
AO-AU90 268 AIR FORCE ENGINEERING AND SERVICES CENTER TYNDALL AF--ETC F/S 21/5
USAF AIRCRAFT ENGINE EMISSION GOALS: A CRITICAL REVIEW.CU)
SEP 79 R W BOWtEL, .J A MARTONE

VNCLASSIFIED AF ES C/ESLTRT93ONL

I lllllllflfll
EIIEEEEEE-EIII
EElllllEElllllI
EIEIIIIIIIEI
*EIIEEEEIIIII
IIIIIIIIIIIIIl



11111 .- 111111 6

MICROCOPY REISOLUIION ILSIl CHARI

NAII0NAl HLIRA (11 *I lNl~jl I~ AA



III I1
Il> EVi.sL

USAF AIRCRAFT ENGIE EMISSI
A -CRITICAL REVIEW

RICHARD W. DOUBLE

JOSEPH A. MARTONE
ENVIRONICS DIVISION
ENVIRONMENTAL SCIENCES BRANCH

SEPTEMBER 1979

FINAL REPORT
SEPTEMBER 1978 - JUNE 1979 £

APPROVED FOR PUBLIC RELEASE: OISTRINTIONVNLMITEI

ENSIEERI AM SU S LABORATORY
AN FORCE ENNEUNS1' AND SEVCES CE
TYNMULL AIR FORCE ASE, FLOrUA 32403

80 1!0 14



NOT ICE

Please do not request copies of this report from

NO AFESC/RD (Engineering and Services Laboratory).

Additional copies may be purchased from:

National Technical Information Service

5285 Port Royal Road

Springfield, Virginia 22161

Federal Government agencies and their contractors

registered with Defense Technical Information Center

should direct requests for copies of this report to:

Defense Technical Information Center

Cameron Station

Alexandria, Virginia 22314

I,



UNCLASSIFIED
SCRTCLSIIATION OF THIS PAGE (When Dae Entered) ___________________

ESLTR-79- 2. GOVT ACCESSION No. 3. RECIPIENT'S CATALOG NUMBER

-Wj& AIRCRAFT FgNGINE EMISSION 90 q,, Se Final ep79
A 2'tICAL aEf~rS PERFORMING ORG. REPORT NUMef

Rhad W. Boubel
;Joseph A./artone

9. PEFRIGORGANIZATION NAM. ANDR- & ADDK

I4. MONTRORING AGENCY NAME AN AD RESSdffrt omCntiidOfc) 5.S URT CL S.(ftsrer)

ciiii~~I~I(UNCLASSIFIED
15. ECLASSIFICATION/ OWNGRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

IS. SUPPLEMENTARY NOTES

Availability of this report is specified on verso front cover.

19. KEY WORDS (Continue on reverse side if necessary and identify by block number) J

Pollution Abatement Exhaust Emissions Combustion
Aircraft Pollution Air Pollution
Gas Turbine Engines Air Pollution Regulations

.20. EBSTRACT (Continue on reverse aide if necessary and Identify by block number)

,,This report is a comprehensive summnary and analysis of proposed aircraft
turbine engine air pollution regulations and their relevance to the
USAF. Existing USAF aircraft turbine engine emission goals are critically
reviewed,and revised goals are proposed. The original goals contained
emission standards and compliance dates; the proposed goals contain
neither. The authors believe that the goals should be set to provide
an incentive for emission reduction and should not be numerical standards

DID I JA,7 1473 UNCLASSIFIED

SECURITY CLASSPICATION O TN 1 (rAon Data anf~i

Ali -.

r . N



UNCLASSIFIED
Se~b! kTY CLASSIFICATION OF THIS PAGE(IWhan Data Ernt.,.d)

20. 4STRACT (Concluded)
and dates, which may or may not be met. The proposed USAF goals cover

the critical turbine engine emissions. Carbon monoxide and oxides of

sulfur are not considered serious problems at today's emission levels,

while smoke and hydrocarbon emissions appear to warrant the highest

priority f reduction. Although cost effective oxides of nitrogen
control O is v cwd fhpsitm ti concluded thatN, reduction4

deserves co tinued USAF research.14

4

UNCLASS IF lED

SECURtITY CLASSIFICATION OF THIS PAGE(ften Date IrnlE

11 1 Jill 111 1 .- ll~ l



EXECUTIVE SUMMARY

When the USAF set forth the aircraft exhaust emissions goals
in 1975, they contained the statement, "Accordingly, the goals
established by this memorandum should be periodically evaluated
to insure support of national environmental objectives."

This report is the evaluation of the original goals study.
The report is composed of three general segments:

(1) The need and rationale for evaluating USAF aircraft

engine emission goals.

(2) The USAF aircraft engine emissions goals.

(3) The effect the USAF aircraft engine emission goals will
have on the Air Force.

The first segment discusses the situation existing when the
first goals were proposed and the changes that have occurred
since that time. Major changes have occurred in several critical
areas:

(1) Control technology concepts have advanced and new tech-

nologies have come into being.

(2) Air quality models have been applied to USAF bases.

(3) The Environmental Protection Agency (EPA) has proposed
extensive revisions to the original gaseous pollutant regula-
tions. In general the proposed regulations are less restrictive
(both quantities and enforcement dates) than the previous regula-
tions.

The USAF goals are extensively reviewed as written. The fact
that the 1975 goals are not being met by today's USAF aircraft is
pointed out.
The original goals contained emission standards and compliance
dates. The proposed goals contain neither. The authors believe

that the goals should be set to provide an incentive for emission
reduction and should not be numerical standards and dates, which
may, or may not, be met. In summary, the proposed USAF goals
cover the critical turbine engine emissions:

(1) Carbon monoxide is not a serious problem at today's
emission levels. Any further reduction should be incidental
while reducing hydrocarbon emissions.
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(2) Hydrocarbon emissions are a concern and considerable
additional development is necessary before practical reductions
may be achieved.

(3) Oxides of nitrogen are still being studied to determine
the severity of the emission problem. The USAF should continue
efforts to reduce NOx emissions.

(4) Smoke Is a serious problem and will probably become more
of a problem if fuel changes occur. Invisible smoke emissions
is the only acceptable goal.

(5) Oxides of sulfur are a potential problem if the level of
sulfur in jet fuel increases dramatically from the current low
levels.

The effect that the proposed USAF goals will have on the Air
Force hopefully will not be a major change from present
operations. They definitely will serve as a guide for all opera-
tions from research through acquisition. If they are adopted,
the USAF will continue to again demonstrate its leadership role
in environmental protection. Several factors are discussed that
are of interest to the VJSAF:

(1) Costs and cost-effectiveness of emission controls are of
critical concern. The cost of engine with emission controls will
be more than the cost for an uncontrolled engine. USAF costs
will parallel those of commercial aircraft.

(2) The control of emissions from USAF engines should In no
way interfere with the USAF mission. Operational capability,
reliability, and ease of~maintenance are still the guiding
criteria.

(3) The technology of emission minimization must be con-
tinually advanced. The funding for research and development
should be considered as top priority.

(14) The USAF turbine engines in current use do not meet
the proposed EPA rules. However, USAF aircraft are exempt from
proposed EPA aircraft emission regulations.

(5) The USAF needs to continue extensive research on
emission reduction but should not neglect other areas of Investi-
gation such as changing landing and takeoff cycles, etc.

(6) The USAF must continue basic research in areas of
combustion, smoke formation, etc.
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(7) Variability of emissions is an area where more research
is necessary to evaluate the data being reported on emissions.

Recommendations for the future conclude this study. A con-
tinuing review of USAF goals is suggested. Cooperation with, and
support of, other government agencies, industries, consultants,
and universities is emphasized as a necessity.

(iss(The reverse of this page is blank) ,
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PREFACE

This report was prepared by HQ AFESC Engineering and Services
Laboratory (ESL), Tyndall Air Force Base, Florida. This work was
accomplished under Job Order Number 19007001; Dr Richard W.
Boubel and Maj Joseph A. Martone were the project officers.

This report is a comprehensive summary and analysis of pro-
posed aircraft turbine engine air pollution regulations and their
relevance to the USAF. The report is intended to stand by itself
bringing together pertinent information from many and often
obscure sources. Special attention is given to the existing USAF
aircraft emission goals and revised goals are proposed. The work
was conducted within the framework of Air Force Regulation 19-1
which established the current USAF aircraft emission goals and
mandated their periodic review. The report recommendations do
not represent Air Force policy or philosophy but can be used by
USAF policy makers to decide if, when, and how to modify existing
USAF aircraft emission goals. The report is a valuable primer
for USAF personnel who need thorough familiarization with USAF
concern for aircraft turbine engine pollutant emissions.

The principal author, Dr Richard W. Boubel, performed this
work as a temporary USAF employee while on sabbatical leave from
Oregon State University. Dr Boubel is a noted air pollution
control authority as evidenced by his position as President of
the 7,000 member Air Pollution Control Association from June 1978
to June 1979. The USAF was very fortunate to have his wealth of
experience brought to bear on a very important and difficult Air
Force issue. Even though Dr Boubel was technically a USAF
employee during preparation of this report, his viewpoints and
findings are the result of independent thought by a leader in the
field of air pollution control.

This report has been reviewed by the Public Affairs Office
(PA) and is releasable to the National Technical Information
Service (NTIS). At NTIS, it will be available to the general
public, including foreign nations.
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SECTION I

PURPOSE OF THIS REPORT

The Air Force established turbine engine goals in a
Memorandum, dated 11 June 1975, from the Secretary of the Air
Force (Reference 1). These goals were based on information
available to the Secretary at that time. In his cover letter,
the Secretary stated,

"In keeping with the intent of the Clean Air Act Amend-
ments of 1970, goals for control of Air Force aircraft
engine exhaust emissions are hereby established.
Recognizing the existence of Environmental Protection
Agency standards for commercial aircraft and the essen-
tiality that emission controls applied to Air Force
engines not infringe upon flight safety and combat
effectiveness, the attached goals are established for
turbofan, turbojet, and turboprop engines beginning
development subsequent to the date of this memorandum.

Engines currently in development and which will be in
substantial production after January 1, 1979, will be
modified/retrofitted if engineering/cost studies indi-
cate such modification/retrofit is warranted. Piston
engines and engines used for remotely piloted vehicles,
auxiliary power units, and rotary wing aircraft are
exempt from these standards; however, future procure-
ments should take advantage of emission control
advancements.

Adherence to these goals is not only in keeping with the
Clean Air Act Amendments of 1970, but will also
demonstrate the Air Force's commitment to fully comply
with the 'United States Air Force Pledge to
Environmental Protection.' Accordingly, the goals
established by this memorandum should be periodically
evaluated to insure support of national environmental
objectives."

Since the statement of these goals, many changes in control
technology, models, regulations and environmental/energy con-
siderations have occurred. This report is a critical review of
the goals with reference to the changes which have taken place
since the goals were established. It is meant to be inclusive
and therefore, to stand alone. Thus, it contains a considerable
amount of material, from other sources, which is important
background material. This report addresses the emissions of car-
bon monoxide, hydrocarbons, oxides of nitrogen, and smoke covered
by the original goals. It also addresses the emission of oxides
of sulfur which may become a concern.

. . . . . . . . . . . . . . . .



1.1 Need for Periodic Evaluation of Goals and Related Standards

The memorandum establishing the Air Force turbine engine
goals (Reference 1) recognized that a review of the goals was
necessary to assure that they were kept current. This report is
the first review of the goals established in 1975. No time sche-
dule was established for review or evaluation; however, four
years does appear to be a reasonable interval.

Review and evaluation at this time seems particularly
timely in view of the Environmental Protection Agency (EPA)
Proposed Revisions to Gaseous Emissions Rules for Aircraft and
Aircraft Engines (Reference 2) which are being studied for
adoption. These rules would establish levels of emission of
pollutants for commercial aircraft engines and could relate to
turbine engines available to the Air Force.

1.2 Review of Improvements in Control Technology

Since the establishment of the original Air Force goals,
several millions of dollars have been spent on research to reduce
emissions from turbine engines. A significant percentage of this
research has been funded by the Air Force. Many of these
programs are covered in detail later in this report. Since the
EPA proposed rules have been promulgated considering the latest
control technology, it is equally important to consider the
effect of this technology on the Air Force goals. In some cases,
reduction in pollutants has not been so great as predicted from
the research in progress four years ago. In these cases, it may
be desirable to recognize, and re-evaluate, the actual level of
pollutants emitted from today's production engines.

Not all emission reduction technology is applicable to
military aircraft. The guideline which is considered of greatest
importance to the Air Force is: "in no case shall pollutant
controls be allowed to infringe on military engine design or
operation in a manner which compromises system effectiveness."
(Reference 3)

1.3 Review of Mathematical Models

In the four years since the establishment of the origi-
nal Air Force goals tremendous progress has been made in modeling
aircraft emissions and their concentrations in the receiving
environment. On the other hand, some models of the atmosphere
and atmospheric reactions have been discarded and entirely new
models proposed during this four year period. In other cases,
models that were assumed to be nearly operational are still being
revised and may be farther from application than they were four
years ago.

2
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1. Airport Models

The original report by Blazowski and Henderson
(Reference 3) which was the basis for the USAF goals stated,

"No conclusive air quality assessments of Air

Force Bases are available. An urgent need to
control emissions has not yet been uncovered.
Air Force Weapons Laboratory efforts to quantify
the effects of air base operations on air quality
are critical."

In fact, at the time of the original goals promulgation, only a
few models of the impact of aircraft on the airport environment
had been reported (Reference 4).

During the four-year interval, since the original
goals, several additional models have been developed including
several specific for Air Force bases. These USAF models are
still being evaluated and revised but they do document the
general situation at military airports. A

1.3.2 Atmospheric Models

Atmospheric dispersion modeling has been subject
to active review over the last few years. Several recent con-
ferences and discussions (Reference 5) have been held with spe-
cial reference to the inconsistencies of the methods and their
limitations in application to real flows which usually do not
conform to the ideal form assumed.

Questions concerning the conversion of NO to
NO 2 are still being studied. This is a complex atmospheric
chemistry process depending upon many factors, not all of which
can always be evaluated. It does appear at this time that the
available models generally used to predict NOx in the atmosphere
overestimate the amount and that the NO is usually greatly
dispersed and not oxidized to NO2 (Reference 6).

1.3.3 Stratospheric Models

The primary concern with emissions to the
stratosphere from aircraft is the amount of oxides of nitrogen.
Modeling of the effects of NOx emissions in the stratosphere are
confused by lack of firm data concerning reactivity, oxidation,
dispersion, and conversion. Rather than being closer to the
answers today than we were four years ago, the opposite is the
case. It is because of this lack of specificity that oxides of
nitrogen emissions from turbine engines are still being evaluated
today and no standards are being proposed to take effect until
1984.

3



1.4 Engine Developments Pointed Towards 1981 and 1984
Standards

When the original Air Force goals were proposed, it was
assumed that the EPA would establish emission standards in 1979.
The EPA has since proposed rules for compliance by January 1981
and January 1984. It is further apparent that engines manufac-
tured in 1981 and 1984 will probably be the same engines
currently being produced with only minor modifications. It is
possible that by 1984 the Air Force may be using a completely new
model of engine but even such a new model will probably be very
similar, from the combustor standpoint, to today's engine.

Concepts being promoted to lower emissions of commercial
aircraft engines, such as sector burning and changes in bleed
air, will probably not be operational as far as the Air Force is
concerned. If major changes are required in the core engines to
meet the "1984 standards" it is probable that the "standards"
will be re-evaluated as the 1984 date approaches and a more
realistic date proposed. A change in the core engines to meet
future commercial emission standards would probably result in the
Air Force adopting these engines rather than developing a
separate line of engines. This is based upon the requirement,
however, that the Air Force will not compromise system
effectiveness.

1.5 Need for Critical Evaluation

A critical evaluation should be based upon the knowledge
and facts that exist at a point in time. Therefore, the facts
and knowledge can be expected to change with time. It is impor-
tant to establish the facts and state of knowledge in existence
before establishing the goals which really are the end result.

1.5.1 Need for Control of Pollutants

By definition, "pollutants" are undesirable and
hence should be "controlled". Whether this control should be
elimination, minimization, or reduction to some acceptable level
is debatable. The most realistic approach is to base the need
for control on the level of the individual pollutant which is
acceptable - or possibly that level which optimizes the benefits
to mankind and the total environment. The EPA has established
primary ambient air quality standards for several pollutants,
based on health effects, and secondary ambient air quality
standards, which are usually more restrictive and are based upon
aesthetic effects.

Particulate Matter. Particulate matter is
defined as either a liquid or solid at ambient conditions. It
can be suspended in the atmosphere (an aerosol) or fall from the
atmosphere due to gravity (dust fall). Particulate matter can be

4
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inorganic or organic, crystalline or amorphous, of any color or
refractive index. Currently standards exist for Total Suspended
Particulate (TSP) in the ambient air and the EPA is considering
an additional standard for "fine particulate" which is currently
defined as that less than 15 microns in diameter.

