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' 
benefit of the present research will be to provide 
for the first time an experimentally verified 
model of emissions and performance of gas 
turbine combustors. 

Abstract 

It is well known that the two key elements 
for achieving low emissions and high 
performance in a gas turbine combustor are to 
simultaneously establish (1) a lean combustion 
zone for maintaining low NO, emissions and (2) 
rapid mixing for good ignition and flame 
stability. However, these requirements, when 
coupled with the short combustor lengths used 
to limit the residence time for NO formation 
typical of advanced gas turbine combustors, can 
lead to problems regarding unburned 
hydrocarbons (UHC) and carbon monoxide 
(CO) emissions, as well as the occurrence of 
combustion instabilities. Clearly, the key to 
successful gas turbine development is based on 
understanding the effects of geometry and 
operating conditions on combustion instability, 
emissions (including UHC, CO and NOx) and 
performance. The concurrent development of 
suitable analytical and numerical models that 
are validated with experimental studies is 
important for achieving this objective. A major 

The present study represents a coordinated 
effort between industry, government and 
academia to investigate gas turbine combustion 
dynamics. Specific study areas include 
development of advanced diagnostics, definition 
of controlling phenomena, advancement of 
analytical and numerical modeling capabilities, 
and assessment of the current status of our 
ability to apply these tools to practical gas 
turbine combustors. The present work involves 
four tasks which address, respectively, (1) the 
development of a fiber-optic probe for fuel-air 
ratio measurements, (2) the study of combustion 
instability using laser-based diagnostics in a 
high pressure, high temperature flow reactor, 
(3) the development of analytical and numerical 
modeling capabilities for describing combustion 
instability which will be validated against 
experimental data, and (4) the preparation of a - 
literature survey and establishment of a data 
base on practical experience with combustion 
instabilitv. This last task is intended to provide Research sponsored by the U.S. Department of Energy's 

Morgantown Energy Technology Center, under contract 
DE-FC21-92MC29061 with Penn State University, 
University Park, PA 16802; telefax (814)865-3389. 

a mechaisrn for scaling the results of the 
laboratory and sub-scale studies to actual gas 
turbine engine applications. 



The assembled team includes both theorists 
and experimentalists from The Pennsylvania 
State University and Tuskegee University. 
Specific arrangements have also been made 
with Morgantown Energy Technology Center 
participation in both the experimental and 
analytical aspects of the work. Practical 
application of the fiber-optic probe developed 
during the research effort is planned in 
collaboration with the Westinghouse Power 
Generation Business Unit and General Electric' 
Power Generation. 

Background 
The key to achieving low emissions and high 

performance in gas turbine combustors involves 
achieving rapid mixing under conditions which 
assure good ignition and combustion stability 
characteristics while rapidly establishing a lean 
combustion zone to maintain low NO, emissions. 
These requirements, when coupled with the short 
combustor lengths to limit the residence time for 
NO formation typical of advanced gas turbine 
combustors, can lead to problems regarding 
unburned hydrocarbons (UHC) and carbon 
monoxide (CO) emissions as well as the 
occurrence of combustion instabilities. Thus, 
issues related to combustion instability, low 
emissions and suitable performance are intimately 
linked for advanced gas turbine combustors, and 
must be addressed concurrently in any study. The 
present research effort involves experiments and 
analysis of combustion dynamics under conditions 
that examine the relationship between mixing, 
emissions and combustion stability which properly 
address a gas turbine combustor environment. 

Combustion instabilities are observed in a wide 
variety of combustors including liquid and solid 
propellant rockets, ramjets, afterburners, gas 
turbines and furnaces [see Refs. 1-71. 
The occurrence of combustion instability is 
accompanied by large periodic pressure 
oscillations, increased heat transfer, and resulting 
structural vibration. The most troublesome 

instabilities are associated with high energy 
density environments and typically correspond to 
the acoustic modes of the combustion chamber. 
The onset of the instability is sensitive to 
combustor design and fuel/oxidizer ratio, and 
results from the coupling between the gas dynamic 
flow field and the combustion distribution in the 
combustor [2-4]. Initiation of combustion 
instability requires only a small fraction of the 
available energy and is often observed to be self- 
exciting. The general mechanism leading to 
amplification of pressure waves in the chamber is 
given by Rayleigh's criterion which states that the 
energy from combustion must be released in-phase 
with the pressure oscillation being excited in the 
chamber [SI. The growth of the instability is a 
result of the net amplifkation of the pressure wave 
which requires that any attenuation or losses in the 
chamber are overcome by the amplification 
process. Since most combustors act as nearly 
closed chambers, they weakly attenuate unsteady 
motions. In summary, the spatial and temporal 
characteristics of combustion, the chamber 
geometry, the associated mean gas flow, and the 
boundary conditions associated with the inlet and 
exit flows must all be considered in a 
comprehensive study of combustion instability. 

