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ABSTRACT

The impact of representative paths of engine degradation on
aircraft cruise NO, emissions was investigated. Engine cycles
corresponding to older, current, and future subsonic and super-
sonic technologies were developed and used to determine the sen-
sitivities of combustor conditions to various changes in compo-
nent efficiencies and flow capacities due to aging. Estimates of
relative changes in NO, emissions levels were made using estab-
lished empirical correlations that relate emissions to combustor
flow parameters. The analysis methodology was validated through
comparisons to test data where available.

It was found that the sensitivity of specific fuel consumption
(SFC) and combustor flow parameters to component aging is en-
hanced by increases in cycle temperatures and pressures. This
ultimately results in a higher sensitivity of NO, emissions to en-
gine degradation for cycles representative of more advanced tech-
nology. At constant thrust, turbine degradation typically acts to
decrease NO, emissions while compressor aging results in an in-
crease in NO, emissions; both occurring at the expense of SFC.
Sample degradation scenarios were used to highlight the balance
between turbine and compressor aging effects. Changes in NO,
emissions in the -1% to +4% range were predicted for typical
aging scenarios. The applicability of these results to the formula-
tion of aircraft emissions inventories is considered.

NOMENCLATURE

EGT exhaust gas temperature (K)

EINO, emission index (g NO, (as NO,) / kg fuel burned)
EPR engine pressure ratio (Pps/Pp,)

FF fuel flow rate (kg/s)

NI1,N2 low, high pressure spool speeds (rpm)

OPR overall pressure ratio (Pp3/Pp)

P pressure (Pa)

P combustion chamber pressure (Pa)

comb
P stagnation pressure (Pa)
SFC specific fuel consumption (kg/kN)
Lo combustor residence time (s)
T temperature (K)
T, diab adiabatic flame temperature (K)
Tt stagnation temperature (K)

Subscripts

2 fan inlet

3 compressor exit/combustor inlet
4 combustor exit/turbine inlet

5 low-pressure turbine exit

1. OBJECTIVE AND APPROACH

Several programs of research initiated within the last decade
in both the United States and Europe focus on understanding the
ozone and climate impacts of supersonic and, more recently, sub-
sonic aircraft emissions (NASA-ICAO, 1996). Oxides of nitro-
gen (NO, ) emissions continue to be the primary foci of environ-
mental concern with regards to the atmosphere because of their
potential effects on ozone concentrations in both the troposphere
and the stratosphere. The development of global emissions in-
ventories, in situ exhaust sampling campaigns, ground level en-
gine tests, and modeling efforts organized to characterize the ex-
haust composition of both individual engines and global fleets
are central components to these assessment efforts.

The objective of this study was to determine the effect of
engine aging on NO, emissions and thus to determine the extent
of the uncertainty introduced by engine aging in emissions data-
bases. A second goal was to examine how these effects change as
gas turbine technology evolves.
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Because of the expense and length of time required to com-els and scenarios for engine aging employed. Section 4 presents
plete exhaust characterization tests, it is important to enumerateand discusses results for sensitivity to component deterioration,
and classify sources of uncertainty that may complicate the inter-technological trends, and results for representative scenario cal-
pretation of results. One basic uncertainty that affects all charac-culations. Section 5 contains a discussion of the importance of
terization data is the change in exhaust speciation due to the efthese results with regard to the accuracy of emissions databases.
fects of aging on engine operation. However, an account of theseSection 6 closes the paper with a summary and suggestions for
effects is usually not undertaken. For example, in the Interna- future research.
tional Civil Aviation Organization Engine Exhaust Emissions Data
Bank (ICAO, 1995), which is the primary source of input for glo- 2. OVERVIEW OF ENGINE AGING, MAINTENANCE,
bal atmospheric models used to predict the effects of aircraft onAND OPERATIONAL VARIABILITY
the atmosphere, the majority of data reported is based on tests  There are several contexts in which to consider the effects of
conducted using new production engines or dedicated test en-aging on engine operation. Knowledge of aging effects is impor-
gines. No systematic account of the effects of engine age or maintant for monitoring the health and diagnosing the maintenance
tenance practice is provided. With an understanding of the effectsneeds of gas turbine engines, for the development of flight deck
of engine aging on aircraft N@missions, scientific assessments instrumentation that conveys the correct state of engine opera-
of aircraft emissions can move to address the consequences dfion, and for the development of regulatory certification require-
uncertainty in exhaust characterization and ultimately, any sub- ments for aircraft engines with respect to various exhaust con-
sequent effects on the results of global atmospheric modeling. stituents. Deciphering the modes of component degradation and

The only publicly available study of the effects of engine failure through measurements of key engine parameters is basic
aging on carbon monoxide (CO), hydrocarbons (HC), and NO to the conduct of all of these activities. These engine parameters
emissions was performed in the early 1970’s to support the for- determine emissions levels both directly and indirectly.
mulation of early emissions certification requirements (Platt and
Norster, 1978; Platt and Norster, 1979). Efforts to understand vari-2.1 Engine Aging
ability in engine emissions due to maintenance procedures were  Engine deterioration can be characterized as the summation
also conducted (Becket al., 1980; Frings, 1980). The results of  of short-term and long-term effects, both of which result in per-
these studies are discussed in greater detail in Section 2. Despiteormance losses. These trends are shown schematically in Figure
the importance of these studies, no publicly reported effort to 1 taken from Wulf (1980). Typically, a rapid loss occurs during
broaden and update this limited empirical database has been unthe engine’s initial service flight followed by a gradual perfor-
dertaken. mance degradation until the engine is refurbished. For both eco-

In lieu of an adequate empirical database from which to work, nomic and mechanical reasons, only part of this total degradation
a modeling approach was employed in this study to provide someis restored in the maintenance process resulting in an engine re-
insight into the effects of engine aging on Nédnissions. Repre-  turned to service with a reduced level of performance. As the
sentative cycles corresponding to older, current, and future sub-engine continues operation, these unrecovered losses increase with
sonic and supersonic technologies were developed. These cycleadditional maintenance cycles. A portion of the long term losses
were used to determine the sensitivities of combustor flow condi- are cyclically restored with each repair.
tions to various changes in component efficiencies and flow ca-
pacity that typically result from engine aging. Focus was given to

the cruise condition. The resulting changes in K@issions levels Initial Multiple
were determined using established empirical correlations that re- Installation Installation
S o . . (New) (Refurbished)
late emissions to combustor flow conditions. This analysis meth- _ |le———>|< >
odology was validated through comparisons to test data where 3 & OnWing
available. _ _ _ E Deterioration
To set the context for discussion of the effects of engine de- ‘5 \
terioration on NQ emissions, Section 2 provides an overview of & Test Cell
the existing data on overall engine performance and emissions Outbound plé?frgfnﬂ‘l{ﬁge
change with aging, as well as emissions variability for both new | [short
and maintained engines. Methods for correlating engine deterio- I Term > Long Term
ration with changes in performance parameters and practical lim- Production Baseline o
its to losses incurred before overhaul are also presented. Section

3 discusses the research methodology employed in the current
study, including the development and validation of representa-
tive engine cycles, methods for correlating changes in performance Figure 1: A model of engine deterioration. [Adapted from
parameters with changes in Nemissions levels, and the mod- Wulf (1980), Fig. 3.1]