Smoke. Smoke is particulate matter generated by
combustion processes. It is usually of small size (less than 1
micron) and highly visible because it is of the ideal size to
absorb and scatter visible radiation. Smoke is usually deter-
mined to be of an acceptable level (or unacceptable level) based
upon visual observation of the plume. If the plume is so dense
that it will not transmit a certain percentage of incident
visible radiation it is said to have too high an opacity value

* and is unacceptable.

Carbon Monoxide. Carbon Monoxide (CO) is a
colorless, odorless gas -which is considered a pollutant because
it causes health effects in humans. At levels below the health
effect threshold value, it cannot be considered as a pollutant.
The need to control carbon monoxide only exists in cases where
the level will exceed the ambient standard if It is not
controlled. Carbon monoxide is very stable in the lower
atmosphere and follows classical diffusion/dispersion patterns.

Hydrocarbons. Hydrocarbons are any organic
chemical which may be emitted to the atmosphere. They may be
designated as H-C, UBHO (unburned hydrocarbons), or CxHy. None of
these designations are technically proper because organic chemi-
cals generally are composed of more than just atoms of carbon and
hydrogen. For consistency, the designation HC will be used
throughout this report. Hydrocarbons may be a problem because
they can be partially oxidized to form odorous or irritating
compounds. They may also be a problem as they enter the pho-
tochemical cycle when some of them serve as precursors of ozone
or free radicals. Hydrocarbons are generally considered as unde-
sirable because they can react and exhibit their harmful effects
away from the point of their release. They are an area problem
and must be evaluated as such.

Oxides of Nitrogen. Oxides of nitrogen (NOx) are
generally considered as nitric oxide (NO) or nitrogen dioxide
(NO2) but other oxidation states exist. NO2 is considered as a
primary pollutant because of health effects at high
concentrations. EPA is currently considering short term stan-
dards for NO2 in ambient air to limit its concentration
(Reference 7) NO2 is also a secondary pollutant because it can
be photoreduced by ultraviolet radiation to form NO and a free
radical oxygen atom. The free radical oxygen atom can react with
the oxygen molecule to form ozone or can react with some hydro-
carbon molecules to form partially oxidized organics which may be
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irritating or odorous. NO is a problem because it can oxidize to
NO 2 in the ambient air because of combination with molecular
oxygen, ozone, or the free radical oxygen atom. Reduction in the
emission of oxides of nitrogen results in a probable reduction of
photochemically generated air pollution.

Oxides of Sulfur. Oxides of sulfur (SOx) are
classed together, regardless of their oxidation state, because
they may be oxidized or reduced in the ambient air. Sulfur
dioxide (SO2 ) is a primary pollutant which can cause health
effects if in sufficient concentration. SOx can cause environ-
mental damage as it is removed from the atmosphere by rain or
snow. The SO x can be converted to either sulfates or sulfuric
acid depending upon the atmospheric chemistry occurring between
the time of the SOx release and the scavenging by precipitation.
The end result is "acid rain" which can cause a critical pH shift
in the receiving environment.

1.5.2 Air Pollution Caused by Gas Turbine Aircraft

The material in this section is covered
thoroughly by Blazowski and Henderson in their 1974 report
(Reference 3). Their material, with minor modifications and
updating, is included because of its relevance toward
understanding the Air Force goals.

To better understand the ways in which aircraft engines produce
pollutant emissions, the following subsections discussing the
fundamental chemical and thermodynamic processes are included.
Separate consideration of main engine types of interest
(non-afterburning and afterburning turbines) are given.

1.5.2.1 Nor-afterburning Turbine Engines

The non-afterburning turbine engine has
received by far the most attention in characterization of
emissions. The non-afterburning turbine class includes
turbojets, turboshafts, and turbofans. Pollutant formation
characteristics of all of these engines are similar due to the
fact that each type uses the same basic core--a compressor, a
combustor and a turbine.

There have been many attempts to corre-
late and explain emission trends for these engines. Basically,
it is well known that emissions of CO and HC are a significant
problem at idle power conditions while smoke and NOx emissions
tend to be a greater problem at the higher power settings. These
trends are illustrated in Figure 1. The sulfur content of
current JP-4 fuel is low (usually less than 0.05 percent by
weight) and, therefore, SOX emission is not now considered to be
a serious problem. Emitted particulates are composed largely of
carbon; the principal problem is one of defining, for specifica-
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tion purposes, that point at which the carbonaceous particulates
become visible.

Since the majority of the present and
future USAF aircraft fleet will be powered by turbine engines,
the impact and means of pollutant control for these engines must
be considered. As a basis for later consideration of control
techniques, the following discussion addresses the means by which
each of the general pollutants from gas turbine engines is
generated.

Hydrocarbons and Carbon Monoxide.
Aircraft turbine engine combustors are designed for peak effi-
ciency at cruise and higher power settings. Combustor conditions
during idle and taxi operations are appreciably different from
the cruise setting and, consequently, the engine operates inef-
ficiently at these points. The major effect of inefficient
operation is the emission of species which represent unused
chemical energy--CO and HC. A relationship between combustion
inefficiency and emission of these two pollutants is given by the
following equation:

(EI)CO (QL)CO + (EI)HC (QL)HC
1 - b - (QL) fuel x 103 (1)

Where: n = combustion efficiency of main burner

1- = inefficiency of main burner

(EI)i = emission index in lb/1000 lb fuel or g/Kg fuel for
exhaust constituent i

(QL)i = constant pressure lower heating value for exhaust
constituent i (BTU/lbm or cal/g). Although chemical
energies should be used in the above equation, the
error incurred in using QL values is only slight.

The value of QL for carbon monoxide is
known to be 4343 BTU/lbm (2410 cal/g), and that for JP-4 is
18,700 BTU/lbm (10,000 cal/g). However, the composition of HC
emitted from an aircraft gas turbine engine is not known and,
consequently, its value of QL is unknown. Measurement of hydro-
carbons is usually made with a flame ionization detector which
actually senses total carbon atoms, and the reduced data are
represented as grams of hydrocarbons per kilogram of fuel. Most
hydrocarbons have QL values between 8,900 and 11,600 cal/g, but
those that would be emitted from the engine (as unburned fuel or
as other organic species) would generally have a hydrogen-carbon
ratio similar to that of the original fuel. Consequently, value
of QL for Equation 1 has been taken as the same as for JP-4.
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By inserting the QL values into Equation

1, the following relationship is obtained:

1 _nb = [0.232 (EI)CO + (EI)HC]Io-3 (2)

This relation is graphically shown in
Figure 2.

Engine emission data at idle power con-
ditions have been extracted from a report by Scott and Naugle
(Reference 8). They are shown graphically on Figure 3 which
includes the hydrocarbon to carbon monoxide ratio in addition to
combustion inefficiency values. The scatter of data in Figure 3
indicates the wide variation of idle emissions from existing USAF
engines. Expressed as combustion inefficiency, these data can be
related to engine pressure ratio and/or combustor entrance tem-
perature at idle as shown in Figure 4. A reasonable correlation
is obtained indicating that higher inlet temperatures and
pressures at idle result in improved combustion efficiency.
Consequently, it is important to note that larger high pressure
ratio engines are less prone to low power emissions problems than
those of the low pressure ratio design.

Oxides of Nitrogen. Because they are
highest at full power, the emissions of NOx in the exhausts of
aircraft turbine engines predominate during takeoff, climbout,
and landing approach. The problem stems from the molecular oxy-
gen and nitrogen in air being exposed to the extremely high tem-
peratures of the combustor primary zone where, for stability
considerations, fuel-air mixtures have been designed to be
approximately stoichiometric.

A correlation of data from many engines
has shown that NOx emission is strongly related to the combustor
inlet temperature (Reference 9). A subsequent analysis of the
NOx formation process has been used to explain this correlation
and provides the basis for extrapolation to combustor conditions
beyond those of present systems (Reference 10). Both the corre-
lation and the subsequent analysis are based on data from engines
which have no specific design modifications intended to control
the formation of NOx. Consequently, Figure 5 is referred to
herein as the "uncontrolled engine correlation." It is further
apparent that economic considerations for stratospheric flight
require engine cycles with a high combustor inlet temperature and
this leads to increased stratospheric emissions of NOx. The
relationship between the important parameters for stratospheric
flight (Mach number and engine pressure ratio) and NOx emission
is shown in Figure 6.

An extremely important aspect of this
correlation is that the emission characteristics are expressed as

9lll



Lai)

_j 0

A-4
cm

1 >4

C-)4

C.)-4
0

-4

o8

CM)

C--4

100

7774



0R

0 00 co0

00

00

U--

0i

ro -4

C%1 0 C'. 4
LO c5i

(13nA64 /) 0330 1



C) 44

LLA.

o ) (n0

LLJ~4 r- - -
4- C> ,

C)a)C)

C0 0

00 LL) Ca-

oL __ C> M

C/C>

C>. Li0LJ

I3l -AJ 00C

SC>

(j)) 4L

LU 0a. 4)
LU (

00

o'4 0
U,4-)

.4)

4)

(%AONMIIJJ3NI NoIJsO8Iwoo

12



COMBUSTOR INLET TEMPERATURE (OF)
200 400 600 800 1000 1200

100
80

60

-jN 40
CJW

20

w

01-- I0

C8

Wv 6

4

AMBIENT TEMPERATURE = 2880 K(590 F)
2 AMBIENT HUMIDITY 0
2 COMPRESSOR EFFICIENCY = 0,85

400 500 600 700 800 900

COMBUSTOR INLET TEMPERATURE (OK)

Figure 5. Combustor Inlet Temperature Effect on Oxides of
Nitrogen; the Uncontrolled Correlation (Reference 10)
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grams of pollutant per kilogram of fuel--the Emission Index (EI).
In non-afterburning engines, considerations such as specific fuel
consumption and total thrust depend on the engine type and cycle
parameter, but the emission index of NOx is dependent only on the
conditions of combustion. The successful correlation of Figure 5
confirms that EI versus combustor inlet temperature is one way to
characterize NOx emission. Further, this suggests the NO x
control techniques could be judged on the basis of reductions
from uncontrolled emission levels, expressed as grams per
kilogram of fuel.

Visible Particulates (Smoke). Visible
smoke emitted from aircraft turbine engines is principally com-
posed of carbon. It is generated in systems which operate unu-
sually fuel-rich in local zones of the combustor. It has been
established that the presence of exhaust smoke has little effect
on the overall operation and performance of the engine system--
any combustion inefficiency associated with this emission is
negligible. Nevertheless, the aesthetic nuisance and tactical
vulnerability arising from smoke emissions suggest that the
problem be elimintated.

Efforts to abate visible smoke from
aircraft gas turbine engines date back nearly a decade. The
engineering know-how to design smokeless combustors for new engi-
nes without sacrificing any desirable engine characteristics is
now in hand. These engineering advances may be nullified,
however, by fuels with a high carbon to hydrogen ratio. Fuels
with high aromatic percentages are in this category.

An important factor in smoke visiblity
is the relative position of the observer to the exhaust plume--
the worst possible case is observation of the exhaust plume just
slightly skewed from the centerline of the engine. Although
attempts have been made to account for plume dispersion and tur-
bulent mixing behind the aircraft (Reference 11), the quan-
titative relationship between visibility from this position and a
smoke measurement remains a very complicated, unsolved task.

Investigation of the perpendicularly-
viewed case has yielded some useful quantitative information.
Analytical correlation of exhaust plume visibility as viewed per-
pendicularly and smoke number as measured by the techniques
described in Reference 12 was performed by Champagne (Reference
13).

1.5.2.2 Afterburning Turbine Engines

The afterburning turbine engine differs
from the non-afterburning type only by the addition of a secon-
dary burning device to provide additional thrust during critical
points of an aircraft mission. Thrust augmentation by after-
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burning involves combustion of fuel injected into the exhaust
gases exiting the turbine section of the engine. The fact that
the afterburner is normally used during takeoff and climb-out
accents the potential seriousness of emissions in this mode
because only emissions below 3000 feet are considered in present
EPA aircraft emissions standards (Reference 2).

Very little information is presently
available for pollutant emissions from afterburning engines;
however, general trends in available data (References 14, 15, 16,
17) indicate possible significant emissions of CO and HC, espe-
cially at the lower afterburner power settings. On the other
hand, NOx emissions during afterburner operation, when expressed
on an EI basis, appear to be lower than during non-afterburning
high-power operation. These results, however, are presently
described only as trends because truly quantitative data are dif-
ficult to obtain. Combustion product gases at the exhaust plane
are extremely reactive and at high temperature; consequently,
much of the CO and HC present at the exhaust plane is reacted to
CO 2 and H20 further downstream. Assessment of these afterburner
emissions involves determination after the reactions have been
completed; i.e., placement of sampling probes downstream of the
exhaust plane or using exhaust plane measurements coupled with a
reactive plume analytical model.

The fact that reactions in the plume are
important indicates that the conditions of the ambient air could
also significantly influence the resulting emissions. Cooler
ambient temperatures would tend to cool the plume more quickly
and thus quench the plume reactions which are responsible for
converting CO and HC to CO2 and H20. Further, the ambient
pressure could also be expected to influence emission via an
effect on the rate of chemical reaction and data obtained at sea
level are not applicable to altitude operation where both
pressure and temperature differences may significantly affect the
extent of plume reaction.

Considering the problems cited, it is
not possible to accurately assess the emissions characteristics
of or to specify emissions limitations for afterburning engines.

1.5.3 Application of Best Available Control Technology
(BACT) Concept

Best Available Control Technology (BACT) is a
concept which states that pollutants from a source must be i

minimized. For example, if an engine is emitting visible smoke,
it would not be enough to apply a technology which only reduced
the smoke to the legal standard. The best available technology
would have to be applied - that which would minimize the smoke
without regards to cost, energy consumption, safety, etc.
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In the consideration of EPA emission standards
(Reference 2) it appears that the EPA has considered BACT in some
instances but has chosen not to use BACT across the board. The
final proposed standard eliminated some engines from the require-
ments to control emissions. This would indicate that otherI concerns, such as cost effectiveness, took precedence over BACT.
The EPA has however applied BACT to NOx levels proposed for
existing engines -

"It is proposed that the NO standards be changed
from an EPA Parameter (EPAPI of 3.0 to 41.0 with
the implementation date delayed three years after
the effective date for the HC and CO standards to
January 1, 19814. It is further proposed that a
rated compressor pressure ratio adjustment be
applied to NOX emission measurement values for
newly manufactured engines with pressure ratios
greater than 25. This adjustment factor is pro-
posed for the newly manufactured engine standards
since existing engines have significantly dif-
ferent pressure ratios, and pressure ratio signi-
ficantly affects NOX emission levels. An
adjustment factor is therefore necessary to
insure that the best available technology is used
on all existing engines. A standard which could
be met by the existing higher pressure ratio
engines would require only minimal reductions (or
none at all) from the lower pressure ratio
engines."

It would appear that because of the factors of cost, energy usage,
safety, range, etc., that aircraft turbine engines should be regulated
on the basis of emission levels rather than with BACT.

1.5.14 Cost Effectiveness of Control

The concept of examining various control measures
to determine the relative cost of reducing a given unit of pollu-
tion is currently a popular justification for control (or lack of
control). If It Is estimated to cost $10,000 to reduce a ton of
NOx from a turbine engine but only $500 to reduce a ton of
NOx from a coal fired power plant, the EPA would probably con-
centrate their control measures on the coal fired power plant.
In this regard it is advantageous to continually emphasize the
high cost of aircraft gas turbines and combustor modification.
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The EPA (Reference 2) expects lower costs of
controls on new engines than on engines which require retrofit -

"The cost of control for the newly certified
engine standards is expected to be lower
due to a broader distribution of development
costs. These costs and cost-effectiveness values
for HC and CO are in the same range as those of
other pollution control strategies being imple-
mented or considered for implementation by
the Agency at this time. The NOx value is higher
than costs associated with other NOx strategies
being implemented (and may be even higher as more
information on maintenance costs is obtained),
but until a more comprehensive analysis can be
performed based on more detailed comprehensive
cost estimates, relative cost effectiveness alone
cannot be a basis for rejecting aircraft
NOx control."

1.6 Application of Legislation and Regulations to Only
Non-Military Aircraft

Previous studies (Reference 3) have cited the
"exemption" from the EPA standards for military aircraft. Also,
because the Clean Air Act, and the amendments, continually refer
to aircraft as mobile sources, control of aircraft emissions is
the prerogative of the EPA, not state or local government units.

