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Modern, low NOx emitting gas turbines typically utilize lean pre-mixed (LPM) combustion as a 
means of achieving target emissions goals.  Because stable combustion in LPM systems can be 
somewhat sensitive to changes in operating conditions, precise engine tuning on a prescribed 
range of fuel properties is often used to avoid dynamic instabilities.  This may limit the 
opportunities to use of alternative fuel choices such as coal bed methane, imported liquefied 
natural gas (LNG), natural gas liquids (NGL’s) , biomass gases, etc.  The intent of this study is to 
investigate the sensitivity of dynamically unstable test rigs to changes in fuel composition and heat 
content.  Fuel Wobbe number was controlled by blending methane and natural gas with various 
amounts of ethane, propane and nitrogen.  Changes in combustion instabilities were observed, in 
both atmospheric and pressurized test rigs, for fuels containing high concentrations of propane (> 
62% by vol).  However, pressure oscillations measured while operating on fuels typical of existing 
natural gas compositions did not appear to deviate significantly from pure methane flame 
responses.  Mechanisms thought to produce changes in the dynamic response are discussed.  

1. Introduction 
The Energy Information Administration (EIA) predicts that by 2025 approximately 22% of 

the electricity generation within the United States will be derived from natural gas1.  This is up 
from approximately 15% in 2005.  EIA also forecasts an overall increase in the consumption of 
natural gas.  Although gas production is expected to increase over this period it may not keep 
pace with growing  demand.  For this reason, there is growing interest in alternatives such as coal 
derived syngas, biomass and landfill gases, as well as liquefied natural gas (LNG) and natural 
gas liquid (NGL) imports.   

Natural gas consumption in the power generation sector includes gas turbines using lean pre-
mixed (LPM), or dry-low NOx (DLN) combustion.  Pre-mixing the fuel and air prior to 
combustion helps to lower peak flame temperatures and thus produces less NOx emissions.  Gas 
turbine engines utilizing this technology have shown the ability to produce single digit NOx 
emissions2,3.  However, changes within the combustion system have resulted in LPM combustors 
being more susceptible to undesirable combustion phenomena such as lean blow-out, flashback 
and combustion instabilities.  These conditions are exacerbated further by the effects of fuel 
variability. 

Fuel interchangeability is often used to describe the ability of substituting one gaseous fuel 
for another in a combustion application without significantly altering operation and 

1 

cwright
Text Box
DOE/NETL-IR-2007-102



5th US Combustion Meeting – Paper # E10  Topic: Engines 

performance4.   This becomes an important parameter as turbine operators consider how both 
short and long-term fuel switching may affect their operation.  It should not be suggested that 
engines cannot be adjusted or tailored to operate on fuels with widely different composition.  
Kurz5 notes that some engines may allow as much as a 10% variation in fuel heating value, while 
others can accommodate less than 2-3%.  Although engines may be adjusted/designed for 
different fuels, a key question is whether engines that have been designed to operate on domestic 
natural gas can accommodate sudden changes in fuel composition, without causing machine 
upsets, excess emissions, or component damage.   

The Wobbe index is an often used parameter to characterize fuel interchangeability and 
relates the higher heating value of a fuel to its specific gravity.  This allows a means of 
comparing the heat content of a fuel for a given injector and burner configuration.  As such, the 
Wobbe index (WI) for pipeline gas is often controlled to +/-4% of the historical average gas4 
through the addition of inerts (reduces WI) or additional hydrocarbons (increase WI).  However, 
while WI may provide some measure of the calorific value of a fuel it does not define the effects 
of fuel properties on fundamental characteristics such as flame speed and combustion chemistry6.  
Nevertheless, it is a commonly used parameter in describing gas blends, and for this reason, 
experiments presented here will reference the Wobbe Index as part of the description of gas 
properties. 

The intent of this paper is to provide some insight into the effects of fuel variability on 
dynamic combustion instabilities in pre-mixed combustion systems.  Tests reported in this paper 
were part of a larger study by the U.S. Department of Energy’s National Energy Technology 
Laboratory to investigate gas variability and interchangeability effects which covered a broad 
range of issues, including NOx emissions7, flashback, lean blow-off and combustion instabilities.  
Preliminary results from a lab scale burner and a larger atmospheric test rig operating on fuels 
with various compositions of methane, propane and nitrogen are reported.   

