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AJSS Gas Turbine Tech Talk 
Performance Evaluation of Gas Turbines 
 

INTRODUCTION 

 

Today, we are going to talk about gas turbine aerodynamic performance – how it is 

measured and evaluated.  By aerodynamic performance, we mean power, fuel flow, and 

efficiency.  In other words, how efficiently does the gas turbine engine convert a unit of fuel 

energy into a unit of output power.  We will start off with a brief description of the gas 

turbine itself, and the thermodynamic cycle that defines it’s working process.  Next, we will 

discuss the basics of performance testing, what data is required, how to assess and analyse 

the results, and the maintenance routines associated with performance recovery.  

GAS TURBINE BASICS 

 

Any gas turbine consists of at least a compressor, a combustor, and a turbine. The 

thermodynamic cycle is known as the Brayton cycle as show in figure 1, which involves the 

compression of a working fluid (such as air), the addition of fuel to increase the temperature 

of the compressed fluid, and the expansion of the hot, pressurized fluid through a turbine. 

Part of the work extracted by the turbine is used to power the compressor. 

 

 

Figure 1 - Brayton cycle. 

In the diagrams above, P = pressure, V = volume, T = temperature, S = entropy, and Q = the 

heat added to or rejected by the system.  This is an idealized description of the cycle since 

no compression or expansion process occurs at constant entropy, but is illustrative 

nonetheless.  

The compressor, usually an axial or centrifugal type, compresses the air to several times 

atmospheric pressure. In the combustor, fuel is injected into the pressurized air from the 
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compressor and burned, thus increasing the air temperature. In the turbine section, energy 

is extracted from the hot pressurized gas, thus reducing pressure and temperature. A 

significant part of the turbine’s energy (60% or more) is used to power the compressor, and 

the remaining power can be used to drive generators or other mechanical equipment (gas 

compressors and pumps). Industrial gas turbines are built with a number of different 

arrangements for the major components: 

1) Single-shaft gas turbines have all compressor and turbine stages running on the 

same shaft.  This is a typical configuration when the driven equipment needs to run 

at a constant speed, such as a generator. 

2) Two-shaft gas turbines consist of two sections: the gas producer (or gas generator) 

with the gas turbine compressor, the combustor, and the high-pressure (HP) portion 

of the turbine on one shaft and a separate power turbine on a second shaft.  In this 

configuration, the HP or gas producer turbine only drives the compressor, while the 

low-pressure (LP) or power turbine, works on a separate shaft at speeds 

independent of the gas producer and is coupled to the driven equipment.  This 

configuration is typically used when the driven equipment needs to run at a variable 

speed, such as in a gas compressor or pump application. 

3) Industrial gas turbines derived from aircraft engines will have two separate gas 

producer (or gas generator) shafts with two compressor sections (the HP and the LP 

compressor), each driven by a separate turbine section.  The LP compressor is driven 

by an LP turbine with a shaft that rotates concentric to a separate shaft that is used 

for the HP turbine to drive the HP compressor.  These shafts run at different speeds. 

The energy left in the gas after this process is used to drive a power turbine on a 

third, separate shaft, or the LP shaft is used as output shaft for a constant speed 

driven equipment application.  This configuration is more complex mechanically but 

as compressor pressure ratios increase, driving the higher pressure section of the 

compressor at a higher speed increases overall cycle efficiency of the engine.  

The energy conversion from mechanical work into the gas (in the compressor) and from 

energy in the gas back to mechanical energy (in the turbine) is based on the capability of 

airfoils to accelerate or decelerate the working fluid, and to force its change of flow 

direction.  This is not discussed in detail here – in a previous Tech Talk paper on Bleed Valve 

and Guide Vane control, the concept is discussed with respect to the compressor.  But how 

effectively the gas turbine imparts and extracts the energy from the working fluid is the key 

to optimum performance. 