With regard to gas turbine combustors, 
combustion dynamics are often associated with 
two general processes: (1) self-excited instabilities 
occurring spontaneously as a result of the 
combustor response and (2) flow dynamics 
associated with the compressor. In the present 
study, both of these processes will be examined. 
The first will be studied explicitly by 
experimentation and analyses of a high pressure 
model combustor, and the second will be 
addressed by experimentally investigating the 
effects of inlet air conditions on combustion 
dynamics. When one discusses mechanisms by 
which combustion instability is initiated and 
sustained, a number of fundamental phenomena 
can be identified which potentially can drive the 
combustion dynamics. These processes are listed 
in Table 1. Many of these processes involve 
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atomization and droplet phenomena that are not of 
direct relevance to the land-based, natural gas 
fueled combustors which are of interest for the 
present study. Consequently, the focus here is on 
mechanisms related to injector coupling, 
combustion zone distribution, ff uid dynamic 
interactions and chemical kinetic effects. 

The present study represents a coordinated 
effort to investigate combustion dynamics in terms 
of the diagnostic needs, phenomena controlling its 
occurrence, advancing analytical and numerical 
modeling capabilities, and assessing the current 

emission, high performance gas turbine 
combustors. Three specific objectives are being 
addressed by tasks described in the next section. 

The key objective is to develop the basis for a 
predictive capability for gas turbine combustion 
stability, emissions, and performance. A major 
benefit of this research will be to provide for the 
first time an experimentally verified modeling 
capability to understand the conditions under 
which combustion instabilities occur in gas turbine 
combustors, specifically under conditions that also 
relate to low emissions and high performance 

Table 1. Mechanisms For Driving Combustion Instabilities 

Atomization 
Periodic perturbation of spray formation 

Droplet Vaporization 
Unsteady vaporization 

Combustion Zone Distribution 
Coupling with acoustic modes 

Chemical Kinetic Mechanisms 
Finite chemistry 

Turbulence Effects 
Mixing and droplet turbulence interactions 

Droplet-droplet Interaction 
Secondary atomization or coalescence 

Injector Coupling 
Periodic variations in fuel and oxidizer flows 

Fluid Dynamic Interactions 
Vortex shedding 

Nozzle Effects 
Admittance effects 

status of our ability to apply these tools to practical 
gas turbine Combustors. 

Objectives 
The objectives of the current research parallel 

the emphasis of the study to provide a basic 
understanding of the mechanisms that control the 
initiation and sustenance of combustion 
instabilities’under conditions typifying low 

operation. A cohesive understanding of the effects 
of combustor design and operating conditions on 
combustion instability, emissions (including UHC, 
CO and NOx) and performance is critical to future 
gas turbine development. The concurrent 
development of suitable analytic and numerical 
models that are validated with the results of these 
expeiimental studies is also being pursued. 
The experimental results and analytical tools 
developed for this program can then be used by 
designers for. optimal gas turbine systems. 
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The second objective of the study is to develop 
and extend to practical gas turbine combustor 
environments, a novel fiber optic probe to measure 
the degree of fuel-air mixing in-situ. 
The availability of such diagnostics is critical to 
the practical realization of the understanding 
gained from the experimental and modeling 
aspects of the current research program. 

The final objective of the current effort is to 
address the issue of scaling of the results obtained 
in laboratory and sub-scale studies to actual land- 
based gas turbine hardware. This objective will be 
achieved through appropriate model comparisons 
with existing data documenting practical 
experience with combustion instability problems 
encountered in actual applications. An important 
part of this objective will be met by a 
comprehensive literature survey and establishment 
of the necessary data base through interaction with 
the gas turbine manufacturers to identify the 
appropriate practical experience base. 

