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ABSTRACT

Industrial gas turbines allow operation with a wide variety of
gaseous and liquid fuels. To determine the suitability for operation
with a gas fuel system, various physical parameters of the proposed
fuel need to be determined: heating value, dew point, Joule-
Thompson coefficient, Wobbe index, and others. This paper
describes an approach to provide a consistent treatment for deter-
mining the above physical properties. It also reviews the impact
that certain fuel characteristics have on the combustion process, as
well as the overall operation of a gas turbine and its ancillary
systems.

INTRODUCTION

The quality and composition of fuel burned in a gas turbine
impact the life of the turbine, particularly its combustion system
and turbine section. The fuel specified for a given application is
usually based on availability and price. Natural gas is a typical fuel
of choice for gas turbines due to its low cost, widespread availabil-
ity, and low resulting emissions. However, the composition of fuel
gas can widely vary, from gas with significant amounts of heavier
hydrocarbons (butane and heavier), to pipeline quality gas consist-
ing mostly of methane, to fuel gas with significant amounts of
noncombustible gases (such as nitrogen, or carbon dioxide). Gas
turbines also operate successfully on liquid fuels such as diesel,
kerosene, liquid petroleum gas (LPG), natural gas liquids, and
many others. (Hydrocarbons in fuel gas are usually alkanes, with
the summary chemical formula CnH2n+2.)

Any type of fuel requires caution regarding contaminants such
as hydrogen sulfide, mercaptanes, water, or solids, or situations
where two phase flows are present.

The unique situation at each site requires a thorough evaluation
of the delivery system. Issues include the choice of fuel, fuel gas
sources, transmission, handling, storage, conditioning, seasonal
variations, mixing, turbine package location, fuel supply line con-
figuration, fuel system component selection, combustion process,
and turbine life. Of importance are also the operating characteris-
tics of a gas turbine, such as pressure and flow changes with load
or ambient conditions, the combustion process, or the relationship
of emissions and fuel. It is important to review all these factors as
a whole in determining appropriate equipment configurations and
reasonable protection strategies.
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GAS TURBINES

Gas turbines are widely used in industrial applications. They
usually are either single-shaft or two-shaft designs. Either design
can use a standard, diffusion flame combustor or a dry-low-
emissions combustor (Greenwood, 2000). Most mechanical drive
applications for gas turbines employ two-shaft gas turbines, while
applications for power generation employ either single-shaft or
two-shaft concepts.

A two-shaft gas turbine (Figure 1) consists of an air compressor,
a combustor, a gas generator turbine, and a power turbine. (Some
engines are configured as multispool engines. In this case, the gas
generator has a low-pressure compressor driven by a low-pressure
turbine and a high-pressure compressor driven by a high-pressure
turbine. For this configuration, the shaft connecting the low
pressure (LP) compressor and turbine rotates inside the shaft con-
necting the high pressure (HP) compressor and turbine. In general,
all the operating characteristics described above also apply to
these engines.) The air compressor generates air at a high pressure,
which is fed into the combustor, where the fuel is burned. The
combustion products and excess air leave the combustor at high
pressure and high temperature. This gas is expanded in the gas
generator turbine, which has the sole task of providing power to
turn the air compressor. After leaving the gas generator turbine, the
gas still has a high pressure and a high temperature. It is now
further expanded in the power turbine. The power turbine is
connected to the driven equipment (compressor, pump, or in some
cases a generator). It must be noted at this point that the power
turbine (together with the driven equipment) can and will run at a
speed that is independent of the speed of the gas generator portion
of the gas turbine (i.e., the air compressor and the gas generator
turbine) (Kurz and Ohanian, 2003). The gas generator is controlled
by the amount of fuel that is supplied to the combustor. Its
operating constraints are the firing temperature (turbine inlet tem-
perature, TIT, which is the temperature of the gas upstream of the
first stage turbine nozzle; and turbine rotor inlet temperature,
TRIT, which is the temperature of the gas upstream of the first
stage turbine rotor) and the maximum gas generator speed. If the
fuel flow is increased, the firing temperature and the gas generator
speed increase, until one of the operating limits is reached. (At the
match temperature of the engine, both limits are reached at the
same time. At ambient temperatures below the match temperature,
the speed limit is reached first. At ambient temperatures above the
match temperature, the firing temperature becomes the limiting
factor.) Often, variable geometry either for the stators of an engine
compressor or the power turbine nozzles is used to optimize the gas
generator operating points for different loads or ambient condi-
tions. The fuel-to-air ratio varies greatly between full load and idle,
because the fuel flow at part load is reduced at a higher rate than
the airflow. The fuel-to-air ratio is thus leaner at part load than at
full load. Gas generator speed and firing temperature also impact
the pressure in the combustor: the combustor pressure increases
with gas generator speed and firing temperature. In order to operate
the engine at full load, the fuel supply pressure has to be high
enough to overcome the pressure in the combustor as well as all
pressure losses in the fuel system (Figure 2).

Engines with emissions control systems (dry-low-NOx [DLN])
require that the fuel-to-air ratio is kept within a narrow window at
all loads. Otherwise, the nitrogen oxides (NOx), carbon monoxide
(CO), and unburned hydrocarbon (UHC) emissions cannot be kept
within the required limits. The engine thus has to employ an addi-
tional means of control. In two-shaft engines, this could mean the
bleeding of combustion air or the use of staged combustion. While
the combustor exit temperature at part load drops significantly for
engines with standard combustion, it stays high for DLN engines.