Time



For the GE CF6-50 engine, Wulf (1980) found that short- relation with changes in measurable parameters. They also sug-
term deterioration was more closely associated with the enginegested that with the use of cycle decks employing generic com-
design itself rather than the operational use of the engine. Long-ponent performance maps, degradation could be associated with
term losses were more related to the operational characteristicgarticular problems through the use of fault matrices. Using fault
of the aircraft employing the engine and therefore were more ap-matrices, cycle deck modeling results were typically presented as
propriately correlated with the fleet rather than the engine. Other a grid of faults associated with qualitatieed.visual representa-
studies indicate that for some individual components, degrada-tions of increases or decreases in measurable parameters) rather
tion is correlated with number of cycles rather than hours in use than quantitative trends in measurable engine parameters. Early
(Richardsoret al, 1979). use of fault matrices employed assumptions about the effects of a

As a practical matter, tracing the degradation of an engine to fault in terms of component efficiencies and flow capacities with-
its cause is a difficult prospect. Engine performance deteriorationout empirical verification (Maclssac, 1992). Importantly,
is associated with several aging conditions that are of a time-de-Saravanamuttoo and Maclsaac showed that engine models could
veloping nature. These include physical distortion of engine partsbe employed as a predictive rather than a solely diagnostic tool
due to corrosion, the ingestion of foreign objects, the buildup of using models of faults constructed as combinations of efficiency
deposits (fouling), erosion of parts, and general wear. Degrada-and flow capacity changes. A similar approach was employed in
tion is empirically manifest as changes in measurable engine pa-the current study. Cycle deck calculations with generic compo-
rameters such as exhaust gas temperature (EGT), fuel consumment maps were used and engine degradation was modeled via
tion (as specific fuel consumption, SFC, or fuel flow, FF), turbine changes in flow capacity and efficiency.
inlet temperature ({,), low or high pressure spool speeds (N1 or In response to the lack of rigorous connection with actual
N2 respectively), and/or engine pressure ratio (EPR), as well asdeterioration circumstances, recent efforts have concentrated on
changes in engine performance bounds such as the stall margindeveloping models of specific faults that can be verified, prima-
Methods used to investigate mechanical performance include vi-rily for the case of compressor fouling. Although the intention of
brational analyses and oil consumption tests. A key difficulty lies the current study is to provide only a representative analysis of
in associating a specific condition or combination of problems the effects of component degradation on emissions, more quanti-
with measured performance parameters. Because this capabilityative analysis associated with specific faults can be developed.

is important for bounding the changes in Nat might reason- Using the methods reviewed above, several authors have attempted
ably be expected, Section 2.2 details research conducted on thiso model or show the effects of various types of degradation on
issue. engine performance (Saravanamutto and Maclsaac, 1983;
Saravanamuttoo and Lakshminarasimha, 1985; Lakshmin-
2.2 Methods f or Correlating Aging with Chang _es in arasimha and Saravanamuttoo, 1986; Dupua., 1986 Aker
Performance P arameter s and Saravanamuttoo, 1989). Among these, Dwgiikconclude

Before the introduction of analytically oriented techniques, that the superposition of individual component fault effects on an
engine degradation was understood through empirically devel- engine can suffice for a multiple component fault simulation with
oped relationships between engine parameters and degradatioa high degree of accuracy. Papers within the last few years have
effects as revealed through inspection and, eventually, throughgiven more detailed accounts of individual fault effects (Stevensen
in-flight or ground testing performance data (Arnold and Gast, and Saravanamuttoo, 1995; Sirghal, 1996).

1970; Treager, 1979). Trend plots were used to map the deviation
of engine parameters from a manufacturer specified baseline to2.3 Maintenance Practice and Restoration of Losses
better recognize the existence of a fault. However, this type of Aircraft engines traditionally have been maintained accord-
analysis generally did not provide enough information to specify ing to a manufacturer suggested schedule tempered by inspection
what composed the fault (Aker and Saravanamuttoo, 1989). of the engine before maintenance by the operator and in a manner
More analytically driven studies geared towards prediction approved by the Federal Aviation Administration (FAA) (Treager,
of fault occurrences and levels of degradation led to the develop-1979). In aircraft applications, maintenance practices are usually
ment of methods based on an understanding of engine cyclespredicated on thresholds of allowable engine degradation deter-
Urban (1974) proposed a linear analysis method where measurmined by economic considerations which can be understood as a
able parameter changes are associated with changes in the perfobalance between the cost of inefficient aircraft operation and main-
mance characteristics of engine components using fundamentatenance expenditures, and safety concerns which exist as more
performance equations specific to a particular engine. Recogniz-absolute bounds on allowable deterioration. This method of per-
ing limitations in the trend plotting and linear analysis approaches, forming maintenance only when needed, knowarasondition
Saravanamuttoo and Maclsaac (1983) proposed a nonlinear methmaintenance, requires a close monitoring of measurable engine
odology based on cycle deck analysis to be used in concert withparameters as well as detailed inspections of engine components
trend analyses. Like Urban, Saravanamuttoo and Maclsaac produring scheduled visits, taking advantage of further opportuni-
posed to show changes in critical engine parameters through corties for inspection when they arise.



There has been little reported research on the effectivenesssummarizes published data regarding emissions variability. Al-
of maintenance procedures in correcting faults and restoring lossesthough not always undertaken, corrections are usually made for
Proprietary concerns of aircraft engine manufacturers limit the differences in ambient conditions and, where possible, for changes
disclosure of such competitive information. Engine overhauls may in fuel content, in order for the data to be comparable. However,
cost as much as $1M for a single engine and all losses may not b&yon, Dodds, and Bahr (1980) found that the variability of NO
recovered in the maintenance cycle while the engine remains us-emissions was only slightly influenced by fuel type, fuel content,
able for service. For example, Wulf (1980) found that it was eco- or sampling methods. Despite the lack of consistency in method-
nomical to restore only 70% of long-term unrestored losses. ologies and reported units among the studies summarized in Table

Despite a lack of data, representative limits of the extent to 2, the data provides some indication of the expected magnitudes
which engines may degrade can be established. For exampleof variability. The typical standard deviation for the data in Table
Urban (1974) suggests typical limits on changes in engine pa-2 is 5-6% in the NQemissions index (EINO= gNQ, (as NG)/
rameters and reasons for their existence for a dual-spool turbofarkg fuel burned) for the power settings closest to the cruise condi-
engine, as shown in Table 1. tion, but there is a wide range represented in the data.

Also shown in Table 2 are measurements obtained immedi-
ately after maintenance has been performed. In particular, Becker
et al. (1980) investigated the exhaust characteristics of a sample
of seven JT8D-7A gas turbines after overhaul finding that prop-
erly overhauled engines should have emissions levels and vari-
ability similar to new engines. Standard deviations for M@is-

Table 1: Typical Limits on Changes in Engine Parameters
for a Turbofan Engine
[Adapted from Urban (1974), Fig. 14, p. 19-14]

Parameter Limit Reason sions ranged from 7.1% at 100% rated takeoff pawd0.7% at
idle. Collectively, these data combine to give a standard devia-