Blazowski and Henderson (Reference 3) in their previous
study recommended that the USAF not comply with EPA standards for
non-military aircraft -

"USAF Compliance with EPA Standards

The possibility of Air Force aircraft complying
with existing Environmental Protection Agency
standards for turbopropulsion engines has been
evaluated. The following guideline was con-
sidered in the evaluation: in no case shall
pollutant controls be allowed to infringe on
military engine design or operation in a manner
which compromises system effectiveness.

It is recommended that the Air Force not elect to
comply with the EPA standards themselves, but
rather follow the proposed goals outlined. This
recommendation is based on the following: (1) the
EPA method of specifying emissions involves
complicated trades which can affect basic engine
design, thus violating the guideline mentioned
above; (2) the characteristics of engine usage
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are involved in the EPA specification in a manner
meaningful only in commercial considerations
where scheduling and specified operating proce-
dures lend regularity to idle, taxi, and other
modes of operation; and (3) in light of recent
emission control technology programs, it now
seems doubtful that all EPA limitations will be
achieved without some compromise in propulsion
system effectiveness."

The EPA, in discussion of the proposed rules for
aircraft emissions (Reference 2), has proposed several defini-
tions which further emphasize that they do not intend the rules
for military aircraft -

"Subpart A - General Provisions

87.1 Definitions.

(a) As used in this part, all terms not defined
herein shall have meaning given them in the Act:
"Act" means the Clean Air Act, as amended (42
U.S.C. 7401 et seq). "Administrator" means the
Administrator of the Environmental Protection
Agency and any other officer or employee of the
Environmental Protection Agency to whom the
authority involved may be delegated. "Aircraft"
means any airplane for which a US standard air-
worthiness certificate or equivalent foreign
airworthiness certificate is issued. "Aircraft
engine" means a propulsion engine which is
installed in or which is manufactured for
installation in an aircraft. "Aircraft gas tur-
bine engine" means a turboprop, turbofan, or
turbojet aircraft engine."

Since military aircraft are not issued a "US standard
airworthiness certificate," the act does not apply to them.

The definition which was added to the proposed rules
(Reference 2) between their original promulgation and the public
hearing brought in the term, "Commercial aircraft engine". It
was defined as -

"Commercial aircraft engine" means any aircraft
engine used by an air carrier, foreign air
carrier, supplemental air carrier, or charter air
carrier engaging in: (1) Interstate or overseas
air transportation, (2) foreign air transporta-
tion, or (3) intrastate air transportation with
large aircraft."

19



It is obvious from examination of this definition that

the proposed rules do not apply to military aircraft.
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SECTION II

INTRODUCTION AND BACKGROUND

With the advent of the gas turbine engine for aircraft pro-
pulsion systems in the 1950s came an instant citizen awareness of

* the environmental problems of the gas turbine. Most of the fuels
used for gas turbine engines emit a typical petroleum odor whicht is detectable at low levels. Some persons find this odor to be
objectionable. The engines also emit unburned hydrocarbons, at
some operating conditions, which may exceed the odor threshold.

Probably the most noticeable environmental effect of the
early gas turbine aircraft engines was that they emittea visible
smoke. Black smoke plumes could be observed behind aircraft as
they took off the runways and again when they were landing. It'
is not surprising that the visible smoke plumes were the subject
of citizen complaints and the Justification for studies by
various air pollution control agencies.

The odorous and smokey emissions from gas turbine powered
aircraft were also of concern to federal regulatory authorities,
airport managers, engine and airframe manufacturers, fuel
suppliers, the users of the aircraft (airlines and others), and
the military which was involved in all phases of the problem.

2.1 History ofAircraft Emission Legislation and Regulation

This section covers the applicable portions of various
public laws, federal regulations, executive orders, and military
reports and directives concerning aircraft gas turbine engines in
particular and the concern of the USAF for environmental quality
in general. This section will not discuss the philosophy of the
material presented.

2.1.1 Federal Acts and Laws

specific purpose of pre'venting further degradation of the
atmsphre.Naugle (Reference 18) has summarized the Federal

Aircraft Emission Control Legislation in Table 1. The Clean Air
Act of 1963 is the first major legislation to be enacted for theA
purpose of investigating and controlling air pollution, mainly at
the regional and local level. The Act gives the Federal
Government authority to intervene in interstate problem areas.

The first mention of aircraft emissions as a
possible source of air pollution in a Federal law came about in
the Air Quality Act of 1967. Under section 2116 of the Emission
Standards Act of 1967 is the following statement (Reference 19):
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"The Secretary shall conduct a full and complete
investigation and study of the feasibility and
practicability of controlling emission from jet
and piston aircraft engines and of establishing
national emission standards with respect
thereto..."

This statement concerning the establishment of national emission
standards for aircraft engines is the primary reason that con-
siderable public interest has been generated in the area of
aircraft emission determination.

The National Environmental Policy Act (Reference
20) of 1970 established policy and the means of carrying out that
policy. Pertinent sections of the NEPA are summarized:

(1) The purposes of this Act are: To declare a
national policy which will encourage productive and enjoyable
harmony between man and his environment; to promote efforts which
will prevent or eliminate damage to the environment and biosphere
and stimulate the health and welfare of man; to enrich the
understanding of the ecological systems and natural resources
important to the Nation; and to establish a Council on
Environmental Quality.

(2) This Act is divided into two parts: Title I
declares the environmental policy and Title II establishes the
Council on Environmental Quality (CEQ). It is in Title I where
we find the legislation which can significantly affect USAF
operations. The Act, in Section 101 of Title I, declares that it
is the responsibility of the Federal Government to use all prac-
tical means, consistent with other essential considerations of
national policy, in carrying out the environmental policy and
purpose of the act.

(3) Title II establishes the CEQ in the
Executive Office of the President. Some of the functions of the
council are:

(a) to assist and advise the President in
the preparation of the yearly Environmental Quality Report to
Congress which includes a review of the various programs,
including deficiencies, of Federal agencies;

(b) to gather timely and authoritative
information concerning the conditions and trends in the quality
of the environment;

(c) to review and appraise the various
programs and activities of the Federal Government in light of the
policy set forth in Title I of NEPA;
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(d) to document and define changes in the

natural environment, and

(e) to establish guidelines for the pre-

paration of Environmental Impact Statements.

The Clean Air Act of 1970 (Reference 21) which
created the Environmental Protection Agency contains additional
specific references to possible pollution being emitted from
aircraft operations. The Clean Air Act contains in section 231.1
the following statqment:

"The Administrator shall commence a study and
% investigation of emissions of air pollutants from
aircraft in order to determine:

A. The extent to which such emissions affect
air quality in air quality regions throughout the
United States and,

B. The technological feasibility of controlling
such emission.."

Based on the information obtained from this study
the administrator (EPA) was to issue proposed emission standards
applicable to the emission of any air pollutant from any class or
classes of aircraft or aircraft engines. The Clean Air Act of
1970 also contains a section (118) that directs all Federal faci-
lities to:

".... comply with Federal, State, Interstate and
local requirements respecting control and abate
ment of air pollution to the same extent that any
person is subject to such requirements."

The next sentence in this section does allow the President to
exempt any Federal emission source. if he determines that it is in
the best interest of the country to do so.

The Clean Air Act is divided into four titles
which: provide for air pollution prevention and control; require
emission standards for motor vehicles, fuel, and aircraft;
establish administration and regulatory requirements of the Act,
and create the Office of Noise Abatement and Control within the
EPA and assign its functions.

(1) Title I covers the prevention and control of
air pollution. The functions and responsibilities of the E~PA are
defined, including provisions for an administrator, staff and
facilities. The Act required the establishment of national pri-
mary and secondary ambient air quality standards by the EPA
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Administrator. The State has the primary responsibility for
assuring that the air quality within its geographical boundaries
does not exceed the primary and secondary ambient quality
standards. Each State is required to submit a plan or plans for
implementing, maintaining and enforcing the primary and secondary
ambient air standards to the EPA Administrator for approval or
disapproval. The Act provides the States or a political
subdivision, such as a county, with exclusive rights to adopt and
enforce air pollution standards and-requirements for control and
abatement of air pollution, except for provisions contained in
the Act governing moving sources. Stationary sources are defined
as any building, structure, or installation which emits or may
emit any air pollutant.

(2) Title II of the Act is concerned with
emissions standards for motor vehicles and aircraft, and the
establishment of standards for fuel and fuel additives. The EPA
Administrator is responsible for determining which of the
emissions are harmful and for setting standards against them. As
a result of his finding, an EPA Regulation was issued setting
standards for carbon monoxide, oxides of nitrogen, unburned
hydrocarbons and smoke from aircraft and aircraft engines. This
regulation will be discussed later in this section. The
Secretary of Transportation is required to enforce the standards

on motor vehicles, aircraft, fuels and fuel additives and, in the
aircraft case, to insure that safety of flight considerations are
included in the formulation of emission standards.

(3) The two main points of Title III of the Act
are the sections covering citizen suits and Federal procurement
procedures. Section 304 permits citizen suits, that is, private
actions by citizens acting in their own behalf. This section
does not authorize the so called "class action" suits. Any per-
son may commence a civil action against any person, including the
United States Government, who is in violation of an emission
standard, limitation, or order, or against the Administrator if
he fails to perform an act or duty required by the Clean Air Act.
This Title also prohibits Federal facilities from contracting
with anyone convicted of violating a standard. The prohibition
is to continue until the administrator certifies that the cause
of the violation has been corrected.

(4) Title IV is concerned with noise pollution
and requires the Administrator to establish an Office of Noise
Abatement and Control, to conduct investigations of noise, and to
report his findings to the President and Congress.

2.1.2 Federal Regulations

Federal regulations are prepared by the
appropriate Federal Authority to comply with the intent of the
Federal Acts and Laws passed by the Congress. The regulation
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* applicable to gas turbine powered aircraft, and to the USAF, are
cited:

EPA Regulations on Prior Notice of Citizen
Suits Under The Clean Air Act

The publication of the regulation (Reference
22) satisfies the requirement of the Clean Air
Act that the EPA prescribe procedures governing
notices of civil actions for violations under the
Act. A person can take action against the EPA
Administrator for falure to perform duties
defined in the Act; or against person(s) respon-
sible for a facility which is or has violated a
standard or limitation established by the EPA.

Council on Environmental Quality - Guidelines
on Preparation of Environmental Impact Statements

(1) Guidelines for environmental impact sta-
tements (EIS) were issued by CEQ (Reference 23).
These guidelines are intended to provide a con-
sistent and common format for all Federal
agencies. The guidelines require an initial
assessment from which a draft environmental
impact statement is made and circulated to the
public and other pertinent Federal, State, and
local agencies for comment. The responses are
reviewed by the designated agency writing the EIS
and are appropriately formulated, as necessary,
in the final EIS. The initial assessment should
be made concurrently with the technical and com-
mercial studies. The preparation of the state-
ment requires that the agency has gathered, taken
or searched all data and information relevant to
the issue. Studies should be directed to show
good faith objectivity towards environmental con-
siderations rather than subjective impartiality.
In all cases, the assessment must be completed
before the decision is made to submit the propo-
sal for legislation.

(2) The guidelines require that an EIS
contain:

(a) a description of the proposed
action, a statement of the purpose of the action
and description of the environment affected;
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(b) the relationship of the proposed
action to land use plans, policies, and controls
for the affected areas;

(c) the probable impact of the proposal
on the environment;

(d) alternatives to the proposed
action, including those not within the existing
athority of the responsible agency;

(e) any possible adverse environmental
effects which cannot be avoided;

(f) the relationship between local
short-term uses of man's environment and the
maintenance and enhancement of long-term produc-
tivity;

(g) any irreversible and irretrievible
commitments-of resources that would be involved
in the proposed action should it be implemented;
and

(h) an indication of what other inter-
ests and considerations of federal policy are4
thought to offset the adverse environmental
effects of the proposed action.

EPA Regulations and Control of Air Pollution
from Aircraft and Aircraft Engines

The proposed standards for aircraft and aircraft
engines were published in the Federal Register (Reference 24) on
Tuesday, December 12, 1972 at the same time proposed standards
for ground operation of aircraft to control emissions were
published (Reference 25). Three major reasons for proposing
these standards are stated as follows:

...1)that the public health and welfare is
endangered in several air quality control regions
by violation of one or more of the national am-
bient air quality standards,

..(2) that airports and aircraft are now, or
are projected to be, significant sources of
emissions of carbon monoxide, hydrcarbons and
nitrogen oxides in some of the air quality control
regions in which the national ambient air quality
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standards are being violated, as well as being
significant sources of smoke;

... (3) that maintenance of the national ambient
air quality standards and reduced impact of smoke
emission requires that aircraft and aircraft
engines be subjected to a program of control com-
patible with their significance as pollution
sources."

The first of the proposed standards, "Control of
Air Pollution From Aircraft and Aircraft Engines," (Reference 26)
was promulgated on 17 July 1973. This regulation was adopted by
the EPA on 21 December 1973 (Reference 27). Emission standards
are set for total hydrocarbons, carbon monoxide, oxides of
nitrogen, and smoke. Standards apply to newly manufacturered
engines and in some cases, in-use engines. Test procedures are-
also indicated. These standards, however, do not currently apply
to military aircraft.

Standards were also proposed for the control of
emissions from supersonic aircraft (Reference 28) on July 22,
1974.

The regulation also included test procedures for
sampling and measuring exhaust emissions and procedures for
calculating an emission index (EI). The EPA EI is a parameter
used in characterizing the emission level of an engine for com-
parison purposes against the standard. The test procedures and
systems specified in the regulations represent the state-of-the-
art.

The Secretary of Transportation, through the
Federal Aviation Administration (FAA), has promulgated Special
Federal Aviation Regulation (SFAR) No. 27 (Reference 29)
requiring compliance to the prohibition of fuel venting or
dumping in all commercial aircraft and enactment of engine
exhaust emissions standards when they become effective. February
1974 was set as the deadline for a smoke number of 30 applicable
to the JT8D model engine class, only.

2.1.3 Executive Orders

Another vehicle that the Federal Government has
used to express concern about pollution is that of the Executive
Order. One of the earliest-of these dealing with air pollution
is Executive Order 10779 (Reference 30) (August, 1958) which
directs Federal agencies to cooperate with state and local
officials.
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Prior to the passage of the Clean Air Act of 1970
(December 1970) the President issued Executive Order 11507
(Reference 31) (February 4, 1970), "Control of Air and Water
Pollution." The following statement, made by the President upon
signing Executive Order 11507 shows the intent of the executive
order:

"The order I am issuing today will require that
all projects or installations owned by or leased
to the federal government be designed, operated,
and maintained so as to conform with air and
water quality standards present and future--which
are established under federal legislation."

The first section of the Executive Order, the policy statement,
intends to broaden the responsibility of the Federal Government
from maintaining its own facility to providing leadership to the
nation in the areas of air and water pollution control and
abatement.

One could assume from the intent of this
Executive Order that the Air Force should take the lead in deter-
mining the extent of air pollution produced by military aircraft
operations, and when once determined, should derive a plan to
eliminate as much of the pollution as is practicably possible.
This task should be met and accomplished irrespective of the
speed of compliance in the civilian sectors. Also, this order
requires the Federal facilities to comply with all present and,
more importantly, future air and water quality standards.

Other Executive Orders were passed which apply to
the USAF as far as gas turbine engine emissions are concerned.
In some cases the legality of the application to the order may be
questioned but the intent to comply with the order should be
foremost.

Executive Order 11514 - Protection and Enhancement of
Environmental Quality

This executive order (Reference 32) identifies
specific executive and administrative responsibilities to imple-
ment the environmental policy of the EPA. It provides, in
greater detail, the responsibilities of Federal agencies in
carrying out the policies of the EPA. Some of the detailed
responsibilites are to monitor, evaluate, and control the effects
of their respective activities upon the environment and to deve-
lop procedures to ensure public understanding of the Federal
activities' environmental plans. The CEQ will review and recom-
mend Federal programs to enhance the environment and publish
guidelines for preparation of environmental impact statements.
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Executive Order 11738 - Providing for Administration of
the Clean Air Act and the Federal Water Pollution Control Act with
Respect to Federal Contracts, Grants and Loans

This executive order (Reference 33) prohibits
Federal activities from procuring or contracting goods, services
and materials from convicted violators under the appropriate sec-
tion of Clean Air and Water Pollution Control Acts. Exemption
can be granted in the paramount interest of the United States
Government by the head of a Federal agency after consultation
with the EPA administrator. The order directs that the Federal
Procurement Regulations, Armed Services Procurement Regulations,
and related procurement regulations be amended to provide for
compliance with standards issued for carrying out the purposes of
the Acts.