Fiber Optic Probe for Fuel-Air Ratio 
Measurements 

The goal of the AGTSR Program is to increase 
the efficiency of land-based gas turbines by 
operating at higher combustion temperatures while 
decreasing NO, emissions. In order to accomplish 
this objective, gas turbine manufacturers are 
attempting to develop various lean prevaporized 
premixed (LPP) and direct injection @I) 
combustor concepts. An important consideration 
in both types of combustors is the degree to which 
the fuel and air are mixed immediately upstream 
of the flame stabilization zone, since both 
temporal and spatial non-uniformities can result in 
a significant increase in NO production as 
compared to the perfectly mixed case [9]. 

The uniformity of the fueYair distribution is 
also important in terms of achieving a uniform 
pattern factor at the turbine inlet. This is 
particularly true when attempting to increase the 

average turbine inlet temperature to near the 
maximum temperature limit of the turbine blades. 
In addition, the degree of fuel-air mixing can 
affect the stability of the combustor, both in terms 
of lean blowout and combustion oscillations [9]. 

One concludes, therefore, that in order to 
increase efficiency by operating at higher 
combustion temperatures, it is essential to 
understand the limits imposed by fuel-air mixing 
on NO, emissions, the pattern factor, lean blowout 
and combustion oscillations. This requires that 
diagnostics be available for characterizing the fuel- 
air distribution, where the measurement must be 
both spatially and temporally resolved. 
Considerable success has been achieved in our 
laboratory in the use of acetone laser-induced 
fluorescence &IF) for making such measurements 
in laboratory scale combustors [9]. This technique 
yields the spatial distribution of both the mean and 
the rms fluctuation of the fuel-air equivalence 
ratio. 

The objective of the present research is to 
develop fiber optic probes based on the laser- 
induced fluorescence technique which can be used 
to make spatially and temporally resolved 
equivalence ratio measurements in full-scale 
industrial combustors. Such a measurement 
capability is essential in determining the fuel-air 
mixing characteristics of full-scale industrial 
combustors in order to assess the effect of the fuel- 
air distribution on combustor performance, i.e., 
NO, emissions, pattern factor, lean blowout and 
combustion oscillations. Clearly, our 
understanding of the effects of fuel-air mixing on 
combustor performance will be of most value in 
the development of full-scale industrial 
combustors with a more complete knowledge of 
the fuel-air distribution in such combustors. 

The development of the fiber optic fuel-to-air 
ratio measurement probe is being carried out in 
collaboration with an on-going project supported 
by Westinghouse, and previously supported by 
General Electric Power Generation. The probe, as 
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it is currently configured, is 5/8 inch in diameter, 
water cooled, and is comprised of two quartz 
fibers, one for transmitting the laser beam to the 
measurement point and the other for transmitting 
the collected fluorescence signal to the 
photomultiplier tube. The current probe is based 
on the acetone LIF technique and employs the 266 
nm output of a pulsed frequency quadrupled 
Nd:YAG laser. The spatial resolution of the 
current probe is approximately 2 mm x 2 rnm x 
5 mm and the measurement rate is 10 Hz. 

The specific objectives of the current research 
are three-fold. The probe will be redesigned to 
make it more compact and to improve its spatial 
and temporal resolution. The probe optics will be 
redesigned to increase the spatial resolution by at 
least a factor of two. Secondly, the probe will be 
tested in combustor facilities at Westinghouse 
(Orlando, FLJ, General Electric (Schenectady, 
NY), and METC (Morgantown, WV). It will also 
be evaluated and improved as required. And 
lastly, a modified version of the fiber optic fuel-to- 
air ratio measurement probe will be developed for 
use in liquid fueled combustors. This probe will 
be extensively tested at Penn State followed by 
preliminary tests at a yet to be selected industrial 
or government site. 

Experimental Studies of Combustion Dvnamics 

Previous studies of combustion dynamics in 
rockets and ramjets [ 1-31 have clearly established 
the importance of combustion distribution and 
chamber geometry in the initiation and sustenance 
of instabilities. As previously mentioned, the 
growth of pressure oscillations is closely coupled 
to in-phase energy addition as described by 
Rayleigh’s criterion [8]. Since energy release in 
gas turbine combustors is controlled by fuel-air 
ratio, mixing and inlet flow conditions, the effects 
of these parameters on combustion distribution 
have been selected for detailed study. 