Fan mass flow -5.0%  LPC surge tion of 14.5% in the NQEPA parameter (EPAP). Becket al.
LPC mass flow -8.0%  High turbine temp. . ) . .
Fan efficiency 50% High turbine temp. also p_resent da_ta on v_arlablllty among new production engines in
HPC mass flow -80%  High RPM graphical form indicating an approximately 23.5% standard de-
HPC efficiency -45%  High turbine temp. viation in the NQ EPAP for a much larger sample of newly manu-
HPT nozzle effectivearea  6.0%  LPC surge factured engines. An earlier test of the CF6-50 conducted by Frings
HPT nozzle effectivearea -6.0%  HPC surge (1980) showed a 2.8% standard deviation in thg EPAP emis-
HPT efficiency -5.0%  High turbine temp. sions level among a sample of engines tested after undergoing
LPT nozzle effect!ve area 8.0% Low thrust various levels of maintenance.
LPT nozzle effective area '6-03/0 LPC surge The emissions certification process also provides some in-
Compfyst]?r exit temp. 2'50/0 Turbine life sight into expected levels of variability in engines. Studies on
Specific fuel consumption  4.0%  Economy engine variability €.g. Table 2) were incorporated into the for-

mulation of emissions certification procedures for newly manu-
factured engines because verification of compliance was a cen-
Typically, component efficiency losses and flow capacity tral issue in the promulgation of emissions requirements (43 FR
changes result in hotter cycle temperatures indicated by a rise inb8, 1978; 47 FR 251, 1982; 55 FR 155, 1990; ICAO, 1993). These
EGT. An overhaul condition is roughly suggested by a rise in procedures are based on a composite distribution of historical
EGT between 30 - 50 K and/or an increase in SFC of between 2 -engine to engine variability and imply that the Némissions
4 % (Urban, 1974; Treager, 1979; Frith, 1993). Given this data, measured for a single engine test would be expected fall within
we have chosen to use a 3% increase in the SFC as a reasonaldé interval equivalent to 31.8% of the mean,M@/kN (e.g.Dp/
degradation limit with which to investigate the effects of engine Foo or EPAP) test result with 90% confidence.
aging on NQ emissions. Comparisons of emissionariability between maintained
engines and new enginesd.Beckeret al, 1980; Frings, 1980)
2.4 Sources and Extent of Engine Emissions __Variability do not directly address changes in #verageemissions levels
There are many sources of engine emissions variability, in- that occur as a result of engine aging. It is this point which is of
cluding manufacturing differences in new engines, different ag- primary interest for the current study. Only one report found by
ing characteristics for individual engines, and changes in fuel the authors addresses this issue. Platt and Norster (1979) pub-
content, atmospheric conditions, or operational use. Extracting alished emissions degradation factors per 1000 hours of engine
trend that would suggest changes in emissions over a period ouse in terms of Els and EPAPs for NO, CO, and HC. A summary
time must be undertaken amidst the uncertainty associated withof the Platt and Norster results is given in Table 3 for the engines
these various factors. There have been a limited number of studtested. No results for the cruise condition were presented.
ies considering the variability of emissions in new engines and The data in Table 3, using a constant thrust power setting,
the effects of maintenance on overall emissions levels. Table 2indicate adecreasan NO emissions as a function engine age,




Table 2: New and Maintained Engine Emissions Variability

Engine Type Engine Condition Tests Setting [6] Std. Deviation [7] Corrections
CF6-50C2 [14] new, post checkout 6 30%rO 6.5-6.9% EINOy P3, T3, H, FF
CF6-50C2 [1b] new, post checkout 12 30%rO 4.8-4.9% EINOy P3, T3, H, FF

CF6-6[14] new, post checkout 7 30%rO 4.0-4.2% EINOy P3, T3, H, FF
CF6-50C2 [14] new, post checkout 6 85% rO 1.4-2.6% EINOy P3, T3, H, FF
CF6-50C2 [1b] new, post checkout 12 85%rO 5.7-6.2% EINOy P3, T3, H, FF

CF6-6 [1a] new, post checkout 7 85%rO 2.5-3.3% EINOy P3, T3, H, FF
CF6-50C2 [14] new, post checkout 6 LTOcycle 0.9-1.5% EPAP P3, T3, H, FF
CF6-50C2 [1b] new, post checkout 12 LTOcycle 4.9-5.0% EPAP P3, T3, H, FF

CF6-6 [14] new, post checkout 7 LTOcycle 3.4-4.0% EPAP P3, T3, H, FF

Jr8D-7A [2] post on-cond. maint. 7 30%rO 23.6% Ib/hr not reported

Jr8aD-7A [2] post on-cond. maint. 7 85%rO 10.7% Ib/hr not reported

Jr8D-7A [2] post on-cond. maint. 7 LTOcycle 14.5% EPAP not reported

Jr8D-7A [2] newly manufactured 7 LTOcycle 23.5% EPAP not reported

CF6-50 [3] 4 on-cond. maint., 1 no maint. 5 LTOcycle 2.81% EPAP not reported

CF6-50 [4] factory engine for development tests 1 30%rO 3.7% EINOx not reported

CF6-50 [4] factory engine for development tests 1 85%rO 4.5% EINOx not reported
CF6-50C2 [5] newly manufactured 6 LTOcycle 0.81% Dp/Foo ambient effects

CF6-50 [5] newly manufactured 6 LTOcycle 0.83% Dp/Foo ambient effects

GE90-85B[ 5] newly manufactured 3 LTO cycle 1.97-3.72% Dp/Foo ambient effects

Olympus 593 Mk 610 [5] newly manufactured 6 LTOcycle 5.7% Dp/Foo ambient effects

Notesand Sour ces:

[1a] Source: Lyon, Dodds, and Bahr (1980). Using Jet A fud. ‘P3, T3, H, FF = correction to combustor inlet conditions and ambient humidity, aswell asa
fuel flow correction used.

[1b] Source: Lyon, Dodds, and Bahr (1980). Using JP-4 fuel.

[2] Source: Becker, Frings, and Cavage (1980). All data aswet NO.

[3] Source: Frings (1981). Data aswet NOy.

[4] Source: Lyon and Bahr (1981). Developmental combustor used in engine.

[5] Source: ICAO Engine Exhaust Emissions Data Bank (1995). Tests for CF6-50C2 and CF6-50 Oct.-Dec. 1979; for GE90-85B, Feb.-July 1995; for Olympus,
Jun 1974-Nov. 1977. ‘ Ambient effects = correction to ambient pressure, temperature, humidity.

[6] rO =rated output; LTO cycle = landing take-off cycle.

[71 EPAP=Ibspollutant / 1000 Ibsthrust / LTO cycle; Dp/Foo = kg pollutant / KN rated thrust / LTO cycle. The EPA parameter (EPAP) isameasure of the
total emissions of an aircraft engine over atypical landing-take-off (LTO) cycle. For NOy, the EPAP is given in units of Ibs of NOy (as NOy) per 1000 Ibs of
engine rated thrust output (rO) per LTO cycle. The LTO cycleisdefined by a schedule of operating timesin five particular modes; taxi/idle (79% of total LTO),
takeoff (2%), climb out (7%), approach (12%). The tests are performed at thrust settings specified as %rO corresponding to the various modes. They are 30%,
100%, and 85% respectively. Emissions test results are weighted by the times-in-mode to provide a summation used for the EPAP calculation. The EPAPis
equivalent the Dp/Foo parameter of ICAO international standards which is given as kg pollutant per kN rated thrust per LTO cycle. Note that the LTO cycle
and thrust settings are different for supersonic and turboprop aircraft.

with the exception of the increase shown for the RB211 engine. performance changes resulting from deterioration, the rest of the

Platt and Norster (1979) addressed the reason for this perhappaper deals more directly with the execution of the present study.

counter-intuitive trend explaining that, “significant deterioration The following three sections discuss the development and vali-

of the turbine stator vanes would cause the operating line of thedation of the representative cycles used to simulate deterioration

engine to move away from the surge line, resulting in an increased(3.1), methods for correlating engine performance with emissions

velocity through the combustor and less time for NO formation.” levels (3.2), and the application of these correlative methods in

Thus, the reduction in NO was associated with an increase inthe study (3.3).

mass flow due to hot section damage. Indeed, as will be shown

later in this paper, turbine damage is expected to result in a lower3.1 Development and Validation of Representative

