 Calculated Data 

Gas Turbine 
Speed 

(rprn) 
11123 

11123 

11056 

4 

5 

Average baseline Intake THC of 2 1  ppmv used in analysis 

Average baseline Exhaust THC of 1.31 ppmv used in analysis 

Average baseline tthaust CO of 3.94 ppmv used in analysis 

11100 

11100 

Gas Generator 
Exhaust Temp 

( O C  ) 

100.0 

100.0 

Run 
1 

2 

3 
4 

r 

S 

0.375 

0.375 

Expected 
lntake THC 
Increase 

( ppmv ) 
n/a 

74.65 

49.92 

nla 
43.1 7 

010 
- 4.5 10.96 

Intake 
Temp 

. ( o ~ )  

746 

746 

Gas Turbine 
Mass Flow 

(3 
40.24 

40.24 

40.24 

40.24 

40.24 

Emission 
Flow 

(?I:) I 

2.2 

, 2.1 

Gas Turbine 
Fuel Flow 

(3 
0.63 

0.63 
0.63 

0.63 

0.63 

Total Vol. 
lntake 
THC 

( PPmv 1 
0.98 

81 -87 
57-47 

3.42 

5 1 -03 

010 
4 

7.75 / 1 -66 
5.2/1.11 

746 

746 

746 

3.2 

2.6 
2.6 

Total Vol. 
Exhaust 

THC 

( PPmv 
1.15 

12.84 

9.02 

1 -47 

7.335 

Total Vol. 
Exhaust 

CO 

( PPmv ) 
3.67 

15.07 

12.88 

4.2 

- 11.46 



Air Mass flow for 15.746% Average Dry Exhaust Oxygen: 

0.63 fuel at 0.7145 3 gives 0.8874 $ fuel 
S 

By stoichiometrics; 

A 
.*. 0.1 5746 = 

0 8 8 7 4 ( 1 )  + ~(l*) 
79 m3 

which gives X = 4.7603 or total air = (4.7603 + 2 x .8874) x ( 1 +n) = 31 -12 7 air 

31.12 5 air at 1 -293 2 gives 40.24 -lf air 



Appendix G - TransCanada PipeLlnes Average Gas Composition 

TransCanada PipeLines 
Andyzer Test Report 

Date: 97/04/10 

Location: Average Emerson Deliveries 

Component O/o Volume Re~'tive 
to CHQ 

Nitrogen 1.7412 0 Calculated 
Values 

Carbon Dioxide 0.6568 0 Specific Sg 
Gravity 

Methane 94.6959 94.6959 Molecular llky 

Weight 

Ethane 2.63 14 5.2628 Gas R 
Cons tan t 

Propane 0.208 0.624 Specific m 
Volume 

Iso-Bu tane 0.0223 0.0892 Const. Press. CP 
Spec. Heat 

N-Bu tane 0.0264 0.1 056 Const. Vol. cv 
Spec. Heat 

Iso-Pen tane 0.0073 0.0365 Ratio of k 
Specific Heats 

N-Pen tane 0.0056 0.028 Lower (Net) LHV 
Heating Value 

To tai 100100 200.87 



Appendix H - GRI MECH 2.11 Code Output 

Run 1: 
Stoichiometric Primary Zone 

PSR: Perfectly S t  irxed Reactor Code 
CIfEMKIN-I1 Version 2.5, January 1995 
DOUBLE PRECISION 

CKLTS: Chemical Kinetics Library 
CHEMKIN-11 Version 4 . 5 ,  January 1995 
DOUBLE PRECISION 

WORKING SPACE REQUIREMENTS 
PROVIDED REQUIRED 

LCGICAL 200 14 9 
I .WEGER LOO00 6512 
REAL 30000 13299 
C.XAL4CTE.R 200 108 

KE'CWORD INPOT 
; GRI-Mech 2-11 
/Problem Type 
ENRG !Solve fu l l  tnergy equation 
/ Reactor definition 
TEMP 2800.00 ! Estimated reactor temperature [Kl 
P E S  20.40 ! Pressure [atm] (constant pressure) 
VOL 39872.00 ! [ c m H 3 ]  reactor volume sire 
TAU ! -50000e-02 ! residence time [sec 1 
/ Inlec .condition 
TIE& 742.00 'Inlet temperature [Kl 
QLOS 0 -00 !Heat l o s s  for the reactor [cal /secl  
REX m 0 -716013 !Mole fraction 
REAC 02 0.189187 !Mole fraction 
REAC CH4 0.094800 !Mole fraction 
/ Method gptions 
PRPJT 0 ! 2 -means detailed output, 1- means summaryi 
TIME 100 I .E-6 !every 100 steps size of I-a-6sec 
TIM2 100 1 .E-6 !as TIME for energy equation problem 
SFLR -L.E-L6 !small tolerance for negative species concnecrations 
/ CNTN 
E!!!! 