The compressed air from the compressor enters the gas turbine combustor. Here, the fuel 

(natural gas, natural gas mixtures, hydrogen mixtures, diesel, kerosene, liquid propane, and 

many others) is injected into the pressurized air and burns in a continuous flame.  The flame 

temperature is so high that any direct contact between the combustor material and the 

flame must be avoided, and the combustor has to be cooled, using air from the engine 

compressor.  Additional air from the engine compressor is mixed into the combustion 

products for further cooling, and is also used to cool the turbine airfoils as the gas entering 

the turbine section may be hotter than the temperature limits of the material. 
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Unlike reciprocating engines, gas turbine combustion is continuous. This has the advantage 

that the combustion process can be made very efficient, with very low levels of products of 

incomplete combustion like carbon monoxide (CO) or unburned hydrocarbons (UHCs). The 

other major emissions component, oxides of nitrogen (NOx), is not related to combustion 

efficiency, but strictly to the temperature level in the flame, and the amount of nitrogen in 

the fuel.  High flame temperature breaks down the otherwise inert nitrogen and allows it to 

combine with oxygen, making oxides of nitrogen.  

The hot combustion gas enters the turbine section, where it is expanded and cooled.  The 

heat energy in this process is used to drive the engine’s compressor, with the remaining 

energy used to power the driven equipment.  The temperature and pressure of the gas 

entering the turbine section is the highest in the Brayton cycle process.  Refer to figure 1.  

The engine’s efficiency and power are maximized through achieving the highest possible 

temperature and pressure for a given physical volume of the gas flow path. 

COMBINED CYCLE 

 

The simple cycle efficiency of a gas turbine engine is typically in the range of 30-40%, with 

40% achievable only through recuperation (heating of the compressor discharge airflow 

using the turbine exhaust prior to introduction in the combustor).  This is lower than a 

reciprocating engine.    

 

In a combined cycle application, the turbine’s exhaust heat is captured to make steam or 

heat a process fluid, removing the need to burn additional fuel to make additional power or 

heat.  The most common use of combined cycle is in power generation applications, where 

the exhaust heat is used to make steam, which drives a steam turbine and generator to 

make electric power.  This will increase the overall cycle efficiency to above 60%, well above 

any reciprocating engine.  The gas turbine is ideal for this application since it produces a 

large amount of exhaust flow at a high temperature.  Reciprocating engines are not 

competitive in this regard.   A recuperated engine cannot be used in a combined cycle 

application since most of the exhaust heat has been extracted by the recuperator. 

 

Figure 2 below is a typical combined cycle arrangement with a gas turbine, Heat Recovery 

Steam Generator (HRSG), steam turbine and generator, and condenser and pump.  This 

illustration shows the gas turbine and steam turbine driving the generator on a common 

shaft but there are also applications where the gas and steam turbines drive different 

generators separately.  The common shaft approach has become more common because of 

stricter emissions permitting that requires “all or nothing” operation of the power 

generation.   

 

The gas turbine exhaust heat flows across the HRSG, increasing the water temperature from 

points E to F on the graph, making steam.  The steam drives the turbine, making power.  The 

exhausted steam is condensed, then pumped back up to the HRSG in a closed loop.   
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Figure 2 – Combined Cycle Generator 

PERFORMANCE TESTING BASICS 

 

Performance testing of a gas turbine engine operating in a field environment is usually 

limited to running the engine at its normal, steady state conditions (as defined by process 

conditions in the case of compressor or pump drives, or load requirements in the case of 

generator drives), recording the performance related parameters, and analysing the data 

with a computerised performance modelling program, or performance curves provided by 

the engine manufacturer.  The actual site horsepower and fuel flow is calculated, and this is 

compared to predicted values for the site conditions as determined in the performance 

modelling program or curves.   Site conditions means ambient conditions – barometric 

pressure, ambient temperature, and pressure losses in the inlet and exhaust ducting.    

Horsepower can be a direct measurement as in the case of a generator set using power 

measured at the generator terminals, or an indirect or calculated measurement as in the 

case of a gas compressor or pump drive where power is calculated from the measured fluid 

process parameters of temperature, pressure and flow coming into and leaving the gas 
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compressor or pump.  This is generally less accurate because it requires many 

measurements, each with their own inherent error. 