In a single-shaft engine, the air compressor and the turbine
section operate on the same shaft, thus at the same speed. Since the
generator speed has to be kept constant in order to avoid frequency
shifts, it will be controlled to run at constant mechanical speed.

Figure 1. Typical Industrial Two-Shaft Gas Turbine.

Figure 2. Schematic of Gas Fuel System, Showing Pressure Drop
in Various Devices. (If the gas is not superheated sufficiently, its
temperature will eventually fall below the dew point temperature.)

The gas generator is controlled by the amount of fuel that is
supplied to the combustor. Its operating constraint is the firing tem-
perature (TIT, TRIT). If the fuel flow is increased, the firing
temperature increases until the operating limit is reached. The
firing temperature also impacts the pressure in the combustor. In
order to operate the engine at full load, the fuel supply pressure has
to be high enough to overcome the pressure in the combustor as
well as all pressure losses in the fuel system (Figure 2). Due to the
constant speed, the airflow through the engine will not vary greatly
between full load and part load. This means that the fuel-to-air
ratio drops significantly at part load and the combustor exit tem-
perature drops significantly from full load to part load. Therefore,
most single-shaft engines with DLN combustors use variable stator
vanes on the engine compressor to vary the airflow, and thus keep
the fuel-to-air ratio relatively constant. For single-shaft engines as
described above the part load efficiencies of gas turbines with DLN
combustion and conventional combustion are very similar.

Of importance for the subject of fuels is also that both single-shaft
and two-shaft engines exhibit lower combustor pressures at part load
than at full load. Therefore, for a constant fuel supply pressure, the
pressure drop in the fuel system increases with part load.

Dry-low-NOx engines are a particular challenge regarding fuel
quality. The general idea behind any DLN combustor currently in
service is to generate a thoroughly mixed lean fuel and air mixture
prior to entering the combustor of the gas turbine. The lean mixture
is responsible for a low flame temperature, which in turn yields
lower rates of NOx production. Because the mixture is very lean,
in fact fairly close to the lean extinction limit, the fuel-to-air ratio
has to be kept constant within fairly narrow limits. This is also
necessary due to another constraint: the lower flame temperatures
tend to lead to a higher amount of products related to incomplete
combustion, such as CO and unburned hydrocarbons. The
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necessity to control the fuel-to-air ratio closely yields different
part-load behavior when comparing gas turbines with conventional
combustors and DLN engines. (Regarding the requirements for
DLN engines, multispool engines show no fundamental differences
from single-spool engines.) At certain levels of part load, the flame
temperature is kept within limits by bleeding a certain amount of
air from the compressor exit directly into the exhaust duct, or by
fuel staging, or by some form of variable geometry. Due to the
requirement for thorough mixing prior to combustion, fuel
channels for DLN systems tend to be narrower, and thus more sus-
ceptible to clogging due to solids in the fuel, than standard
combustion systems. Also, a combustible mixture exists in the
premixing portion of the injector. It must be avoided to ignite this
mixture prior to its entering into the combustor. Therefore, auto
ignition behavior and flame speed of the fuel have to be carefully
analyzed to avoid these problems.

DLN systems for liquid fuel require fine atomization of the fuel
with subsequent thorough mixing of fuel and air. Droplet sizes
from given atomizers depend also on the physical properties (espe-
cially viscosity) of the liquid fuel.

The impact of design considerations on NOx emissions needs to
be considered: There is no evidence that pressure ratio influences
NOx production rate (on a parts-per-million [ppm] basis) in DLN
systems. There might be some compromises necessary for engines
with high firing temperatures regarding the cooling air usage. But
this is a secondary effect at best, because the firing temperature and
the flame temperature are not directly related. Some aero derivative
engines, which tend to have high pressure ratios, have space limits
for the combustion system, thus might be at a disadvantage. But
this is not primarily due to the high pressure ratio, but rather due to
the specific design of the engine. A limiting factor for lowering
NOx emissions is often driven by the onset of combustor oscilla-
tions. Again, there is no evidence that the operating window that
allows operation without oscillations is influenced by operating
pressure or firing temperature. They rather seem to depend on the
specific combustion system design.

GAS FUELS

Gas fuels for gas turbines are combustible gases or mixtures of
combustible and inert gases with a variety of compositions
covering a wide range of heating values and densities. The com-
bustible components can consist of methane and other low
molecular weight hydrocarbons, hydrogen, and carbon monoxide.
The major inert components are nitrogen, carbon dioxide, and
water vapor. It is generally accepted that this type of fuel has to be
completely gaseous at the entry to the fuel gas system and at all
points downstream to the fuel nozzle (ASME B133.7, 1992).

Gaseous fuels can vary from poor quality wellhead gas to high
quality consumer or “pipeline” gas. Typically, the major sources of
contaminants within these fuels are:

• Solids

• Water

• Heavy gases present as liquids

• Oils typical of compressor oils

• Hydrogen sulfide (H2S)

• Hydrogen (H2)

• Carbon monoxide (CO)

• Carbon dioxide (CO2)

• Siloxanes

Other factors that will affect turbine or combustion system life and
performance include lower heating value (LHV), specific gravity
(SG), fuel temperature, and ambient temperature.

Some of these issues may coexist and be interrelated. For
instance, water, heavy gases present as liquids, and leakage of

machinery lubricating oils may be a problem for turbine operators
at the end of a distribution or branch line or at a low point in a fuel
supply line.