! indicates more runs are followed 

EQUfL: Chemkin interface for Stanjan-111 
CEfEMKIN-11 Version 3-1, January 1995 
DOUBLE PRECf SION 

WORKING SPACE REfltJIREMENTS 
PROVIDED REQUIRED 

IIU'RGER 1321 1321 
REAL 2661 2661 

STANSAN: Version 3.8C, Kay 1988 
W, C- Reynolds, Stanford Univ- 



FIRST SOLUTION ESTIMATE IS EQUILIBRIUM 

Ar 
C2H2 
C2H5 
CH2 
cmo 
CH3 0 
CN 
H 
H20  
HCCOH 
HCNO 
m o  
N 
NCO 
NH3 
NO2 
OH 

Ar 
C2H2 
CZHS 
CH2 
CH20 
CH3 0 
c'N 
H 
H20 
HCCOH 
HCNO 
HNO 
N 
NCO 
N?r3 
NO2 
OH 

MSIDENCE TIME 
MASS FLOW RATE 
PRESSURE 
MASS DENSITY 
I f 0  LUME 
TEMPERATURE ( INLET) 
TEMPERATURE 
HEAT LOSS 

INLET MOLE FRACTIONS 

C 
C2H3 
C2H6 
CH2 ( S )  
CHZOH 
CH30H 
CO 
H2 
H202 
XCN 
HCO 
HOZ 
W2 
NH 
NNH 
0 

EXIT MOLE FRACTIONS 

SEC 
GM/ SEC 
m 
GM/ CM3 
CM3 
R 
R 
CAL/ SEC 

C2H 
C2H4 
CH 
CH2CO 
CH3 
CH4 
CC)2 
H2CN 
HCCO 
HCNN 
HNCO 
HOCN 
N20 
NH2 
NO 
3 2 

t2H 
C2H4 
CH 
CHZCO 
CH3 
CH4 
C02 
HZ CN 
HCCO 
HCNN 
mco 
HOCN 
N20 
NH2 
so 
32 



Run 2: 
Second Zone with Air Mixed with Primary Zone Products 

PSR: Perfectly Stirred Reactor Code 
CHEMRfN-I1 Version 2 - 5 ,  January 1995 
DOUBLE PRECISION 

CKLIB : Chemical Kinetics Library 
CHEMKIN-I1 Version 4 . 5 ,  J'anuary 1995 
DOUBLE PRECISION 

LOGICAL 
INTEGER 
REAL 
CHARACTER 

WORKING SPACE REQUIREMENTS 
PROVIDED REQUIRED 

200 149 
10000 6512 
30000 13399 
200 108 

/ GRI-Mech 3.L1 
/Problem Type 
ENRG 
/ Reactor definiti 
TEMP r509.00 
PRES 20.40 
'JO L 72128 -00 
TAU 5.00000e-03 

fnlec condition 
TINL 1380.00 
QLOS 0 -00 
REAC N2 
REAC NCO 
REAC C 
REAC .mco 
REAC HOCN 
REAC NH2 
REhC H 
REAC Mi3 
REAC H20 
REAC CH30 
REAC N 
REAC N20 
REAC C 2 H 2  
REAC 0 
REAC C2H3 
REAC C2H4 
REAC C2H5 
REAC C2H6 
REAC NH 
REX! H202 
REAC NO 
REAC 02 
REAC CH2 (Sl 
REAC NNE 
REAC C02 
REAC HNO 
REAC HCCOH 
REAC HCNN 
REAC HCNO 
REAC H02 
REAC HZCN 
REAC CH 

!Solve fulL energy equation 
on 

!Escimaced reactor temperature [ X I  
! Pressure [atn] (constant pressure) 
! [cm**3 1 reactor volume size 
!residence time [see] 

! Inlet temperature [K] 
:Heat Loss far the reactor [cal/sec] 

