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I. Introduction

HE close resemblance between various gas turbine com-

bustors, evolved over the last 50 yr, have been dictated
largely by the length and frontal area to remain within the
limits set by other engine components, and incorporation of
a diffuser (to minimize pressure loss) and liner (to provide
stable operation over a wide range of air/fuel ratios). Despite
the continued advances in gas turbine combustor technology,
the challenge which a combustion engineer faces today to
ingenuity in design is greater than ever before: Interest in the
environment has evolved from the gradual deterioration in
our air quality and the discovery of the antarctic ozone hole,
in addition to hot summers, the greenhouse effect, and in-
creased smog in the cities. In addition, energy conservation
and higher efficiency remains on the priority list.

New advanced concepts and technology are still needed to
satisfy the current and projected pollutants emission regula-
tions and to operate combustors with a broader range of fuels.
These fuels are generally of poorer grade with higher C/H
ratio and aromatic content. This change has not provided any

relaxation to the more conventional requirements of dura-
bility, pattern factor, stability, relighting capability, high com-
bustion efficiency, etc. In fact; except for relighting, these
requirements have become more stringent as operating tem-
peratures within the hot section of the engine have continued
to rise, and are expected to continue to rise in the near fu-
ture.'> The combustion efficiencies demanded by current pol-
lutant legislation imply combustor loadings at the engine idling
condition that are often more severe than relighting require-
ments, so that the sizing of the combustor may now be dictated
by pollution constraints.

In addition to the above externally imposed demands, com-
bustor improvements are required that keep pace with the
development of other key engine components. Reduction of
combustor length, size, and weight is expected to continue to
be an important requirement. The desired performance re-
quirements, in terms of higher engine thrust/weight ratio and
lower specific fuel consumption, will call for higher turbine
inlet temperatures and closer fit to the design temperature
profile at inlet to the turbine. In addition, it is expected that
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the demand for greater reliability, increased durability, and
lower manufacturing, development, and maintenance costs,
fuel economy, fuel flexibility, and lower levels of pollutants
emission will assume added importance in the future. In order
to meet these challenges, combustion engineers are expected
to address basic issues and methods for advanced combustors.
Major issues in the near term are expected to be with the
environmental pollution; fuel flexibility, and fuel economy.
The development will require detailed understanding of the
fundamental processes, establishment of data bases, and ad-
vanced cooling methods.

The challenge of the sixties to the combustion engineer was
increased power output, combustor durability, and perfor-
mance for the larger size of propulsion systems. The envi-
ronmental concern and the establishment of the U.S. Envi-
ronment Protection Agency provided combustion engineers
the challenge in the seventies of reducing or alleviating pol-
lutants that adversely affect our environment. Major emphasis
was placed on the gaseous pollutants. The challenge during
the eighties was clearly energy conservation, combustor du-
rability, and the associated design and development process
using conventional and broad-based fuels. The challenges we
expect to face in the nineties are environmental. pollution
reduction and energy conservation. Increased use is expected
to be made of low-grade fuels and alternative fuels. Advanced
combustion diagnostics, using state-of-the-art experimental
and computational tools, is expected to provide significant
advances in combustor design and development. The com-
bustor length will become even shorter than it is at present
so that concerns over energy release rate, pattern factor, and
energy conservation will grow even more. Greater use of
modeling and simulation techniques will be made for com-
bustor development.

II. Environmental Pollution Problem

Environmental pollution occurs largely from transportation
and industrial sources. Emissions of the so-called greenhouse
gases, such as carbon dioxide and methane (and chloroflu-
rocarbons), have sparked numerous debates on the potential
for ‘global warming, which could occur as a result of these
gases accumulating in the atmosphere. The presence of oxides
of hydrogen (HO,) in the upper atmosphere as well as other

engine exhaust gases (considered as pollutants) can destroy
ozone. Atmospheric ozone forms a blanket around the Earth
at a height of 10-30 miles and has the ability to absorb ul-
traviolet (uv) light from the Sun. Without the ozone layer,
life on Earth would be dramatically different, because un-
blocked uv rays can kill plant and animal cells. Exhaust gas
species contain not only CO,, H,O, hydrocarbons, and soot
particles, but also several nitrogenous compounds, including
NO, (commonly grouped as NO, NO,, N,O), NO;, N,Oq,
and HNO., oxides of sulfur (§O,) and other and sulfur com-
pounds. The total unburned hydrocarbons (THC) and CO in
the exhaust plume represent not only combustion inefficiency,
but also play an important role in stratospheric HO, (OH and
HO.,) chemistry (Fig. 1). Nitrous oxide (N,O) and nitrogen
dioxide (NO,) diffusing upward from engine exhaust breaks
into destructive nitric oxide (NQ) in the atmosphere and ac-
counts for about 50% of the ozone depletion. Stationary gas
turbine powerplants also contribute to the problem of ozone
depletion and acid rain (Fig. 1).

III. Oxides of Nitrogen Formation in Combustors

Most of the present day fuels used in gas turbine combustors
have a negligible amount of fuel-bound nitrogen and sulfur
so that only thermal NO, and chemical sulfur oxides trans-
formation are important. However, future synthetic or de-
rived fuels can have small-to-moderate amounts of bound
nitrogen. Temperature has a slight effect on fuel nitrogen
conversion. The thermal NO, contribution is small below tem-
peratures of 1200°C, increasing at temperatures of 1400°C +.
Peak flame temperature is often used as a guide to thermal
NO, production and can be controlled by the fuel and air
mixing process, combustion intensity, residence time, local
excess air level, local temperature, and combustion air pre-
heat. The thermal NO_ has been shown to be exponentially
dependent on temperature and linearly dependent upon time.

Not all the nitrogen in the fuel reacts to form NO,. The
evolution of the nitrogenous species from the fuel under re-
ducing atmospheres favors the formation of N, rather than
NO, (Fig. 2). Pyrolysis compounds found in oxygen deficient
areas of the flame can reduce NO, back to N, (Figs. 3 and
4), as can reactions with later stages of flame with CO and
carbon. Controlled fuel and air mixing is therefore the prin-
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Fig. 1 Schematic diagram of ozone depletion and acid deposition.
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Fig. 4 Nitric oxide formation and destruction in flames.

cipal factor in the control of NO, formation, as this determines
the local oxygen concentration, radical species, the rate of
release of hydrocarbon (and fuel nitrogen) species in the crit-
ical areas, and subsequent local flame temperature. By con-
trolling the rate of fuel and. air mixing (i.e., straining of the
fuel into the surrounding air), the individual burners can be
designed to minimize the formation of NO,. In all cases the
local temperatures are far from those of stoichiometric fuel/
air mixtures. Some design concepts use fuel-rich zones which
inhibit NO, formation. In general, typical low NO, burners -
have multiple air channels with provisions for controlled fuel
and air mixing. Proportioning of the combustion air between
the various channels is achieved by carefully tailored burner
geometry. Alternatively, fuel could be distributed in stages.

Variable air swirl, e.g., by using a variable geometry swirl
combustor,** can be used to control both the initial fuel-air
mixing and the structure of the flame close to the swirler exit.
These techniques have generally been grouped together as air
staging. Alternatively, fuel staging can also be used. Many
examples exist, particularly for stationary gas turbines, that
incorporate fuel staging in the fuel nozzle design. Fuel staging
introduces a series of fuel-rich streams into the critical flame
region for reducing NO,. In contrast to the conventional em-
phasis on temperature, controlled flame chemistry provides
an important role on NO, formation and emission.

The formation rate of nitric oxide from fuel-bound nitrogen
is only slightly dependent upon temperature,® and increases
markedly with increased oxygen concentrations. Different forms
of fuel-bound nitrogen have a significant influence on the
conversion to nitric oxide. Low boiling point additives provide
low yield as compared to high boiling point additives of ni-
trogen.” Increasing fuel nitrogen increases NO, emissions, but
the conversion efficiency decreases.® Experiments carried out
on premixed and diffusion flames show a decrease in con-
version efficiency with an increase in equivalence ratio.5™8
The reduction is particularly significant under fuel-rich con-
ditions. Therefore, control techniques such as flue gas recir-
culation, which aim at lowering the combustion temperature,
have little effect on fuel nitrogen conversion. The different
mechanisms and their practical approaches used in industry
for thermal and fuel de-NO, are given in Ref. 6.