Executive Order 11752 - Prevention, Control and Abatement
of Environmental Pollution at Federal Facilities

The purpose of this order (Reference 34) is to
require all Federal facilities to conform to applicable local,
interstate, State and Federal standards. The term "facility" as
used in this order is all-inclusive and means any buildings,
installations, structures, land, public works, equipment,
aircraft, vessels, and other vehicles and property, owned by or
constructed or manufactured for the purpose of leasing to, the
Federal Government. The impact that local, interstate and State
regulation authorities can have on Federal facilities is limited
by the following excerpt: "In light of the principle of Federal
supremacy embodied in the Constitution, this order is not
intended, nor should it be interpreted, to require Federal faci-
lities to comply with State or local administrative procedures
with respect to pollution abatement and control." The preser-
vation of the Federal supremacy doctrine does not relieve Federal
agencies of the responsibility to cooperate with those air pollu-
tion agencies in the control and abatement of environmental
pollution. Responsibilities of department heads for requesting
funds for facility improvements, modification or new facilities
with respect to air and water pollution are outlined. The order
also establishes a relationship between the EPA administrator and
heads of Federal facilities in that he shall: be consulted on
applicable standards, mediate conflicts between Federal and
various State and local air pollution governing agencies, provide
liaison between the governing agencies, and offer technical
advice and assistance.

The summary of the public laws and executive
orders just presented clearly states that emissions from aircraft
operations are a significant cause of pollution in some areas and
can become more significant in the future. With this in mind,
EPA has proposed standards that should be implemented to remedy
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the situation. Section 118 of the Clean Air Act of 1970 places
responsibility on the Federal Government to comply with the Clean
Air Act, but Executive Order 11507 (although signed before the
Clean Air Act) places even greater responsibility on the Federal
Government, in that the government should take the lead in
controlling air pollution. Therefore, the Air Force must take
the lead and do all that is possible to determine the signifi-
cance of the aircraft pollution problem and then do as much as
required to reduce the pollution from military aircraft
operation.

2.1.4 USAF Technical Reports

The efforts of the USAF to provide leadership in
meeting the intent of the many regulations and orders is well
documented. A few of the most relevent reports are cited in this
review:

AFAPL-TR-72-102

Blazowski and Henderson published their first
comprehensive report, "Assessment of Pollutant Measurement and
Control Technology and Development of Pollutant Reduction Goals
for Military Aircraft Engines" in 1972 (Reference 35). This
report summarizes the USAF position up to 1972 as indicated in
the Abstract of the report:

"ABSTRACT

The problem of mass emissions from aircraft gas
turbine engines is reviewed and the aspects of
this problem which are unique to military
aircraft operation are discussed. Pollutant
measurement technology and the existing data base
are presented and candidate control techniques
are identified. Proposed Environmental
Protection Agency regulations for aircraft engine

-r emissions are examined in terms of their impact t
on and application to military engines. It is
concluded that the special considerations, both
performance and otherwise, which must be afforded
to military aircraft prohibit direct application
of the EPA regulations. Nevertheless, in
recognition of the leadership role required of
Federal agencies in protecting the environment,
appropriate research and development efforts are
underway and in planning to supplement
emission-reducing advances made in the commercial
sector. This report concerns Air Force mission
limitation goals established in light of these
Maximum allowable idle combustion inefficiency,
oxide of nitrogen emission (Lbm/1000 Ibm fuel),
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and smoke number are specified. The rationale
behind using these parameters, and the means by
which the numerical goals were derived are
discussed."

AFWL-TR-73-199

Naugle and Delaney published a report in
November 1973, "United States Air Force Aircraft Pollution
Emissions" (Reference 36). This report was an extensive com-
pilation of numbers of aircraft, times in various modes of opera-
tion and flight (later to be known as TIM for Times in Mode), and
emission rates for the pollutants that had been measured to that
time. The Abstract for this TR states:

"ABSTRACT

The interest in pollution emissions from aircraft
has been enhanced the by the Environmental Protection
Agency's recent determination that major civi-
lian airports are significant contributors to
localized air-quality degradation. This report
summarizes the USAF aircraft and engines in com-
mon use, presents normalized engine pollution
emission factors (emission indices), reviews
deficiencies in present emission data, and recom-
mends future efforts to better analyze aircraft
emissions. Primary goals of the report are to
provide aircraft emission data which can be used
in environmental impact assessments at many loca-
tions and to stimulate comment on the direction of
future USAF efforts concerning the recommended
projects."

AFAPL-TR-74-64

Blazowski and Henderson published a second report,
"Aircraft Exhaust Pollution and its Effect on the U.S. Air
Force," in 1974 (Reference 3). This report covers the develop-
ments that had occurred since their first report of 1972
(Reference 35). During this period the EPA published their
standards, Government-funded and industry-sponsored programs
generated helpful information, and changes were suggested in pre-
viously proposed goals. The Abstract from this TR states:

"ABSTRACT

This report presents information thought to be
necessary in establishing an Air Force Policy on
aircraft engine pollution. The reasons that dif-
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ferent pollutants are emitted is discussed.
Relevance of this problem to the Air Force is
also investigated. Actions which may be taken
to reduce pollutants are presented in terms of
technology level: current, mid-term, and
advanced technology. Operation, reliability and
maintainability, implementation and cost impacts
are evaluated for each of the technology levels
The EPA standards and possible use by the Air
Force are discussed.

Air Force goals, which differ from the EPA standards
in method of specification, are developed. These
goals will permit control technology application
without influencing basic engine design parameters or
performance. The cost to meet these goals is
established for current AF systems."

CEEDO-TR-78-33

"Aircraft Air Pollution Estimation
Techniques-ACEE," by Scott and Naugle (Reference 8) gives USAF
aircraft engine emission factors for current engines in various
modes. Pollutant values are given for carbon monoxide, unburned
hydrocarbons, oxides of nitrogen, total particulates, and oxides
of sulfur. The Abstract for this TR states:

"ABSTRACT

A five-step analytical methodology is presented
that can be adapted to nearly any aircraft
related air quality assessment problem. The
methodology is for use by base level environmen-
tal personnel to calculate (1) annual aircraft
emissions and (2) downfield pollutant
concentrations. The latest individual engine
emission factors and other information required
for the methodology are contained in this
report."

CEEDO-TR-78-36

USAF research and development efforts to measure
and model aircraft related air pollution problems is best sum-
marized in "Measurement and Analysis of Airport Emissions" by
Daley (Reference 79). The Abstract for this TR states:

"ABSTRACT

This paper is of interest to those involved
in regulation and analysis of aircraf. related air
pollution problems. USAF efforts to measure and
model airport pollution are summarized. Efforts
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I
include: (1) a joint EPA study at Williams AFB,
AZ which involves both modeling and measurement,
(2) photographic studies to track plume rise, (3)
theoretical modeling studies to analyze airport
pollution. The author concludes that the
Williams study, soon to be completed, will
greatly aid in determining the accuracy of air-
port air pollution dispersion models, that air
quality modeling studies have shown that state-
of-the-art Air Force engines cannot be cost-
effectively modified to reduce pollution except
possibly in the hydrocarbon area and that, at
present, unpredictable thermal plume rise of
aircraft exhausts renders models ineffective at
locations close (<1 km) to the source."

ESL-TH-79-33

The airbase air quality measurement and modeling
study at Williams AFB referred to by Daley (Reference 79) is now
complete and is described in "Williams Air Force Base Air Quality
Monitoring Study", by Sneesley, Gordon, and Ehlert (Reference
80). The Abstract for this TR states:

"ABSTRACT

Air quality and meteorological data were
collected continuously from a network of five
ground monitoring stations located at Williams
Air Force Base (WAFB) near Phoenix, Arizona,
during the period from June 1976 through June
1977. Data reported here will serve as detailed
input for defining the accuracy limits of the Air
Quality Assessment Model, and these data have
been analyzed in order to determine the air
quality impact, if any, due to WAFB operations.
Also reported are the preliminary results
obtained from several related special studies
designed to characterize horizontal and vertical
dispersion of WAFB emissions. Based upon eva-
luation of a data set with approximately 70%
recovery over the 13-month monitoring period,
results reported indicate no measurement of
significant air quality impact at WAFB due to
aircraft/airbase operations. Results obtained
from the special studies indicate that WAFB
emissions may influence air quality levels out-
side the airbase, depending upon local meteorolo-
gical phenomena."
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2.1.5 Secretary of USAF Memo

The Secretary of the USAF issued a Memorandum of
11 June 1975 with an attachment stating the USAF Aircraft Exhaust
Emission Goals (Reference 1). These goals have been in effect
(unchanged) since this Memorandum. The Memorandum and
Attachments follow.
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DEPARTMENT OF THE AIR FORCEI
WASHINGTON 20330

* OFFICE OF THE SECRETARY

June 11, 1975

MEMORANDUM FOR ASSISTANT SECRETARY OF THE AIR FORCE (RESEARCH
AND DEVELOPMENT)

ASSISTANT SECRETARY OF THE AIR FORCE (INSTALLATIONS
AND LOGISTICS)

ASSISTANT SECRETARY OF THE AIR FORCE (FINANCIAL
MANAGEMENT)

CHIEF OF STAFF, UNITED STATES AIR FORCE

SUBJECT: Aircraft Engine Emissions

In keeping with the intent of the Clean Air Act Amendments
of 1970, goals for control of Air Force aircraft engine exhaust
emissions are hereby established. Recognizing the existence
of Environmental Protection Agency standards for commercial
aircraft and the essentiality that emission controls applied
to Air Force engines not infringe upon flight safety and com-
bat effectiveness, the attached goals are established for
turbofan, turbojet and turboprop engines beginning develop-
ment subsequent to the date of this memorandum.

Engines currently in development and which will be in
substantial production after January 1, 1979, will be modified/
retrofitted if engineering/cost studies indicate feasibility
and environmental impact studies indicate that such modifica-
tion/retrofit is warranted. Piston engines and engines used
for remotely piloted vehicles, auxiliary power units, and
rotary wing aircraft Are exempt from these standards; however,
future procurements should take advantage of emission control
advancements.

Adherence to these goals is not only in keeping with the
Clean Air Act Amendments of 1970, but will also demonstrate
the Air Force's commitment to fully comply with the "United
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States Air Force Pledge to Environmental Protection." Accor-
dingly, the goals established by this memorandum should be
periodically evaluated to insure support of National environ-
mental objectives.

Signed
J. W. Plummer

J~ohn L. McLucas

1 Attachment
USAF Aircraft Exhaust Emission Goals
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USAF AIRCRAFT EXHAUST EMISSION GOALS

These goals are applicable to turbopropulsion engines for
fixed wing manned aircraft. Afterburning engines are required to
meet these goals only during non-afterburning operation. For a
detailed discussion refer to AFAPL-TR-74-64, "Aircraft Exhaust
Pollution and Its Effect on the U.S. Air Force."

Carbon Monoxide (CO) and Hydrocarbons (HC)

For engines in substantial production after 1 January 1979,
CO and hydrocarbon levels are to be below levels which result in
an idle combustion efficiency of 99 percent for engines with an
idle pressure-ratio above 3:1, and a combustion efficiency of 98
percent for engines with an idle pressure-ratio below or equal to
3:1.

For engines in substantial production after 1 January 1981,
CO and hydrocarbon levels are to be below levels which result in
an idle combustion efficiency of 99.5 percent for engines with an
idle pressure-ratio above 3:1, and a combustion efficiency of 99
percent for engines with an idle pressure-ratio below or equal to
3:1.

Oxides of Nitrogen (NOx)

For engines in substantial production after 1 January 1979,
NOx levels are to be less than 75 percent of the present or
uncontrolled level, and after 1 January 1981, NOx levels are to
be less than 50 percent of the present or uncontrolled level.
For engines using water injection, NOx levels are to be less than
25 percent of the present or uncontrolled level for all engines
produced in substantial quantity after 1 January 1979.

Figure 1 graphaically illustrates the 1979 and 1981 goals. It
is emphasized that these reductions apply to takeoff (max-dry)
and climbout modes of operation only. However, to simplify
compliance procedures, the NOx goal must be satisfied at the max-
dry power condition. Idle and approach levels should be main-
tained at or below the level indicated as uncontrolled.

Smoke

For engines in substantial production after 1 January 1979,
emission levels of smoke are to be below the invisibility
threshold as defined by Figure 2. The parameter nd has been
employed, where d is the exhaust diameter of the engine and n is
the maximum number of engine exhaust streams through which an
observer could possibly sight. For example, the value of n is 2
for the case where two engines are closely coupled such that the
appropriate light attenuation path length represents exhaust
diameters.
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2.1.6 Naval Air Systems Command Policy

By letter of 8 September 1975 (Reference 37) the
Commander, Naval Air Systems Command in a letter to the Chief of
Naval Operations on the subject of Aircraft Exhaust Emissions
stated, "The Naval Air Systems Command, therefore, recommends
that the USAF Aircraft Exhaust Emission Goal, forwarded under
enclosure (1) be adopted as the DOD 'Aircraft Engine Exhaust
Emission Control Goals' for both fixed wing and rotary wing
aircraft propulsion systems."

More recently, Bonafede and Klarman of the Naval
Air Propulsion Center of Trenton, New Jersey, in an Interim
Report, NAPC-LR-78-19, on NAVAIR Work Unit Assignment
NAPC-OP7-438 (Reference 38) set forth two proposed recommen-
dations which differ somewhat from the previous:

"Recommendations.

a. Hardware development for the control
of gaseous emissions for Navy aircraft should
not commence until the Navy establishes a
policy requiring the control of emissions and
a set of standards.

b. The AF exhaust emission goals for
hydrocarbons (HC), carbon monoxide (CO), and
smoke should be adopted as Navy standards,
contingent upon the establishment of a Navy
gas turbine engine exhaust emission policy.
No oxides of nitrogen (NOx) standard should
be established at this time."

2.1.7 Military Specifications

The general military specification for turbojet
and turbofan aircraft engines, MIL-E-5007D (Reference 82), and
its companion for turboshaft and turboprop aircraft engines,
MIL-E-8593A (Reference 83), contain requirements to specify
engine pollutant emission levels. Both specifications were
published before the current USAF aircraft engine emission goals
were adopted and; therefore, neither specification explicitly
mentions the goals. The specifications require that the maximum
allowable emission levels of smoke, hydrocarbon, carbon monoxide,
and oxides of nitrogen be specified in the engine specification.
The specifications also state that the engine shall not emit
visible exhaust smoke at any power setting and that emission
measurements shall be as specified by SAE ARP 1179 and 1256
(References 12 and 63). It is important to note that MIL-E-5007D
and MIL-E-8593A (References 82 and 83) are approved for use by
all departments and agencies of the Department of Defense.
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2.1.8 USAF Regulation 19-1, 9 January 1978

This regulation entitled, "Environmental
Protection - Pollution Abatement and Environmental Quality"
(Reference 39) states:

"This regulation sets up an environmental protec-

tion program. It states policies and assigns

nized, integrated, multidisciplinary, environ-
mental protection program to make sure that the
Air Force, at all levels of command, conducts its
activities in a manner that protects and enhances
environmental quality. It implements DOD Direc-
tives 5030.41, 1 June 1977; 5100.50, 24 May 1973,
and Changes 1 and 2, 6050.1, 19 March 1974; DOD,
Instructions 4120.14, 30 August 1977; 4170.6,
21 June 1965 and Change 1; and the National
Pollution Discharge Elimination System. it
applies to all Air Force installations and
facilities, the Air Force Reserve, and contractor
activities performed in Air Force-owned
industrial facilities."

It further states that the USAF has the respon-
sibility to: "(21) Comply with USAF Aircraft Exhaust Emission
Goals." Under DCS/ Research and Development, two sections are
pertinent to gas turbine engine emissions, the first states:

"f. Determines that aircraft engines must be
modified/retrofitted to comply with USAF aircraft
exhaust emission goals when engineering/ cost
studies indicate that such action is warranted."

and the second which is directed to "Specific Commands, ...AFSC"
states:

"1(4) Considers environmental research for
development of realistic standards and criteria
for pollutants of special interest or peculiar to
the Air Force.

(5) Considers rearch and development on
environmental pollution controls. Develops
methods and techniques for detecting,
controlling, and abating environmental pollution.
Tests and evaluates instruments and equipment
used, or proposed for use, in USAF pollution
programs."~

2.1.9 Proposed USAF Data Item Description for Turbine
Engines Emissions Data Acquisitions
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The USAF has proposed, by letter of 20December 1978 to HQ AFSC/DEV a Data Item Desripcion which is
intended to be included in procurement contracts for gas tur-
bine engines. The proposed DID is included as Appendix A. The
paragraph pertinent to this review is as follows:

"Description/Purpose. The purpose of this Data
Item Description is to assure that all turbine
engine emission data procured under Air Force
engine development contracts is provided In a
form suitable for use in the environmental
assessment process and useful for making com-
parisons between engines procured under different
contracts.*"

The Sample Work Statement Requirment outlines what shall be covered:

"Engines shall be tested for pollutant emissions
in accordance with the methodology set forth in
Title 40Q, Code of Federal Regulations, Part 87.
(Exceptions to this methodology may be permitted
if the nature of the engine or its application
clearly indicates that the methodology is not
suitable.) -Testing shall be performed using
fuels representative of operational fuel types.
Augmentation mode testing shall be conducted in
accordance with one of the methods proposed in
AFAPL TR 75-52, October 1975. Equilibrium
atmospheric emissions shall be either directly
measured or computed as provided for In AFAPL-TR
75-52. Smoke number determinations are not
required in the afterburner mode.