Background 

1.1. Combustion Instabilities 
Dynamic combustion instabilities are the result of periodic variations in combustion heat 

release (q’) coupling with acoustic modes of the combustion chamber (p’).  This interaction can 
be described as a closed-loop feedback, shown schematically in Fig. 1.   In a physically closed 
volume, such as a combustor, the boundary conditions will establish standing waves which can 
produce pressure driven vibrations that degrade emissions and engine performance, and 
potentially damage engine components8.  Although combustion instabilities in gas turbine 
engines are not fully understood, it is accepted that a necessary condition for instabilities to occur 
is that heat release oscillations and acoustic pressure perturbations must have the proper phase 
relationship5.  Mechanisms that control the time scale of this coupling are both physical and 
chemical in nature and thus can be influenced by changes in fuel composition. 

Janus et al9 considered the effects of fuel variability on combustion stability suggesting that 
not only fuel composition but also changes in ambient conditions could alter time scales related 
to advection, mixing and reaction thus changing the dynamic response of the burner.  The effects 
of advective and chemical time scales for typical syngas fuels on combustion instabilities were 
recently considered by Lieuwen et al5.   
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Fig 1: Schematic of the feedback loop responsible for 
combustion dynamics. 

In a study by Nord and Anderson10 data was collected from an ALSTOM gas turbine over a 
six month period.  During this period, the natural gas supply experienced a sudden excursion 
resulting in a drop in the heating value  of approximately 2% below the historical average.  
Measurements indicated a significant increase in combustion oscillations during the excursion.  
It was suggested that changes in fuel composition and not heat content were the cause of the 
observed behavior. 

Table 1: Typical compositions of various fuel blends 

 NG 
Landfill 

Gas 
Coal 

Syngas LNG 
CH4 (%) 92.0 54.5 0.9 89.8 

C2H6 (%) 3.6 -  7.5 
C3H8 (%) 0.8 -  2.0 
C4+ (%) 1.5 -  0.7 
H2 (%) - - 45.0 - 
CO (%) - - 49.0 - 

CO2 (%) - 37.5 2.9 - 
N2 (%) 1.8 7.0 2.2 0.2 
O2 (%) - 1.0  - 

Wobbe Index 
(BTU/scf) 1367 639 450 1415 

 

1.2. Fuel Compositions 
Domestic natural gas supplies are typically composed of greater than 90% methane with 

small amounts of heavier hydrocarbons (ethane and propane) and inerts such as nitrogen, carbon 
dioxide and water11.  Although Syngas compositions can vary considerably, these fuels are 
primarily H2 and CO, with smaller amounts of CH4, N2, H2O and CO2

12.  Landfill gases are 
characterized by lower heating values primarily due to CO2 which can be as high as 40% by 
volume with the remainder being mostly CH4 and a balance of N2

13.  The cryogenic processes 
used to produce liquefied natural gas (LNG) often results in reduced levels of inerts producing 
fuels with greater levels of heavier hydrocarbons, thus higher heating values (HHV).  Inerts such 
as nitrogen and air can be blended with “hotter” fuels to reduce the heat values.  Given the wide 
range of compositions these fuels present, although not trivial, there is expected to be an 
influence on combustion.  
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2. Experimental Set-up 

2.1. Lab-Scale Ring Stabilized Burner (<15,000 BTUH)  
The lab-scale burner is a ring-stabilized premixed burner that is inserted into a quartz-tube.  

The quartz (Rijke) tube has an 8.0 cm diameter and an 80 cm length (see Fig. 2).  This Rijke tube 
arrangement produces acoustic feedback that interacts with the heat-release rate in the flame to 
drive combustion instabilities14.  This burner arrangement 
has been described in previous work15. The burner nozzle 
is a stainless steel tube with an inside diameter of 2.18cm 
and a wall thickness of 1.8 mm.  The premixing tube and 
ring stabilizer are positioned 20 cm (¼L) into the quartz 
main body in order to produce peak resonance. The flame 
is anchored on a ring (2.0 cm OD x 1.8 cm ID) located at 
the top of the nozzle. 

Air and individual fuel constituent flow rates 
were controlled by mass flow controllers with mixing 
occurring well upstream of the burner nozzle.  Various 
combinations of methane, propane and nitrogen were 
blended to provide test fuels for the lab scale burner.  
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Fig 2.  Schematic of Atmospheric 
Pressure Development 

 
 
2.2. Atmospheric Pressure Development Combustor (< 1 x 105 BTUH)  

The combustor uses a swirl-stabilized flame, with a fuel-air premixer that shares features 
with full-scale hardware, but includes significant dynamic instrumentation to diagnose acoustic 
behavior.  The combustor is shown in Fig 3, and 
has been described in previous work16,17.  Air 
enters the 12.7mm x 26.6 mm premixer annulus at 
the left through a sintered metal plate.  This plate 
serves as an acoustic termination at the upstream 
end of the combustor.   The air is swirled by a 
slotted disk that is 6.4 mm thick along the flow 
axis.  Fuel is injected into the premixing annulus. 
The tip of the premixer centerbody is fitted with a 
conical expansion made from a commercial 
compression-fitting ferrule.  The ferrule axial 
length is 7.3mm with a larger OD of 17.3mm. Test 
fuels were obtained by blending pipeline natural 
gas with bottled propane and nitrogen. 
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Fig 3.  Schematic of Atmospheric Pressure 
Development Combustor 
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3. Results and Discussion 