IV. NO, Reduction to N, During Combustion and

its Conversion to NO,

The destruction of NO has been observed via controlled
chemistry and/or mixing in flames.'?-?° The prompt NO for-
mation rate has a positive pressure dependence® and provides
small contribution relative to thermal and fuel NO,. under
flame temperature conditions. These studies support the ad-
ditional need for developing combustion systems having series
of fuel-rich zones followed by lean zones, or those having very
lean premixed fuel-air mixtures.
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Local NO formation rates were studied from experimental
data obtained in a diffusion-type, natural gas-fired swirl
burner.'® Evidence of NO destruction in the recirculation zone
was also found. The effect of fluctuating temperature on the
rate of NO formation in the flame was carried out for eval-
uating the departure between calculated and experimental
results. The effect was significant, but did not allow the large
discrepancy between experimental and calculated results.!°

The amount of NO, in NO, can be quite significant under
certain conditions.?!?> The effect seems primarily to be due
to rapid quenching processes in the burner and is thought to
be formed via NO oxidation by HO, free radicals. Radial
variation of NO,, NO, NO,, and percent NO, at a position
six diameters downstream of the combustor inlet under co-
swirl flow conditions are shown in Fig. 5a. NO, is formed
nearly uniformly across the central section of the burner, and
has a small peak at the interface between the primary and
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Fig. 5 Pollutant emission characteristics with methane flames.* Pri-
mary air swirl = 0.523, secondary air swirl = *+0.559, primary air-
flow velocity = 35 m/s, and secondary airflow velocity = 23.3 m/s:
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Fig. 6 Emission characteristics of conventional and advanced com-
bustors.>* '

secondary flows where quenching effects are maximized. In-
troduction of counterswirl provides higher levels of NO, in
NO, as compared to the co-swirl case for both velocity ratios
(Fig. 5b). Rapid mixing of the two flows in the counterswirl
case provides flame quenching and dilution. This yields little
or no NO formation. The complex reaction between the fluid
dynamics of the flow and active chemical species provides
relative proportions of NO and NO,. Recently, Gupta et al.??
reported the important effect of a combination of co- and
counterswirl flames on NO and NO, emission using a variable
geometry swirl combustor. The results show that straining of
fuel and its proper injection into the shear layer, obtained by
a suitable combination of fuel injector and burner geometry,
significantly influences the NO, emission levels.

NO, emission from gas turbine combustors increases ex-
ponentially with flame temperature (NO, generation propor-
tional to ¢"°T) other parameters being important only in-
sofar as they affect the flame temperature.?!-?* Elimination of
“hot spots” from the reaction zone helps NO, reduction.

A basic feature of nearly all methods of emissions reduction
is that they represent “‘tradeoffs” between carbonaceous par-
ticulates—CO, and unburnt hydrocarbons (UHC) on one
hand, and NO, on the other. This point is illustrated in Fig.
6 which shows the CO vs NO, emissions for a typical gas
turbine combustor.?* For any given combustor the CO/NO,
emission characteristic remains sensibly constant, with the
upper and lower extremities of the curve corresponding to
operation at idle and full power, respectively. The main ad-
vantage to the designer in most of the emission reduction
techniques described below is in allowing movements along
the curve over and above those dictated by changes in engine
power setting. Nevertheless, real progress in emissions tech-
nology is achieved only by displacement of the CO/NO, char-
acteristic nearer to its origins using advanced combustion con-
cepts.

V. Development of Low NO, Combustors
The development of low NO, combustors is proceeding
along two main lines. The most direct approach is through
various minor modifications to conventional designs, for ex-
ample 1) by changes in liner geometry and airflow distribu-
tion; 2) by the adoption of more sophisticated methods of
fuel injection; 3) by the practical exploitation of maintaining
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the combustion history farther away from stoichiometric con-
ditions; 4) by maintaining low levels of temperature fluctua-
tions; and 5) new wall-cooling techniques that are more eco-
nomical in their use of cooling air.?! ’

The merit of this approach is that the combustor retains
its existing general size and configuration, and improvements
can be made without trespassing far outside the bounds of
established technology. Its main drawback is that the end
product must inevitably be a compromise of some kind in
regard to emissions and other aspects of combustion perfor-
mance.

The other approach is essentially a rejection of the present
design philosophy, which is based on heterogeneous diffusion
flames and is fairly conservative in its distribution of fuel and
air. Of the various advanced concepts now being actively
studied, the four most promising appear to be variable ge-
ometry; staged combustion; e.g., rich burn, quick quench,
lean burn (also called the RQL) combustor; lean premixed
prevaporized (LPP); and catalytic oxidation. All of these op-
tions are presently being persued under high speed research
(HSR) low NO, program for use in high speed commercial
transport (HSCT). Low NO, potential of gas turbine engines
is given in Ref. 25. The challenges associated with HSCT
development are given in Ref. 26.

Advanced concepts may include some combination of co-
and counterswirl arrangement into the combustor which al-
lows one to control the precise flame behavior via fuel nozzle
design and air swirl and its distribution. This approach of fuel
straining as well as the availability of rich radical pool species
for destructing NO within the flame zone has enormous po-
tential for low NO, combustor development.

The present concern of HSR emissions programs is on ni-
trogen oxides (NO,) which, through a series of known cata-
lytic reactions, could adversely impact the Earth’s protective
ozone layer. Although continuing atmospheric studies are
needed to fully understand and quantify the levels that would
yield no damage, it is clear that technology development fo-
cused on reducing NO, emissions is paramount before U.S.
industry could commit to a high-speed transport development
program. A presently ongoing emissions reduction program
indicates that reduction to levels in the range of 3-8 g of NO,
per kilogram of fuel burned is possible with advanced com-
bustor design approaches. Further NO, reduction and poten-
tial elimination may also be achievable through secondary
means such as downstream (postcombustion) injection of
chemical reactants. The goals of the HSR program on ad-
vanced combustor technology for NO, reduction and engine
fuel efficiency gain are given in Fig. 7. Included in this figure
is the best available current cumbustor technology. The goal
is to achieve an NO, emission index of 5 gm/kg of fuel. In
the RQL approach the first stage is operated under fuel-rich
conditions (mixture equivalence ratio limited by smoke for-
mation) followed by a fuel-lean burning second stage. Cor-
relations are available for this index. Typical HSCT su-
personic cruise combustion operating conditions are: Ti,:
1000-1300°F; P,: 12—-14 atm; T.,;: 3000—3400°F; fuel: Jet-A
(thermally stabilized jet fuel, TSJF).

Successful development of low NO, combustor technology
for supersonic transport engines poses a significant set of chal-
lenges. The first relates to the need for substantial fuel effi-
ciency gains to achieve viable aircraft performance and eco-
nomics. The gains dictate considerable increases in the engine’s
combustor pressure and temperature environment, which ac-
centuates the potential for NO, formation, e.g., the NO, level
could double or triple relative to concorde-type technology,
if not specifically controlled. This requires a departure from
current combustor designs using high-temperature primary
zones (near stoichiometric conditions), toward advanced de-
signs based on fully premixed, two- or multistage approaches
that constrain peak temperatures to very near the average
combustor exit temperature. With most development and op-
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erational experience of these approaches, limited to ground-
based applications, the advanced designs must also continue
to meet unique aircraft-engine operating requirements such
as rapid power transients and altitude relighting. The planned
program aggressively pursues solutions to all of these chal-
lenges.

VI. Catalytic Combustion

An argument against the use of the simple two-stage com-
bustor is that, in designing to achieve rapid mixing of first-
stage products and second-stage air, reactions could well be
quenched, and the combustor could operate at low efficiencies
with subsequent HC and CO pollution. Alternatively, if the
air injection in the second stage is too slow, local high-tem-
perature regions might well give rise to excessive temperatures
with the formation of substantial quantities of thermal NO,.