Water in the gas may combine with other small molecules to
produce a hydrate—a solid with an ice-like appearance. Hydrate
production is influenced, in turn, by gas composition, gas temper-
ature, gas pressure, and pressure drops in the gas fuel system.
Liquid water in the presence of H2S or CO2 will form acids that
can attack fuel supply lines and components. Free water can also
cause turbine flameouts or operating instability if ingested in the
combustor or fuel control components.

Heavy hydrocarbon gases present as liquids provide many times
the heating value per unit volume than they would as a gas. Since
turbine fuel systems meter the fuel based on the fuel being a gas,
this creates a safety problem, especially during the engine startup
sequence when the supply line to the turbine still may be cold.
Hydrocarbon liquids can cause:

• Turbine overfueling, which can cause an explosion or severe
turbine damage.

• Fuel control stability problems, because the system gain will
vary as liquid slugs or droplets move through the control system.

• Combustor hot streaks and subsequent engine hot section
damage.

• Overfueling the bottom section of the combustor when liquids
gravitate toward the bottom of the manifold.

• Internal injector blockage over time, when trapped liquids
pyrolyze in the hot gas passages.

Liquid carryover is a known cause for rapid degradation of the hot
gas path components in a turbine (Anderson, 1980; Meher-Homji
and Gabriles, 1998; Newbound and Wagiealla, 2003).

With a known gas composition, it is possible to predict dew
point temperatures for water and hydrocarbons. However, the pre-
diction methods for dew points may not always be accurate. In fact,
it is known that different equations of state will yield different cal-
culated dew points under otherwise identical conditions.
Furthermore, the temperature in an unheated fuel line will drop,
because the pressure drop due to valves and orifices in the fuel line
causes a temperature drop in the gas (Figure 2). This effect is
known as the Joule-Thompson effect. Most fuel gases (except
hydrogen) will exhibit a reduction in temperature during an
adiabatic throttling. Hydrogen on the other hand actually shows an
increased temperature when the pressure drops, which is a
potential explosion hazard.

Protection against heavy gases and water present as liquids can
be achieved by heating the fuel downstream of knockout drums
and coalescing filters (Figure 3). The idea is to have a saturated gas
at the exit of the knockout drum and filters and then to raise the
temperature to the necessary superheat to prevent subsequent
liquid dropout. The system shown in Figure 3 is typical for fuel
systems on oil or gas platforms, where the gas produced is usually
wet. For dry gas of well-known composition, such as from gas
plants or for pipeline applications, a less complex system may be
appropriate (Figure 4).

Figure 2 illustrates the necessity for a superheat of about 50°F
(28 K) over the dew point to ensure that no liquid dropout appears
in the fuel system components downstream of the heater. A super-
heating requirement of 50°F (28 K) is currently acknowledged as
an industry standard (ASME B133.7, 1992). The heat input yielded
by a specific gas fuel is determined by the gas composition
(including the moisture content), its mass flow, and its heating
value. Performance representations for gas turbines are usually
based on the lower heating value of the fuel gas, because the
exhaust temperatures are always high enough to keep the water
vapor in the exhaust from condensing.

A gas analysis alone may not be entirely sufficient for the
detection of heavy hydrocarbons, because it may only include the
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Figure 3. Schematic of Typical Oil or Gas Platform Fuel
Conditioning System.

Figure 4. Schematic of Gas Pipeline Fuel Delivery System with
Gas at Greater than Minimum Superheat.

gases but not the liquids in the stream. Also, it is common practice
to lump all hydrocarbons from hexane and heavier into one
number. While this is perfectly acceptable for the calculation of the
lower heating value as long as the hexane and heavier hydrocar-
bons constitute a minute fraction of the gas, it will lead to a wrong
estimate of the dew point. C14H30, even in parts-per-million
amounts has a significant impact on the dew point of the gas
mixture, as the authors will show later. Certainly a gas analysis has
to be used in the project stage to allow for equipment sizing. Also,
fuel systems usually limit the gas supply temperature due to tem-
perature limits of its components. If the necessary superheat
temperature exceeds the fuel system temperature limits, additional
gas treatment may be necessary.

Lower heating value, specific gravity, fuel temperature, and
ambient temperature are important parameters since they influence
the energy of the fuel flowing in the system. From the lower
heating value in Btu/scf (kJ/Nm3) and the specific gravity, the
Wobbe index (WI) of the gas can be calculated:

(1)

Because the fuel supply temperature Tf has an impact on the
actual volumetric fuel flow, a temperature corrected Wobbe index
is often used, where the reference temperature Tref is usually 520°R
or 288°K:

(2)

If two different fuel gas compositions have the same Wobbe
index, the pressure drop in a given fuel system will be the same for
both gases. The Wobbe index is thus an indication of energy flow
in the system at the same gas pressures and pressure drops.

A standard fuel system may for example be designed for a
Wobbe index of 1220 ±10% Btu/scf (48,031 ±10% kJ/Nm3) based
on the LHV of the fuel. Different gas compositions can yield the
same Wobbe index, but they will have widely different hydrocar-
bon dew points. Minimum engine flameout fuel flows will also
vary if the fuel contains high percentages of noncombustible gases.
High fuel gas or ambient temperatures can cause problems if the
temperature capabilities of elastomeric seals, electrical devices, or
other system components are exceeded. Low fuel gas or ambient
temperatures can cause water or heavy hydrocarbon condensation.