3.1. Results for Lab-Scale Ring Stabilized Burner 
The lab-scale burner was operated on seven test fuels composed of various combinations of 

methane, propane and nitrogen as shown in Table 2.  The average nozzle exit velocity was 
maintained at 1.5 m/sec while the flame equivalence ratio was varied from approximately φ = 0.6 
– 1.3.  In addition to composition, Table 2 also provides the calculated Wobbe Index (BTU/ft3) 
for each of the fuels.  Fuel A, which consisted of 100% CH4, was used as the reference fuel and 
the percentage variation of each fuel Wobbe Index from the reference is shown in the bottom of 
the table.  Various amounts of propane and nitrogen are blended with methane to form fuels B - 
G.   

 
Table 2: Fuel Blends Tested In Lab-Scale Burner 

  Fuel A Fuel B Fuel C Fuel D Fuel E Fuel F Fuel G 
Methane (%) 100 75 70 90 88.25 0 0 
Propane (%) 0 25 20 10 8.25 100 62.3 
Nitrogen % 0 0 10 0 3.5 0 37.7 

HHV 
(BTU/scf) 1012 1389 1213 1163 1101 2523 1572 

Wobbe 
(BTU/scf) 1360 1554 1363 1439 1365 2041 1369 

Wobbe % 
Diff 0% 14% 0.2% 6% 0.4% 50% 1% 

 

 
Fuels B and F contain relatively large quantities of propane with 25% and 100% respectively, 

resulting in fuels with much higher heating values and thus higher Wobbe Indices (14% and 50% 
higher, respectively).  Although not representative of typical natural gas, LNG, syngas or landfill 
gases they do provide an extreme boundary in which to evaluate the effects of fuel variability on 
combustion instabilities.  Fuel D and E provide a more realistic fuel blend similar to what is 
commonly found in natural gas, or LNG supplies.. The fuels are also plotted in Fig 5 as a 
function of HHV and specific gravity.  Note that Fuel C, E and G are the same quantities of 
methane and propane as Fuels B, D and F respectively, only with nitrogen added to reduce the 
Wobbe Index back to the level of reference Fuel A.  These diluted fuels now have Wobbe 
Indices well within the +/- 4% variation that is commonly observed in pipeline supply4.   

As previously mentioned, dynamic combustion instabilities are a continual concern for 
gas turbine systems utilizing lean pre-mixed combustion.  Strong dynamics can produce pressure 
oscillations as much as 10% of the operating pressure.  RMS pressure levels within the burner 
provide a means of characterizing the magnitude of the dynamic, or unstable, response of the 
burner to changes in fuel composition. The base case represents the observed response with 
100% methane fuel, Fuel A.  The other cases shown represent fuel blends with various levels of 
methane, propane and nitrogen.  Again, note that although Fuels C, E and G have different fuel 
compositions, the Wobbe Index for each of these cases was made to match the baseline case 
(Wobbe ≈ 1360) in order to evaluate the ability of nitrogen dilution and Wobbe index matching 
on predicting the dynamic response of the burner.  Fig 6 is a plot of the RMS pressure levels  
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Fig 5: Plot of Test Fuel higher heating value (HHV) versus fuel specific gravity.  
The arrows indicate the relation between fuels which use nitrogen blending. 

 
 

0

0.25

0.5

0.75

1

1.25

1.5

1600 1700 1800 1900 2000 2100 2200 2300
Adiabatic Flame Temp (K)

Fuel A

Fuel B

Fuel C

Fuel D

Fuel E

Fuel F

Fuel G

N
itrogen dilution   to reduce 

W
obbe

 
Fig 6: Dynamic response of the lab-scale burner as a function of the 
adiabatic flame temperature normalized to the maximum dynamic 
response of the burner on Fuel A 

 

normalized to the maximum response of the burner on Fuel A (Tf = 2241 K) as a function of the 
theoretical adiabatic flame temperature.  This plot (Fig 6) would appear to suggest that the 
dynamic response of the burner was less affected by the actual fuel composition and more 
dependent upon the resultant flame temperature.  A particular finding shown here is that for the 
baseline fuel (Fuel A) and Fuels D and E there is virtually no difference in the measured RMS 
pressure over the operating range investigated although there was a difference in the Wobbe 
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number (6% for Fuel D).  As the propane percentage is increased to 25% (Fuel B) there is a 
noticeable increase in the magnitude of the dynamic response even at the same flame 
temperature.  Further increasing the propane concentration to 100% (Fuel F) resulted in a 
continual increase in the magnitude of the dynamic response.  This may suggest that changes in 
the chemical time scales alter the phase angle difference as to better align the heat release and 
acoustic pressure perturbations thus acting to increase the overall gain of the system.   