The use of a catalytic second stage is an attempt to over-
come these objections. The first stage remains as it was in
the simple two-stage combustor. This is immediately followed
by a dilution zone where every attempt is made to quench
any reaction rapidly. Thus, the gases entering the second-
stage catalytic region are in weak conditions, and combustion
is completed at very low reaction temperatures, thereby ob-
viating the formation of thermal NO,.

The catalytic version would require special attention to the
design of the first stage, since it is unlikely that any soot
formed in this zone could be burned within the catalyst bed.
In fact, it is probable that soot deposits would reduce the
efficiency of the catalytic section and perhaps cause blockage.

Probably any two-stage combustor will have to function
as one or more stirred reactors. The effect of the pressure
loss upon stirred reactor performance has been studied by
Odgers, 27 and it was found that, below 3% pressure loss, the
falloff in performance was spectacular. Hence, it is tentatively
suggested that a minimum wall pressure loss of about 5%
should be expected for a two-stage combustor. A possible
exception to this is that industrial combustors using an exterior
supply of fuel “blast” air might well produce sufficient stirring
within the present low-loss configurations.

The two-stage catalytic combustion as proposed by Kirill et
al.?® utilizes two catalytic stages, separated by an interstage
heat exchanger, the first stage being fuel rich. For gas turbine
application, the interstage heat exchanger would be removed
and the second-stage temperature control would be achieved
by dilution with excess air. A test of this system (using NH,
as “fuel” nitrogen) showed that as little as 10% of the fuel
nitrogen was converted to NO,, compared with an 80% con-
version for simple combustion. The following results are
significant?:

1) The two-stage combustor is effective in controlling con-
version of fuel nitrogen to nitrogen oxides under stoichio-
metric and fuel-lean conditions.
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2) The variation of first-stage stoichiometry impacts overall
fuel nitrogen conversion.

3) First-stage sooting of the cobalt oxide catalyst was a
limiting factor in combustor operating life.

Application of the concept to turbine systems is possible.
Research is underway in some of these areas.

VII. Alternative Fuels

Finite resources of fossil fuels will eventually be depleted
and it is expected that alternative fuels will provide greater
application in various propulsion systems. It is also expected
that petroleum fuels will be utilized more for materials pro-
duction rather than energy conversion. The combustion of
alternative fuels (synthetic fuels, synfuels) is expected to be
complicated by the presence of high carbon to hydrogen atomic
ratio, and high nitrogen, sulfur, and aromatic content in the
fuel, which results in the increased emission of soot, NO,,
carcinogenic polycyclic aromatic hydrocarbons, increased
combustor liner heating, and increased ignition time.?-3?

The formation of soot in practical equipment is correlated
better by the hydrogen content of the fuel than the analysis
for total aromatics, since individual aromatics vary consid-
erably in tendency to form soot and, also, in hydrogen con-
tent. Napthalene is well known to produce considerably more
soot than butyl-benzene (both containing 10 carbon atoms),
and to provide a correlation with percent hydrogen. The fuel
characteristics most likely to affect the design of future gas
turbines are fuel C/H ratio, viscosity, volatility, nitrogen con-
tent, and fuel stability. The use of high C/H ratio fuels in-
creases the kinematic viscosity, surface tension, specific grav-
ity, and the amount of soot produced. These changes in fuel
properties have an adverse impact on the atomization quality
of the spray when a given fuel injector is used. Increased
number of carbon particles formed in fuel-rich regions of the
primary zone lead to higher liner temperatures and higher
smoke emissions. Reduced volatility and increased viscosity
affect droplet lifetimes and atomization, respectively. Vola-
tility affects the rate of fuel vaporization in the combustor
can. Since important heat release processes do not occur until
gas-phase reactions take place, a reduction of volatility re-
duces the time available for chemical reaction within the com-
bustion system. In the aircraft engine this can lead to difficulty
in ground- or altitude-ignition capability, reduced combustor
flame stability, increased emissions of CO, hydrocarbons, and
the associated loss in combustion efficiency. Moreover, car-
bon particle formation is aided by the formation and main-
tenance of fuel-rich pockets in the hot combustion zone. Low
volatility allows rich pockets to persist because of the reduced
vaporization rate. Increased soot causes additional radiative
loading to combustor liners.

The desired formation of a finely dispersed spray of small
fuel droplets is adversely affected by viscosity. Consequently,
the shortened time for gas-phase combustion reaction and the
prolonging of fuel-rich pockets experienced with low volatility
can also occur with increased viscosity. Ignition, stability,
emissions, and smoke problems also increase for higher vis-
cosity fuels. Increased fuel-bound nitrogen in alternative fuels
leads to increased NO, emissions. Methods used to reduce
NO, from petroleum fuels can be used here for NO, reduc-
tion. The mathematical modeling of combustors using alter-
native fuels requires unique challenges.*** The use of alter-
native fuels in combustors would require not only the redesign
of liners, but the whole combustor so that emissions and soot
production can be controlled.3®

The amount of carbon produced is very dependent upon
fuel composition, pressure, and operating conditions. Fuel
structure has a significant effect on the sooting tendency of
diffusion flames, but little influence in premixed flames.?
Irrespective of the fuel type in diffusion flames, soot inception
occurs around 1400 K and is dependent somewhat on H atom
diffusion. Soot particle burnout ceases at about 1300 K.3” The
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trend for various fuels observed the order: aromatics > al-
kanes > alkenes > alkynes.*” As an example, benzene was
found to have a greater tendency to soot than ethene or acet-
ylene. For diffusion flames however, the trend is aromatics
> alkynes > alkenes > alkanes. For gas turbine combustors
the soot content may be evaluated from hydrogen content
and the ratio C*, where

carbon formed by any fuel
carbon formed by a fuel having 12.5% hydrogen

*:

The carbon emission index is then evaluated from

2.7
El,pon = 1.08 X 10~ ( 0’;C> (HIC) >#T;8e6

The effect of hydrogen content on carbon emissions in var-
ious combustors is given in Fig. 8. Changes in fuel prepara-
tion, inlet temperature, pressure, or primary zone equivalence
ratio would alter the results.

The cost of cryogens is the key deterrent toward their use
in commercial transport. The most optimistic basic costs for
hydrogen and methane are higher than the current price of
conventional jet fuel (jet A). In addition to the basic cost of
fuel, cost penalties must be added for ground and aircraft
vaporized fuel losses and for construction of new airport dis-
tribution, storage, and aircraft servicing equipment. Some
challenges and experience with hydrogen and other alterna-
tive fuels, including the commercial flight demonstration with
hydrogen, are given by Sosounov.3®

VIII. Endothermic Fuels

The development of endothermic fuels which are capable
of absorbing the aerodynamic heat generated by aircraft op-
erating in the Mach 3 to 6+ range (e.g., HSCT application)
is extremely important. The desired fuel will absorb the heat
by virtue of its sensible and latent heat and its endothermic
reaction capability.®” This in turn requires the fuel to have
excellent thermal stability up to its reaction temperature and
then react rapidly and cleanly to yield products which serve
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as exothermic fuel for the engines. The general feasibility of
these fuels is now well underway but many technical details
as to the specific application still remain to be examined. The
particular fuel selected for the aircraft cooling system must
transfer the heat generated by several sources in a desired
manner. The major effort now is to determine the factors
which can modify the distribution of heat sink capacity over
the available temperature range. The significant factors are
the type of fuel (e.g., paraffinic, napthenic, or mixed, etc.),
the type of endothermic reaction to be performed (e.g., crack-
ing, dehydrogenation, dehydrocyclization, depolymeriza-
tion), storage, contaminants, additives, and the means of car-
rying out the reaction (e.g., thermal, catalytic). Combustion
via the vaporizing and endothermic principles means that the
exothermic fuel will be fed into the engine in the form of fuel
vapors having different molecular weight species. As an ex-
ample, absorption of heat by methylcyclohexane (MCH) in
the presence of a catalyst produces hydrogen and toluence.
The density and heat of combustion of MCH are 48.3 lbm/
ft* and 19,350 Btu/lbm, respectively, and are very similar to
that of JP7 fuel. The properties of this fuel will be significantly
different from that present in the main fuel tank. The de-
hydrogenation of napthene results in the formation of hydro-
gen and aromatics. Continued cooperation between federal
agencies, government labs, engine and mainframe manufac-
turers are serving to bring various aspects of the problem into
sharper focus. Efforts to accumulate additional information
and opinions are expected to grow in the future. Consider-
ations of times, temperatures, and volumes which can be ex-
pected in supersonic/hypersonic aircraft have led to some ten-
tative conclusions with respect to the operational use of
endothermic fuels in high-speed aircraft. Some endothermic
fuels have shown heat absorption capacity in excess of 2000
Btu/Ibm under simulated flight conditions. Some of the pres-
ently ongoing research is in the area of reaction studies, design
parameters and thermal stability.