NO, emissions rate. The RB211 result of increased emissions withEngine Cyc les

age was attributed to increased operating temperatures rather than  Four different engine cycles were developed for use in this

reduced residence time, which would be consistent with com- study. Three cycles represent subsonic technologies and the fourth

pressor deterioration as discussed in Section 4. cycle represents one possibility for a future supersonic transport

engine design. The CF6-50C2 was used as an example of older

3. RESEARCH METHODOLOGY in-use technology and a cycle modeled after the GE90-85B en-
Having considered the available information on maintenance gine was used to represent the most current in-use technology. A

practice, new and maintained engine emissions variability, and next-generation subsonic engine cycle, here called the Advanced




Table 3: NO Emissions Degradation Factors Table 4: Engine Cycle Parameters for the Cruise Condition
[Adapted from Platt and Norster (1979), Table 45, p. 180]

CF6-50C2 GE90-85B ASE EHSCT

Degradation , Altitude (m) 10668 10668 10688 18228
, Factor El at Climb EPAP Mach No. 0.8 0.8 0.8 2.0
(% per 1000 hrs.) Thrust (kN) 47.6 769 279 404
Engine No. | Avg. | Deviation | Avg. | Deviation SFC 19.0 16.7 14.5 324
Type Units| Vaue Value Bypass Ratio 4.2 84 10.7 0.0
OPR 29.8 38.1 450 170

Jrep-9 | 14 | -33 | +30 23 | 26 Tra (K) 1240 170 1610 1538

Jr8p-7 18 -3.8 +2.3 -3.2 +4.8

Jr3D-7 9 | -1.0 | #19 -42 | 436 W2 cor. (kgfs) 684 1825 686 190
JT3D-3B 13 -1.2 +3.1 -3.1 +2.6
JT9D-3A 9 -39 +3.6 -5.7 4.5
RB211 10 5.3 +75 3.6 +5.9 Table 5: Comparisons of Developed Cycles and Published
CF700 9 -14.3 +12.7 -12.7 +18.3 Data at Cruise and SLS Conditions
CRUISE

Subsonic Engine (ASE), was established based on parameters from| Engine |Cycle| Pub. | Est. | Cycle | Pub. | Est.
a cycle deck developed through a NASA-industry study (Liebeck SFC | SFC WS'I:E% Thrust | Thrust OT/h{EUr?
et al, 1995). The ASE cycle is representative of an engine for a o= o=
medium range, 275 seat passenger aircraft with an entry-into-ser- | CF6 | 19.0 |17.7[1]| -44 | 476 | 490 | 28
vice of 2005. Finally, the supersonic cycle was based on engine | GE90 | 16.7 |14.6[2]| -140| 769 |779([2] | 1.2
parameters for a possible future European high-speed civil trans- | _ASE | 145 |14.6[4]| 0.7 | 279 |30.3[4] | 7.8
port (EHSCT) with a Mach number of 2.0 as described by Habrard EHSCT | 324 |32.2[5]| -06 | 404 |420[5] | 38
(1990). Table 4 gives an overview of the primary characteristics

of these four cycles. Note that these cycles span a range of com- SEA LEVEL STATIC

bustor inlet pressures{f= 906-1371 kPa at cruise) and tem- CF6 | 110 |10.8[3]| 26 | 236.5 |2304[3]| 1.7

peratures (F; = 732-954 K at cruise), and involve two types of GE90 | 89 |81[3] | 9.9 | 3935 |395.3[3]| 05
S ) . i i | ASE

engines; subsonic turbofans, mqludmg ultra-high bypass configu NOT AVAILABLE

rations, and a supersonic turbojet. EHSCT

These cycles were developed using the commercially avail- Sources.
able cycle deck GASTURB (Kurzke, 1995). Cycles were specified  [1] Mattingly, JD. (1996).
as completely as possible, employing data available in the open lit- [gl %e;gd 1';';‘3”"3 (1992).
erature for primaryg.g. bypass ratio, pressure rat?os, total mass { 4} ASE c§/clez)éck, NASA Lewis Research Center: see also Liebeck,
flow, and T,) and secondarye(g.bleeds, cooling aigtc) cycle RH., et al. (1995).
parameters. Cycles were matched to performance data primarily [5] Harbrard, A. (1990).
through iterations on values fof, and less so through alterations
of component efficiencies, pressure ratios, and some secondary pa-
rameters. Several minor parameters were set to typical values. Cycle
results were compared to typical published performance data forPressure compressor was reduced by 1%, the contours on the gen-
both design and off-design conditions resulting in the estimated dif- €ralized component maps were scaled by a factor of 0.99. For
ferences in thrust and SFC shown in Table 5. off-design analysis, the use of generalized component maps will

The differences between the results of the representativecause some error and specific maps are always preferred. How-
cycles and the published information are due primarily to the lack €ver, component maps for the engines studied are proprietary and
of data available for parameter specification, but it is worthwhile Were not available for this study. Though an operating line for the
to consider some of the details of the cycle calculation. GASTURB €ngines simulated can be generated, there was no data available
references genera“zed component maps for the fan, Compressorgyith which to compare the results. In ||ght of these considerations,
and turbines for calculation of design and off-design operating W€ again emphasize the representative nature of the cycles devel-
points. When an efficiency or mass flow change was imposed onoped for this study. The results presented in Section 4 do not nec-
the cycle to simulate degradation, the map was scaled by the specissarily reproduce the results one would find if the engines simu-
fied percentage. For example, when the efficiency of the high- lated were actually tested.



3.2 Methods f or Correlating Chang es in P erformance cluded that if the parameters used in EjéQuations of the direct
Parameter s with Chang es in NO , Emissions Le vels correlation type were referenced to ground level certification data,
In order to complete the task set out in this paper, the addi- the average variability in predictions for an engine at altitude was
tional step of correlating engine operation with Nénissions +18%. Ground level and altitude tests of two engines showed that
levels is required. Correlations of N®missions are of three ba-  correlations specifically formulated for use with a particular engine
sic types, all based on engine performance and emissions datare more accurate but emissions can be adequately estimated by the
obtained via combustor rig tests or full-scale engine tests atapplication of other correlation equations to those engines with pref-
ground-level and/or at altitude. The first typeeterence corre- erence given to use in a reference mode. Lagtar suggest that in
lation, uses sea level and altitude emissions data to formulatethe development of global inventories, the use of any particular NO
emissions correlations as ratios of engine conditions at altitude tocorrelation equation will have an uncertainty (typicailyo-20%)
those at sea level. A secomlitect correlationformulation can be smaller than other sources of inventory error, if referenced to certi-
constructed using regression analysis of measurable test paramfication data as described above. The accuracy of any correlation is
eters €.9.T3, T4, P3) and/or consideration of time scales of chemi-  limited by availability of data on which to construct the correlation.
cal kinetics €.9.t o5 Peomp Tadian- Such direct correlations typi-  To achieve greater accuracy in the determination of engine data,
cally employ data to formulate general dependencies on engineemissions correlations specific to the engine considered are required.
parameters and then these dependencies are tailored to specificisteret al.did not consider the effect of changing technology, such
combustor designs through multiplicative or additive constants as correlations appropriate for dual-stage combustors.
that contain representations of the residence &teeThe third
type of correlation, &uel flow correlation was advanced in re- 3.3 Application of EINO , Correlations
sponse to the inadequate availability of often proprietary engine The emissions correlations used with the cycles in this study
test data and correlates corrected emissions results with correctedre given in Table 6. They are of the direct correlation type and
fuel flow and ambient conditions (seey.Boeing, 1995). most are of a mixed character, employing both characteristic time
Most EINQ, correlations exhibit a basic dependence on the and parameter regression in their construction as discussed in
combustor pressure raised to a power typically between 0.4 -0.6Section 3.2. The correlation used for the EHSCT is based solely
and an exponential dependence on the temperature at the consn a characteristic time formulation.
bustor inlet. Beginning with the Climatic Impact Assessment Pro- In applying these correlations, it was assumed that all effects
gram (CIAP, 1971-1975), EINOlependencies of this type were of aging are realized as changes inF;, T, the combustor resi-
used for several engine tests, including the engine variability anddence time (LJ, and the adiabatic flame temperaturgq{J).
degradation tests discussed earlier in Section 2.4 (Pedthér rather than through changes in the empirical constants used in the
1992). Because of their usefulness in summarizing emissions charcorrelations.t is believed that this assumption is the primary
acteristics, other public and private interests have continued tosource of uncertainties for the conclusions presented in this pa-
formulate correlations based on engine parameters that are someper. More information about the correlations and the derivation
times made available in the open literature. However, these pub-of the empirical constants would be necessary to properly vali-
lished correlations are usually for either older technology or for date the accuracy of this assumption.
experimental combustion systems. In general, a standard correc-
tion for humidity is applied to the data used for all of these equa-