Total horsepower generated at the output shaft of the gas turbine is not 100% absorbed by 

the driven equipment as useful work.  There are mechanical friction losses in shafts, 

couplings, and load gearboxes to consider, and these can be significant, especially in the 

case of gearboxes. It is possible to measure these frictional losses by measuring both the oil 

flow and temperature into the shaft bearing or gear lubrication system, and the 

temperature rise of the oil in drains after lubrication.   It is also possible to make a direct 

measurement of gas turbine or driven shaft horsepower using a torquemeter but these 

measurements can be a difficult so inevitably, standard assumptions about frictional losses 

are made.     

The most important thing to consider in performance testing is not the absolute value of the 

performance at any given time, but changes or trends in the performance over multiple 

evaluations indicating degradation of power or efficiency.  This allows the assumed friction 

losses not to affect the performance trend since they are a constant percentage of the total 

horsepower and already factored into the performance curves or analysis program.   

Also, it is important to keep in mind that over time, engine performance never improves on 

its own and always degrades.  The primary purpose of performance testing is to advise 

operators when maintenance procedures designed to correct performance deficiencies are 

required. 

MAINTENANCE ASSOCIATED WITH ENGINE PERFORMANCE 

 

There are only two maintenance procedures designed specifically to address performance 

degradation: 

 

- Inlet air filter changes or cleaning  

- Detergent washing of the engine compressor 

 

These are planned procedures that are part of a scheduled, preventive maintenance 

program.  As the rate and level of performance degradation is a site specific issue, a regular 

program of performance monitoring is necessary to properly schedule these maintenance 

tasks. 

 

How do these procedures affect engine performance?  Clean, replacement air inlet filters 

increase airflow into the engine versus dirty, blocked filters.  Detergent washing removes 

dirt and contamination from the compressor airfoils that accumulates during operation.  

Dirty airfoils reduce engine efficiency, and in extreme cases, can prevent the engine from 

reaching normal operating speed during the start cycle.  

 

Some air filters are a “self cleaning” type and do not have replacement elements.  They use 

high pressure air to periodically and automatically blow contamination out of the element.  
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This type of filter is found only in dry, dusty, and sandy desert areas where contamination is 

pervasive but easily removed. 

 

Unplanned faults can also contribute to performance degradation.  The most common fault 

associated with performance degradation is air leakage from the engine case flanges or 

from tubing/piping carrying pressurized air from the compressor.  Compressor discharge air 

is used to buffer air seals in the engine and sometimes this air must be transported 

externally through tubing or piping to reach different parts of the engine.  Case drain lines 

can also be a source of air leakage.  Another unplanned source is leakage through the closed 

engine bleed valve.  This is the hardest to detect directly since it does not leak externally. 

An unplanned contributing factor to performance loss that does not involve air leakage is 

mis-positioning or mis-calibration of the variable guide vanes (VGV).  The VGVs control 

airflow into the compressor and their position is scheduled as a function of engine speed.  If 

they are out of position – too far open or closed, and letting too much or too little air into 

the compressor, engine performance and efficiency will be affected.   

To minimize the risk associated with any of these unplanned factors, the following should be 

done during regularly scheduled maintenance or daily operational checks; 

- Verification of bleed valve tight shut off (scheduled shut down maintenance). 

- Calibration of guide vanes to manufacturer’s defined schedule (scheduled shut 

down maintenance). 

- Checks of air leakage from tubes, piping and engine flanges during daily 

operational checks. 

Some performance degradation is not recoverable by maintenance.  A gas turbine operates 

for tens of thousands of hours between overhaul intervals, often in difficult site conditions, 

and under a heavy or full load operation most of the time.  This environment and duty cycle 

results in wear between the rotating airfoils and the casing seals that are designed to 

minimize leakage around the airfoil tips.  Increasing leakage reduces engine efficiency and 

cannot be corrected with field maintenance.  This type of performance degradation is 

regular and consistent over the life of the engine and is another reason why trending over 

time is a better way to evaluate performance versus absolute value.  

DATA ACQUISITION 

 

Accurate recording of key performance related parameters is critical.  In the past, with 

analogue control systems, data was recorded manually off of analogue gages.  This was 

prone to error as operators would misread the gages or they would be out of calibration and 

the readings inaccurate, even if recorded properly.  Modern control systems take 

measurements with accurate digital field instruments such as transmitters and transducers 

and these signals are processed using highly accurate analogue/digital converter modules 

and microprocessors.  Data is recorded and logged automatically in HMI or Scada systems, 

eliminating human recording error.  As long as the field instruments are kept in accurate 
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calibration, something that is part of a regular scheduled maintenance program, then the 

issue of data inaccuracy is eliminated. 