IX. Nonintrusive Diagnostic Techniques

Many of the presently exploited diagnostic techniques are
not new and the use of optical diagnostics in combustion
research dates back to 1857, when the C, emission from flames
was observed. The elastic scattering of light to explain the
blue color of the sky was given by Lord Rayleigh in 1871.
The availability of laser provides the examination of very weak
processes which were not practical previously. Laser velocim-
etry and droplet/particle sizing techniques are now extensively
used in many practical combustion systems.'®# The minia-
turization of laser-velocimeter and particle-sizing equipment
for simultaneous measurements of three velocity components
(and shear stresses) and particle size will continue to develop
in the 1990s. Although the phase-Doppler analyzer has pro-
vided significant advances in particle sizing the response of
the system over a large dynamic range, system gain sensitivity
on particle size, system miniaturization, and spectral infor-
mation will continue to be on the priority list. Laser-based
diagnostic techniques have also been used to provide spatially
and temporally resolved information on temperature, con-
centration, etc., in both laboratory size flames and practical
combustion systems.”**! Future efforts are expected to focus
on obtaining correlations between two and more quantities
in addition to better accuracy and precision of the system,
frequency response, system miniaturization, ease of operation
and reduced cost.

X. Combustion Modeling

Practlcal combustion systems incorporate interdependent
phenomena of three-dimensional multicomponent flowfields
with complex multiphase chemical kinetics, evaporation, and
heat transfer processes, all occurring simultaneously. Re-
quirements include improved simulation of the combustion
processes, with particular emphasis on fluid dynamics and

modeling. The lack of understanding of the internal behavior
is not surprising. Consider, for example, that the combustor
flow is two-phase (liquid fuel and air) and includes some of
the most formidable technical challenges in fluid dynamics
(turbulence, variable density, elliptic flow), heat transfer
(conduction, convection, and radiation), thermodynamics
(varying composition), and chemistry (high-temperature ki-
netics). Nonetheless, for combustor technology to advance,
an improved understanding of these processes is required.
Applied combustion research needs to include the clean and
efficient combustion of fossil fuels and future low-grade liquid
and solid fuels, and the associated reduction of pollution through
combustion control. Fundamental combustion research needs
to be done in the areas of interactions between turbulence
and kinetics, computer model development, gas and solid
phase kinetics, droplet/particle cloud combustion, soot for-
mation and chemistry, and flame structure. Extenswe de-
scriptions can be found relating to swirl flows,* flowfield mod-
eling and diagnostics,'® gray areas of combustlon % and related
studies by Lilley and colleagues.*-* References 43 and 44
relate to studies concerned with the aerodynamics of mixing
in typical combustors. Other work is summarized in Ref. 45,
where the focus is on the assessment, development, and ap-
plication of combustor aerothermal models.

The field of combustion is diversified by the complex nature
of most reaction processes. Fuel chemistry, fluid mechanics,
convective and radiative heat transfer, gas-phase elementary
reactions, turbulence, and particle kinetics and dynamics are
relevant processes that often have a direct and sometimes
controlling influence, on the behavior of a particular com-
bustion system. In combustion systems the designer must ac-
complish efficient and pollutant-free combustion economi-
cally in which turbulent reacting multiphase swirling flow occurs.
In design situations, experimental data is used to verify and
develop models. These mathematical models then supplement
and reduce the amount of costly and time-consuming exper-
imental procedures. These models bring benefits and entail
costs. Benefits include knowing quantitatively, in advance,
what will be the performance of equipment which has not yet
been built, or which has not yet been operated in the manner
under investigation. Most mathematical models simulate the
physical processes (for example: turbulence, radiation, com-
bustion, pollutant formation, and multiphase effects) by solv-
ing an associated set of coupled partial differential equations,
Related recent textbooks include Refs. 46—56, while Ref. 39
includes some of the. significant reviews related to the pre-
diction of combustion flowfields.

The ultimate goal has been to develop a reliable combustor
design system that can provide quantitatively accurate pre-
dictions of complex combustion flowfield characteristics so
that an optimum combustion system design can be achieved
within reasonable cost and schedule constraints. The rapidly
developing computational fluid dynamics (CFD) capability is
providing an additional tool in the design process which can
have a powerful positive influence on future design capability.
In these codes, combustion system subcomponents including
diffusers, fuel injectors, and combustor liners, in addition to
the complex internal flows, need to be accurately modeled.

To achieve this, physical submodels and accurate numerical
schemes must be developed to describe the various aero-
thermochemical processes occurring within the combustion
chamber. A very extensive assessment of numerics, physical
submodels, and the suitability of the available data was made
by three contractors under Phase 1 of the HOST Aerothermal
Modeling program.>’->° These investigations surveyed and as-
sessed current models and identified model deficiencies through
comparison between calculated and measured quantities. Re-
sults of the assessment by Srinivasan et al.> included 1) simple
flows with no streamline curvature, 2) complex flows without
swirl, and 3) complex flows with swirl. Geometries for several
test cases from each of these categories are summarized in
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Ref. 45. The major conclusion of the HOST Aerothermal
Modeling Phase I assessment studies was that the available
CFD codes provided a useful combustor design tool. Al-
though significant advances have been made in the “devel-
opment and validation of multidimensional gas turbine com-
bustion calculation procedures, the codes assessed were only
qualitatively accurate, especially for complex three-dimen-
sional flows, and further work was needed. It was concluded
that both a significantly improved numerical scheme and fully-
specified experimental data (i.e., both mean and turbulence
flowfield quantities with measured boundary conditions) for
complex nonreacting and reacting constituent flows were needed
before various emerging physical submodels of turbulence,
chemistry, sprays, turbulence/chemistry interactions, soot for-
mation/oxidation, radiation, and heat transfer could be prop-
erly assessed.

The first-generation combustor design procedure outlined
by Mongia and Smith® has been very useful for developing
several combustors (Mongia et al.®!) that exhibited significant
technology advances. However, in addition to the model de-
ficiencies identified in the assessments, there were several
parameters of importance in gas turbine combustor design
that the analytical models could not predict. For example,
gaseous emissions, soot formation, flame blowout limits, com-
bustor pattern factor, and liner heat transfer. These param-
eters were, however, successfully predicted by well-estab-
lished semianalytical correlations developed by Plee and
Mellor,%? Lefebvre,® and their associates.

Therefore, a combustor design procedure that could be
applied to current and future gas turbine engines was imple-
mented that makes use of empirical design concepts and em-
ploys analytical modeling tools to represent various combus-
tion processes (see Rizk and Mongia® and Mongia®). This
method makes use of multidimensional models to establish
liner flowfield features and combustion characteristics. The
analytical results are then integrated with semiempirical cor-
relations for performance parameters of interest. That is,
flowfield and geometric parameters that are needed in the
empirical equations, such as combustion volume and the frac-
tion of air participating in the primary combustion reaction,
are provided by the analytical calculations.