0.761303 ! Mole fraction 
0.000000 !Mole fraction 
0.000000 !Mole tract ion 
G.000000 !Mole fraction 
0.000000 !Mole f ract ion 
J.OOOQ00 !Mole fraction 
0.000146 !Mole fraction 
0.000000 !Mole fraction 
0.064792 !Mole fraction 
0.000000 !Mole fraction 
0.000000 !Mole fraction 
0.000000 !Mole fraction 
0.000000 !Mole fraction 
0.000093 !Mole fraction 
O.OOOOC0 !Mole fraction 
1). 000000 !Mole fraction 
3.000000 !Mole fraction 
0.000000 !Mole fraction 
0.000000 !Mole fraction 
0.000000 !Mole fraction 
0,001075 !Mole fraction 
0 -  i36323 !Mole fraction 
0,000000 !Mole fraction 
0 , 000000 !Mole fraction 
0,029334 !Mole fraction 
0 . 000000 !Mole fraction 
0,000000 !Mole fraction 
0.000000 !Mole fraction 
0.000000 !Mole fraction 
0,000001 !Mole fraction 
0 .OOOOOO !Mole fraction 
0. 000000 !Mole f ractian 



REAC CH20 11,000000 !Mole fraction 
REAC NO2 0,000001 !Mole fraction 
REAC CH2CO 0,000000 !Mole fraction 
REAC CN 0.000000 !Mole fraction 
REAC CO 0,004094 !Mole fraction 
REAC CHZOH 0 ,000000 !Mole fraction 
REAC CH30H 0 -000000 !Mole fraction 
REAC OH 0,001399 !Mole fraction 
REAC HCN 0.000000 !Mole fraction 
REAC H2 0,001438 !Mole fraction 
REAC HCO 0.000000 !Mole fraction 
REAC CH2 0.000000 !Mole fraction 
REAC C2R 0.000000 !Mole fraction 
REAC HCCO 0.000000 !Mole fraction 
REAC CH3 0. 000000 !Mole fraction 
REAC CH4 0.000000 !Mole fraction 
/ Method options 
PRNT 0 ! 2  -means decailed output, 1- means summaryi 
TIME 100 L.E-6 !every 100 sceps site of 1.e-6sec 
TIM2 LOO L-E-6 !as TIME for energy squacion problem 
SFLR -1.E-16 !small tolerance for negative species concnecracions 
/ CNTN !indicates more runs are followed 
END 

EQUIL: Chemkin interface for Stanjan-111 
CHEMKIN-11 Version 3. L, January 1995 
DOUBLE PRECISION 

WORKING SPACE REQUIREMENTS 
PROVIDED REQUIRED 

INTEGER 132 L 1322 
REAL 266 1 2661 

STANJAN: Version 3 -aC, May 1988 
W. C. Reynolds, Stanford Univ 

FIRST SOLUTION ESTIMATE IS EQUILIBRIUM 

RESIDENCE TIME 
MASS FLOW RATE 
PRESSURE 
MASS DENSITY 
' I O L W  
TEMPERATURE ( INLET1 
TEMPERATURE 
FEAT LOSS 

s'Ec 
CK/ SEC 
A m  
GM/ CFU 
CM3 
K 
K 
CAL/ SEC 



INLET MOLE FRACTIONS 

A r  
C2H2 
C2H5 
CH2 
CH20 
CH30 
CN 
H 
HZ0 
HCCOH 
HCNO 
HNQ 
N 
NCO 
NH3 
NO2 
OH 

Ar 
C2H2 
C2H5 
CH2 
cmo 
CH3 0 
CN 
H 
H20 
HCCOH 
HCNO 
KNQ 
N 
NCO 
NH3 
NO2 
9H 

C 
C2H3 
C2H6 
CH2 ( S )  
CH20H 
CH30H 
CO 
H 2  
H202 
HCN 
HCO 
x02 
N3 
NH 
NNH 
r3 

EXIT MOLE FRACTIONS 

L' = -1 .OSE-28 
C2rU = -7.63E-29 
C2H6 = 3.65E-25 
CH2 ( S )  = 2.23B-28 
CH20H = 1.548-22 
CH30H = L .04E-22 
CO = 3-65E-04 
H2 = 1-46E-05 
3102 = 3.i7E-08 
XCN = 3-30E-17 
HCO = 2.a5E-L3 
H02 = 1.06E-06 
N2 = 7.64E-01 
N?i = 6.42E-L3 
NNH = 7.38E-13 
0 = 9.348-07 