Protection against these factors includes analyzing the variations
in the fuel composition, fuel temperature, and ambient temperature
so that the required modifications to the fuel treatment system and
turbine fuel system can be made. A turbine expected to operate
with gaseous fuels exhibiting a wide Wobbe index range will need
to be configured differently than one that will only operate with a
small variance in Wobbe index. The fuel supply contract should
include the allowable variations in composition and temperature.
The probability of upset conditions needs to be evaluated, and fuel
treatment systems and turbine fuel systems need to be designed for
the upset conditions. Gas fuel supply and package lines may need
to be heat traced to keep the gas fuel supply above the gas dew
point during periods when the engine is not operating. Low point
drains are also recommended if liquids may be present in the gas
fuel. This precludes burying the gas fuel supply lines underground
when liquids may be present.

Low BTU Fuel Gas

The potential concerns about burning low Btu fuel gas in a gas
turbine arise in general around three topics:

1. Can a stable combustion be maintained?

2. Can emissions requirements be met?

3. How does the fuel gas affect gas turbine operation?

A significant number of gas turbines operate successfully using
low Btu fuels. Landfill gas, for example, is usually of very low Btu
content due to the high percentage of CO2 (typically around 40
percent) in the fuel gas. Stable combustion depends on the capa-
bility of the fuel system to deliver sufficient amounts of fuel to
sustain the combustion process. Low Btu fuels often have a limited
flammability range, which can require “spiking” the gas with
heavier hydrocarbons (e.g., propane) during startup, at low load, or
during transients. As described earlier, the fuel-to-air ratio of an
engine, without additional measures, tends to cause leaner
mixtures at low loads. Another concern could be the requirement
for sufficient residence time in the combustor.

Low-Btu fuels will burn at a lower flame temperature than
standard natural gas (Figure 5), assuming the low energy content is
due to noncombustible gases. A lower flame temperature will
reduce the amount of NOx generated. The dilutants (such as
nitrogen or CO2) effectively cool the flame, thus generating a
lower rate of NOx. The emissions from a low Btu fuel are therefore
easier to handle than the emissions from standard natural gas.

Another question is related to gas turbine performance. The
function of the gas turbine and its components were described
earlier: the power needed in the air compressor is proportional to
the mass flow through the compressor, and the power generated in
the turbine section is proportional to the mass flow through the
turbine section. The mass flow through the turbine section is the
sum of air mass flow through the compressor and fuel mass flow
(neglecting steam or water injection and bleed air). For a low Btu
fuel, the fuel mass flow increases compared to the fuel mass flow if
the engine were to operate on natural gas. The fuel flow adds about
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Figure 5. Impact of Fuel Gas on Emissions.

1.5 to 2 percent to the air mass flow if natural gas is used, but a low
Btu gas with LHV of 10 MJ/kg could require a fuel flow that adds
7 to 10 percent to the air mass flow. Therefore, the mass flow
through the turbine section is increased, while the compressor air
mass flow remains the same. The increased exhaust mass flow
moves the compressor operating point to a slightly higher discharge
pressure, which means the compressor consumes somewhat more
power. The net effect is a higher power output of the engine.

The engine compressor needs to have sufficient stall margin,
because the added mass flow will move the operating points closer
to the stall line of the compressor. Steam or water injection into the
combustor have a similar effect. 

Ratio of Flammability Limits

The ratio of flammability limits is defined as the upper flamma-
bility limit divided by the lower flammability limit. The upper
flammability limit is the maximum fuel percentage (volumetric)
mixed with air that will still light and burn when exposed to a spark
or other ignition source. The lower is the minimum fuel percentage
to sustain combustion. Different gases have different ranges of
flammability. Hydrogen, for example, will burn with as little as 4
percent fuel and 96 percent air (lower limit) and as much as 75
percent fuel and 25 percent air (upper limit). Outside of this range
(less than 4 percent or more than 75 percent fuel) the hydrogen-air
mixture will not burn! Therefore, hydrogen has a ratio of flamma-
bility limits of 75/4 equal to 18. On the other hand a typical coal
gas has a ratio of 13.5/5.3 equal to 2.5. Coal gas typically contains
methane, CO2, and CO. CO2 is not combustible. Therefore, if the
coal gas contains too much CO2 the flammability range will
decrease and this ratio of flammability limits will decrease as well.

So how does this relate to operation of a gas turbine? In the
combustor, the fuel and air must be continually burned to keep the
engine running. When the flame in the combustor is extinguished
it is called a flameout or blowout. The fuel-to-air ratio changes
with the engine load, as described earlier. In order to prevent
flameout the combustor must support combustion over a range of
fuel-to-air ratios. As explained above each fuel composition has its
own flammability range (ratio of flammability limits). If the engine
required fuel-to-air ratio range is equal to or larger than the fuel
flammability range, then at some point the engine will experience
flameout and will not be able to operate at that point. Knowing the
ratio of flammability limits allows a decision whether the fuel
composition has a broad enough flammability range to support
combustion for all operating points of the engine.

Stoichiometric Flame Temperature

The stoichiometric flame temperature impacts the amount of
NOx emissions. It is also a parameter to help verify that a given
fuel composition can be burned at all gas turbine operating loads
and idle. Across the flammability range the mixtures of fuel and air

will burn at different temperatures. As the fuel-to-air ratio is
increased from the lower flammability limit, the flame temperature
will increase. Upon further increase in the ratio a point will be
reached where the amount of fuel and air will be perfectly matched
so that all the oxygen in the air is reacted with all the fuel—this is
called the stoichiometric fuel-to-air ratio. It also corresponds to the
maximum flame temperature. As the fuel-to-air ratio is increased
further still the flame temperature starts to decrease and continues
to decrease until the upper flammability limit is reached. In
standard combustion systems, with a very heterogeneous mixture,
the flame temperature is close to the stoichiometric flame temper-
ature. The flame temperature has a significant impact on the NOx
production rate (Greenwood, 2000).