An extensive set of measurements will be 
obtained to determine the combustion distribution 

in the reactor under conditions corresponding to 
unstable and stable combustion conditions. In all 
experiments CO,, NO, and CO emissions will be 
monitored simultaneously at the reactor exit to 
relate combustion dynamics to actual emission and 
performance characteristics of the reactor. This is 
a critical requirement since it is always possible to 
operate at conditions which assure either high 
performance or low emissions or stable operation. 
However, the challenge for current gas turbine 
combustors is to achieve all three conditions 
simultaneously. 

The combustion distribution is a key quantity 
to be determined in order to establish the 
combustion response function which controls the 
initiation and sustenance of the pressure 
oscillations which accompany combustion 
dynamics. These measurements and the resulting 
map of operating conditions that discriminates 
stable and unstable operation will be combined 
with modeling studies to yield an experimentally 
validated model of combustion dynamics 
appropriate for gas turbine combustor design. 

To develop the empirical map, a series of 
investigations using the high pressure, high 
temperature turbulent flow reactor have been 
initiated with air temperatures up to lo00 K with 
methane as the fuel species. Facilities at Penn 
State currently exist to provide operation at 
loo0 K and 10 atm at air flow rates up to 0.5 lb/s. 

Experiments are being conducted over a range 
of fuel-air ratios to map out the parameter space 
over which stable and unstable operation is 
observed. Lean premixed and direct injection 
combustor conditions will be investigated by 
varying the degree of premixing of the air and 
methane as in previous studies [9]. Combustion 
dynamics related to the inlet effects will be 
investigated through variations in the inlet air 
temperature, velocity and swirl level. 

Measurements will be obtained in-situ for the 
pressure, velocity, fuel distribution, NO,, CO,, 
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CO, 02, soot, and flame structure as a function of 
operating conditions. Table 2 lists the 
measurement parameters and techniques to be 
applied in these studies which include laser 
Doppler velocimetry (LDV), laser-induced 
fluorescence (LIFi), laser-induced incandescence 
(LII) and gas sampling. It should be especially 
noted that these measurements will be made 
synchronously with any pressure oscillations 
which occur due to combustion instability. The 
mode of the combustion stability will be 
determined from the dynamic pressure distribution 
in the reactor and will be related to the 
fundamental driving mechanism as determined 
from the in-situ measurements. . 

Table 2. Measurement Parameters and 
Techniques 

Pressure Transducers 

Velocity (U, u’) LDV 

Fuel Distribution 
(gas) 

NO, 

LF, Raman 

LF, gas sampling 

co gas sampling 

soot LII (2-D) 

Flame Structure OH LIF (2-D) 

Modeling of Combustion Instabilitv Mechanisms 

A theoretical framework will be established 
with which to interpret empirical observations and 
within which various mechanisms for driving 
combustion instabilities in gas-turbine engine 
environments can be addressed. The theoretical 
model will also be used as a vehicle to transfer the 
results obtained in the laboratory combustor to 
predictions of stability in full-scale combustors. 

Because the relevant phenomena are extremely 
complicated, involving turbulent mixing, flame 
holding and spreading, combustion response, and 
acoustic oscillations, the development of the 
theory must be guided by empirical observations. 
For practical purposes, achievements of the theory 
will consist mainly in the ability to analyze, 
understand, and predict trends of behavior in the 
full-scale combustor. The influences of 
geometrical characteristics and combustion 
processes can be assessed, but in any event some 
experimental data are required to provide 
quantitative results. With judicious melding of 
theory, measurements and empirical observations, 
a framework which provides the basis both for 
understanding the general behavior and for 
formulating semi-empirical laws can be 
constructed. 