C2H 
C2H4 
CH 
m c o  
CH3 
CH4 
C02 
H2CN 
HCCO 
HCNN 
HNCO 
HOCN 
N 2 0  
NH2 
NO 
0 2 

CZ ti 
C2H4 
CH 
CH2CO 
CH3 
CH4 
c02 
H2CN 
HCCO 
HCNN 
KNCO 
CfOCN 
NZO 
m2 
NO 
0 2 



Run 3: 
Second Zone with Air and Methane Mixed with Primary Zone Products 

PSR:  Perfectly Stirred Reactor Code 
CHEMKIN-11 Version 2.5, January 1995 
DOUBLE PRECISION 

CKLIB: Chemical Kinetics Library 
CHEMKIN-11 Version 4 - 5 ,  January 199s 
DOUBLE PRECISION 

L G i C A L  
INTEGER 
REAL 
C M U C T E R  

WORKING SPACE REQUIREMENTS 
PROVIDED REQUIRED 

200 113 
10000 6511 
30000 13299 
300 LO8 

KEYWORD INPUT 

/ GRI-Mech 2-11 
/Problem Type 
W G  ! Solve f ul 1 anergy equat ion 
/ Reactor definition 
TEXP 1509.00 !Estimated reactor temperature [KJ 
PRES 70.40 ! Pressure [ a t m j  (constant pressure) 
VO L 72128 .OO ! [cm**3] reactor volume size 
TAU 5.00000e-03 !residence time [secl 
/ Inlet condition 
TINL L380.00 ! In l e t  temperature [Kl 
Q LQS 0 -00 !Heat loss for che reaccar [cal/sec] 
REAC N2 0.761293 !Mole Eraction 
REAC NCO 0.000000 !Mole f raccion 
REAC C 0.000000 !Mols fraction 
REAC HNCO 0.000000 !Mole fraction 
REAC HOCN 0.0130000 !Mole fraction 
Rl3C NH2 0.000000 !Mole fraction 
REAC H 0 .C)00146 !Mole fraction 
REAC NH3 0.000000 !Mole fraction 
REAC H20 0.064792 !Mole fraction 
REAC CH30 0.0000CO !Mole fraction 
REAC N 0.300000 !Mole f ract icn 
REAC N20 0.000000 !Mole fracticn 
REAC C2H2 C].OOOOOO !Mole fraction 
REAC (3 0.000093 !Mole fraction 
REAC C2H3 0 ,00000Q ! Elole fraction 
REAC C2H4 0 , 000000 !Mole fractian 
REAC C2HS 0 ,000000 !Mole fraction 
REAC C2H6 0.000000 !Mole fraction 
RMC Mf 0,000000 !Mole fraction 
REAC H202 0.000000 !Mole fraction 
REAC NO 0,001075 !Mole fraction 
REAC 02 0,136320 !Mule fraction 
REAC CH2(Sl 0,000000 !Mole fraction 
REAC NNH 0.000000 !Mole fraction 
REAC C02 0 -029334 !Mole fraction 
REAC HNO 0,000000 !Mole fraction 
REAC HCCOH 0-000000 !Mole fraction 
REAC HCNN 0.000COO !Mole fraction 
REAC HCNO 0.000000 !Mole fraction 
REAC If02 6,000001 !Mole fraction 
REAC H2CN 0,000000 !Mole fraction 
REAC CH 0.000000 !Mole fraction 



REAC -0 
REAC NO2 
EumC m c o  
REAC CN 
REAC CO 
m c  CH2OH 
REAC CH30H 
REAC OH 
W C  HCN 
REAC H2 
REAC HCO 
REAC CH2 
REAC C2H 
REAC HCCO 
REAC CH3 
REAC CH4 
/ Method options 
PRNT 0 
TIME LO0 L.E-6 
TIM2 LOO 1.E-6 
SFLR -1.E-16 
/ CNTN 
END 

fraction 
fraction 
fraction 
fraction 
fraction 
fraction 
fraction 
fraction 
fraction 
fraction 
f ract ion 
fraction 
fraction 
fraction 
f racc ion 
fraction 

! 2  -means detailed oucput, I- means summaryi 
!every LOO steps size of l.e-6sec 
!as TIME for energy equation problem 
!small tolerance for negative species concne~rations 
:indicates more runs ars followed 