The history of the rules and regulations, along
with the USAF's efforts to reduce atmospheric pollution from gas
turbine engines, points to the complexity of the problem. Even
though the laws, regulations, orders, reports, and directives are
wordy, and at times confusing, the underlying goal of supporting
national environmental objectives is foremost. The DOD is com-

* mitted to this concept.
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SECTION III

PURPOSE OF USAF AIRCRAFT ENGINE EMISSION GOALS

Blazowski and Henderson (Reference 3) submitted the material
in their 1974 report "in response to an Air Force Air Staff
request to provide information necessary in establishing a policy
on this matter." It is not known whether this request was verbal
or written but it does appear that the emission goals which were
published in the memorandum from the Secretary of the Air Force
on 11 June 1975 (Reference 1). This memorandum stated,

"Adherence to these goals is not only in keeping with
the Clean Air Act Amendments of 1970, but will also
demonstrate the Air Force's commitment to fully comply
with the 'United States Air Force Pledge to
Environmental Protection' ."

One of the charges in the USAF Pledge to Environmental
Protection (Reference 40) states, "...each of us pledge to
...Evaluate honestly and conscientiously each proposed Air Force
action for environmental consequence as an integral part of the
decision process."

3.1 Demonstration of USAF Commitment to Environmental Quality

The EPA Rules (Reference 2), which have been proposed,
clearly exempt USAF aircraft. This could be used by the Air
Force as justification for future operation with complete disre-
gard for atmospheric emissions from turbine powered aircraft.
However, the various Executive Orders, Memos, and Regulations
cited previously (Section II) indicate that it is the intent
and commitment of the USAF to remain a leader in reducing turbine
engine emissions. The Air Force continually will place environ-
mental quality among its primary goals.

3.2 Minimizing Aircraft Engine Pollution at a Reasonable
Cost to the Taxpayers

Control of CO and HC from turbine engines may lead to
increases in fuel economy which could offset a portion of the
cost of the control. However, since the maximum amounts of CO
and HC are emitted at taxi and idle, where fuel usage is at a

f minimum, this offset may be considered negligible. All other
control of pollutants, such as for NOx, SOX# and smoke and
particulate, contributes no forseeable economic benefits. It is
therefore safe to assume that control of pollutants from turbine
engines will result in increased costs for development,
procurement, operation, and maintenance of the engines. In the Air
Force case these costs will be paid entirely by the taxpayers.
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Because none of the costs of pollution control can be
passed on by the Air F'orce it becomes Important to focus on the
incremental costs of control along with the incremental benefits
that can be expected.

For example, if CO in the ambient atmosphere is below
the primary standard (the only standard used because no aesthetic
effects are due to 00) it is a disservice to the taxpayers to
consider a further reduction in CO emission from aircraft engines
operating in that area. It is pointless to consider that the
cost of reducing CO is 11X" dollars per ton of pollutant. The
cost/benefit ratio to the taxpayer Is infinity.

On the other hand, oxides of nitrogen and hydrocarbon
emissions can enter into the photochemical smog reaction and
cause air pollution damage even though the short term standards
in the local ambient air are not exceeded. Since photochemical

* smog does "cost"? the taxpayer some amount in damages, it is
important to consider both cost per ton of pollutant released and
cost/benefit ratios.

* 3.3 Motivating a Consideration of Emission Control
Technology in Future Aircraft and Engine Procurement

It is important for the USAF to establish a position
relative to aircraft/engine procurement. The Air Force must rely
on the same core engines, from the same manufacturers, that the
commercial carriers purchase. If lower emissions are required by
law for the commercial carriers, it Is important for the Air
Force to have a parallel program. This is particularly true if
the proposed EPA standards (Reference 2) are adopted which spe-
cify that all commercial engines must meet the standards. It
would be against all National interests to consider that the Air
Force would purchase the engines that could not meet the EPA
standards because they were "exempt" from the regulations.

If the Air Force does have a solid policy regarding
engine procurement based on emission control technology, it would
serve as an incentive for the engine manufacturers to apply the
appropriate control technology. The proposed USAF - Data Item
Description, Included as Appendix A, will provide the technical
base to evaluate the effectiveness of USAF policy.

3.41 Encouraging Continued Research and Development Directed* I Toward Reduced Engine Emissions

The USAF, along with the Navy, NASA, EPA, FAA and other
Federal agencies, is responsible for funding of research and
development projects to reduce emissions from turbine engines.
The vast majority of the money spent on such projects in the
United States is from the Federal Treasury. The engine
manufacturers, and other segments of the private sector, con-
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tribute a relatively small percentage of the funds spent on
research and development for emission control technology.

This expenditure of funds and effort by the USAF to sup-
port research and development is also in line with the
established USAF Aircraft Emission Goals (Reference 1) and the
USAF Pledge to Environmental Protection (Reference 40).

3.4.1 Combustion Research

Blazowski, in a recent USAF publication
(Reference 41) discusses the nature of combustion technology and
the need for research and development to increase our
understanding of the subject. He includes a diagram, shown as
Figure 7, which shows the complexity of the problem and the many
disciplines and research areas involved. Since many of these
research areas are basic rather than applied, it is particularly
appropriate that the USAF support them.

Blazowski further points out, "The sequence of
events occurring during combustion of a practical hydrocarbon
fuel is extremely complex and not understood in detail." He uses
Figure 8 to illustrate his statement and show the many ways that
the combustion reaction can proceed. In order to reduce the
emissions from turbine engines a better understanding of hydro-
carbon fuel combustion is necessary.

Henderson, in another chapter of the same book
(Reference 42) analyzes the combustion problems in turbine engines
from a more applied viewpoint. He states:

"While the combustion system was the primary limitation
in development of the first aircraft gas turbine in
1939, the complexity and hardware costs associated with
current rotating engine components (compressor and
turbine) now far exceed that of the combustion system.
Recent developments, however, have once again caused
significant shifts in development emphasis toward com-
bustion technology."

Applied combustion research and development is
equally as important as basic research if our goal is to minimize
pollution from the turbine engine. Continued support by the USAF
is vital.

3.4.2 Fuel Research

Henderson (Reference 42) discusses present and
future turbine engine fuels as well as citing the need for con-
tinued research in the area of fuel technology:

"If the general nature of future aircraft (size,
weight, flight speed, etc.) is to remain similar
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Figure 7. The Interdisciplinary Nature of Combustion Technology (Reference 41)

Figure 8. Hydrocarbon Combustion Chemistry Schematic (Reference 41)
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to today's designs, liquid hydrocarbons can be
expected to continue as the primary propulsion
fuel. Liquified hydrogen and methane have been
extensively studied as alternatives but seem to
be practical only for very large aircraft. The
basic non-petroleum resources from which future
liquid hydrocarbon fuels might be produced are
numerous. They range from the more familiar
energy sources of coal, oil shale, and tar sands
to possible future organic materials derived from
energy farming. Some of the basic synthetic
crudes, especially those produced from coal, will
be appreciably different than petroleum crude.
Reduced fuel hydrogen content would be antici-
pated in jet fuels produced from these alternate
sources."

In a recent paper, "Shale Oil - The Answer to the
Jet Fuel Availability Question" (Reference 43), Angello and
others from AFAPL state:

"The specification for JP-4, the standard Air
Force jet fuel, was defined at a time when this
product was both inexpensive and plentiful.
While there have been refinements to the fuel
specification to keep pace with engine
development, JP-4 has basically maintained the
critical properties first specified to insure
availability and to fulfill aircraft operational
requirements. A clear understanding of the rela-
tionship between fuel characteristics and
aircraft systems performance, engine durability,
emissions, and survivability may result in drama-
tic cost reductions for a broadened specification
fuel, but these reductions can only be realized
with assurance that aircraft performance is not
adversely affected."

Figure 9, showing the concept of the Air Force
Fuel Technology Program, again illustrates the complexity of the
research and development necessary. It is important that the
USAF continue to direct this research effort, not only toward the
availability of adequate fuel supply, but also to the minimiza-
tion of atmospheric emissions of engines using these fuels.

3.4.3 Engine and Engine Component Research

Engine research is done both on full scale engi-
nes and on combustors. Engine component research and development
is done primarily on combustors in "rig" tests. By mounting only
the combustor in the "rig" test stand the combustion variables
and combustor configurations may be studied without operating the
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entire engine. The USAF is resonsible for part of the engine and
combustor research and development being conducted at this time.
This frequently involves "rig" tests at major engine
manufacturer's facilities, and possibly full scale engine testing
at Arnold Engineering and Development Center or at NASA, Lewis
Research Center. Table 2 summarizes most of the current research
being conducted on gas turbine combustors to minimize pollutants.

Bahr and Gleason (Reference 44) have summarized
the current state of combustor development in the "Conclusions"
of their paper:

"1. Significant progress has been made in
the development of technology for the design of
combustors with much reduced smoke emission
levels. As a result of these efforts, combustors
with virtually invisible smoke emission levels-.at
all engine operating conditions and which meet
the applicable EPA standards have been developed
and placed into service. The peak SAE ARP 1179
Smoke Numbers of these advanced combustors are
typically in the order of 20 or less. Smoke-
Numbers of this order correspond to very low
concentrations of smoke particulates in engine
exhausts, only about 2 parts per million parts
(by weight) of the core engine exhaust gas.

2. Based on the results of investigations
conducted to date, much reduced CO and HC emis-
sions levels appear to be attainable through the
use of combustor design modifications which pro-
vide improved fuel atomization at idle and higher
primary combustion zone fuel-air ratios at idle.
With the use of these approaches in advanced tur-
bine engines, it appears that CO and HC emissions
levels that approach the values needed to meet
the applicable EPA standards, may be realizable.

3. Some potentially promising approaches for
providing suppression of the NOx emissions levels of
combustors have also been identified in the devel-
opment efforts. In particular, the use of advanced
fuel injection and atomization methods has been
found to be effective. Further, the use of pre-
cisely regulated lean primary combustion zone
fuel-air ratios at the high engine power
operating conditions, appears to offer con-
siderable promise. However, extensive further
development effort to permit the satisfactory use
of this latter general design approach in
advanced turbine engine combustors appears to be
needed. Also the use of this lean primary zone
approach is expected to result in the need for
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TABLE 2. ASSESSMENT OF POLLUTION CONTROL TECHNIQUES

FOR GAS TURBINE COMBUSTORS (Reference 43)

CONTROL TECHNIQUE APPLICATION DIFFICULTY REDUCTION POTENTIAL

Air-Assist Fuel Minor Good for CO & HC

Atomization Modification Negligible for NOx

**(Low development risk)
Air Blast Moderate Good for CO & HC

Fuel Atomization Modification Small for NOx

(Low development risk)
Fuel Scheduling Moderate Excellent for CO & HC

Modification *No effect for NOx

(Moderate development
risk)

Leaner Fuel/ Moderate Poor for CO & HC
Mixtures

Modification 
Moderate for NOx

(Moderate development
risk)

Modular Combustor Major *Poor for CO & HC

Modification Excellent for NOx

(Moderate development
risk)

Premixing Fuel Major Excellent for CO & HC
and Air

Modification Excellent for NOx

(High development risk)
Catalytic Major *Poor for CO & HC
Combustor

Modification Excellent for NOx

(Very high development
risk)

* May be excellent if used in conjunction with other techniques.

** Development risk is defined as the ability to convert a
demonstrated experimental technique into a workable engine
combustor.
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significantly more advanced, sophisticated and
complex combustor designs. At the present time,
therefore, satisfactory attainment of the appli-
cable EPA standards for this category of
emissions in advanced turbine engines has yet to
be demonstrated."

Active sponsorship by the USAF is necessary to assure

that engine component research will continue and that the results of
such research will be compatible with the USAF mission.

3.4.4 Engine Application Research

Concurrently with research and development of the
engine components, application research is necessary to assure that
the components are compatible with the entire system. Diehl
(Reference 45) emphasizes this point in a recent paper:

"In order to properly assess the applicabil-
ity of the various low emission combustor con-
cepts to in-service aircraft engines, one must
certainly consider the impact on the overall
engine operating characteristics. Other factors
such as maintainability and safety must also be
considered. Evaluation of these factors must be
undertaken to properly assess whether or not
trade-offs between emissions, performance and
operational chracteristics are required.

One important factor that must be considered
in assessing the applicability of converting the
low emissions concepts into production type
engine combustors is the impact of the increased
comlexity that some of these concepts have brought
forth compared to the baseline combustors
currently in use."

In all of the research and development efforts of the
USAF toward reduced engine emissions, one factor should stand out above
all others. This is the guideline stated by Blazowski and Henderson
(Reference 3),

"in no case shall pollutant controls be
allowed to infringe on military engine design or
operation in a manner which compromises system
effectiveness."

The final test of the success of the research and
development effort will be evaluated in the production engine in
the production aircraft.
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SECTION IV

* ENVIRONMENTAL PROTECTION AGENCY - PROPOSED EMISSION RULES FOR AIR-
CRAFT ENGINES

The United States government first became involved with regu-
* lation of emissions from aircraft engines with the passage of the

Clean Air Act Amendments of 1970 (Reference 21). This legisla-
tion required that the EPA assess the technological feasibility
of controlling such emissions and establish aircraft emission
standards if they were determined to be necessary.

The resulting EPA assessment (Reference 416) indicated the
necessity to regulate aircraft emissions of carbon monoxide (CO),
total hydrocarbons (HC),oxides of nitrogen (NOx) and visible
smoke. The following excerpt from EPA's discussion accompanying
the final announcement of the aircraft emissions standards
(Reference 26) summarizes this policy:

"In judging the need for the regulations, the Administrator
has determined (1) that the public health and welfare is
endangered in several air quality control regions by violation
of one or more of the national ambient air quality standards
for carbon monoxide, hydrocarbons, nitrogen oxides, and photo-
chemical oxidants, and that the public welare is likely to be
endangered by smoke emissions (2) that airports and aircraft
are now, or are projected to be significant sources of emis-
sions of carbon monoxide, hydrocarbons, and nitrogen oxides
in some of the air quality control regions in which the
national ambient air quality standards are being violated, as
well as being significant sources of smoke; and therefore,
(3) that maintenance of the national ambient air quality
standards and reduced impact of smoke emissions requires that
aircraft and aircraft engines be subject to a program of
control compatible with their significance as pollution
sources. Accordingly, the Administrator has determined that
emissions from aircraft and aircraft engines should be
reduced to the extent practicable with present and developing
technology. The standards proposed herein are not quan-
titatively derived from the air quality consideration...
but, instead, reflect EPA's Judgment as to what reduced
emission levels are or will be practicable to achieve for
turbine and piston engines."

The 1973 announcement of aircraft emission standards proposed
by the EPA was concerned with gaseous emission regulations for
several classes of newly manufactured and newly certified
aircraft engines.

In 1978 the EPA proposed revisions to the gaseous emissions
rules for aircraft and aircraft engines (Reference 2). The sum-
mary for these proposed amendments stated:
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"In 1973 EPA promulgated gaseous emission regulations for
several classes of newly manufactured and newly certified
aircraft engines (40 CFR Part 87). EPA also proposed stan-
dards for large in-use gas turbine engines; this standard has
not yet been promulgated. This notice proposes changes to
the existing rules and supersedes the earlier proposal. The
most significant proposed changes to the existing standards
are: The addition of the classification category 'commercial
aircraft engines,' the revocation of emission standards for
general aviation engines; modifications to the levels of the
emission standards; and extensions to the effective dates for
the standards. This proposal differs from the earlier proposal
(38 FR 19050 July 17, 1973) requiring the retrofit of in-use
engines in that it extends the applicability to all commer-
cial aircraft engines of 12,000 pounds thrust or greater in
place of the previously propsed applicability of 29,000
pounds thrust or greater, deletes the requirement for retro-
fit of oxides of nitrogen (NOx) control technology (although
this requirement may be reinstituted in the future), and
extends the proposed effective date for the standards. In
addition of the classification category 'commercial aircraft
engines' facilitates an emission control strategy which
requires controls of only those aircraft engines which have
been determined to be the major cause of air pollution at
high activity major air terminals. The proposed changes to
the gaseous emission standards will require only engines of
6,000 pounds thrust (or equivalent power) or greater, used in
commercial applicatons, to comply with gaseous emission
standards. This action will withdraw emission control
requirements from piston engines, small turboprop and small
(6,000 pounds thrust) turbojet and turbofan engines, and
auxiliary power units (APUs)."1

A public hearing on the EPA proposed revisions to the rules
was held November 1 and 2, 1978 at San Francisco, California
(Reference 46). At the hearing, engine manufacturers, control
officials, and airline and airframe representatives presented
testimony. At this writing the EPA Is still evaluating all of
the information and is projecting that regulations will be
published in late fall of 1979 or early in 1980.