tions (see ICAO, 1993), although this correction is sometimes Table 6: EINO, Correlations Used with Simulated
included explicitly in the El correlation. In addition, because these Engine Cycles
equations usually _refer to emissions exiting the co_mt_)ustor, Fhey Engine NO, Correlation as EINO,(NO,)
may not necessarily correspond directly to the emissions exiting "
the exhaust nozzle. However, Lukacletal.(1996) have shown CF6-50C2[1], 55 m.ogse[@liﬁ s L Ho 17
. . K atm [1944K 532gH,0/kgdryaird
in a study of turbine and exhaust nozzle chemistry that fgr NO

. X ) i - X "~ |GE90-85B[2] R 9"4 O T H 0
there is typically little change in emissions levels due to kinetics 0.0986%— exp —2o—- 0 —0

atmU 194.4K 53.2gH0/kg dry air 0

occurring within the engine downstream of the combustor.

Several correlations have been published in the open literature ASE[3] 0.0041941 (T, U B g ex ﬁ 3— 1471 Rﬁ
for specific aircraft engines and variatgy(Platt and Norster, 1979; ) 4 ESQ psi aB PO 3R
Pratheet al, 1992; Listeet al in Schumanet al, 1995).Arecent EHSCT [4] o Bx %_ 7298428705 Tadiabaﬁcﬁ
study on the usefulness of various correlations was presented by res 5P ' " adiabatic 38 Op
Lister et al.as part of the European AERONOX program (1995). g rces:

This study considered the applicability of nine possible correlation 1] [2] Gleason and Bahr (1979).
equations of the three types described above for the prediction of [3] Bill Haller, NASA Lewis, personal communication.
NO, from four different turbofan engine types. Lis&tral. con- [4] Roffe and Venkataramani (1978).



Table 7: Comparison of Calculated EINO , Using Simulated Cycles with Emissions Certification Data

Engine Simulated Simulated ICAO ICAO Certification Engine Certification
EINO, at Engine EINO EINO Designation Engine
cruise Combustor PL=30% PL= 8% Combustor
CF6-50C2 16.5 single annular 9.50 29.70 CF6-50C1 or -50C2 single annular
GE90-85B 13.8 double annular 10.30 40.27 GE90-85B double annular
ASE 8.9 double annular — — — —
EHSCT 6.1 LPP 35 9.3 Olympus 593 Mk 610 single annular

Note: Olympus power settings are actually 34% for the value in 30% power level (PL) column and 65% in 85% column.

The correlation used for the CF6-50C is applicable directly ponents that are degraded, the magnitude and combination of ef-
to the cycle simulations introduced in this paper. Drawing from ficiency and flow capacity change, and the technology represented
the work of Listeet al, the accuracy of the correlation should be by the engine design, both the cycle and the type of combustor
better than the15-20% result obtained for the application of a utilized. The GASTURB cycle deck was used to perform aging
nonspecific correlation. For the GE90-85B, no emissions corre- investigations through changes in component efficiencies and flow
lation is publicly available, but it is known that the GE90-85B capacities. Both sensitivity and scenario analyses are presented
employs a dual-annular, staged combustor design that owes somé the following sections, including a description of the calcula-
of its design to concepts developed through the NASA Experi- tion methodology and specifics about the GASTURB implemen-
mental Clean Combustor Program (ECCP). The ECCP, in asso-tation. The analyses reveal both broad technological and specific
ciation with General Electric, produced emissions correlations component trends and provide an overview of the aging effect
for the CF6-50CH€.g.the equation shown in Table 6), the CF6- that proves useful for understanding the impact of deterioration
80C, and an advanced, dual-annular, lowzNOmMbustor con- on emissions levels. In order to place the results in context, the
cept. This dual-annular emissions correlation is thought to cap- limit to deterioration suggested previously, a 3% increase in SFC,
ture the basic emissions characteristics of the GE90 engine. Thds applied to the results to bound the changes observed in the NO
coefficients used for the CF6-50C and dual-annular correlations emissions rate.
include parameters describing specific combustor design details
such as residence time. While for the CF6-50C2 these parameterd.1 NO, Emissions Sensitivity to Small Component
will remain essentially the same, no attempt was made to changePerturbations
these parameters for the dual-annular case to match the GE90- Influence coefficients comparing the emissions and thermo-
85B combustion system. dynamic performance of new and degraded engines were gener-

The ASE engine employs a dual-annular, staged combustorated using one percent perturbations to individual component ef-
and since the ASE is a concept engine cycle, the correlation em{iciencies and flow capacities. Where component efficiency will
ployed is based on projected behavior. An ultra-lowg@Qrre- typically decrease with age for both the compressor and turbine,
lation based on tests of the lean-premixed prevaporized (LPP)flow capacity changes with age typically differ for a compressor
concept was employed as representative of HSCT emissions charand turbine. For a compressor, flow capacity is likely to decrease,
acteristics (Roffe and Venkataramani, 1978). This equation pre- primarily due to fouling and increased aerodynamic blockage due
dicts emissions based qpgtand T 45, For this paper, the adia-  to blade tip clearance increases and other effects. Conversely, for
batic flame temperature was assumed to be 2000 K and the resithe turbine, erosion and other thermal damage increase the size
dence time was calculated using a simplified model of a constantof blade passages and thus the flow capacity. The perturbed state
area, viscous duct with constant pressure and prescribed temperawvas calculated via a design calculation under the constraint of
ture change. Using cruise condition engine parameters for theconstant thrust at the cruise condition. This constraint is based on
simulated cycles, EINQresults were compared with certifica-  typical flight procedures where a given Mach number, usually
tion emissions data given in the ICAO Engine Exhaust Emis- between 0.8 and 0.85 at cruise, is set for the duration of the flight.
sions Data Bank (1995) in Table 7. For the LPP combustor caseUsing GASTURB, the constraint of constant thrust can be set
certification data for the Concorde Olympus engine is provided directly through iterations on component matcHing.
for reference. The low-NQemissions goal of the NASA High-
Speed Research Program is for an E|NO5 g/kg fuel.

1n practice, an indicator is used to set the thrust. Typically, this is the
low-pressure spool speed, N1, or the engine pressure ratio, EPR. Con-
4. RESULTS sidering the alternative practice, the constraint of constant N1 was also

Changes in pollutant emissions with time are a strong func- examined. Results show similar orders of magnitudes and signs for sen-
tion of the pattern of degradation for a particular engine, the com- sitivities but the actual values vary on the order of 10 - 15%.