Based on the recommendations of the Phase I assessment
studies, activities in Phase II of the HOST Aerothermal Mod-
eling program concentrated on developing improved numer-
ical schemes, and collecting completely specified data for non-
reacting single and two-phase swirling and nonswirling flows.
The programs initiated were: Improved Numerical Methods;
Flow Interaction Experiment; and Fuel Injector/Air Swirl
Characterization. The programs are summarized by Holde-
man et al.** Information of the type being sought in these
programs (and others) is not only insightful, but provides a
valuable data set for the development and verification of com-
prehensive codes under development for advanced combustor
design. The interested reader may consult further studies about
developments in turbulence,®? reacting flows,” heat trans-
fer,** propulsion,®-*® and pollution reduction strategies.?”-%

XI. Numerical Simulation

The computational solution of two- and three-dimensional
flowfield problems entails the solution of many simultaneous
nonlinear equations, including up to three velocity compo-
nents, pressure, stagnation enthalpy, turbulence quantities,
and species concentrations. Since the equations are all similar
in form, the same solution algorithm can be used for all of
them. Problems are classified according to their dimensional-
ity (the number of independent variables from three space
dimensions and time) and type (parabolic or elliptic). The
flow classification of parabolic [possessing one coordinate di-
rection with first-order but without second-order deriva-
tives—boundary layer type with prominent direction(s)], or
elliptic (possessing second-order derivatives in all coordinate

directions—recirculating type with upstream influence), gov-
erns the type of boundary conditions required and the method
of solution. Marching methods are appropriate for the former
and relaxation methods for the latter. The problems, meth-
ods, solution procedures, and typical sample calculations to-
gether with a comparison with available experimental data
are discussed in swirl flow modeling studies, see Refs. 4 and
18.

The essential differences between the various computer codes
include the complexity of the equation set for the simulation
of the physical processes, the storage requirements, the lo-
cation of variables in the grid-space system, the method of
deriving the finite difference equations that are incorporated,
and the solution technique. In primitive pressure-velocity var-
iable formulations, & staggered grid system normally is used.
In computational fluid dynamics, the “best” representation
of the convection and diffusion terms is essential to the ac-
curacy and convergence or stability of the interaction scheme
or marching procedure. At high cell Reynolds numbers, a
certain degree of “upstream differencing” is often used for a
more accurate representation of the advection terms, includ-
ing recent skew and/or weighted upstream differencing prac-
tices. Solution procedures vary from Gauss-Seidel point meth-
ods to more efficient line-by-line semi-implicit method for
pressure-linked equations (SIMPLE) methods for steady-state
problems, with corresponding explicit and SIMPLE methods
for associated transient problems. Special techniques are
available for the inclusion of detailed chemistry into the so-
lution schemes. Useful textbooks in this field include Refs.
66—-69.

More accurate simulations of the combustion process are
emerging, with inclusion of flowfield structures and turbu-
lence, radiation heat transfer, and carbon monoxide and nitric
oxide prediction. The governing equations are nonlinear and
must be solved simultaneously, giving the numerical analysis
of reacting flow problems its peculiar difficulty and flavor.
The similarity between the differential equations and their
diffusional relations allows them all to be put in a common
form and solved in a similar manner. Related numerical stud-
ies include Refs. 70—76 and the wealth of information given
about the “‘gray” areas of combustion research, see Ref. 39.
It is propitious to be aware that several commercially available
computer codes are available that solve fully three-dimen-
sional combustion problems with advanced simulation models
included. Some of these are reviewed in Refs. 77-80. Sig-
nificant computer simulations have emerged from recent stud-
ies. carried out in academia, government laboratories, and
industries. These studies have provided much understanding
of the complex problem and aided to the design of low-emis-
sion combustors. The development of advanced numerical
techniques which can be applied with advantage to turbulent
recirculating reacting flowfields include, error reduction pro-
gram, application of improved numerical schemes, numerical
modeling of turbulent flows, advanced numerics for multi-
dimensional fluid flow calculations, and grid flexibility -and
patching techniques. A consensus of results indicated specific
needs in future research studies: 1) improved finite-difference
representation (with versions of bounded skew upwind dif-
ferencing and/or other techniques); 2) faster convergence
techniques via improved numerical solution schemes; 3) im-
proved domain simulation (with boundary-fitted coordinate
systems, or orthogonal grids, finite element methods, etc.);
4) more accurate hot-gas heat-transfer input; and 5) improved
turbulence and turbulence/chemistry treatment.

There is a need to determine and incorporate new finite
difference schemes and/or error reduction techniques into cur-
rently existing computer code models. Improvements in the
accuracy of representation (differencing schemes) and ra-
pidity of convergence (solution algorithms) are being sought
before computer codes can give quantitative, rather than qual-
itative, predictions. Better numerics, improved understanding



GUPTA AND LILLEY: CHALLENGES FOR GAS TURBINES 145

of inlet flow, improved turbulence modeling, and improved
understanding of unsteady problems are required. Techniques
for improved accuracy (including several bounded versions of
skewed upwind differencing), improved versions of the pres-
sure-velocity coupling technique, and methods for speeding
convergence of iterative procedures are needed. A significant
deficiency identified in the earlier assessments (see Refs. 57—
59) was that, for many flows of interest, the accuracy of the
calculation was limited by the numerical approximations,
wherein the false diffusion is of the same order of magnitude
as the turbulent diffusion. This masked the differences be-
tween turbulence models such that very different models gave
essentially the same result, and sometimes resulted in unde-
servedly good agréement between data and predictions. If
false diffusion is present, the numerical solution obtained for
any given flow depends on the grid density and distribution.
The hybrid finite differencing scheme employed in generally
available combustor codes can give excessive numerical dif-
fusion errors which might preclude accurate quantitative cal-
culations.

Three significant HOST programs had the primary objec-
tive to identify, assess, and implement improved solution al-
gorithms applicable to analysis of turbulent viscous recircu-
lating flows. Both solution accuracy and solution efficiency
were addressed (see Refs. 81 and 82). For most practical
problems, a central-differencing scheme would be ideally suited
if it were unconditionally stable. Central differencing is a
simple second-order scheme which is easy and straightforward
to implement. However, for grid Peclet numbers larger than
2, central differencing can lead to over- and undershoots, and
is unstable. The hybrid (central/upwind) scheme is stable for
all Peclet numbers, but suffers from excessive false diffusion.
An alternative scheme, named controlled numerical diffusion
with internal feedback (CONDIF)®* has unconditionally pos-
itive coefficients and still maintains the essential features of
central differencing and its second-order accuracy. Another
advanced numerical scheme, called flux-spline,® is based on
a linear variation of total flux (convection + diffusion) be-
tween two grid points. This is an improvement over the as-
sumption of uniform flux used in hybrid schemes, and leads
to reduced numerical diffusion. Both of these schemes have
been used to solve a variety of analytical, two-dimensional
laminar, and turbulent flows. An attractive feature of both
CONDIF and flux-spline schemes is that their extension to
three dimensions is relatively straightforward. The resulting
linear differential equations involve only 7 points as opposed
to 27 points needed in many skewed-upwind schemes (Syed
et al.®). :

There is also a need for improved computational efficiency
for a given level of accuracy. Typically the continuity and
momentum equations are solved separately, and then linked
through iteration of the pressure, see for example methods
based on the semi-implicit method for pressure linked equa-
tions (SIMPLE) algorithm. Modifications, such as SIMPLER,
SIMPLEST, and PISO, have been shown to improve com-
putational efficiency. Other advances schemes (see HOST®!
and Vanka®), such as block correction techniques and direct
solution of the coupled equations have been proposed. Cal-
culations with the latter coupled with the flux-spine technique
have shown a speed increase by a factor of 15 for a calculation
of turbulent flow over a backward-facing step, see Ref. 65.
Further discussion is given in the references regarding recent
studies and application of multigrid solution methods,®~1%4
differencing schemes,!- ! convergence improvement,"® and
related applications.!1-114