Two sorts of theoretical approaches, 
approximate analytical and comprehensive 
numerical, will be undertaken. The approximate 
analytical approach will extend the existing 
analyses developed at Penn State for liquid-rocket 
and ramjet-engine combustion instabilities and 
accommodate the unique features of gas turbine 
combustion. Emphasis will be placed on the (i) 
interactions between compressor and combustor 
flows, (ii) effects of fuel injection and ensuing 
flame development on combustion chamber 
response, and (iii) influence of operating 
conditions (measured by inlet flow rates and 
fuel/& mixture ratio) on stability characteristics. 
The analysis will be established in three steps. 
First, a nonlinear wave equation for pressure will 
be derived from the set of conservation equations. 
This equation will accommodates various linear 
and nonlinear influences of mean flow, 
combustion processes, and acoustic oscillations. 
Alpough our current understanding of many 
fundamental processes remains limited, it is 
important to construct a general stability analysis. 
so that the effects of each individual process on the 
stability behavior can be addressed in a formal and 
systematic manner. Second, with the aid of a 
procedure equivalent to spatial averaging, the 
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wave equation governing the oscillatory flow field 
will be reduced to a system of ordinary differential 
equations for the time varying amplitude of each 
acoustic mode. Finally, this set of equations will 
be solved analytically using perturbation 
techniques. Within this task, the influences of 
various important design considerations on the 
engine stability behavior will be studied in detail. 
Specific parameters to be investigated include: 
injector characteristics, engine operating 
conditions, chamber geometry, thermochemical 
properties of fuels, and damping mechanisms. 

In parallel to the analytical approach, a 
numerical investigation into the detailed 
physicochemical processes in gas-turbine 
combustion chambers will be conducted. The 
focus here is on understanding the coupling 
between combustion dynamics and acoustic 
oscillations. The model will be based on a finite 
difference approximation of the complete 
conservation equations with finite-rate chemical 
kinetics. Turbulence closure will be achieved 
using Large-Eddy-Simulation (LES) techniques in 
conjunction with dynamic sub-grid modeling [lo]. 

A simplified combustor geometry with 
stipulated inlet conditions will be modeled. 
Implementation of the model will consist of 
algorithm development and validation making use 
of current and projected computational fluid 
dynamics (CFD) techniques and high-performance 
computer architecture. A unified solution 
technique will be used which accommodates the 
transient behavior of the modeled system through 
preconditioning of the conservation equations and 
implementation of the dual time-stepping 
integration technique. Combined, this 
methodology offers an algorithm which is robust 
at all Mach numbers ranging from molecular 
diffusion velocities to supersonic speeds. Further 
efficiency will be acquired through 
implementation of synchronous and asynchronous 
multi-grid strategies in a multiple processor 
environment. Massively parallel machines will 
also be used if possible. The model will be 

fashioned so that full advantage can be taken of 
current and future advancements in the state-of- 
the-art and projected computational power., 

Throughout this program, efforts will be 
continuously made to survey relevant literature 
and to establish a data base for combustion 
instabilities in gas-turbine engines. The motivation 
of this task is to gain further insight into the 
mechanisms associated with combustion instability 
by providing detailed accounts and analyses of the 
design attributes that lead to unsteady motions in 
gas-turbine combustion chambers. Specific 
objectives are (i) to preserve the experience gained 
through development of stable gas turbine engines; 
(ii) to merge component engine and test results 
with corresponding theories and experiments; (iii) 
to analyze the effects of proposed solutions, and 
(iv) to establish scaling laws for bridging the gap 
between laboratory research results and full-scale 
engine data 

Several major sources comprise the core of the 
literature survey, including the data bases at 
NASA and CPIA, pertinent DOE and Air Force 
reports and a search of the Scientific and 
Technical Aerospace Reports (STAR) index for 
relevant reports and papers from AIAA, ASME 
and other journals. In addition, a great deal of 
information has been obtained from interactions 
with METC and gas turbine engine manufacturers 
regarding critical operating data and design 
requirements for practical gas turbine engines. To 
facilitate analysis, all available laboratory and full- 
scale component and engine test data will be 
combined into a single data base. The approach 
will follow the technique previously used for 
analyzing liquid rocket combustion instability data 
[l 11. This compilation will provide a genealogy 
of various developmental injector design 
configurations and engine operating conditions, 
and will contain all available measured and 
observed test results. 

The materials collected and compiled will 
shed substantial light on the previous studies of 
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gas turbine combustion instabilities, and will 
provide an invaluable library for continued future 
reference. Throughout this program, our literature 
survey will be .continuously updated to examine 
the effects of key mechanisms and controlling 
parameters on instabilities in various systems. 
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