EQUIL: Chernkin interface f o r  Stanjan-111 
CHEMKIN-I1 Version 3.1, January 1995 
DOUBLE PRECISION 

WORKING SPACE REQUIREMENTS 
PROVIDED REQUIRED 

INTEGER L3 2 1 I331 
3EXL 2661 266 1 

STANJAN: Version 3 . 8 C ,  May 1988 
W. C. Reynolds, Stanford Univ 

FIRST SOLUTION ESTIMATE IS EQUILIBRIUM 

2ESIDENCE TIME 
MASS FLOW RATE 
PRESSURE 
MASS DENSITY 
VOLUME 
TEMPERATURE ( IPJLET) 
TEMPERATURE 
XAT LOSS 

SEC 
GM/ SEC 
A m  
tm/CM3 
CM3 
K 
K 
CAL / SEC 



INLET MOLE FRACTIONS 

A r  
C2H2 
C2HS 
CH2 
CH20 
cH30 
CN 
H 
H2 0 
HCCOH 
HCSC 
HNO 
N 
NCO 
NH3 
NO2 
OH 

Ar 
C2H2 
C2HS 
CH2 
a 2 0  
CH3 0 
CN 
H 
cfao 
HCCOH 
K N O  
m o  
N 
NCO 
NH3 
NO2 
3H 

C 
c2IU 
C2H6 
CH2 (S) 
CH20H 
CH30H 
CO 
H2 
Hz 02 
HCN 
HCO 
H02 
N2 
Mi 
NNH 
0 

EXIT MOLE FRACTIONS 

c" 

CZFJ 
C2H6 
CHZ t S )  
1Cfi20H 
CH30H 
ZO 
H2 
H202 
HCN 
KC0 
H02 
N2 
NH 
NNH 
3 

C2H 
C2H4 
CH 
CH2CO 
CH3 
CH4 
c02 
H2CN 
HCCO 
HCNN 
mco 
HOCN 
mo 
NH2 
NO 
02 

so2 
H2CN 
HCCO 
HCNN 
HNCO 
HOCN 
N 2 0  
NH2 
NO 
02 



INDUSTRIAL RB.211 
TEST RESULTS 



TEST RECORD AND INSPECTlON CERTIFICATE 

INDUSTRIAL GAS GENERATOR 

G.G. Type R8-21 l-24c 
Gtegory NEW PRODUCTION serial NO. 261 

Date of Tart AUGUST 4, 1991 Test Schedute No. CTS 1167 

JET A- l  Type of Fuel Catarofic value - 18585 BTU/ tb. 

Type of Oil ESSO 2380 Oil Pressure & Temperature N .A. 

PERFORMANCE ON TEST BED AT I.S.O., CONDITIONS: 

LP-RPM HP.RPM E.G.T. % E,G.H,P, SOT ak BTU/HP/H R 

6403 9096 722 37 500 1435 6199 

Certified that the equipment has been tested a d  fnspccted a d ,  unless otherwise stated above, conforms to the full 
rcquiremerits of the appropriate drawings and/or specifications relative thereto and to the agreed requirements of 

THIS GAS GENERATOR WAS TESTED USlNG KEROSENE FUEL, 
WHEN AUNNlNG ON GASEOUS FUEL (IE METHANE REF I S 0  3977 PARA 7,121 
THE GAS GENERATOR HEAT RATE AT BASECONTINUOUS POWER I ( U ( l ( ~ l ( ~ ~ K ~  OF 39000 EGIIP 
MILL BE 6116 BN/EGltP/llR. 

DATE: AUGUST 8, 1991 SIGNED: uL-- 
FOR ROLLS-ROYCE (CANADA) LMIT~E 

RRC 600-64 R n .  4-83 



PROGRAM RRFC59/ f / f  

RB21t TEST BED CORRECTION (-24 TYPE HP COHPRESSORS) 

ALL RESULTS CORRECTED TO IS0 DAY CONDITIONS 
AND A STANDARD FUEL O F  LCV 10300 CHUILB. 