XII. Vision for the 1990s

The nineties will have greater attention on both environ-
mental pollution and energy conservation. Advanced con-
cepts for environmental pollution control require detailed
understanding of the physical and chemical processes that

undergo during combustion. Test data on laboratory-scale,
bench-scale, and prototype are urgently needed for deter-
mining the details of the chemistry involved, fuel/air mixing,
fuel injector design, combustor geometry, combustion air switl,
and flow distribution. It is expected that future combustors
will be even shorter than they are today and the use of ad-
vanced fuels will require a closer look at the current design
philosophy. Some of the alternative fuels have significant dif-
ferences in fuel properties and combustion characteristics.
Advanced new technologies will require some tradeoff be-
tween fuel availability and its properties, energy conservation,
efficiency, and environmental pollution control. The use of
endothermic fuels may provide attractive benefits for some
applications. The development and use of laser diagnostics
will continue to grow. This systematic approach involves on-
line computer-based data acquisition at high frequency which
provides information needed for theoretical model validation
and model development. It is a challenge to handle the en-
vironmental problems, with low pollution from difficult fuels.
It is an exasperating challenge for combustion engineers to
handle the emerging environmental problems, achieve high
efficiency, and conserve energy. Future gas turbines are ex-
pected to operate at even higher temperatures. This will pro-
vide further challenges in the area of liner cooling and ma-
terials. These problems are expected to be compounded by
the use of low-grade fuels which are known to provide higher
luminosity flames (presence of higher level of carbon parti-
cles) and result in greater radiation heat transfer. Computer
hardware and software improvements will provide greater
insight than ever before, this trend will grow further as com-
puter power and numerical algorithms become more available
to combustor developers and researchers. The theoretical
contribution, together with advanced computer graphics, will
grow in the nineties to further reduce the excessive time and
cost of experimentation. The design and development of gas
turbine combustion will truly become a science.

References

'Lefebvre, A. H., Gas Turbine Combustion, McGraw-Hill, New
York, 1983. :

*Wassell, A. B., “The Design and Development of High Perfor-
mance Combustors,” Lecture Series 93, VKI for Fluid Dynamics,
Von Karman Inst.; Brussels, Belgium, 1977.

3Gupta, A. K., and Ramavajjala, M., *Swirl Combustor Design
Effects on Emission and Combustion Characteristics,”” AIAA Paper
90-0548, Jan. 1990.

*Gupta, A. K., Lilley, D. G., and Syred, N., Swirl Flows, Abacus
Press, Tunbridge Wells, England, UK, 1984.

“Beér, J. M., and Hanson, S. P., “Combustion of Coal Derived
Liquids and. Shale Oil in Gas Turbine Combustors,” Gas Turbine
Combustor Design Problems, edited by A. H. Lefebvre, Hemisphere,
Washington, DC, 1980, pp. 225-244.

“Miller, J. A., and Bowman, C. T., “Mechanism and Modeling of
Nitrogen Chemistry in Combustion,” Progress Energy and Combus-
tion Science, Vol. 15, 1989, pp. 287-338; see also Mellor, A. M.,
*Gas Turbine Engine Pollution,” Progress Energy and Combustion
Science, Vol. 1, 1976, pp: 111-133.

"Sarofim, A. F., Williams, G. C., Modell, M., and Slater, S. M.,
“Conversion of Fuel Nitrogen to Nitric Oxide in Premixed and Dif-
fusion Flames,” 66th Annual AIChE Meeting, Philadelphia, PA,
Nov. 1973.

*Fenimore, C. P., “Formation of Nitric Oxide from Fuel Nitrogen
in Ethylene Flames,” Combustion & Flame, Vol. 19, No. 2, 1972,
pp. 289-296.

“Martin, G. B., and Berkan, E. E., “An Investigation of the Con-
version of Various Fuel Nitrogen Compounds to NO in Oil Com-
bustion,”™ 70th AIChE National Meeting, Atlantic City, NJ, Aug.
1971.

"Sadakata, M., and Beér, J. M., Proceedings of the 16th Sympo-
sium International on Combustion, The Combustion Inst., Pittsburgh,
PA, 1977, pp: 93-103.

""Gupta, A. K., Ramavajjala, M., Chomiak, J., and Marchionna,
N., “Burner Geometry Effects on Combustion and NO, Emission
Characteristics of Variable Geometry Swirl Combustor,” ATAA Pa-



146 GUPTA AND LILLEY: CHALLENGES FOR GAS TURBINES

per 89-0488, Jan. 1989.

Gupta, A. K., Ong, L. H., and Marchionna, N., “NO, Reduction
and Combustion Phenomena in the Multi-Annular Gas Turbine
Burner,” AIAA Paper 87-2036, June—July 1987.

3Kolb, T., “Experimentelle und Theoretische Untersuchungen Zur
Minderung der NO, Emission Technischer Feuerungen durch Ges-
tufte Verbrennungsfithrung,” Dip-Ing Thesis, Univ. of Karlsrule,
Germany, 1990. : .

“Beér, J. M., “Stationary Combustion—The Environmental Leit-
motiv,” Proceedings of the 22nd Symposium International on Com-
bustion, The Combustion Inst., Pittsburgh, PA, 1989, pp. 1-16.

Kolb, T., Jansohn, P., and Leuckel, W., “Reduction of NO,
Emission in Turbulent Combustion by Fuel-Staging: Effects of Mixing
and Stoichiometry in the Reduction Zone,” Proceedings of the 22nd
Symposium International on Combustion, The Combustion Inst.,
Pittsburgh, PA, 1989, pp. 1193-1203.

Smart, J. P., Knill, K. J., Visser, B. M., and Weber, R., “Re-
duction of NO, Emissions in a Swirled Coal Flame by Particle In-
jection into the Internal Recirculation Zone,” Proceedings of the 22nd
Symposium International on Combustion, The Combustion Inst.,
Pittsburgh, PA, 1989, pp. 1117-1125.

Smart, J. P., and Weber, R., “Reduction of NO, and Optimi-

zation of Burnout with an Aerodynamically Air-Staged Burner and -

Air-Staged Precombustor Burner,” Journal of the Institute of Energy,
Dec. 1989, p. 237.

%Gupta, A. K., and Lilley, D. G., Flowfield Modeling and Di-
agnostics, Abacus Press, Tunbridge Wells, England, UK, 1985.

“Heberling, P. V., “Prompt NO Measurements at High Pres-
sures,” Proceedings of the 16th Symposium Internatinal on Combus-
tion, The Combustion Inst., Pittsburgh, PA, 1976, pp. 159-168.

*Claypole, T., “Pollutant Formation in Swirling Jets,” Ph.D. The-
sis, Univ. College, Cardiff, Wales, UK, 1980.

2Jones, R. E., “Gas Turbine Engine Emissions—Problems, Prog-
ress and Future,” Progress Energy and Combustion Science, Vol. 4,
1978, pp. 73-113.

2Gupta, A. K., and Ramavajjala, M., “The Role of Swirl on NO

~and NO, Emission and Combustion Characteristics,” Proceedings of
the 10th International Symposium on Air Breathing Engines, Not-
tingham, England, UK, Sept. 1991.

ZLefebvre, A. H., Proceedings of the 15th Symposium International
on Combustion, The Combustion Inst., Pittsburgh, PA, 1975, pp.
1169-1180. ’

**Verkamp, F. J., Verdouw, A. J., and Tomlinson, J. G., “Impact
of Emission Regulations on Future Gas Turbine Engine Combus-
tors,” AIAA Paper 73-1277, July 1973.

>Tacina, R. R., “Low NO, Potential of Gas Turbine Engines,”
AIAA Paper 90-0550, Jan. 1990.

*NASA Workshop on High Speed Commercial Transport (HSCT),
Cleveland, OH, Oct. 1987; see also Sept. 1990.

2’Qdgers, J., “High Intensity Combustion—Some. Thoughts in Its
Attainment Within Aircraft Gas Turbine Combustion Chambers,”
AGARD Conference Proceedings, 34, Advanced Components for
Turbojet Engines, Paper 18, 1968.

2Krill, W. V., Kesselring, J. P., and Chu E. K., “Catalytic Com-
bustion for Gas Turbine Apphcatlons Amerlcan Society of Me-
chanical Engineers Paper 70-GT-188, March 1979.