Again it should be mentioned, referring to all the rules and
regulations, the military aircraft of the United States are not
subject to the standards.

4.1 Definition and Discussion of Terms

The EPA proposed rules contain many specific terms which
relate to the Intent and interpretation of the rules. These
terms themselves contain words and phrases which require further
definition to assure clarity of the intended rules. This section
defines the terms, words, and phrases as stated in the latest EPA
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revisions (Reference 2). Some of the general definitions, which
apply to understanding the rules, follow:

"Exhaust emissions" means substances emitted to the
atmosphere from the exhaust discharge nozzle of an air-
traft engine.
"In-use aircraft gas turbine engine" means an aircraft

gas turbine engine which is in service.
"New aircraft turbine engine" means an aircraft gas

turbine engine which has never been in service.
"Newly certified aircraft gas turbine engine" means

an aij'craft gas turbine engine which is originally type-
certified on or after the effective date of the appli-
cable emission standard.

"Oxides of nitrogen" means the sum of the amounts of
the nitric oxide and nitrogen dioxide contained in a gas
sample as if the nitric oxide were in the form of nitro-
gen dioxide.

"Power setting" means the power or thrust output of an
engine in terms of newtons thrust for turbojet and tur-
bofan engines and shaft power in terms of kilowatts for
turboprop engines.

"Rated compressor discharge temperature (rT3)" means
the combustor inlet total temperature achieved by an
engine operating at rated output.

"Rated output (rO)"1 means the maximum power/thrust
available for takeoff at standard day conditions as
approved for the engine by the Federal Aviation Adminis-
tration.

"Rated pressure ratio (rPR)"1 means the ratio between
the combustor inlet pressure and the engine inlet pres-
sure achieved by an engine operating at rated output.

"Shaft power" means only the measured shaft power
output of a turboprop engine.

"Smoke" means the matter in exhaust emissions which
obscures the transmission of light.

"Smoke number (SN)"I means the dimensionless term
quantifying smoke emissions.

"Taxi/idle (in)" means those aircraft operations
involving taxi and idle between the time of landing roll
out and final shutdown of all propulsion engines.

"Taxi/idle (out)" means those aircraft operations
involving taxi and idle between the time of initial
starting of the propulsion engine(s) used for the taxi
and turn onto duty runway.

~4.1.1 Engine Classes

The EPA has divided turbine engines into several
"classes" for determination of' appropirate standards. These are
defined as follows:
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"Class P2 means all aircraft turboprop
. engines.

"Class TI" means all aircraft turbofan or
turbojet engines except engines of Class T5 of
rated power less than 35,600 newtons thrust.

"Class T2" means all turbofan or turbojet
aircraft engines except engines of Class T3, T4
and T5 of rated power of 35,600 newtons thrust orgreater.

"Class T3" means all aircraft gas turbine
engines of the JT3D model family.

"Class T4" meas all aircraft gas turbine
engines of the JT8D model family.

"Class T5" means all aircraft gas turbine
engines employed for propulsion of aircraft de-
signed to operate at supersonic flight speeds.

The proposed standards vary with the class of
engines. Some classes are even exempt from some of the proposed
standards.

4.1.2 Time in Mode

The time in mode (TIM) is defined as the time, in
minutes, when the aircraft is being operated in a particular
ground situation or flight condition. The most commonly used
modes are:

(1) Idle - Aircraft stationary, engine at mini-
mum thrust or speed.

(2) Taxi - Aircraft moving on airport surface
with engine thrust or speed necessary to maintain
aircraft motion. Note: This mode may be com-
bined with the idle mode to give a single
"Taxi/Idle" mode.

(3) Takeoff - Aircraft moving from start of
takeoff roll (at maximum engine power), thru
aircraft liftoff, to point of power reduction at
the start of climb configuration.

(4) Climbout - Aircraft climbing at power reduc-
tion from takeoff mode. Note: The climbout mode
is terminated when the aircraft passes thru 0.914
km (3000 feet). This may be a 2 phase mode if
noise abatement procedures are in effect.

| (5) Descent - Aircraft descending at reduced

power. Note: This mode only starts when
aircraft is below 0.914 km (3000 feet). On some
cycles, this mode may be eliminated so it is com-
bined with the approach mode.
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(6) Approach - Aircraft on approach from alti-
tude to point of touchdown at landing. Power is
partially reduced. Note: This mode only starts
when aircraft is below 0.914 km (3000 feet).

The modes for all portions of a typical landing
and takeoff (LTO) cycle (not touch and go cycle) are shown in
Figure 10. Times in mode will vary for individual aircraft and
airports but the EPA has normalized them for purposes of the
gaseous emission rules application. Section 87.70 of the rules
states,

"The times in mode (TIM) shall be as specified
below:"

Aircraft Operating Engine Class
Mode Tl, P2 T2, T3 or T4 T5

Time in Mode (minutes)

(1) Taxi/idle
(out) 19.0 19.0 19.0

(2) Takeoff .5 .7 1.2
(3) Climbout 2.5 2.2 2.0
(4) Descent NA NA 1.2
(5) Approach 4.5 4.0 2.3
(6) Taxi/idle (in) 7.0 7.0 7.0

The TIM's used by the EPA for the proposed rules
are typical of those for "commercial aircraft" as reflected by
the proposed regulations. Military operations vary considerably
from the EPA defined cycle. USAF LTO cycles have been averaged
for specific series of aircraft (fighter, bomber, cargo, etc.)
and listed by actually measured TIM's for specific aircraft
(F-101, B-52, C-141, etc.) in each series (Reference 47).

The Naval Air Systems Command has also measured,
and averaged TIM's for aircraft operations at Naval Air Station
(NAS), North Island (Reference 48). The abstract for the Navy
report states,

"Military operations varied considerably from
the EPA defined cycle so it was necessary to define another LTO
cycle which is more representative for military aircraft."
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4.1.3 Emission Index

The emission index (EI) is the mass quantity of
pollutant emitted per mass quantity of fuel consumed. The usual
units are pounds of pollutant per thousand pounds of fuel con-
sumed or grams of pollutant per kilogram of fuel consumed
(Reference 8). Emission indices and fuel flows are tabulated for
each engine mode for engines in use by the USAF (Reference 8).
(The emission index may also be called an emission factor or
emission rate.)

For example a J57-P-21B engine, used in a F-101
fighter, uses 0.134 kilograms of fuel per second at idle. The CO
emission index at idle is 72.0 grams per kilogram of fuel. The
idle emission of CO for each minute of engine operation at idle
is therefore:

0.134 kg fuel 72 g CO 60 sec = 579 gram CO (3)
x xsec-engine kg fuel min min-engine

When using the EPA, LTO cycle, the total TIM for
taxi' idle is 26 minutes. Therefore, the F-101 fighter would
emit for the idle portion of the LTO cycle:

579 gram CO
x 26 min x 2 engines 30,102 grams CO (4)

min-engine

It is obvious from observing the previous
discussion, and equation (4) that the total quantity of pollutant
emitted from an aircraft is dependent upon both the EI and the
TIM. This is a direct relationship with each term.

4.1.4 EPA Parameters

The EPA, in their proposed rules, determines the
emissions by using the Environmental Protection Agency Parameter
(EPAP). This is simply a summation of emissions, for all TIM's.
Using the previous F-101 fighter example, the EPAPCO could be
calculated as:

EPAPco = ECOtaxi/idle + COtakeoff + COclimbout + COapproach (5)

Substituting the calculated values in equation (5) yields:

EPAPco = E30,102 + 1,528 + 672 + 2,374 = 34,676 grams (6)
CO/EPA-LTO cycle

The EPAP for this particular aircraft and engine
combination would be listed as 34,676 grams CO. The allowable
amount of carbon monoxide (for new engines after January 1, 1981)
from the EPA proposed rules (Reference 2) is listed as:
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ALLOWABLE CO = 169.47 x 10 (-0.007462xr0) grams (7)
kilonewton

where: rO is rated output in kilonewtons (40 for each engine of
the F-101 aircraft.

Substituting in equation (7) yields:

ALLOWABLE CO = [169.47 x 10(- 0.007462 x 40)] x 40 x 2 (8)

ALLOWABLE CO = 6,818 grams

The F-101 fighter aircraft is emitting approxima-
tely 5 times the allowable amount of CO, if it were operated on
the EPA-LTO cycle with engines manufactured after 1981, according
to the proposed EPA rules.

The EPAP is a factor of both the quantity of
pollutant emitted and the time in which the engine is operated in
a specific mode. A change in either emission rate or time in
mode will effect the quantity of pollutant emitted. However,
since the EPAP is based on a standard LTO cycle, with fixed times
in each mode, only the quantity of pollutant emitted may be con-
sidered as a variable.

Figure 11 illustrates the relative contributions
of pollutants to the EPAP if the F-101 fighter is used as an
example.

4.2 EPA Considerations in Proposing the New Rules

Between the time the EPA gaseous emissions were pro-
mulgated in 1973 and the time the proposed revisions were issued
in 1978 many significant changes were made. The 1978 proposed
rules indicate these (Reference 2) as:

"The most significant proposed changes to the exis-
ting standards are: The addition of the classification
category "commercial aircraft engines;" the revocation
of emission standards for general aviation engines;
modifications to the levels of the emission standards;
and extensions to the effective dates for the
standards."
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4.2.1 Supplementary Information in the Proposed
Revisions of 1978

The proposed rules contain material which is used
to justify the proposed revisions to the previous regulations
(Reference 2). The supplementary information is as follows:

"SUPPLEMENTARY INFORMATION: The APU standards
are being withdrawn for several reasons. These
are: (1) No NOx control technology has been
developed in spite of extensive good faith
efforts; (2) only minimal CO control is
obtainable, yet significant costs would be
incurred by both industry and the government; and
(3) the HO emissions are already below the stan-
dard in the uncontrolled engine.

The newly manufactured engine standards for
hydrocarbon (HC) and carbon monoxide (C0) remain
at the current levels for engines of 20,000
pounds thrust and above. For commercial aircraft
engines with rated thrust between 6,000 pounds
and 20,000 pounds, a continuous transition of the
standards with thrust is proposed to better
account for the technology limitations of exist-
ing engines in this thrust range. This results
In a slight relaxation of the standards. The
implementation date of these standards is pro-
posed to be delayed from January 1 1979 to
January 1, 1981.

It is proposed that the NOx standards be changed
from an EPA Parameter (EPAP) of 3.0 to 4.0, with
the implementation date delayed three years after
the effective date for the HC and CO standards to
January 1, 1984. It is further proposed that a
rated compressor pressure ratio adjustment be
applied to NOx emission measurement values for
newly manufactured engines with pressure ratios
greater than 25. This adjustment factor is pro-
posed for the newly manufactured engine standards
since existing engines have significantly dif-
ferent pressure ratios, and pressure ratio signifi-
cantly affects NOx emission levels. An
adjustment factor is therefore necessary to
insure that the best available technology is used
on all existing engines. A standard which could
be met by the existing higher pressure ratio
engines would require only minimal reductions (or
none at all) from the lower pressure ratio
engines.
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In addition, the justification for imposition
of NOx standards on newly manufactured aircraft
engines will be re-examined after EPA has deve-
loped the necessary supporting information for
responding to the August 1977 Clean Air Act
Amendments relating to promulgation of a short
term NO 2 ambient air quality standard. The EPA
will take no action towards final promulgation
of an NOx emissions standard for newly manufac-
tured aircraft gas turbine engines until
completing the necessary actions relating to the
short term NO 2 standard and until a joint FAA/EPA
air quality study is completed and considered.
Completion of the joint FAA/EPA study is expected
in the summer of 1979.

Existing rules for smoke and fuel venting
standards will remain in effect as promulgated,
except for a proposed modification in the T3
compliance schedule. The proposed modification
will change the present full T3 engine fleet
compliance date from January 1, 1981 to a phased
program with full compliance by January 1, 1985.
The revised compliance schedule is identical to
the noise retrofit schedule specified in 14 CFR
Part 91, Subpart E--Operating Noise Limits. The
purpose of the extension is to avoid requiring
the airlines to implement double retrofit
programs or to retrofit aircraft that are sche-
duled to be phased out of service.

The present levels of the HC and CO emission
standards for newly certified engines are con-
sidered feasible and require no change with
respect to this proposed action. Based on tech-
nological considerations it is proposed that the
newly certified engine NOx standards be relaxed
to the same level as that for newly manufactured
engines, but without a pressure ratio adjustment.
The effective date of the newly certified engine
standards is proposed to be delayed from January
1, 1981 to January 1, 1984.

These proposed changes to the aircraft standards
result from the continuing technology assessment
which has been undertaken since the promulgation
of the standards on July 17, 1973.

This proposed action would also extend the appli-
cability of the proposed standards to certain in-
use aircraft engines. The proposal of
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July 17, 1973 (38 FR 19050) applied only to T2
class engines of 29,000 pounds rated thrust or
greater. The current proposal extends the appli-
cability to include all commercial T2 engines of
12,000 pounds thrust or greater, and all commer-
cial T14 engines. This results from a determina-
tion that the technology developed for HC and CO
compliance with the newly manufactured engines is
readily adaptable to in-use engines within a four
year period, and the fact that engines in the
12,000 to 29,000 pound rate thrust category4
represent a substantial portion of the in-use
fleet. It has also been determined that the
NOx technology that has thus far evolved is not
readily adaptable for retrofit and, therefore, no
requirement for retrofit of oxides of nitrogen
control technology is being proposed. EPA will
monitor the further development and refinement of
the emerging NOx control technology, and if in
the future it appears this technology is reaso-
nably capable of being retrofitted additional rule-
making will be considered. The applicability
date is designed to correspond to the two year
delay proposed for the newly manufactured engine
standards. The proposed effective date for in-

use engines thus is January 1, 1985.

In addition to the major proposed amendmentsI
summarized above, this action proposes that the
units of measurement be converted to the Intern-
tional System of Units, that a clarification of
the idle power setting be adopted and that a minor
modification to the EPA parameter be incorporated
into the regulations."

4I.2.2 Major Decision Issues

Between the time of promulgation of the EPA regu-
lations in 1973 and the publication of the proposed revisions in
1978, several critical points and questions were raised. The
1978 proposed revisions lists the "Major Decision Issues" that
were considered (Reference 2). The pertinent sentence from each
"Major Decision Issue" follows along with a brief summary of the
EPA justification where appropriate:

j Should the Emissions Standards Applicable to.
General Aviation Aircraft be Retained?

It was concluded that the most cost effective
control strategy for aircraft would be to control

65



only those aircraft engines which cause the most
significant pollution load, namely commercial
aircraft engines.

Are the Levels of the Present Standards Applicable
to Commercial Aircraft Appropriate?

The EPA technology assessment of newly manu-
factured engines concluded that the T2 class HC
and CO standards were technically feasible for
engines with rated thrust above 20,000 pounds.
The smaller T2 engines and some Tl engines are
subject to certain standards that are available
with engine size, the smallest engines tending to
have the highest emission rates. After con-
sideration of the limited overall air quality
impact of such engines, it was determined that
control of engines less than 6,000 pounds rated
thrust was not justifiable at this time.

The Agency intends to defer, until after pro-
mulgation of the short-term ambient NO2 standard
in August 1978 and after completion of the joint
EPA/FAA airport air quality analysis discussed
earlier, prgulgaton of the NOx standard based on
th-'s proposal.

Are the Present Compliance Dates for the Standards
Appropriate?

In view of the availability of adequate
NOx control in 198~4 and in consideration of the
span of time between this date and the date of
initial HC and CO control, an implementation date
of January 1, 198~4 for newly certified engines is
proposed.

Should Special Provisions be Made for Low
Production or Old Engines?

All engines in this situation are produced
for general aviation applications, the proposed
rulemaking, which would impose no standards for
these engines, will resolve this problem.

Is the Proposed In-Use Aircraft Engine Retrofit
Program Appropriate?
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It was generally agreed among the commenters
that a period of four years will be required to
incorporate the necessary changes in the commer-
cial aircraft fleet. Therefore projecting that
the control systems will be available for appli-
cation in 1981, the compliance date for in-use
aircraft engines is proposed for January 1, 1985.

Has a Margin for Variability Been Included in
Setting the Standards?

The standards are to be considered upper
limits with respect to compliance testing and
manufacturers must set their design goals suffi-
ciently below the standards to account for varia-
bility.

How Should the Idle Power Setting be Specified?I The "manufacturer's recommended idle"~ defini-
tion is expanded to explicitly state that the
engine be tested at the minimum idle set point
for each particular engine with simulation per-
mitted of minimum accessory influences
experienced by the engine when operated in the
idle mode. This approach is equitable and elimi-
nates much of the ambiguity problem.