:ONF FILE READ 

JOB NO. ENGINE NO. BUILD TYPE DATE TEST SITE BED TEST 
3425 26f 000 OOOf 24 04-08-9f CANADA 3 N 

FINAL NOZZLE AREA 3 
AIRMETER CONSTANT 

SQ.IN. SQ. METRES S4.1N. SQ, METRES 
300,000 0.193548 1 ,000 0.000645 

5 PT PASS OFF 

FUEL TYPE:-KEROSENE 

FUEL SAMPLE Sat,=Q,79200 AT 296.0 DEG.K, 
CQEFF, O F  EXP4NSION =0.00072 

LOWER CALORIFIC VALUE = f0325. CHU/LB 
EQUIVALENT RRAP FUEL MOL. WT. = 28,965 

SPECIFIC HEAT =0.47983 
STOICHIOMETRIC F / A  =0.068106 

NP-NR = f ,0000 

* - NON STANDARD BLEEDS 
daOaVa BLEED PNT. RETURN PNT. X BLEED % COMP, WORK 
0 3 8 0.1800 50,0000 



POINT NO. f 0 BOV,S OPEN V I G A  45.7 DEG. HUM. 56.X W.R. 0.0 LB/S ------------ 
BAROMETER P i  T I  NL N H NP 
LB/SQ. IN.  LB/SQ . I N .  DEG. K .  REV/MIN REVIMIN REV/MIN 

f 4,530 f4.524 237.2 6007. 8646. - 0 .  

POWER FUEL FLOW FUEL FLOW SFC HEAT RATE H I  H .BAL. 
EGHP LB/HR, BTWSEC LB/EGHP.HR BTU/EGHP.HR LB/SEC 

23807. :- 8833. 45494 . Q,3710 6879. 8.0 

LP CE 
LP Ct 
HP Ct 
HP Ct 
COMB, 
HP TC 
HP TI 
LP TL 
EXHAl 

IMP. ENT, 
IMP. DELI 
MP. ENT. 
IMP. DEL. 

OUTLET 
1RB. ENT. 
'RB. DELI 
1U8. DELI 
ST 

MASS FLOW 
LB/SEC 
i 6 0 . 1 0  
i 5 8 . 7 7  
158.77 
138.32 
140.85 
145.04 
157.36 
162.13 
162.43 

PRESSURE TEMPERATURE 
LB/SQ . IN .  DEG ., K . 

14.70 288.7 
51,90 442.8 
51 .PO 442.8 

222.66 676.8 
213.50 1299.3 
213.50. 1282.6 

0.0 1034.8 
42.96 888.7 
42-96 888.7 

CAPACITY EFFICIENCY 

J.P.T. P6S I .P.T. 
883.89 39.45 873.02 

POINT NO. 2 0 BOV,S OPEN V I G A  9.6 DEG. HUM. 56.X W.R. 0.0 LB/S ------------ 
BAROMETER P i  T i  NL NH NP 
LB/SQ I N  LB/SQ I IN. DEG. K .  REV/MXN REV/MIN REV/HIN 

14.530 14.524 297.2 6204. 8869. 0. _ - 
POWER FUEL FLOW FUEL FLOW SFC HEAT RATE MI 14-BAL. 

EGHP LB/HR BTUISEC LB/EGHP.HR BTU/EGHP.HR LB/SEC 
29828 1 Q497. 54058. 0.3Sf9 6524. 0.0 

STATION 

LP COMP. ENT. 
tP COMP, DELI 
HP COMP. ENT. 
HP COMP. DEL. 
COMB. OUTLET 
HP TURB. ENT* 
HP TURB, DEt. 
LP -TURB a DEL- 
EXHWST 

MASS FLOW 
LB/SEC 
f 7 3 . f f  
$71.67 
17f .67 
149.56, 
f52.57 
f57.1 f 
170.43 
f 75-59 
1 7 5 * 5 9  

PRESSURE TEMPERATURE 
LB/SQaINa DEG. K .  

14.70 288.7 
55.59 452.6 
55.59 452.6 

250.66 698.7 
240.76 1374.2 
240 76 f356.3 

0 - 0  4096.4 
48-02 942.7 
48.02 942.7 

CAPACITY EFFICIENCY 



POINT NO. 3 O BOV,S OPEN V I G A  6.3 DEG. HUM. 56-X W.R. 0.0 LB/S 

BAROMETER Pf T f NL t.( H NP 
LB/SQ. IN. LB/SQ. IN. DEG. K, REV/MIN REV/MIN - 

14,530 
REV/MIN 

i 4 - 5 2 3  297-2 6302, 8976, 0 .  