   

Next, it is important to know which parameters are required for analysis.  Refer to Table 1 

below which defines the parameters and their purpose. 

 

Table 1 – List of Performance Related Instruments 

 

Parameter Description Purpose 

Barometric Pressure Ambient Pressure Air density – Site condition 
input parameter 

Turbine air inlet 
Temperature (T1) 

Temperature of air entering 
the compressor section 

Air density – Site condition 
input parameter  

Turbine air inlet delta-p 
pressure (Inlet dP) 

Differential pressure 
between atmosphere and 
air inlet duct 

Air inlet duct pressure loss – 
Site condition input 
parameter (1) 

Turbine Exhaust delta-p 
pressure (Exhaust dP) 

Differential pressure 
between atmosphere and 
exhaust duct 

Exhaust duct pressure loss – 
Site condition input 
parameter(2) 

Gas Producer (Gas 
Generator) Speed 

Speed of the gas producer 
or gas generator rotor  

Reference Parameter (3) 

Power Turbine Speed Speed of the power turbine 
rotor  

Reference or input 
Parameter (3, 4) 

Engine Power (Hp or kW) Measured or calculated 
power at the output shaft or 
generator terminals 

Reference or input 
Parameter (3) 

Fuel Flow  Fuel consumed by the 
engine 

Reference or input 
Parameter (3) 

Engine compressor 
discharge pressure 

Pressure of the gas stream 
exiting the compressor 

Reference or input 
Parameter (3) 

Power Turbine discharge 
gas temperature 

Temperature of the gas 
stream exiting the gas 
producer turbine 

Reference or input 
Parameter (3, 5) 

Engine exhaust gas 
temperature 

Temperature of the gas 
stream exiting the turbine 
or power turbine  

Reference or input 
Parameter (3, 6) 

 

Notes 

 

1) Parameter not always available for measurement.  Differential pressure across air 

filters may be used instead.  This is a negative pressure. 

2) Parameter rarely available for measurement and difficult to measure accurately due 

to high exhaust turbulence.  May be estimated based on exhaust configuration. 

Check with engine manufacturer for details.  This is a positive pressure. 
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3) A reference parameter is a baseline that other parameters are measured against.  

When the engine is at full load, power or gas producer speed are always the 

reference parameters.  This is explained further below. 

4) Single shaft engines or two shaft gas producer engines with straight through drives 

using the LP gas producer turbine do not have a power turbine. 

5) Some straight through drive or single shaft engines have a temperature 

measurement before the final stage of the gas producer turbine.  This may be defined 

as power turbine inlet temperature.  Engines with a power turbine will have this 

measurement at the inlet to the power turbine.    

6) An exhaust temperature measurement is not always provided unless the 

manufacturer uses it for engine control or protection purposes. 

 

FUEL FLOW 

 

The fuel flow measurement deserves a special discussion.  Field devices measure fuel flow in 

mass or volume units such as kg/hr or m3/hr but for performance purposes, engine 

manufacturers express fuel flow as consumption in heat or energy units such as kj/hr or 

kcal/hr.  This is because the gas turbine requires a specific amount of fuel energy to produce 

a unit of output power while fuels, particularly gaseous fuels, vary greatly in their calorific 

value, affecting the mass or volumetric flow.   

 

A fuel flow measurement in mass or volume units is meaningless without knowing the 

calorific value of the fuel.  On line calorimeters in fuel supply lines are rarely found in the 

industry, so the conversion from mass/volume to energy units is usually done manually.  

Fuel compositions tend to be consistent so periodic sampling of the fuel to determine its 

calorific value should provide an accurate measurement of fuel flow in energy units.   

 

In gas plants or on gas pipelines, the process gas is often used for fuel gas.  Since this gas is 

ultimately sold to consumers, its composition and calorific value are continuously monitored 

with high accuracy at the point of custody transfer.   Liquid fuels such as diesel and kerosene 

are very consistent in their calorific value regardless of where they are produced or used 

and the calorific value can be determined from a specification. 