Of special interest are the measured response of Fuels C and G.  These fuels were blended 
with high concentrations of propane and then diluted with nitrogen to reduce the Wobbe index to 
match Fuel A (WI = 1360).  Results shown in Fig 6 indicate that although the Wobbe Index 
matched that of Fuel A, the dynamic response was essentially unchanged from its non-diluted 
fuel (Fuels B and F).   
 
3.2. Results for Atmospheric Pressure Developmental Combustor 

The combustor has been operated on natural gas fuel with a nominal composition of 93.7% 
CH4, 4.3% C2H6.  The remainder is inert or higher hydrocarbons as determined by GC analysis.  
The average Wobbe Index was 1380 BTU/ft3.  Fuel and air are metered with flow loops that are 
designed following standard protocols, and are within 1% of the flow measured by calibration 
standards.  The combustor was operated over a nominal range of heat inputs from 50 to 150 x 
103 BTUH (15 to 45kW).  

Experiments to investigate the effects of fuel composition on combustion dynamics were 
performed as follows.  The fuel-air ratio, bulk premixer velocity, and fuel composition were 
controlled as input variables.  A series of tests were first completed for the reference case (i.e. 
natural gas) at reference velocities of 20.0, 22.5, 25.0, 27.5 and 30.0 m/sec and equivalence 
ratios starting from 0.90 and decreasing in increments of 0.02 until the flame detached from the 
tip of the premix injector.  Three other fuel blends were tested:  propane (commercial grade), 
propane blended with nitrogen to match the Wobbe index of the reference case natural gas, and a 
90% natural gas / 10% propane blend (Table 3).   

 
Table 3: Fuel Blends Tested In Fuel Injector Impedance Variability 

 Case #1 Case #2 Case #3 Case #4 
Site NG 100 0 0 90 
Propane 0 100 62 10 
Nitrogen 0 0 38 0 

Wobbe (BTU/ft3) 1380 2041 1380 1446 
 

The combustion air flow rates for these tests were fixed at the same flow rates used in the 
natural gas tests.  The fuel flow rates were set such that the adiabatic flame temperatures (via 
standard equilibrium codes18) matched the adiabatic flame temperatures of the natural gas 
reference cases.   

The pressure amplitude results from the base case (i.e., natural gas, Wobbe=1380 BTU/ft3) 
fuel are shown in Fig 7.  This combustor is typically steady at lean operating conditions (low 
flame temperatures) and makes a transition to unsteady combustion with large amplitude 
pressure oscillations as the flame temperature is increased by increasing the fuel/air ratio.  The 
amplitude and frequency of these oscillations and the flame temperature at which the transition 
occurs varies from one reference velocity to another.    At a reference velocity of 20 m/sec, the 
pressure amplitude was generally low (<0.05 psi) until an adiabatic flame temperature of 1900 K 
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was reached, where the pressure amplitude increased to 0.15 psi.  These moderate pressure 
amplitudes continued until a temperature of approximately 2000 K was reached, where rms 
pressure decreased to the 0.05-0.10 psi range.  At reference velocities of 22.5 and 25.0 m/sec, the 
location and amplitude of the combustion instabilities differed from those at 20.0 m/sec.  At 
these velocities, pressure amplitudes were low until an adiabatic flame temperature of 1900-
1950K was reached, where there was a sudden transition to amplitudes of 0.22-0.33 psi, with the 
amplitudes beginning to decrease again when the flame temperature was increased to 2100 K.  
The unsteady behavior at a reference velocity of 27.5 m/sec was similar to that at 22.5 and 25.0 
m/sec, except that the amplitudes were lower (approximately 0.17 psi) and the decrease in 
amplitude was less abrupt as the flame temperature was increased.  The pattern changes again at 
30 m/sec, where the peak amplitude reduced to 0.12 psi with a transition from steady to unsteady 
at 1830K. 
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Fig 7:  Amplitude of Pressure Oscillations for the Natural Gas reference case. 

 
 
A similar figure for the commercial propane case (Wobbe=2041 BTU/ft3) is shown in Fig 8.  