*QOdgers, J., and Kretschmer, D., Gas Turbine Fuels and Their
Influence on Combustion, Abacus Press, Tunbridge Wells, UK, 1986.

*Longwell, J. P., “Synthetic Fuels and Combustion,” Proceedings
of the 16th Symposium International on Combustion, The Combustion
Inst., Pittsburgh, PA, 1977, p. 1.

“Lefebvre A. H., Mellor, A. M., and Peters, J. E., “Ignition/
Stab1llzat10n/At0mlzat10n Alternauve Fuels in Gas Turbme Com-
bustors,” Vol. 62, Progress in Astronautics and Aeronautics, AIAA,
New York, 1977, pp. 137-159.

32Gtettler, R. J., and Hardin, M. C., “Initial Evaluation of Coal
Derived Liquid Fuels in a Low Emission and Conventional Gas Tur-
bine Combustor,” General Motors Corp. Engineering Publication
6544, Detroit, MI, April 1976.

*3FEnergy: Global Prospects 1985-2000, McGraw-Hill, New York,
1977.

*Sturgess, G., “Gas Turbine Combustor Design Challenges for
1980°s,” AIAA Paper 80-1285, July 1980.

*Hudson, D. A., “Combustion Modeling Needs for the 80’s,”
ATAA Paper 80-1288, July 1980.

3Blazowski, W. S., “Combustion Considerations for Future Jet
Fuels,” Proceedings of the 16th Symposium International on Com-
bustion, The Combustion Inst., Pittsburgh, PA, 1977, p. 1631.

Glassman, 1., “Soot Formation in Combustion Processes,” Pro-

ceedings of the 22nd Symposium International on Combustion, The
Combustion Inst., Pittsburgh, PA, 1989, pp. 295-311.

*#Sosounov, V., “Some Aspects of Hydrogen and Other Alter-
native Fuels for Application in Air-Breathing Engines,” Proceedings
of the IXth International Symposium on Air Breathing Engines, Ath-
ens, Greece, Sept. 1989, pp. 49-57.

*Gupta, A. K., and Lilley, D. G., “The Gray Areas of Combus-
tion,” J. Institute Energy, Vol. 108, Sept. 1987, pp. 108-120.

“Lilley, D., “Swirl Flows in Combustion: A Review,” AIAA Jour-
nal, Vol. 15, Aug 1977, pp. 1063-1078.

#Lilley, D. G., “Flowfield Modeling in Practical Combustors A
Review,” Journal of Energy, Vol. 3, No. 4, 1979, pp. 193-210.

“Lilley, D. G., “Prospects for Computer Modeling in Ramjet
Combustors,” AIAA Paper 80-1189, June-July 1980.

#Lilley, D. G., “Investigations of Flowfields Found in Typical
Combustor Geometries,” Final Rept. on Grant NAG3-74, NASA
CR-3869, Feb. 1985. -

+Lilley, D. G., “Lateral Jet Injection into Typical Combustor
Flowfields,” Final Rept on Grant NAG 3-549, NASA CR-3997, July
1986.

“Holdeman, J. D., Mongia, H. C., and Mularz, E. J., “Assess-
ment, Development and Application of Combustor Aerothermal
Models,” NASA TM-4087, April 1989.

Lewis, D., and von Elbe, G., Combustion, Flames and Explosions
of Gases, Academic Press, New York, 1961.

Y'Williams, F. A., Combustion Theory, 2nd ed., Benjamin Cum-
mings, Menlo Park, CA, 1985.

#Glassman, 1., Combustion, Academic Press, New York, 1977.

*Gaydon, A. G and Wolfhard, H. G., Flames, Chapman and
Hall, London, 1979.

*Toong, T. Y., Combustion Dynamtcs Dynamzcs of Chemically
Reacting Fluids, McGraw Hill, Neéw York, 1983.

S1Rosner, D. E., Transport Processes in Chemically Reacting Flow
Systems, Butterworths Boston, MA, 1986.

*Kuo, K. K., Principles of Combustion, Wiley, New York, 1986.

**Chomiak, J., Combustion: A Study in Theory, Fact and Appli-
cation, Abacus Press/Gordon & Breach, New York, 1990.

*Bastok, W., and Sarofim, A. F. (eds.), Fossil Fuel Combustion—
A Source Book, Wiley, New York, 1991.

Brewer, G. D., Hydrogen Aircraft Technology, CRC Press, Boca
Raton, FL., 1991.

sKeating, E. L., Applied Combustion, Marcel Dekker, New York,
1993.

S’Kenworthy, M. J., Correa, S. M., and Burrus, D. L., “Aero-
thermal Modeling, Phase I Final Report, Volumes I and II,” NASA
CR-168296, Nov. 1983.

#Sturgess, G. J., “Aerothermal Modeling Phase I, Final Report,”
NASA CR-168202, May 1983.

S*Srinivansan, R., Reynolds, R., Ball; I., Berry, R., Johnson, K.,
and Mongia, H., “Aerothermal Modeling Program Phase 1 Final
Report, Volumes I and II,” NASA CR-168243, Aug. 1983.

“Mongia, H. C., and Smith, K. G., “An Empirical/Analytical
Design Methodology for Gas Turbine Combustors,” AIAA Paper
78-998, Jan. 1978.

¢'Mongia, H. C., Reynolds, R. S., and Srinivasan, R., “Multidi-
mensional Gas Turbine Combustion Modeling: Applications and
Limitations,” AIAA Journal, Vol. 24, No. 6, 1986, pp. 890-904.

%2Plee, S. L., and Mellor, A. M., “Characteristics Time Correlation
for Lean Blowoff of Bluff-Body Stabilized Flames,” Combustion and
Flame, Vol. 35, 1979, pp. 61-80.

S3Lefebvre, A. H., “Influence of Fuel Properties of Gas Turbine
Combustor Performance,” Air Force Wright Aeronautical Labs. TR-
84-1104, 1985.

“Rizk, N. K., and Mongia, H. C., “Gas Turbine Design Meth-
odology,” AIAA Paper 86-1513, June 1986.

sMongia, H. C., “A Status Report on Gas Turbine Combustor
Modeling,” AGARD Combustion and Fuels in Gas Turbine Engines

, Meeting, Crete, Greece, Oct. 1987.

%Patankar, S. V., Numerical Heat Transfer and Fluid Flow, McGraw-
Hill, New York, 1980.

’Book, D. L., Finite-Difference Techniques for Vectorized Fluid
Dynamic Calculations, Springer-Verlag, New York, 1981.

Anderson, D. A., Tannehill, J. C., and Pletcher, R. H., Com-

. putational Fluid Mechanics and Heat Transfer, McGraw-Hill, New

York, 1984.

®Oran, E. S., and Boris, J. P., Numerical Simulation of Reactive
Flow, Elsevier, New York, 1987.

“Lilley, D. G., and Rhode, D. L., “STARPIC—A Computer
Code for Swirling Turbulent Axisymmetric Recirculating Flows in



GUPTA AND LILLEY: CHALLENGES FOR GAS TURBINES 147

Practical Isothermal Combustor Geometries,”” NASA CR-3442, Feb.
1982.

"Sturgess, G. J., and Syed, S. A., ““Calculation on Confined Swirl-
ing Flows.” AIAA Paper 85-0060, Jan. 1985.

Sloan, D. G.. Smith, P. J., and Smoot, L. D., “Modeling of Swirl
in Turbulent Flow Systems.” Progress in Energy and Combustion
Science, Vol. 12, 1986, pp. 163-250.

Boysan. F., Ayers, W. H., Swithenbank, J., and Pan, Z., *3-D
Modelling of Spray Combustion in a Gas Turbine Combustor,” Jour-
nal of Energy, Vol. 6, No. 6, 1982, pp. 368-375.

“Wild, P. N., Boysan, F., Swithenbank, J., and Lu, X., “3-D
Gas Turbine Combustor Modelling,” AGARD CP 422, Paper 27,
1987.