PERFORMANCE ANALYSIS 

 

First, we need to define what is meant by a reference or input parameter in the chart above 

in the context of data entry and analysis.  There are two types of input parameter – those 

that define the site conditions and those that define the gas turbine operating conditions.  

One of the latter can be defined as a baseline and the performance analysis program will 

then calculate the expected site condition performance for all the other gas turbine input 

(reference) parameters at this baseline. 
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Gas turbines typically run at full or maximum design load, but not always.  They are 

designed to operate under full load for their entire lifecycle.  If the data is collected when 

the unit is run at full load, then there is no baseline reference parameter and an expected 

performance for the site condition will be calculated for all gas turbine input parameters.   

 

Gas turbine speed, temperature and pressure can be input directly from the logged data, 

whereas power, in the case of compressor or pump drives may have to be calculated from 

other parameters.  This is an involved subject that will be discussed separately in another 

Tech Talk paper.   Fuel flow will have to be converted from volume or mass units to energy 

units using the fuel lower heating value. 

 

The deviation between predicted and actual data for each of these parameters is given as a 

percentage difference with the prediction based on factory guaranteed minimum or 

nominal performance.  Nominal is a statistical midpoint between expected minimum and 

maximum performance of the engine model.  Over time, the difference between the actual 

and predicted values on a percentage basis are tracked and compared to develop the 

performance trend.     

 

For part-load analysis, either power, speed or engine temperature (exhaust or power 

turbine inlet) is the baseline parameter.  Only one of these parameters is so defined.  This 

means that for each data point, the actual and predicted values for the baseline parameter 

are the same.  For the most accurate results, it is best to make power the baseline 

parameter.  Predictions of turbine or exhaust temperature, compressor discharge pressure, 

fuel flow and speed are based on the power data.  For a constant speed machine, speed is 

not used as either a reference or comparison parameter.    

Regardless of whether the data is recorded at full or part load, an increase in turbine or 

exhaust temperature deviation (higher positive deviation from minimum) and a decrease in 

compressor discharge pressure deviation (higher negative deviation from minimum) 

indicate performance deterioration relative to the OEM factory standard.  Higher turbine or 

exhaust temperature means the engine must do more work and burn more fuel to produce 

a given unit of power.  Lower compressor discharge pressure indicates a lower engine 

efficiency.  A lower deviation in turbine or exhaust temperature or a higher deviation in 

compressor discharge pressure indicate improved performance after maintenance.  For a 

variable speed machine, an increase in speed deviation indicates performance deterioration 

since the engine must run faster to make the required power.  A slower running engine 

indicates improved performance.  

This method of analysis allows comparisons to be made and trends developed regardless of 

site conditions or load.  For example, consider two full load data points, recorded at time = 0 

and at later time = 1.  The point at time = 0 has a lower absolute value of power and 

compressor discharge pressure.  This is because the point with the higher power and 

discharge pressure was recorded when the ambient temperature was lower.  Lower 

ambient temperature increases air density, giving the engine more power and higher 
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pressure capability, so if the point at time = 1 has a lower differential of power and 

compressor discharge pressure to the factory standard versus the point at time = 0, the 

performance is said to deteriorate even though the power and pressure and time = 1 is 

higher in absolute terms. 

Which leads to the final point.  Since the maintenance practices associated with 

performance recovery involve compressor detergent washing and air inlet filter changes, 

power and compressor discharge pressure are the best parameters to use for monitoring 

full load performance.  For part load performance, when power is the baseline, it is best to 

monitor engine temperature and compressor discharge pressure. 

As a rule of thumb, when compressor discharge pressure drops 5% or more relative to the 

factory standard, detergent washing should be performed.  Air inlet duct loss or filter 

differential pressure is a site specific parameter and there are no factory standards for 

comparison.  Instead, these parameters are trended on their own.  A 10% increase over an 

operator defined baseline in either parameter is an indication that the filters are plugging 

and should be replaced.  If the filter dP becomes unrealistically low relative to historical 

norms, that is a sign that there are gaps between the filter elements allowing unfiltered air 

to enter the engine.  