Auto Ignition

Auto ignition is a process where a combustible mixture sponta-
neously reacts and releases heat in absence of any concentrated
source of ignition such as a spark or a flame (Lefebvre, 1998). In
lean premix combustors, or in general in any combustor where fuel
and air are premixed prior to combustion, this spontaneous ignition
has to be avoided, because it can damage combustor components
and yields high pollutant emissions. The auto ignition delay time
of a fuel is the time between the creation of a combustible mixture
and the onset of the flame. This parameter is a function of the fuel
composition, the fuel-to-air ratio, the pressure, and the mixture
temperature. Leaner mixtures tend to have a longer delay time,
while higher mixture temperatures and higher pressures tend to
shorten the delay time. In a lean premix injector, the flow veloci-
ties thus have to be high enough to avoid auto ignition inside the
injector at the prevailing temperatures. Increasing the content of
heavier hydrocarbons in an associated gas leads to a decrease of
delay time, mainly due to the nonsymmetry of all higher hydrocar-
bons. These species can be attacked much easier than methane
molecules, resulting in reduced ignition delay times.

Flashback

Flame speed is a propagation of the flame front moving in the
combustion zone. Changes in the fuel composition, fuel-to-air
ratio, and inlet temperature affect the flame speed (Glassman,
1996). Flashback can occur if the flame speed through the burning
front is greater than the local bulk fuel velocity. To maintain flame
stability at a point the velocity of the fuel-air mixture must be
within the flame-propagation speed to prevent flashback
(Lefebvre, 1998). Flame flashback from the combustion chamber
into the premixing zone is one of the inherent reliability problems
of lean premixed combustion. The flame speed is one of the most
important parameters governing flashback. High flame speeds
occur for example in associated gases containing high percentages
of propane or butane.

Dew Point

For fuel gas containing heavier hydrocarbons or water, the tem-
perature of the gas has to be high enough to avoid the dropping out
of liquids. The dew point temperature of a gas is the temperature at
a given pressure at which the first drop of liquid forms in equilib-
rium with the gas.

When a real gas experiences a drop in pressure (e.g., due to a
flow orifice or a valve), and no heat or work is exchanged with the
environment, the temperature of the gas will change. The enthalpy
of the gas stays constant. This behavior is called the Joule-
Thompson effect. The temperature will actually drop for most
gases (in particular hydrocarbons) except hydrogen when the
pressure is reduced. Since any fuel system will cause a pressure
drop to the fuel, fuel gas that is above the dew point at the fuel
system inlet could experience liquid drop out due to this drop in
temperature. The situation is often aggravated by heat loss of the
fuel system when the surrounding temperature is lower than the
fuel supply temperature.
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Because the calculation of the dew point temperature, the
enthalpy at the dew point, and the enthalpy of the gas mixture at
various pressures is so important, the authors will discuss it in more
detail. The necessary calculations are performed using a suitable
equation of state (examples are Soave-Redlich-Kwong, Redlich-
Kwong [Poling, et al., 2001], Peng-Robinson, 1976, to name a few).
These semiempirical correlations allow, for a known gas composi-
tion, for the calculation of the dew point temperature and dew point
enthalpy for a given pressure. They also allow for the calculation of
the enthalpy of the gas for given pressures and temperatures. Thus,
as long as the enthalpy of the gas is higher than the enthalpy at the
dew point (for a given pressure), no liquid dropout will occur. The
basis for performing a dew point calculation is the understanding
that it is an equilibrium state. The fundamental thermodynamic
relation for phase equilibria, such as the dew point, is that the
fugacity of each component in the vapor phase is equal to the
fugacity of the same component in the liquid phase. This arises
because the fugacity is a measure of the “escaping tendency” for a
component to leave its phase. Thus, when a component’s fugacity
is the same in two or more homogeneous phases in contact, there
will be no net mass transfer, i.e., equilibrium exists. The fugacity
coefficient is calculated using an equation of state. Elliott, at al.
(2002), describe the calculation procedure in detail.

If water is present in the gas, then the problem becomes more
complex. Though the systems of interest are mostly alkanes and, in
some cases, nonpolar inorganic gases, an aqueous phase may be
formed at a higher temperature than the organic phase. The dew
point calculated is not necessarily the relevant one, since it is
possible for the organic phase to drop out first. The preferred
method is to calculate both the dew point where the organic phase
drops out first and the dew point where the aqueous phase drops
out first, and then to choose whichever temperature is larger.

To conduct a successful determination of the fuel system capabil-
ity, the fuel gas composition, possible contaminants, the fuel supply
pressure, and temperature need to be known. As part of this study, it
became obvious that the dew point of a hydrocarbon gas mixture is
highly dependent on the heavier hydrocarbons. The common
practice to report hydrocarbons individually only up to pentane and
lump all heavier hydrocarbons into one C6+ number may yield suf-
ficient information about the lower heating value and the Wobbe
index of the fuel. It will not yield an accurate dew point, however. In
Figure 6, a typical situation is evaluated: a fuel gas composition has
0.71 percent of its constituents lumped together as C6+. Then, dew
points are calculated assuming these constituents are either all
hexane, or all octane, or all undecane. As Figure 6 shows, even small
amounts of heavier hydrocarbons have a significant effect on the dew
point of the gas mixture. Campbell (1998) suggests, therefore, deter-
mining the individual constituents of the gas composition up to C14.