*Weber. R., Visser, B. M., and Boysan, F., **Assessment of Tur-
bulence Modeling for Engineering Prediction of Swirling Vortices in
the Near Burner Zone.,” International Journal of Heat Fluid Flow,
Vol. 11, No. 3, 1990, pp. 225-235.

*Peery, K. M., Imlay, S. T., and Soetrisno, M., ““Turbulent Swirl-
ing Flow in Combustor/Exhaust Nozzle Systems,” Final Rept., Wright-
Patterson APL WL-TR-91-2011, March 1991.

“"Hutchings, B., and Iannuzzelli, R., “*Taking the Measure of Fluid
Dynamic Software,” American Society of Mechanical Engineers ME,
May 1987, pp. 72-76.

“Hutchings, B., and Iannuzzelli, R., “Benchmark Problems for
Fluid Dynamics Codes,” American Society of Mechanical Engineers
ME. June 1987, pp. 54-58.

“lannuzzelli. R., and Hutchings, B., “Fluid Dynamics Software
Gets Down to Work,” American Society of Mechanical Engineers
ME. July 1987, pp. 60-63.

¥Johnson. A. E., and Torok, D., “Software for Fluid Flow and
Heat Transfer Analysis of Electronic Packaging,” Computers in Me-
chanical Engineering. July 1985, pp. 41-46.

““Turbine Engine Hot Section Technology (HOST) Annual Re-
ports.” 1982 through 1987.

**Turan, A., and Van Doormal, J. P., “Improved Numerical Meth-
ods for Turbulent Viscous Recirculation Flows,”” NASA CR-180852,
1987.

*Runchal, A. K., Anand, M. S., and Mongia, H. C., “An Un-
conditionally-Stable Central Differencing Scheme for High Reynolds
Number Flows,” AIAA Paper 87-0060, Jan. 1987.

“Patankar. S. V., Karki, K. C., and Mongia, H. C., *“Development
and Evaluation of Improved Numerical Schemes for Recirculating
Flows.” ATAA Paper 87-0061, Jan. 1987.

%Syed. S. A., Chiappeta, L. M., and Gosman, A. D., “Error
Reduction Program,” NASA CR-174776, 1985.

*Vanka, S. P., “Block-Implicit Computation of Viscous Internal
Flows—Recent Results,” AIAA Paper 87-0058, Jan. 1987.

¥Nixon, A. C., Bjorklund, I. S., Hawthorn, R. D., Henderson,
H. T.. and Richie, A. W_, “Vaporizing and Endothermic Fuels for
Advanced Engine Application,” Technical Documentary Rept., Ap-
plied Physics Lab., TDR 64-100, Pt. 1, 1964.

*Gaydon. A. G., The Spectroscopy of Flames, Chapman and Hall,
London, 1974.

*Durst. F., Melling, A., and Whitelaw, J. H., Principles and Prac-
tices of Laser-Doppler Velocimetry, Academic Press, London, 1976.

“Eckbreth, A. C., Laser Diagnostics for Combustion Temperature
and Species. Abacus Press/Gordon and Breach Science Publishers,
England. UK. 1988.

“'Chigier. N. A., Combustion Measurements, Hemisphere, Wash-
ington, DC, 1991.

“*Ferziger. J. J., “*Simulation of Incompressible Turbulent Flows,”
Journal of Composition Physics, Vol. 69, 1587, pp. 1-48.

“*Picart, A.. Borghi. R., and Chollet, J. P., *“Numerical Simulation
of Turbulent Reactive Flows, Computers and Fluids,”” Vol. 16, No.
4. 1988. pp. 475~-484.

*Simoneau, R. J., “Opportunities and Challenges in Heat Trans-
fer—From the Perspective of the Government Laboratory, Heat
Transfer Eng.,” Vol. 7, 1986, pp. 76-81.

9Calmon, J., “From Sir Frank Whittle to the Year 2000— What
is New in Propulsion,” Aeronautical Journal, Vol. 92, No. 920, 1988,
pp- 397-408.

“Murthy, S. N. B., and Curran, E. T. (eds), High-Speed Flight
Propulsion Systems, Vol. 137, Progress in Astronautics and Aero-
nautics, AIAA, Washington, DC, 1991, pp. 1-537.

“”Angello, L., and Lowe, P., *“Gas Turbine Nitrogen Oxide NO,
Control Current Technologies and Operating Experiences,” Sym-
posium on Stationary Combustion Nitrogen Oxide Control, Electric
Power Research Inst., GS-6423, Vol. 2, July 1989, pp. 9.19-9.34.

%Tacina, R. R., “Low NO, Potential of Gas Turbine Engines,”
AIAA Paper 90-0550, Jan. 1990.

“Vanka, S. P., “Block-Implicit Multigrid Calculation of Two-Di-
mensional Recirculating Flows,” Computational Methods in Applied
Mechanics and Engineering., Vol. 59, 1986, pp. 29-48.

10Vanka, S. P., “Block-Implicit Multigrid Solution of Navier-Stokes
Equations in Primitive Variables,” Journal of Computational Physics,
Vol. 65, 1986, pp. 138-158.

0'Vanka, S. P., “A Calculation Procedure for Three-Dimensional
Steady Recirculating Flows Using Multigrid Methods,” Computa-
tional Methods in Applied Mechanics and Engineering, Vol. 55, 1986,
pp- 321-338.

"*Vanka, S. P., Krazinski, J. L., and Nejad, A. S., *“An Efficient
Computational Tool for Ramjet Combustion Research,” AIAA Pa-
per 88-0060, Jan. 1988.

"Vanka, S. P., ““Analytical Studies of Three-Dimensional Com-
bustion Processes,” Air Force Wright Aeronautical Labs. TR-88-
2140, OH. May 1989.

™Karki. K. C., Vanka, S. P., and Mongia, H. C., “Fluid Flow
Calculations Using a Multigrid Method and an Improved Discreti-
zation Scheme.” ATAA Paper 89-0483, Jan. 1989.

15Shyy. W., and Correa, S. M., “A Systematic Comparison of
Several Numerical Schemes for Complex Flow Calculations,” AIAA
Paper 85-0440, Jan. 1985.

Syed, S. A., Gosman, A. D., and Peric, M., “*Assessment of
Discretization Schemes to Reduce Numerical Diffusion in the Cal-
culation of Complex Flows.” AIAA Paper 85-0441, Jan. 1985.

Syed. S. A.. and Chiappetta, L. M., “‘Finite Difference Methods
for Reducing Numerical Diffusion in TEACH-Type Calculations,”
ATAA Paper 85-0057, 1985.

"Claus. R. W., Neely, G. M., and Syed, S. A., “Reducing Nu-
merical Diffusion for Incompressible Flow Calculations,” NASA TM-
83621, April 1984.

"Karki. K. C., Patankar, S. V., Runchal, A. K., and Mongia, H.
C.. “Improved Numerical Methods for Turbulent Viscous Recircu-
lating Flows: Aerothermal Modeling Phase II, Final Report,”” NASA
CR-182169, June 1988.

"""Neely, G. M., and Claus, R. W., **Accelerated Convergence for
Incompressible Flow Calculations,” NASA TM-86863, Jan. 1985.

MSturgess, G. J., ““Calculation of Aerospace Propulsion Combus-
tors: A View from Industry,” edited by R. M. C. So, J. H. Whitelaw,
and H. C. Mongia, ASME AMD Vol. 81, Calculation of Turbulent
Reactive Flows, 1986, pp. 185-231.

2Nikjouy, M., Mongia, H. C., and Samuelson, G. S., “Calcula-
tions of Recirculating Flows Using Second-Moment Closure,”” AIAA
Paper 89-0484, Jan. 1989.

"*Rizk, N. K., and Mongia, H. C., “*Gas Turbine Combustor Per-
formance Evaluation.” AIAA Paper 91-0640, Jan. 1991.

3Pope. S. B.. *Computations of Turbulent Combustion: Progress
and Challenges.” Proceedings of the 23rd Symposium International
on Combustion, The Combustion Inst., Pittsburgh, PA, 1992, pp.
591-612.