Should NOx Limits Be Corrected for Engine
Pressure Ratio?

A standard which permits higher emissions for
high pressure ratio engines will force all
existing engines to apply the best advanced tech-
nology that has been identified in order to
achieve the required emissions levels and yet
will not unduly penalize those engines which
obtain high efficiency through high pressure
ratios.

Are the Compliance Test Fuel Specifications
Properly Defined? -

It has been brought to EPA's attention that
the test fuel as now specified may change from
time to time under the pressure of rising fuel
costs and, in the future, synthetically derived
alternative fuels. It is known that combustion
pollutant levels in an engine are related to fuel
properties and composition. This may cause dif-
ficulties with the continuous compliance require-
ment and with the establishment of technology
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capable of achieving the standards with fuels
significantly different from those used to deve-
lop the technology. Comments on this matter are
requested.

Should the EPA Limit the Applicability of the
Standards to U.S. Aircraft Only and Look to ICAO*
to Control International Aircraft?

These standards will apply to aircraft of
foreign registry until such time as the ICAO* has
promulgated regulations of at least equivalent
stringency. At that time consideration can be
given to applicability of ICAO standards to air-
craft of foreign registry while the EPA standards
would continue to apply to aircraft of United
States registry.

*International Civil Aviation Organization"

4.2.3 Considerations Mentioned in EPA Support Documents

Several EPA support documents were prepared
during the period between promulgation of the regular revisions
in 1978. Many of these were summarized in the previous section,
4.2.2 Major Decision Issues. Others which bear more directly on
the USAF mission, as well as the USAF goals, deserve a more
complete analysis. Most of these studies were published by the
EPA, Office of Mobile Source Air Pollution Control. Considerable
data from the FAA, EPA, USAF, NASA, US Navy, engine and airframe
manufacturers, and consultants were analyzed in preparation of
these support documents.

Proposed Amendments to Emission Standards for
Aircraft Engines

This document (Reference 49), issued by the
Deputy Assistant Administrator in August of 1977, contains most
of the input data to EPA, along with the EPA evaluation and
decisions, at that point in time. The summary of this memo
states:

"SUMMARY

This action is the issuance of a Notice of
Proposed Rulemaking (NPRM) containing amendments
to the Emission Standards for Aircraft Engines
(40 CFR Part 87). The recommended amendments by
engine class are:

P1 Class (Aircraft Piston Engines) - The
gaseous emission standards should be

68



withdrawn. The reduction in emissions that
would be achieved by the existing standards
would provide minimal improvements in air
quality at high cost.

P2 Class (Aircraft Turboprop Engines) - The
present gaseous standards should be
withdrawn and replaced with standards for
only large, newly certified engines to be
used in commercial service. These large,
newly certified engines could, and should,
comply with standards significantly more
stringent than the present standards for newly
manufactured aircraft engines. (The current
standards had to be sufficiently lenient so
that the smaller engines of this class could
comply). The present fleet of turboprop
powered aircraft (predominantly general
aviation) have a minimal impact on the
aircraft pollution problem and will not
become a problem unless a new engine is
introduced which would be used in a signifi-
cant portion of the commercial fleet.

APU Class (Auxiliary Power Units) - All
requirements for emission controls on
aircraft APU's should be withdrawn. This
class of engine inherently has low HC
emissions resulting in a negligible contribu-
tion to the oxidant problem. CO and
NOx emissions are somewhat higher; however,
technology is not available to provide signi-
ficant reductions. Also, the emissions
contributions of CO and NOx are relatively
low as compared to the aircraft propulsion
engines.

Ti Class (Turbofans and Turbojets under 8000
eouds hrut)- All Ti class engines under

6,000ounds thrust should have their gaseous
emissions (HO, CO and N0X) standards with-
drawn, as well as Ti engines over 6,000
pounds thrust used in general aviation appli-
cations. Ti engines above 6000 pounds thrust
which are used in commercial application
should comply with standards set for all com-
mercial subsonic turbofan and turbojet
engines. The air quality impact of this
class of engines (excluding the larger com-
mercial engines) is minimal and the cost of
compliance would be high.

69



T2, T3 and T4 Classes (Turbofans and
Turbojets above 8000 pounds thrust,
JT3D and JT8D - The standards would apply to
all commercial engines above 6000 pounds
thrust. For those newly manufactured engines
above 20,000 pounds thrust the HC and CO
levels should remain as presently specified.
Between 6000 and 20,000 pounds thrust the
levels should have a thrust dependent transi-
tion between the levels at 20,000 pounds to a
level slightly above the current Ti standards
at the minimum thrust of 6000 pounds. It is
further recommended that the HC and CO stan-
dards be delayed two years. Implementation
of the NOx standards should be delayed three
years after the HC and CO standards, be
applicable to only engines above 20,000
pounds thrust and be relaxed from an EPAP of
3.0 to 4.0 (with no pressure ratio adjust-
ment). These standards should be delayed 3
years to 1984. These revisions are necessary
because of technical constraints, and repre-
sent the most aggressive implementation sche-
dule and levels of control technically
feasible.

Standards for HC and CO should be adopted
that require all large, in-use commercial engines
(over 12,000 lbs thrust) to achieve levels
equivalent to the newly manufactured engine
standards. This would require the retrofit of
the technology required to meet the newly manu-
factured standards into existing engines. Such a
retrofit would require about 4 years to implement
after the technology became available, thus
resulting in a final compliance date of
January 1, 1985.

While these recommended amendments in several
cases represent a deletion of existing regula-
tions and in other cases result in the relaxation
of the levels of the standards and/or the
implementation dates, the net result of this
regulatory action will be to improve the effec-
tiveness of the aircraft regulations for HC and
CO control at the major commercial airports
(aircraft air pollution problem areas), and to
recognize that the full degree of NOx control
called for in the existing standards is not tech-
nically achievable in the foreseeable future."
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Cost-Effectiveness Analysis of the Proposed
Revisions - Industry Data

This report by Wilcox and Munt (Reference 50)
considered industry submittals to determine the cost-
effectiveness of the proposed regulations. This document, as
other EPA Technical Support Reports, contains a notice that it
does not necessarily represent the final EPA decision on regula-
tory issues. the Introduction to this report states:

"INTRODUCTION

This report contains a cost-effectiveness
analysis of the proposed revisions in exhaust
emission standards for new and in-use aircraft
gas turbine engines using information supplied by
engine manufacturers. The resulting cost-benefit
ratios may be compared with those of other air-
craft and non-aircraft pollution abatement
control strategies in order to determine the most
cost effective means of achieving the National
Ambient Air Quality Standards (42 CFR 1420).

The control strategies analyzed are:

1. Control of newly manufactured gas tur-
bine engines (NME) in 1981 for HC and CO
only:

2. Retrofit of in-use gas turbine engines in
1985 for HC and CO only (to the same levels
as in #1); and

3. Control of newly manufactured gas turbine
engines (NME) in 1984 for HC, CO, and NOx.

The lack of detailed data available for study
has made a rigorous analysis impossible. The
cost information received thus far is incomplete
and poorly documented; therefore, it is
impossible to determine the validity of the data
submitted. Furthermore, the very nature of the
study necessitates using assumptions and pro-
jections in an attempt to ascertain future facts.
No matter how carefully considered, these fore-
casts will be subject to error and
interpretation.

Within the constraints described above, the
cost-effectiveness figures generated by this

* analysis represent EPA's best estimate of the
costs imposed by the control strategies under

* consideration based on industry submittals.
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In this analysis, the JT8D is assumed to be
out of production by 1984. However, shortly
after finalization of the report, the EPA learned
that production of this engine would continue
and, in fact, a growth version of the engine was
planned. This new information along with EPA's
independent cost estimate of the proposed stan-
dards will be addressed in a subsequent report."

The conclusion of this report further outlines

the problems of obtaining reliable cost data:

"CONCLUSIONS

The cost-effectiveness information generated
in this report is based on a limited amount of
data and lacked sufficient detail to allow a
rigorous analysis. Within this constraint, the
cost-effectiveness figures are considered to be a
reasonable approximation of the control costs as
a consequence of the standards under con-
sideration based on industry submittals.

The costs of controlling HC and CO to the
levels prescribed by the 1981 NME Standard are
similar to other control strategies and in combi-
nation with the 1985 Retrofit Standard, they are
more cost-effective. The price of NOx control
under the 1984 NME Standard is considered to be
comparable to other proposed control strategies
for mobile and stationary sources.

A fuel comsumption penalty is associated with
the 1981 standard, although when combined with
the 1985 retrofit an overall reduction in fuel
usage is expected. A very substantial fuel
savings is expected from engines in compliance
with the 1984 standard."

Cost-Effectiveness Analysis of the Proposed
Revisions - EPA Independent Estimates

Because of discrepancies between industry estima-
tes and data from earlier EPA studies, the EPA felt it necessary
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to prepare an independent cost estimate. Wilcox and Munt
(Reference 51) published this report about 3 months after their
previous report using industry supplied data (Reference 50). The
Conclusion of this report states;

"CONCLUSIONS

The cost-effectiveness information pre-
sented in this report was prepared from
existing EPA cost data. Important uncertainties
exist at this time; therefore, any conclusions
must be interpreted with care.

In most cases, the differences between indus-
try and EPA cost estimates of the requisite con
trol hardware are signifiant and unaccounted for.
It is expected that information received during
the comment period of the NPRM concerning the
proposed revisions in the standards will help
explain these discrepancies.

The consequences of alternative control stra-
tegies and cost accounting methods were analyzed.
The impact of the proposed standards on incremen-
tal fuel usage at idle varied under the two
alternatives examined, although the results were
generally consistent.

A significant overall fuel comsumption penal-
ty was calculated for engines in compliance with
the 1981 NME Standard. The 1985 Retrofit
Standard typically had an insignificant net
effect on fuel consumption. A substantial fuel
savings was associated with the 1984 NME
Standard.

7
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Depending on the method of determination,
controlling HG emissions from gas turbine
aircraft engines to the levels prescribed by the
1981 NME Standard or in conjunction with the 1985
Retrofit Standard was found to be more cost
effective than all, or most of the other control
strategies under consideration. The cost effec-
tiveness of NOx control under the 1984 NME
Standard was substantially better than, or com-
parable to the most cost effective of the other
proposed control strategies for mobile and sta-
tionary sources.

US Aircraft Fleet Projection and Engine Inventory
to Year 2000

This report by Munt (Reference 52) in early 1978
projects the US fleet into the year 2000. It does not include
the non-US fleet which would be effected by the proposed EPA
rules if they were operated from airports within the U.S. Other
shortcomings of the forecast are stated in the report:

"The shortcomings of this forecast for EPA
use are fourfold. First, the forecast does not
break down the categories (e.g., two-engine
narrow-body) into specific aircraft types (e.g.,
DC-9). Second, the fleet is not presented in
terms of categories defined by short, medium, or
long haul. These limitations prevent a knowledge
of the engine types in use in the fleet. Third,
the forecast is in terms of the net only and
there is no projection of the production and
attrition which is necessary to separate the
engines according to the standard complied with.
Fourth, the data are presented in five year
increments only, thus requiring interpolation."

The introductory statement of this report does
recognize these shortcomings while stating the usefuilness of the
report:

"INTRODUCTION

This report provides a forecast of the number
of aircraft gas turbine engines which must comply
with the proposed revisions to the EPA emissions
standards. In providing this, it also supplies
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an aircraft forecast (useful if engines are
changed on a given airframe) and a general engine
forecast (useful if other revisions are
proposed). This information may be used directly
to obtain estimates of the total impact of
various standards and implementation dates and,
more importantly, to obtain estimates of the
total cost and cost effectiveness of the
standards. In view of the diverse uncertainties
in forecasting, the reader is cautioned to treat
this forecast as only a representative scenario
whose accuracy is limited by the quality of the
assumptions and judgments made in its derivation."

Potential Impact of CO, HC, and NOx Emissions on
Air Quality

Lorang (Reference 53) in March of 1978 published
this Technical Support Report which was a review of past studies.
The Conclusions of this report outline the rationale behind the
EPA revisions:

"CONCLUSIONS

The 1971 study by Northern Research and Engineer-
ing (Reference 54) was the most comprehensive of
the airport air quality studies. Unfortunately
it was also probably the least accurate, cer-
tainly the least demonstrably accurate. If the
argument for emission controls on commercial
aircraft depended only on the 1971 NREC study and
the 1972 EPA report (Reference 55) it would be
weak. However, more recent sutdies by both EPA
and FAA have confirmed some of the NREC conclu-
sions and added others. These have been sum-
marized in the Discussion section of this report.

Very briefly, CO violations attributable to air-
craft are occurring at at least a few terminal
gate areas and at the ends of runways. The areas
of high CO attributable to aircraft are not
extensive, but can include areas where persons
have regular access. HC emissions from commer-
cial aircraft create regions of high HC con-
centrations that include the major commercial
airports and the areas several miles downwind.
NO, emissions create smaller regions of high
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NOx concentrations, but ones that still extend
beyond the airport boundaries.

The past air quality studies do not provide an
answer to the question of whether NO2 and oxidant
violations can be attributed to aircraft. This
is because they have not been able to consider
the photochemical processes by which these cri-
teria pollutants are formed from HC and NOx. it
seems reasonable that on an annual basis most of
the aircraft NOx disperses from the airport before
it can oxidize to NO2 . On a short-term basis,
only judgment is available at present and that
suggests that the chances of short-term viola-
tions are much better than for annual violations.

Oxidant violations on the airport due to aircraft
could only occur under stagnant conditions. With
a wind, the area of violation would be well down-
wind of the airport. However, it is reasonable
to assume that even in the relatively far future
(at least to the year 2000) aircraft HC emissions
will be in addition to those from other sources
and that the total will cause widespread oxidant
problems in most American cities. Aircraft HC
controls are a cost-effective way of helping to
reduce this oxidant problem. In particular, the
HC/CO retrofit program is the only control stra-
tegy which reduces aircraft HC emissions in the
near future.

The desirability of the modifications that would
be forced into use by the HC standards is reaso-
nably well demonstrated in the results of the
past studies. Further study of RC will not
contribute to the development of the amendments
to the existing standards. There is still some
uncertainty about the number of localized areas
which are experiencing CO problems because of
commercial aircraft. Monitoring of CO levels at
a number of airport terminals would help resolve
this uncertainy. There is a great amount of
uncertainty and speculation about the need for
aircraft NOx controls, as this largely hinges on
the contribution of aircraft to short-term
NO2 levels. Past studies have not considered
this question in any depth.

The new air quality study should attempt to
resolve the two areas of present uncertainty by
concetrating on short-term, localized CO and
NO2 air quality. CO monitoring will be more
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definitive than CO modeling. Monitoring should
also include both NO and NO2 in order to help
resolve the questions of how quickly aircraft NO
oxidizes to NO2 . A study which is not designed
to effectively address the CO and NO2 questions
will be a minimal contribution to the development
of the aircraft amendments."

Re-Evaluation of the EPA Aircraft Engine Emission
Standards - Need and Feasibility

This paper by Houtman and Munt (Reference 56) is
a compilation of the information contained in the other Technical
Support Reports. the recommendations are; therefore, a summary'
regarding, "Air Quality Considerations", "Cost Consideration",
and "Technology Considerations". The entire paper is pertinent
to this study and the proposed EPA revisions (Reference 2). It
is relatively brief (19 pages) but still too lengthy to be
included in its entirety in this report.

4.2.4 Material Presented at Public Hearing

A Public Hearing, regarding the Proposed
Revisions was held at EPA Regional Headquarters in San Francisco,
California, on 1 and 2 November 1978. This was done to comply
with Section 231 of the Act (Reference 2):

"Section 231 of the Act provides that the
Administrator shall hold a public hearing with
respect to proposed aircraft emission standards.
A notice of time, date, and place for the hearing
will be published in the FEDERAL REGISTER in the
near future. This hearing is intended to pro-
vide an opportunity for interested persons to
state their views or arguments, or provide infor-
mation relative to the proposed amendments to the
standards."

The Public Hearing resulted in a great deal of
testimoney which has been reported (Reference 46). The summary
conclusions for the hearings, as transcribed by Boubel, state:

"Hydrocarbon emissions can be controlled with
existing technology. There was general agreement
that control is needed as hydrocarbon emissions
contribute to the regional problem.

Carbon monoxide emissions cannot be controlled
consistently with existing technology. Control
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of hydrocarbons does not accomplish a parallel
control of carbon monoxide and the main efforts
have recently been directed toward hydrocarbon
emission control methods. The engine manufac-
turers were all in agreement that control of car-
bon monoxide was not necessary for air quality
improvements.