Arguably, the practice to remove all liquids in a separator, and
then to heat the gas portion by, say 50°F (28 K), will ensure that
the gas supplied to the gas turbine will indeed be superheated by
50°F (28 K). However, a proper sizing of the heater is not possible
without knowing (at least approximately) the required end temper-
ature. Also, fuel system components usually have maximum
allowable temperatures. Without prior knowledge of the necessary
gas temperature, the fuel system temperature limits may not allow
the necessary superheat.

It must be noted that all the prior statements assume an adiabatic
fuel system. Heat loss in the fuel system will occur, however, if the
system is not insulated and the surrounding temperature is signifi-
cantly lower than the fuel supply temperature. In particular during
startup at low ambient temperatures, when the fuel system is still
cold, liquids can form. A system without heat tracing needs to be
evaluated assuming the lowest surrounding temperature. However,
standard heat transfer methods allow approximating the heat loss
of a fuel system under arbitrary surrounding conditions, and using
the first law of thermodynamics to calculate the fuel gas enthalpy
at any point of the fuel system. As described above, this enthalpy
has to be higher than the enthalpy of the vapor at the dew point.

Figure 6. Dew Line for Different Gas Mixtures in Pressure (Bar)-
Temperature (K) Diagram. (Gas composition is: Methane 73.8%,
Ethane 8.2%, Propane 3.23%, I-Butane .28%, n-Butane 0.78%, I-
Pentane 0.24%, n-Pentane 0.18%, n-Hexane 0.18%, Cxx 0.71%,
Nitrogen 0.93%, Carbon Dioxide 11.68%. Cxx represents either
Hexane (C6), Octane (C8), or Decane (C10). Despite the fact that
Cxx represents only 0.71% of the gas, it has a significant impact on
the dew point.)

Avoidance of Liquid Dropout

Many gas turbine installations operate with very simple fuel
supply systems, especially if the fuel composition and supply tem-
perature and pressure are constant. If the fuel analysis determines
that there will not be any liquid dropout under any operating
condition with sufficient superheat margin, the system as outlined
in Figure 4 should be sufficient. In applications where the fuel
quality is subject to significant change, or where a sufficient
margin of superheat cannot be ensured, a fuel system as outlined in
Figure 3 is more appropriate.

In such a fuel system with a separator and subsequent heater, the
fuel will leave the separator in a saturated state (either saturated
with water or heavy hydrocarbons). The temperature increase in
the heater is thus equal to the amount of superheat of the gas. On a
side note, for a given required amount of superheating, the required
heat input of the heater hating power (PH) is approximately:

(3)

The heater can be electric, but exhaust heat can also be used to heat
fuel, using heat exchangers.

To determine whether the system will be capable of avoiding
liquid drop out, the enthalpy of the fuel gas has to be calculated
at the skid edge. Knowing the gas composition, the gas pressure,
and the gas temperature at skid edge allows for the calculation of
the enthalpy of the gas. The pressure in the combustor depends on
the engine load (Figure 7). The exact slope of combustor pressure
versus load depends on the design of the engine; in particular
whether it is a single or two-shaft engine and the type of engine
controls used. We further assume that the velocities in the fuel
system stay low (i.e., there is no significant difference between
the static and the total enthalpy). The necessary condition to avoid
liquid drop out in an adiabatic fuel system is that, for all pressure
levels that may occur in this fuel system, the enthalpy of the vapor
at the dew point is lower than the enthalpy of the gas at the skid
edge (Figure 7). (The Joule Thompson effect manifests itself in the
fact that, for the condition of a pressure drop at constant enthalpy,
the temperature of the gas will change. For an ideal gas in the
same situation, temperature and enthalpy would remain
constant.)
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Figure 7. Engine Compressor Discharge Pressure (PCD) as
Function of Engine Load, and Resulting Process Path of Fuel Gas
in Adiabatic Fuel System.

This approach does obviously not account for the effect of high
velocities in the fuel system, as they can occur in partially closed
valves. These high velocities can lead to a significant drop in the
enthalpy, and can easily cause a situation where liquids drop out.
However, this situation is not as critical as it looks at first glance.
First, the velocities will drop again after the valve. The static
enthalpy will therefore increase, so even if droplets may have
formed, they will evaporate again. Second, it is known
(Gyarmathy, 1962) that in situations with rapidly accelerated gas
there is a time lag between the condition where the state of the gas
would indicate liquid droplets and the actual formation of droplets.
This effect is frequently experienced in steam turbines, where,
during the rapid acceleration of the steam in the nozzles, steam can
be substantially supercooled without forming liquids.

Under quasi-stationary conditions, we can easily describe the
change of states from skid edge to the exit of the fuel injector into
the combustor. The conditions at skid edge are known, and either
the engine compressor exit pressure or the actual combustor
pressure can approximate the pressure at the injector exit. The path
in a Mollier diagram is shown in Figure 7. The dew line, which is
typical for hydrocarbon fuel gas, shows a distinct maximum δH/δp
= 0. The shape of the dew line thus suggests that the highest chance
of liquid dropout occurs not necessarily at the lowest pressure in
the combustor. The example in APPENDIX A outlines a situation
where the liquid dropout would become likely at part load
operation of the engine.