Again recall that this case represents an extreme change in chemical composition that while not 
representative of typical fuels shown in Table 1; it does provide a means of bracketing the 
response of the combustor.  Similar to the response of the lab-scale burner, results shown in Fig 
8 indicate that the combustion instability patterns for this fuel are quite different from those of 
natural gas (which is > 90% CH4).  At all reference velocities, there was a transition from steady 
to unsteady combustion at 1990-2015 K, with amplitudes increasing as the adiabatic flame 
temperature was further increased toward 2100 K.   The various reference velocities had 
distinctive pressure amplitudes.  Also note that compared to Fig 7, the amplitude of the 
oscillation is larger which again is consistent with results from the lab-scale burner.   

A similar plot for a fuel consisting of 62% propane and 38% nitrogen (WI=1380 BTU/ft3) is 
shown in Fig 9.  This blend has the same Wobbe index as the natural gas used in generation of  
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Fig 8:  Amplitude of Pressure Oscillations for the 100% propane tests. 
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Fig 9:  Amplitude of Pressure Oscillations for the propane/nitrogen blend tests. 

 
the Fig 7 data, but the pattern is clearly much more like that of the undiluted propane in Fig 8.   
There appears to be a transitional adiabatic flame temperature around 2030 K, above which 
oscillations begin.  The five reference velocities are less distinct in regards to their pressure 
amplitudes than in Fig 7 presumably due to the need to precisely meter dilution N2 in this case 
compared to pure propane. 

Comparing Fig 7 and 9, two fuels having the same Wobbe Index, but different composition 
demonstrate a significantly different dynamic response.  This is consistent with the results 
presented in the previous section, and demonstrates that with fuel variability, a constant Wobbe 
Index constant may not produce constant dynamic response from premixed combustion systems.  
As already stated, because Wobbe is not indicative of fundamental flame properties, it not 
expected to be useful to predict dynamics. 

Experimental cases presented in Fig 8 and 9 considered a dramatic change in fuel 
composition, but with significant nitrogen blending to hold a constant Wobbe Index.  Such a 
large change in fuel composition is not representative of what is expected in practice.  Tests 
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performed on the lab-scale burner suggested that a more modest change in fuel composition 
would not have as significant an effect.  To affirm this expectation, tests were carried out using 
90% natural gas and 10% propane (WI=1446 BTU/ft3).  Although this is a relatively high 
propane level compared to what might be present typical natural gas blends, it does have a 
Wobbe number within 5% of the baseline natural gas.  Pressure amplitude results are shown in 
Fig 10, with hollow symbols representing natural gas, and solid symbols representing the blend 
with propane.  These data are very similar to those of the base natural gas case (Fig 7).   
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Fig 10:  Amplitude of Pressure Oscillations for the 90% natural gas / 10% propane 
blend.  The solid symbols are the base natural gas, and are comparable to Fig 7. 

 
The results presented in Fig 7 through 10 suggest that the Wobbe Index is not a useful 

parameter in predicting a combustor’s dynamic behavior for large changes in fuel composition, 
e.g., propane versus natural gas.  Nevertheless, it is recognized that Wobbe Index will continue 
to be widely used to characterize commercial gas specification.  The results do provide evidence 
that a combustor with adequate stability margin can be relatively insensitive to modest variations 
in fuel composition.  However, data also suggests that combustors operating near their stability 
margin may shift from stable to unstable with changing fuel composition (similar to changes in 
ambient temperature). 

 

4. Summary and Conclusions 

The continual growth of natural gas consumption in the U.S. and leveling of supplies has 
increased interest in alternative fuel sources such as biomass and landfill gases, coal-bed 
methane, coal derived syngas and LNG.  The opportunity to use these fuels has raised interest on 
the effects of fuel variability on combustion phenomena such as dynamic instabilities in gas 
turbine engines used for power generation. 
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Results from both the lab-scale combustor and the atmospheric pressure developmental 
combustor show that modest changes in fuel composition did not significantly change the 
dynamic response for the burners studied here.  However, as dynamic combustion instabilities 
are not fully understood, for a burner operating near a stability boundary any change in fuel 
composition (and possibly ambient conditions) may be sufficient to shift from a stable to 
unstable condition.  The data also show that significant quantities of heavier hydrocarbons (such 
as propane) do change the dynamic response of the flame. The dilution of high propane content 
fuels with nitrogen in order to obtain an equivalent Wobbe index did not reproducing the same 
dynamic response compared to fuels with a different composition.  Thus, based on these data, 
when comparing fuels, a constant Wobbe index will not necessarily produce a constant dynamic 
response. 
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