Table 8: Parameter Sensitivity Results for Subsonic, Turbofan Cycles at Cruise Condition

CF6-50C2 GE90-85B
BASEL INE T13 Pr3 T1a SFC NOy/s T13 Pr3 T1a SFC NOy/s
VALUES (K) (atm) (K) (g/kN s) (9/9) (K) (atm) (K) (g/kN ) (9/9)
732 10.7 1440 19.0 15.0 758 135 1750 16.7 17.7
PARAMETER T13 Pr3 Tt SFC NOy/s T3 Pr3 TT4 SFC NOy/s
(K) (%) (K) (%) (%) (K) (%) (K) (%) (%)
-1% eff. fan 0.00 0.16 1.05 0.29 0.35 0.66 0.21 331 0.42 0.85
-1% eff. LPC 1.76 -0.01 3.59 0.19 1.00 1.68 -0.02 3.74 0.13 0.99
-1% eff. HPC 1.97 -0.33 7.00 0.26 1.06 2.58 -0.29 9.14 0.23 1.45
-1% HPC cap 0.32 -0.05 1.13 0.04 0.17 1.91 -0.21 6.75 0.17 1.07
-1% eff. HPT -3.89 -0.63 3.18 0.29 -1.71 -4.49 -0.57 4.87 0.26 -2.25
+1% HPT cap -251 -1.13 -0.02 0.12 -1.44 -2.95 -1.14 0.32 0.08 -1.87
-1% eff. LPT 0.34 0.27 2.83 0.57 0.82 1.34 0.30 5.96 0.67 1.49
+1% LPT cap 2.33 0.41 1.32 0.26 1.49 2.79 0.42 0.85 0.23 1.85
ASE EHSCT
BASEL INE T13 Pr3 T14 SFC NOy/s T13 Pr3 T1a SFC NOy/s
VALUES (K) (atm) (KY (kNS (g9 (K) (atm) (K) @KkNS (g9
801 16.0 1611 145 3.6 954 8.9 1525 324 8.0
PARAMETER | T3 Pr3 TTa SFC NOy/s TT3 Pr3 T4 SFC NOy/s
(K) (%) (K) (%) (%) (K) (%) (K) (%) (%)
-1% eff. fan 0.47 0.28 2.32 0.48 0.97 — — — — —
-1% eff. LPC 1.78 -0.02 3.55 0.14 1.29 — — — —_ —
-1% eff. HPC 2.30 -0.35 7.74 0.21 1.77 2.90 -0.37 7.56 0.36 0.40
-1% HPC cap 0.39 -0.06 1.30 0.04 0.30 0.76 0.04 0.92 0.02 0.01
-1% eff. HPT -4.44 -0.69 3.47 0.23 -2.10 -4.95 -0.77 2.36 0.47 0.82
+1% HPT cap -2.59 -1.13 -0.15 0.08 -1.68 -2.88 -1.09 -0.80 0.12 0.10
-1% eff. LPT 0.91 0.41 4.09 0.74 1.63 — — — — —
+1% LPT cap 241 0.41 0.87 0.21 1.69 — — — —_ —

Table 8 shows cycle parameter changes resulting from smallincrease in EINQis always exacerbated by the change in fuel
perturbations (1% change with sign depending on parameter) toflow and a decrease in EINGs always attenuated. This is par-
component efficiencies and flow capacities for each of the cyclesticularly noticeable for the EHSCT. Using the simple duct model
simulated. Included in the table is the relative change i/9yO  to estimate residence time for the EHSCT E{NQuation, flow
which is the product of the EINGand the fuel flow rate. capacity changes reduce residence time while efficiency changes

The results in Table 8 indicate that changes in the HPT andincrease residence time, affecting a negative change in thg, EINO
HPC component efficiencies and in the HPT flow capacity pro- for the former and a positive change for the latter. However, both
duce the largest changes in cycle parameters and also the largegte NQ/s changes are both positive because the increased fuel
changes in N@s. If we compare these results to the limits on usage overwhelms the slight decreases in the EINO
component degradation suggested in Table 1, we see that changes The opposing influences of turbine and compressor faults
in NO,/s of up ta£12% may be possible. However, as is shown can be illustrated using temperature-entropy (T-s) diagrams for
in Section 4.3, typical changes in ®are expected to be much  the Brayton cycle as shown in Figure 2. If the cycle is constrained
smaller than this, due in large part to the competing influences ofto result in thesame worklosses in compressor efficiency tend to
HPC and HPT degradation. For example, the influence coeffi- cause increases in both dnd T, as shown in Figure 2a. How-
cients show that for the HPT both flow capacity increases and ever, for constant work, losses in turbine efficiency tend to de-
efficiency decreases (the typical aging trends) lead to a decreas@ress § and produce relatively smaller increases jra3 shown
in the NQ/s. However, for the HPC, the typical aging effects in Figure 2b.

(decreases in both flow capacity and efficiency) lead to an in- Similar arguments can be made for the relative effects of each
crease in N@¥s. Note that in all cases, faults increase the fuel of the component faults modeled, however the arguments are more
flow rate. Thus, in terms of the total N@mitted €.9.NO,/s), an complicated because of the complexity of the two-spool turbofan
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a) Effect of compressor deterioration at constant work.

b) Effect of turbine deterioration at constant work.

Figure 2: The opposing influences of turbine and compressor faults on engine parameters; temperature-entropy diagrams
for single-spool turbojet cycles.

cycles investigated. We give only one example below for the dif- OPR and T, illustrates the changes in sensitivity of Némis-
ferent effects of HPT and LPT capacity changes. sions to aging effects that occur as technology advances. As shown
Sensitivity results indicate that for turbofans, an increase in in Figure 3, changes in N@ increase with increasing OPR for
HPT capacity leads to a decrease inf¢@vhereas an increase in  the fan, HPC, LPC, and LPT efficiency faults. Increased sensitiv-
LPT capacity leads to an increase in JOThese opposing in- ity of NO,/s with increased {, is shown in Figure 4 for HPC,
fluences can be explained by considering that the LPT is respon-HPT, and LPT capacity faults and HPT efficiency fadIf§hus,
sible for powering the fan where 70-90% of the thrust can be gen-NO, emissions from more technologically advanced cycles are
erated. Both of these component faults lead to larger mass flowsmore sensitive to aging.
and, at the same efficiency, less work per kilogram. Increased flow
capacity leads to a lower compressor discharge pressyje(f
temperature (§3) which prompt an increase in fuel flow until the  Scenarios
original thrust level is achieved. The additional mass flow also Sample degradation scenarios were imposed on each of the
leads to an increase in thrust which offsets some of the thrustfour cycles using degradation of the high-pressure turbine (HPT)
decrease due to lower pressure ratios. However, for the LPT ca-and the high-pressure compressor (HPC) both separately and in
pacity increase, the fan is also affected and a larger thrust decombination. The HPT and HPC were chosen for further calcula-
crease is realized because of the LPT fault than for the HPT fault.tions because anecdotal information from engine manufacturers
The result is that for the HPT capacity increase, there is a netsuggests that degradation of these components is the largest con-
decrease inf, T3, and T, (in all cases except of the GE90-  tributor to overall engine aging trends. Table 9 summarizes the
85B) whereas for the LPT fault, there is an increase in all thesescenarios investigated. One point of efficiency loss was combined
parameters. The decreases in the HPT case lead to decreases with one point of flow capacity change, the latter being positive
EINO,, which, depending on the magnitude of the increased fuel for the HPT and negative for the HPC. For the combined HPT
requirement, is manifest as a smaller percent decrease,is.NO and HPC aging scenario, it was assumed that the degradation of
For the LPT, all trends favor an EIN@crease with age which is
exacerbated by the increased fuel needs, leading to an even higher
percent change in Ns.