In evaluating these fuel systems, one must take into account that
the highest pressure drops in the fuel system may not occur at full
load, but rather during the starting of the engine, when the
combustor pressure is lowest (Figure 7). In other words, the system
has to be evaluated for the highest pressure that the gas can have at
skid edge and the combustor pressure at light-off conditions, as
well as for any load condition between idle and full load.

Additionally, unless the fuel lines are heat traced, they may be
colder than the fuel especially during startup. Therefore, a signifi-
cant safety margin between the dew point temperature and the
lowest possible fuel temperature is necessary.

Dew Point Monitoring

Newbound and Wagiella (2003) presented data from online dew
point monitoring systems. They state that many operators of gas
turbines lack sufficient data about the dew point of the fuel gas they
use for their turbines to determine the safe fuel inlet temperature
threshold. Their data indicate significant changes in the dew point
of their fuel gas over time, with daily variations of 12° to 14°F (7°
to 8°C). The reasons for these fluctuations are given as a result of
the warming and cooling down of the pipeline with daily tempera-
ture changes and subsequent accumulation of heavy hydrocarbons.
Other reasons include process changes in upstream gas plants or a
change of supply wells (especially for applications close to gas
fields). In cases where these fluctuations are present, and a reason
for concern, automated dew point monitors are recommended,
because online gas chromatography is usually not set up to analyze
hydrocarbons up to C14.

When liquids are generated, they often occur in slugs rather than
fine mist. In many systems, they accumulate at the low points, and
eventually get carried away by the gas flow. This means that in the
combustor locally very high temperatures are generated, which
create streaks of hot gas that can quickly overheat exposed sections
of the turbine or the combustor liner.

Hydrogen Sulfide

Hydrogen sulfide causes a number of challenges to the operation
of a gas turbine. The fact that it is highly toxic requires sufficient
protection of personnel from leakages. Hydrogen sulfide and CO2
form acids in the presence of liquid water. Since many fuels are
water saturated, sufficient superheat over the water dew point of
the fuel as well as heat tracing have to be provided to avoid
corrosion of the fuel system. The sulfur contained in hydrogen
sulfide (as well as in mercaptanes) will react in the combustion
process to form SO2 and SO3. These gases are often regulated
because they can cause acid rain.

Additionally, if sulfur has the opportunity to react with sodium
or potassium (which is often introduced with the combustion air,
especially in offshore applications) in the combustor, it will form
alkali sulfates that can cause hot corrosion in the hot section of the
gas turbine (Meher-Homji and Gabriles, 1998). It is important to
note that hot corrosion is often caused by the interaction between
fuel quality and air filtration quality.

OPERATION WITH FUEL PRESSURE LIMITATIONS

The gas fuel supply pressure has to be high enough to overcome
the pressure losses in the fuel system and the pressure in the
combustor at the injector tip. If the fuel pressure is too low, the
engine output is no longer limited by firing temperature or speed
limitations but by the fuel pressure. The combustor pressure is
typically lower at high ambient temperatures (because for the same
compressor head, the pressure ratio drops with increasing inlet
temperature). Therefore, the engine might be able to reach full load
at higher ambient temperatures, while it cannot reach full load at
lower ambient temperature. Depending on the engine type, the
power output at low ambient temperatures might even be lower
than the output at high ambient temperatures. The impact of fuel
gas pressure limitations is outlined in Figure 8.

LIQUID FUELS

Industrial gas turbines can also burn liquid fuels. The source of
liquid fuels is usually petroleum liquids, but liquid petroleum gas,
natural gas liquids, and alcohols have also been used.

Petroleum liquids originate from processed crude oil. They may
be true distillates (diesel, kerosene) or ash-forming fuels. Natural
gas liquids (NGL) are paraffin hydrocarbons other than methane
found in natural gas, which can be extracted and subsequently
handled as liquid fuels. They can also include LPG. LPG fuels are
primarily mixtures of propane and butane.
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Figure 8. Engine Performance and PCD Pressure. (If the fuel gas
pressure is limited, the appropriate line of constant pcd pressure
becomes the locus of maximum available power.)

The combustion of liquid fuels in gas turbines is dependent on
effective fuel atomization to increase the specific surface area of
the fuel, thus resulting in sufficient fuel-air mixing and evapora-
tion rates. A smaller droplet size leads to higher volumetric heat
release rates, easier ignition, a wider burning range, and lower
concentration of pollutant emissions. The combustion reactions
typically occur near the surface of the liquid droplets as the
partially vaporized fuel mixes with the adjacent air (Lefebvre,
1998). Ignition performance is affected by two factors: the fuel
volatility, as indicated by the Reid vapor pressure or the American
Society for Testing and Materials (ASTM) evaporated tempera-
ture, and the total surface area of the fuel spray, which is directly
related to the spray Sauter mean diameter (SMD) and hence the
fuel viscosity.

One of the main differences in the combustion between liquid
and gas fuel is the presence of free carbon particles (soot), which
determine the degree of luminosity in the flame. The presence of
carbon particles at high temperatures is highly significant and
luminous radiation from the liquid fuel dominates, whereas the
nonluminous radiation of gas fuels is less important. The amount
of radiation impacts the combustor liner temperature, and the
heavier the fuel, the greater the emissivity and the resulting wall
temperatures become.