POWER FUEL FLOW FUEL FLOW SFC HEAT RATE M l  H.BRL. 
EGHP LB/HR . BTU/SEC LB/EGHP.HR BTUIEGHPaHR LB/SEC 

331 72. 11396. 58692, 0.3436 6370, 9 . 0 

STATION 

LP COMF. ENT. 
L Y  C O H Y .  DEt. 
YP COHP. ENT, 
HP COMP. DEL. 
COMB, OUTLET 
HP TURB, ENT. 
HP TURB. DEL. 
LP TURB. DEL. 
EXHAUST 

MASS FLOW PRESSURE TEMPERATURE CAPACITY EFFICIENCY 
LWSEC LB/aQ. IN. DEG. K. 
179.92 14-70 288 7 208,022 E13 0.8438 
178-43 57 .?0 458.4 66,205 Ef20.8036 
178.43 57.70 458.4 66.205 
f 55.45 265.19 710.7 15.627 €23 0,9361 
fS8.72 254.87 1411.6 23.397 E34 0,9980 
163.43 254 , 87 1393.0 23,932 
177.27 0.0 f f27.2 0.0 E4S 8.0 
f82.64 58.73 968.7 i f  2,066 E56 0.0 
182.64 50-73  -968.9 f12.066 €48 0,8404 

POINT NO. 4 O BOV, S OPEN V I G A  3.l DEG. HUH. 56.X W.R. 0.0 LD/S ------------ 
BAROMETER P i  T i  NL NH NP 
LB/SQ IN. LB/SQ.IN- DEG. K ,  REV/MIN REV/MXN REV/MIN 

14.530 14.523 297-2 6401. 9097. 0. 

POWER FUEL FLOW FUEL FLOW SFC HEAT RATE Mf H.BAL. 
EGHP LB/HR. * BTU/SEC LB/EGHP.HR BTU/EGHP.HR LE/SEC 

37202, f2435. 64042. 0.3343 6197. 0.0 - 

STATION 

LP COMP. ENT. 
LP COMP. DEL, 
HP COMP. ENT, 
HP COMP, DEL. 
COMB- OUTLET 
HP TURB, ENT. 
HP TURB. DEL. 
LP TURB. DEL. 
EXHAUST 

MASS FLOW PRESSURE TEMPERATURE 
LB/SEC LB/SQ.ZN, DEG. K .  
f 89.22 f 4.70 288.7 
187.65 59.60 464.2 
f 87.65 59.60 464-2 
f 63.48 28f  -26 723.9 
f67.05 270.27 1 446.5 
f 72.01 270.27 f 427.3 
f86,57 0.0 f f 54.6 
192.21 53.82 99f .7 
f 92.2t 53.82 991 ,7 

CAPACITY EFFICIENCY 



POINTNO. 5 Q BOVRS OPEN V I G A - I A S D E G a  HUM, S6.X W a R .  0.0 LB/S ----------- 
BAROMETER P I  T I  t4 L NH . NP 
LB/SQ.fN. LB/SQ. IN. DEG. K ,  REV/MXN REV/MIN REVIHIN 

14,530 f4.523 297.2 6549. 9266. . 0 .  

POWER FUEL FLOW FUEL FLOW SFC HEAT RATE Hf H.BAL. 
EGHP LWHR. BTUISEC LB/EGHP.HR BTU/EGHP*HR LB/SEC 

43243, 1 4082. 72524. 0.3257 6038. 0.8 

STATION 

LP COMP. ENT. 
LP COMP, DEL, 
HP COMP. ENT. 
HP COMP. DEL. 
COMB. OUTLET 
HP TURB. ENT. 
HP TU'RB. DEL. 
LP TURB. DEL, 
EXHAUST 

MASS FLOW 
lB/SEC 
139-54 
f 97.88 
197.88 
f72.39 
176.44 
f8f -66 
f 97.01 
282-96 
202, 96 

PRESSURE TEMPERATURE 
LB/SQ.IN. DEG. K,  

14.70 206.7 
62.23 47f .0 
62.23 474 ,0 

304.06 742.2 
292.41 1589,T 
292.41 t 489.3 

0.0 t 285.5 
58.20 f 037.7 
58.20 1037.7 

CAPACITY 

230.716 
69.809 
69.009 
15.446 
23.443 
23.975 

0.0 
112.335 
1 f2.335 

EFFICIENCY 

Test Point 5 Used For Simple Kinetic Model Calcufations 