4.3 NO, Emissions Results f or Sample Degradation

2Figures 3 and 4 indicate that the EHSCT cycle exhibits much less sen-
. sitivity to efficiency and flow capacity changes at cruise than any of the
4.2 Technological Trends . turbofan cycles. However, most HSCT engine concepts are of the vari-

As gas turbine technology has advanced, engine pressure raapje cycle type (Harbard, 1990; Boeing, 1989) and it is unclear whether
tios and cycle temperatures have increased to achieve better fuehe aging behavior of a multiple cycle engine will exhibit a similar deg-
efficiency. Correlating the results shown in Table 8 with the cycle radation sensitivity to the single spool turbojet cycle.
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Figure 3: Change in NO /s resulting from component
parameter degradation: trends with OPR. Component Parameter

Figure 4. Change in NO /s resulting from component

the turbine and compressor occur with the same efficiency loss parameter degradation: trends with T .
and capacity change per unit time. This choice was again based
on anecdotal evidence for current engines which suggests that,
while individual engines have unique aging profiles, on average ~ For the HPT-only scenario, increased degradation levels re-
for a group of engines, compressors and turbines will degrade asult in lower compressor discharge pressure and temperature and
approximately the same rate. Scenario calculations were conducte@ higher T4, which lead to a higher fuel flow and, at constant
through off-design matching, using the constraint of constant thrustthrust, a higher SFC. The effect on the E|N©negative, that is
at the cruise condition. lower emissions per fuel burned for higher degradation levels,

The results previously presented in Table 8 show that HPT deg-for all cases other than the EHSCT cycle. The E]N€rease is
radation leads tdecreasein NO,/s while compressor and LPT ~ tempered somewhat by the increase in fuel flow necessary to
faults lead tancreasesn NO,/s. These trends are borne out in the power the now progressively less efficient engine. For the-HPC
results of the aging scenarios shown in Figures 5 and 6 for HPT-only degradation case, a lowefsRaind higher T, result as with
only and HPC-only faults respectively. To relate these results tothe HPT-only case, but the combustor inlet temperature increases.
maintenance practices, the N€hanges (solid lines) are plotted ~ The efficiency effects are again similar, since the HPC-only ag-
with the corresponding changes in SFC (dashed lines), marking théng leads to a higher fuel flow and thus higher SFC at constant
overhaul condition by the +2-4% SFC threshold. The relative lin- thrust. The effect on the EINGs positive, meaning higher emis-
earity of these trends suggests that influence coefficients presentegions per unit fuel flow. Since the fuel flow also increases, it en-
in Table 8 are useful for predicting changes in emissions mass flowhances the effect leading to even higher changes in the value of

even for large changes in component performance. NO,/s.
For the HPC-only scenario, using a limit of a 3% SFC rise

before overhaul would result in a degradation level of between 5

Table 9: Assumed Degradation Scenarios and 7 for turbofan cycles and a degradation level of about four

- 0, 0% IN-
HPT-Only | HPC-Only | HPT and HPC Combined for the EHSCT case. These correspond to 10-25% and 1% in
% % % % % % % % creases in N@Js, respectively. SFC for newer cycles is less sen-
Leve | HPT HPT | HPC HPC | HPT HPT | HPC HPC sitive to aging and thus the cycles tend towards higher degrada-
eff. cap. | eff. cap. | eff. cap. | eff. cap. tion levels before exceeding the overhaul limits. For the HPT-
0 | 000 000|000 000|000 000|000 000 only scenario, the SFC criteria is exceeded at a degradation level
1 |-1.00 1.00 |-1.00 -1.00 [-1.00 1.00 | -1.00 -1.00 of between 4 and 6 for turbofan cycles and at level two for the
2 |-200 200 |-200 -2.00 |-200 200 |-2.00 -2.00 EHSCT. These correspond to a -8% to -14% and +1% changes in
i '2-88 2-88 '2-88 ‘2-88 2% 2-88 -3.00 -3.00 NO,/s respectively. Where the HPC-only cases show marked dif-
Iy ' Ton ene | o ' -400 -4.00 ferences in degradation effect as a function of the turbofan cycle
5 |-5.00 500 |-500 -5.00|-500 5.00 |-500 -5.00 . . . . .
7 |-700 700!-700 -700]| — - simulated, and higher increases in the percent change jfs NO
9 |-900 9.00|-9.00 -9.00 | -- with degradation level, the HPT-only cases show remarkably simi-
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Figure 6: Percent changes in NO /s (solid lines) as a
function of degradation level: HPC-only scenario. (SFC
changes are shown with dashed lines.)

Figure 5: Percent changes in NO /s (solid lines) as a
function of degradation level: HPT-only scenario. (SFC
changes are shown with dashed lines.)

lar patterns of emissions change across all turbofan cycles. Thedation level of between 2 and 3 for turbofan cycles and above
EHSCT case, exhibiting increases in Nor both HPT and HPC level 1 for the EHSCT. These correspond to -1% to +4% and
degradation, shows a lower sensitivity to degradakionvever, +3% changes in N{s, respectively.
as with all the cycles, these numbers must be viewed in the con-  These results compare well with the only published empiri-
text of the original values of Ngs for the cruise condition with-  cal data (Platt and Norster, 1979) regarding the effects of engine
out aging (see Table 8). aging on aircraft emissions. Examination of the Platt and Norster
While the HPT-only and HPC-only scenarios illustrate the results, which are summarized in Table 3, shows there was a rela-
opposing influences of turbine and compressor aging, the com-tively small effect on NQemissions from deterioration. The mea-
bined HPT and HPC aging scenario is expected to be more represured changes in emission rates were on the order of the unit to
sentative of typical engine aging behavior. Combined degrada-unit deviation. The Platt and Norster results, however, do gener-
tion of the HPC and HPT results in an almost linear change in ally indicate a decrease in EINCFurther investigation of the
cycle parameters exemplified by Figure 7 for the CF6-50C2 cycle. maintenance records supplied with the report shows at least one
All cycles modeled exhibit similar trends and magnitudes of engine’s history exhibits a majority of HPT problems (the JT3D).
change in F3, Pr3, and T4 to those shown for the CF6-50C2.  This observation is in general agreement with the results for the
However, the way in which these changes effect the L@ HPT noted in the current study. For the CF6-50C2 cycle studied
subsequently the N@s value is not similar for the different cycles.  here, a reduction of 11% in the Ellj@alue is realized with the
It was noted earlier that fuel flow always increases with degrada- SFC limitation for the HPT-only scenario and a -3.5% EJNO
tion, enhancing an increase in EIN@nd attenuating a decrease. change for the combined case. At overhaul time for the JT3D,
This differential effect among the cycles is noted in Figure 8 where the rate reported by Platt and Norster would give a decrease of -
the CF6-50C2 cycle experiences a decline inMN@ith increas- 2.8 t0 -3.6% in EINQfor 2300-3000 hours of operation.
ing degradation level as a percentage of the baseline while all
other cycles show increases. The largest changes are seen for the
ASE cycle. For all of the cycles, the EIN®@alue actually de-
creases, except for the ASE where the value fluctuates near zero.
Thus, the effect of fuel flow increases due to the less efficient
cycles is enough to increase the emissions flux and negate thé EINO is comparable to EINOsince ~90% of the NQemitted is
gains in the EINQ. The +3% SFC criteria is exceeded at a degra- emitted as NO.
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Figure 8. Percent changes in NO /s (solid lines) as a
function of degradation level: HPT + HPC scenario.