Further issues involve the storage and transport of the liquid
fuel: low viscosity fuel (such as LPG) requires special pumps to
avoid problems due to poor lubrication of the pump. Foaming and
formation of solids and waxes have to be avoided (Reid vapor
pressure, cloud point). The fuel has to be warm enough to be still
capable of flowing under gravity (pour point), but not too warm to
exceed is flash point temperature (flash point). The fuel also has to
be evaluated for its capability to corrode components of the fuel
system (copper strip corrosion). The ash content has to be limited
to avoid fuel system erosion. Excessive content of olefins and
diolefins can cause fuel decomposition and plugging of fuel system
components. If the carbon residue of the distillate is too high,
carbon deposits may form in the combustion system. Solids in the
fuel can cause clogging of the fuel system, in particular the very
fine flow passages in injectors.

Lastly, certain contaminants that can cause corrosion of the hot
section of the engine have to be limited. These contaminants
include sodium, potassium, calcium, vanadium, lead, and sulfur.
Sodium is often found in fuels that are transported in barges, due
to the contamination with salt water.

For very volatile liquid fuels, such as propane, it is important to
prevent these fuels from flashing or bubble formation in the fuel
line. The fuel pressure in the system has to be high enough to keep
the fuel above its bubble point pressure at the highest anticipated
temperature. The bubble point for a multicomponent fuel is defined
by the temperature at which the first bubble of gas appears. The
bubble point has to be considered for several reasons:

• To set the minimum fuel supply pressure for a liquid system.
The pressure must be high enough to allow for fuel turndown ratio,
and the pressure drops in the fuel system including the injectors.

• To determine the size of the metering orifices

• If the bubble point is below 0°C (32°F) at any combustor
operating condition, ice formation around the fuel injector is
possible. This can distort the combustor spray pattern, resulting in
a change in the combustor temperature profile.

If the fuel temperature is above its critical temperature, it cannot
be liquefied by compression alone. The fuel parameters that are of
importance are thus:

• Density and lower heating value

• Reid vapor pressure

• Bubble point

• Cloud and pour point

• Flash point

• Distillation end points (ASTM D86)

• Aromatics content

• Content of olefins and diolefins

• Carbon residue (ASTM D524)

• Ash content

• Water and sediment contents

• Copper strip corrosion

• Corrosive contaminants

EMISSIONS

The fuel used impacts obviously the constituents in the exhaust
gas. If the fuel yields a high flame temperature, as is the case with
heavier hydrocarbons, as well as hydrogen, carbon monoxide, and
some others, it will usually yield a higher amount of NOx. On the
other hand, fuels of this type often have a wide flammability range.
Fuels with a low Wobbe index due to a large amount of dilutants
will yield low flame temperatures, thus low NOx levels, but can
cause problems for startup and load transients due to a limited
flammability range.

Another aspect should be considered: the amount of carbon
dioxide produced in the combustion process depends, besides the
thermal efficiency of the engine, only on the amount of carbon in
the fuel. While methane has four hydrogen atoms for each carbon
atom, ethane has only three, and octane only a little over two
hydrogen atoms per carbon atom. Thus, burning a methane
molecule generates four water molecules, but only one CO2
molecule. Burning hydrogen causes no CO2 emissions at all
(however, most methods of generating hydrogen do). Burning coal
or CO will yield combustion products consisting of CO2. There-
fore, typical coal fired power plants will emit 1000 kg/MWh (2205
lb/MWh) of CO2, oil fired plants yield 800 kg/MWh (1764
lb/MWh), while natural gas fired plants produce 600 kg/MWh
(1323 lb/MWh) or less (Klein and Kurz, 2003).

CONCLUSION

Applying the thoughts outlined in this paper will help to avoid
problems with fuel systems on gas turbine packages. To determine
the suitability for operation with a gas fuel system, various
physical parameters of the proposed fuel need to be considered:
heating value, dew point, Joule-Thompson coefficient, Wobbe
index, and others. The impact of these different fuel parameters on
the operation of a gas turbine has been described and a procedure
is outlined to model the fuel system in detail to determine fuel
superheat and cleanup requirements, in order to enhance the relia-
bility of operation and the life of the engine.

NOMENCLATURE

cp = Heat capacity at constant pressure
H = Enthalpy
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LHV = Lower heating value
p = Pressure 
pcd = Pressure at compressor discharge
PH = Heating power
SG = Specific gravity
T = Temperature
W = Mass flow
WI = Wobbe index

APPENDIX A—
SAMPLE CALCULATION FOR
DEW POINT IN A FUEL SYSTEM

The following example shows the considerations for a given,
typical gas fuel composition. The fuel supply pressure is 510 psia
(3500 kPaa). In Figure A-1, the dew point as a function of pressure
is calculated. The combustor pressure may vary between 300 psia
(2070 kPaa) at full load and 100 psia (690 kPaa) at idle. Based on
three different levels of superheat (1 K, 7 K, 28 K), the expansion
of the gas in the fuel system is traced. It can be seen that little or
no superheat will cause liquid dropout at the pressures, where the
process path falls below the dew line. At 7 K superheat, no liquid
dropout is expected. However, the “safety margin” is fairly small.
Considering the reality of changing fuel compositions, and the
usual uncertainty in calculating the dew point, the 28 K super-
heated gas will provide adequate safety.

Figure A-1. Dew Point Enthalpy for Gas Fuel and Process Path for
Adiabatic Expansion Starting with Different Degrees of Superheat.
(Fuel gas composition is: Methane 83%, Ethane 8%, Propane 3%,
I-Butane 0.3%, n-Butane 0.8%, I-Pentane 0.3%, n-Pentane 0.3%,
n-Hexane 0.4%, n-Heptane 0.2%, n-Octane 0.08%, n-Nonane
0.02%, n-Decane 0.01%, Nitrogen 1.9%, Carbon Dioxide 1.69%.)
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