5. IMPACT ON EMISSIONS INVENTORIES (SFC changes are shown with dashed lines.)

The results of the previous section provide a wide scope with
which to view the effect of aging on engine Nénissions. It is
possible to draw some conclusions regarding emissions invento-Energy Agency data, for an overall N®urden of 1.92 Tg/yr
ries used by assessment programs to initialize atmosphegic NO corresponding to an average EING 10.9 for the base year 1990.
distributions and magnitudes in global modeling studies. There The ECAC/ANCAT effort indicates that deviations from great
are currently two emissions inventories under development, onecircle routing could result in an approximately 10% increase in
a joint effort between Boeing and McDonnell-Douglas for the fuel burn (Schumanst al, 1995). In addition, ECAC/ANCAT
NASA Atmospheric Effects of Aviation Project and the other a also notes that lack of performance data for engines will have a
European effort supported by the European Civil Aviation Con- subsequent effect on the N®missions level because the meth-
ference (ECAC) through its Abatement of Nuisances Caused byodology used requires simulations of aircraft performance and
Air Transport (ANCAT) group which is responsible for environ-  derivation of NQ emissions much like the current study. Con-
mental issues. Each of these projects attempts to predict fleetwideducting a validation test comparing a simulated flight with actual
emissions loadings over altitude, latitude, and longitude through performance data and using the generic EJNQ@relation, they
models of flight profiles, emission indices, and aircraft/engine estimate that variability in fuel burn and emissions production
performance for both commercial and non-commercial schedules.could be+x10% due to inaccuracy in performance simulations.
Where the ECAC/ANCAT inventory employs a common, ratio The results here add another level of complexity to these consid-
type NQ, correlation among all aircraft, the NASA inventory uses erations in the form of aging. If we determine from these brief
the Boeing fuel flow methodology (see Section 3.2). There are comments that uncertainty in the inventories is at least 10% and
many uncertainties related to the use of these inventories. Inaccuperhaps greater than 25%, the results given for HPT-only, HPC-
rate or incomplete movement data, erroneous flight profiles, air- only, and the combined scenario N®changes of -8 to -14%,
craft performance data, or aircraft condition with respect to weight +10 to +25%, and -1 to +4%, respectively, would seem to be on
or fuel loading, assumptions regarding routing, EJN&nd the the order of or less than the uncertainties currently found in the
contributions of classified military flights can all have an effect inventories. In addition, if we rely more on the combined sce-
on the final results. It is known that these inventories do not ac- hario to represent the probable path of degradation, it is more
count directly for the effects of aging on emissions. The key ques-likely that aging effects would currently be small compared to
tion is whether the effects of aging are significant compared to other inventory uncertainties.
the current uncertainties in these inventories.

Fuel burn for the NASA inventory is calculated to be on the 6. SUMMARY AND FURTHER RESEARCH
order of 10 - 20% lower than US Department of Transportation This paper has presented research concerning the effect of
reported fuel use data for a US airlines based validation testengine aging on NQemissions for a range of aircraft engines
(Stolarski and Wesoky, 1993). For the entire global inventory, a representing different technologies. The results indicated that for
76% match in fuel-use was realized as compared to Internationalsubsonic turbofans, HPC, LPC, fan and LPT faults increase NO

13



emissions flux whereas deterioration of the HPT decreasgs NO 55 FR 155, DOT, “Fuel Venting and Exhaust Emission Re-
emissions flux. Aging of the HPT and HPC have the largest effect quirements for Turbine Engine Powered Airplanes; Final Rule,”
on cycle parameters and N@®missions. Increased sensitivity of Federal Registerpp. 32856-32866, 1990.
NO,/s with increasing OPR or;} was also observed. For the Aker, G.F. and H.I.H. Saravanamuttoo, “Predicting Gas Tur-
supersonic case, all degradation scenarios led to increased emisine Performance Degradation Due to Compressor Fouling Us-
sions, however, the sensitivity to changes in cycle parameters wasng Computer Simulation Technique3ransactions of the ASME:
smaller than for the subsonic cases. In all cases, both turbine andournal of Engineering for Gas Turbines and Powei, 111,
compressor faults, an increase in EIN® exacerbated by the  pp. 343-350, 1989.
change in fuel flow and a decrease in E[N®attenuated. Arnold, B.R. and J.R. Gast, “A Cooperative Airline Program
Scenario calculations confirmed the usefulness of the influ- to Evaluate Engine Parts Aging Effects on a Current Turbofan
ence coefficients indicating fairly linear changes in cycle param- Engine Model,” SAE Paper 700329, pp. 1032-1041, 1970.
eters with increasing degradation level for the HPT-only, HPC- Becker, E.E., G. Frings, and W.C. Cavage, “Exhaust Emis-
only, and HPT + HPC aging cases. For a 3% SFC rise overhaulsions Characteristics and Variability for Pratt and Whitney JT8D-
limit, decreases in Ngs for turbofans with HPT-only aging for ~ 7A Gas Turbine Engines Subjected to Major Overhaul and Re-
all simulations fell between -8% and -14% and increases it NO pair: Final Report,” FAA-CT-79-53, 1980.
s for HPC deterioration were between +10% and +25%. Combin- The Boeing Company, Martin, R.L., “Appendix D. Boeing
ing these aging effects resulted in a -1% to +4% change in theMethod 2 Fuel Flow Methodology Description,” presented to the
emissions flux. For the supersonic case, changes were muchCAEP Working Group Il Certification Subgroup, 1995.

smaller, with a 3% SFC limitation resulting in +1% changes for Dupis, R.J., H.I.LH. Saravanamuttoo, and D.M. Rudnitski,
both HPT-only and HPC-only scenarios, and +3% for the com- “Modelling of Component Faults in Application to On-Condition
bined case. Health Monitoring,” ASME 86-GT-153resented at the Interna-

There are several sources of uncertainty in these analyses ofional Gas Turbine Conference and Exhibit, Dusseldorf, W. Ger-
aging effects. Primarily, these uncertainties are associated withmany, 1986.
the lack of performance data and empirical information on the Frings, G., “Exhaust Emission Characteristics and Variabil-
effects of aging on engine emissions and with the lack of detailedity for Maintained General Electric CF6-50 Turbofan Engines,”
information regarding the N(orrelations used. Increased avail- FAA Report No. FAA-CT-80-36, Final Report, 1980.
ability of these elements could be used to build more widely rel- Frith, P.C., “Diagnosis of Compressor Degradation in Heli-
evant representative engine cycles and to provide a better datacopter Engines,” 5th Australian Aeronautical Conference,
base through which to validate the results presented. Melbourne, Australia, 1993.

Application of these results to the improvement of emissions General ElectricGE: The Leading Edgenanufacturer’s lit-
inventories used for analysis of the atmospheric effects of aviation erature, 1992.
would seem to be premature due to the greater uncertainties in other  Gleason, C.C., and Bahr, D.W., “NASA Experimental Clean
inventory elements. However, regardless of the current applicabil- Combustor Program (ECCP),” NASA CR-135-384, 1979.
ity of these results to emissions inventories, attention to the effects ~ Harbrard, A., “The Variable-Cycle Engine to Meet the Eco-
of engine aging on aircraft N@missions would seem to be war- nomic and Environmental Challenge of the Future Supersonic
ranted in anticipation of broader consideration of these issues thafTransport Aircraft,"Revue Scientifique SNECMNXo. 1, 1990.
could come about due to rapid improvements of the inventories or ICAO, International Civil Aviation OrganizatiohCAO En-

perhaps more indirectly through regulatory action. gine Exhaust Emissions Data BanAO Doc 9646-AN/943,
1st ed., 1995.
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