Oxide of nitrogen emissions cannot be controlled
with existing technology. Some level of control
is possible with modified combustors but there
are operational problems which make these com-
bustors unacceptable to the industry. The 1984
date for enforcing NOx emissions is not realistic
according to the engine manufacturers as the
technology (adequately tested) will not be
available. The engine manufacturers all agreed
that the need for NOx to be controlled in order
to meet national air quality standards has not
been shown.

Smoke may again become a problem as some
combustors, and engines are showing increasing
smoke as HC, CO, and NOx control technology is
advanced. Smoke may also become a greater
problem if fuel specifications or hydrocarbon
ratios are changed.

Timing of the proposed regulations was questioned
by all engine manufacturers. All wanted the ori-
ginal date changed from January 1, 1981 to
January 1, 1982 for the HC and CO standards. They
were also in agreement that the January, 1984
date for establishment of NOx standards should be
postponed until NOx control technology can be
demonstrated.

Variability of the engine emissions was of con-
cern to all at the hearings. The engine manufac-
turers claimed that calling for maximum emissions
standards, rather than average emission
standards, would be difficult, if not impossible,
to comply with because of engine variability. The
hearing panel agreed that variability was a cri-
tical problem, but they claimed that none of the
manufacturers had supplied enough data to clarify
the situation.

Of particular concern to the USAF was a statement
made by Mr. David Knight of the South Coast Air
Quality District of California. He was generally
critical of the EPA for not being more vigorous
in their proposed standards."
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Additional information regarding costs,

variability, etc. was submitted to the EPA Hearing by several
manufacturers after the hearing. No official transcript, or com-
pilation of the additionally submitted information is available
at this writing.

4.3 Proposed Aircraft Gas Turbine Engine Emission Rules

The proposed revisions to the gaseous emission rules
(Reference 2) are dependent on the definition of the time of
manufacture of the engine and when it was placed in service (see
definitions in Section 4.1). The standards for HC, CO, and
NO x are called a "Proposed EPAP" and are upper limits. The stan-
dards for smoke emission (although smoke is not truely a "gas")
are still referred to as maximum values of smoke number (SN).

Table 3 is a listing of the proposed limits for newly
manufactured engines. Table 4 is a similar table for newly cer-
tified engines. Table 5 is for in-use engines, some of which
must be retrofitted on a sliding scale.
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SECTION V

PROPOSED ICAO EMISSION STANDARDS

The International Civil Aviation Organization (ICAO)
established a Committee on Aircraft Engine Emissions (CAEE) which
first met in Montreal, Canada, June 12 to June 22, 1978. The
report of the first meeting (Reference 57) is 189 pages in length
and contains detailed reporting of all transactions. A report by
the chairman of the U.S. delegation (Reference 58) is con-
siderably shorter and contains most of the significant infor-
mation presented by the U.S. at the meeting. The U.S. report
lists the agenda items for the meeting as:

Agenda Item 1: The overall effects of aircraft engine
emissions

Agenda Item 2: Developments in States in respect of regula-
tory actions.

Agenda Item 3: Development of details of certification sche-
mes for future aircraft engines.

Agenda Item 4: Scientific need for international standards
for aircraft engine emissions in the stra-
tosphere

Agenda Item 5: Future Work

After considerable discussion the CAEE came up with suggested
standards for turbine engine emissions. The standard for each
pollutant was a function of the mass of emissions and the rated
thrust of the engine. The following is a statement of the
rationale behind the ICAO standards as stated in the report
(Reference 57):

"It was determined that the expression of the emissions
limits should be accomplished by use of a parameter in
which the mass of pollutant emitted during the reference
cycle (D ) is divided by the engine's rated thrust at
sea level, static, ISA conditions (Foo), expressed as a
function of pressure ratio ( ). This form of
parameter, based on overall engine performance or
thrust, is easily understood by the public since it
relates the emissions limits to the useful capability of
the polluting source. It makes comparison between dif-
ferent engines simple and shows up variations of
emissions with all relevant engine design features,
including thermodynamic cycle as well as combustor
variables. By simply multiplying through by rated
thrust, the impact of emissions from different engines
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on the airport environment can readily be estimated. By
including pressure ratio as a controlling variable, dif-
ferences between engine emissions which arise from the
basic influence of pressure ratio on fuel consumption
and combustion performance are normalized, thus easing
the burden on the design of an emission control system
for an existing engine type whose pressure ratio is
already fixed."

The proposed ICAO standard form smoke number is:

Maximum Permissible Smoke Number = 555 (Foo or F*oo as

applicable)-0-274 or a value of 50, whichever is the lesser

Where:

Foo Take-off thrust rating.

F*oo Reference pressure ratio.

The proposed ICAO standards (Reference 57) for gaseous
emissions depend upon the date when the type certificate for the
first variant was granted. If the type certificate was granted
before 1 January 1981, but the engine was manufactured on or
after the date, the applicable standards are as follows (for sub-
sonic engines):

= (0.92)oo x 10 or a value of 0.44 x 10- 4

Hydrocarbons (HC) - whichever is lower.
Foo

D= 3.1 x 10-2 or a value of 0.031 x 10-2
Carbon monoxide (CO) 1o 2o whichever is lower.

F00  00

Oxides of DP= (3.2 + 0.12 oo)10 -5 or a value of 7.0 x 10-5
nitrogen (NOx) - whichever is lower.

Foo

Where:
Dp The mass of any gaseous pollutant emitted during the

reference emissions landing and take-off cycle.
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Foo Take-off thrust rating.

oo Reference pressure ratio.

If the type certificate was granted after 1 January 1981, the
applicable standards for subsonic engines are as follows:

D= 6.25 (0.92) 00 x 10-5 or a value of
Hydrocarbons (HC) - 2.75 x 10-5

Foo whichever is
lower.

Dp 2.7 x 10-2 or a value of' 0.027 x
Carbon monoxide (CO) - 2 10-2 whichever is

Foo oo lower.

Oxides of Dp =(3.2 + 0.08 )10-5 or a value of 6.4
nitrogen (NOx) - x 10-5 whichever

Foo is lower.

The ICAO also proposed a different set of numbers for the
time in mode than the EPA. They further were more specific in
their specification of thrust settings than the EPA. The
rationale, and values, proposed by ICAO are as follows (Reference
57):

"Times in mode and thrust settings

For the purpose of estimating and expressing emissions
data, time for a reference landing and take-off cycle
were established which are representative of aircraft
operations at busy international airports. These are
the operations for which aircraft are predicted to have
the most significant impact on pollution concentrations
in the atmosphere in and around the airport. Engine
thrust settings corresponding to the various phases of
this standard LTO cycle and representative of typical
values employed in these phases were then established.
The times and thrusts in the various phases provided a
reference operation for which the emissions could be
calculated for any type of engine using data obtained at
the reference thrust setting. Only operations conducted
at altitudes below 900 metres were considered. This was
because it was not thought that, on the average, pollu-
tants emitted above this altitude could diffuse back to
ground level through normal atmospheric mixing processes
and contribute to the general air quality problem
together with other sources. Accordingly, a
landing/take-off cycle was chosen which consists of the
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following operating phases each of which is associated
with a time and thrust setting which is, on the average,
representative for the operating phase:"

Time in Thrust setting-percentage
Operating phase mode minutes of take-off thrust rating

Taxi and ground 22.0 7%
idle (in and out)

Take-off 0.7 100%
Climb 2.2 85%
Approach 4.o 30%

The ICAO standards have been summarized and tabulated by
D. W. Bahr of the General Electric Aircraft Engine Group (Reference
59). Table 6 is adopted from the material summarized by Bahr.

TABLE 6. PROPOSED ICAO EMISSIONS STANDARDS

APPLICABILITY SUBSONIC TURBOJET/TURBOFAN
ENGINES USED IN CIVIL AIRCRAFT

FORMAT GRAMS EMISSIONS PER CYCLE PER
KILONEWTON RATED THRUST

EFFECTIVE DATE
EXISTING ENGINES 1/1/81
NEW ENGINES 1/1/84

LTO CYCLE SAME AS EPA, EXCEPT FOR PRESCRIBED
IDLE POWER SETTING OF 7% AND TIME
DURATION AT IDLE OF 22 MINUTES

HC/CO STANDARDS INVERSELY PROPORTIONAL TO CYCLE PR,
GENERALLY LESS STRINGENT THAN EPA
STANDARDS

NOx STANDARDS DIRECTLY PROPORTIONAL TO CYCLE PR,
MUCH LESS STRINGENT THAN EPA

SMOKE STANDARD SAME AS EPA STANDARD

5.1 ICAO Standards Versus Proposed EPA Standards

Table 7 and Table 8 were also prepared by Bahr
(Reference 59) to show the proposed ICAO and EPA emission stan-
dards for two different model G. E. engines, the CF6-6D and
CF6-50C.

Bahr (Reference 59) has also tabulated the values for a
current G.E. production engine to show the actual emissions of
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the engine versus the EPA and ICAO proposed standards. Table 9
presents his results.

The EPA and ICAO are in agreement as to the definition
of a "derivative engine". Table 10 lists these values as shown
in the report by Bahr (Reference 59).

/

TABLE 7. COMPARISON - PROPOSED EPA AND ICAO EMISSIONS
STANDARDS APPLICABLE T G.E. CF6-6D ENGINE MODEL

(Ref rence 59)

EPA ICAO

CO 36.1 51.4
(GRAMS PER CYCLE

HC PER KILONEWTON TED 6.7 12.9
TAKEOFF THRUST)/

NOx/ 39.4 61.5

SMOKE (SMOKE NUMBEd) 20.0 21.0

I

TABL 8. COMPARISON - PROPOSED EPA AND ICAO EMISSIONS
S ANDARDS APPLICABLE TO G. E. CF6-50C ENGINE MODEL
// (Reference 59)

EPA ICAO

CIO 36.1 35.7
(GRAMS PER CYCLE

HC PER KILONEWTON RATED 6.7 8.5
TAKEOFF THRUST)

NOx 39.4 67.6

SMOKE (SMOKE NUMBER) 18.o 19.0
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TABLE 9. CURRENT PRODUCTION G.E. CR6-50C ENGINE MODEL
POLLUTANT EMISSIONS STATUS

(Reference 59)

RELATIVE TO EPA STANDARDS RELATIVE TO IACO STANDARDS

STATUS ALLOWABLE STATUS ALLOWABLE

HC 49.14 6.7 18.6 8.5

CO (GRAMS PER 110.8 36.1 56.8 35.7
CYCLE PER KILO-

NOx NEWTON RATED 61.6 39.14 614.2 67.6
TAKEOFF THRUST)

SMOKE (SMOKE 13.0 18.0 13.0 19.0
NUMBER)

TABLE 10. ICAO/EPA - GUIDELINES FOR DEFINITION OF
DERIVATIVE ENGINE

(Reference 59)

GUIDELINES TO BE MET BY DERIVATIVE ENGINE:

THRUST IS WITHIN +25% OF PARENT ENGINE

CORE PRESSURE RATIO IS WITHIN +20% OF PARENT ENGINE

DIMENSIONS AND LOCATIONS OF CORE BEARINGS AND SHAFT ARE NOT
SIGNIFICANTLY CHANGED FROM PARENT ENGINE

.OTHER FACTORS DEEMED IMPORTANT ARE NOT SIGNIFICANTLY
C HANG ED

* It is obvious that there are areas of difference and
similarity between the EPA and the ICAO. Both organizations,
however, are proposing that standards be imposed on gas turbine
aircraft engines.
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SECTION VI

USAF AIRCRAFT EXHAUST EMISSION GOALS

The current USAF Aircraft Exhaust Emission Goals were est-
ablished based on the understanding of the Clean Air Act, and
the amendments to the act) at the time of their writing
(References 21 and 27). Since the establishment of these origi-
nal USAF goals, the EPA Proposed Revisions for commercial
aircraft, dated March 24, 1978 have been published (Reference 2)
and the required public hearing on the Proposed Revisions has
been held (Reference 46). As previously stated in this report,
many changes have been made in both the philosophy, and levels of
the originally proposed EPA standards.

6.1 1975 USAF Goals

- The 1975 goals were based on knowledge established by
combustion emission research, atmospheric research, military
requirebients at the time, projections oi future aircraft/engine
systems, and objective judgements about possible federal or
international rules. It is important to examine these original
goals in light of the information available today.

6.1.1 Carbon Monoxide and Hydrocarbon

The 1975 goals state (Reference 1):

"Carbon Monoxide (CO) & Hydrocarbon

For engines in substantial production after
1 January 1979, CO and hydrocarbon levels are to
be below levels which result in an idle com-
bustion efficiency of 99 percent for engines with
an idle pressure-ratio above 3:1, and a com-
bustion efficiency of 98 percent for engines with
an idle pressure-ratio below or equal to 3:1.

For engines in substantial production after
1 January 1981, CO and hydrocarbon levels are to
be below levels which result in an idle corn-
bustion efficiency of 99.5 percent for engines
with an idle pressure-ratio above 3:1, and a com-
bustion efficiency of 99 percent for engines with
an idle pressure-ratio below or equal to 3:1."

This goal contains actual numerical values for CO
and HC emissions. It is important to point out that this is a
goal not a standard to be met. Examination of Figure 3
illustrates the necessity of emphasizing this point. It shows
that of all the engines currently being supplied to the USAF,
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only one, the Pratt & Whitney FlOO-P-lO0 engine, meets the
1 January 1979 goal of 99 percent idle combustion efficiency. The
idle combustion efficiency for this engine is 99.1 percent (0.9
percent inefficiency). If this engine is still in "substantial
production after 1 January 1981" its idle combustion efficiency
must be 99.5 percent or greater in order to comply with the
goals. It is doubtful if this will be achieved.

It should be pointed out that any numerical
values in the goals study would be equally difficult to meet.
Had an Emission Index (EI) or an Environmental Protection Agency
Parameter (EPAP) been stated as a goal, it too would be exceeded
by existing engines. Table 11 illustrates the problem for the
FIOO-P-IO0 engine, the cleanest currently used by the Air Force.

TABLE 11. EMISSIONS OF CARBON MONOXIDE AND HYDROCARBONS
FOR FIOO-P-lO0 ENGINE

Emissions, Grams per LTO Cycle
Per EPA Standards Measured EPAP

Component After 1-1-81 After 1-1-84

CO 3,593 1,668 8,327

HC 638 220 1,069

6.1.2 Oxides of Nitrogen

The 1975 goals state (Reference 1):

"Oxides of Nitrogen (NOX)

For engines in substantial production after
1 January 1979, NOx levels are to be less than 75
percent of the present or uncontrolled level, and
after 1 January 1981, NOx levels are to be less
than 50 percent of the present or uncontrolled
level. For engines using water injection, NOx
levels are to be less than 25 percent of the pre-
sent or uncontrolled level for all engines pro-
duced in substantial quantity after 1 January
1979."

90



This statement refers to a percentage reduction
which is translated into an absolute value, based on the com-
bustor inlet temperature, by the next paragraph from the
regulations, and the USAF Goals Figure 1, which follows it.

"Figure 1 graphically illustrates the 1979
and 1981 goals. It is emphasized that these
reductions apply to takeoff (max-dry) and climb-
out modes of operation only. However, toIsimplify compliance procedures, the NOx goal must
be satisfied at the max-dry power condition.
Idle and approach levels should be maintained at
or below the level indicated as uncontrolled."

The extreme difficulty of meeting NOx standards
has been recognized by the EPA in their Proposed Rules (Reference
2). They have decided not to enforce NOx emission standards
until 1 January 1985.

In contrast, the USAF Goals study contains actual
numbers which may not be met. For example, the FlOO-P-100 engine
has a combustor static inlet temperature, at a sea-level takeoff
power setting, of 800 0K (Reference 3). This value, on the USAF
Goals Figure 1, amounts to 50 grams of NOx (measured as N02 ) per
kilogram of fuel. The 50 percent reduction would amount to an
emission of 25 grams of NOx per kilogram of fuel "for engines in
substantial production after 1 January 1981." The measured EI
for this engine (Reference 8) is 27 grams of NOx per kilogram of
fuel which exceeds the value for engines in production after 1
January 1981.

The allowable emissions, if this were a
"commercial aircraft" engine, based on EPA proposed standards
(Reference 2) would be 2,201 grams per LTO cycle. The actual
emissions for the EPAP, based on the EPA time in mode, has been
calculated as 2,715 grams per LTO cycle. Again, this points out
the problems of using another set of numbers, such as the EPA
standards or EPAP, for a goals statement.

6.1.3 Smoke

The 1975 AF Goals were very specific that no
visible smoke was the goal. The statement of the goal was:

"Smoke

For engines in substantial production after
1 Janaury 1979, emission levels of smoke are to
be below the invisibility threshold as defined by
Figure 2. The parameter nd has been employed,
where d is the exhaust diameter of the engine and
n is the maximum number of engine exhaust streams
through which an observer could possibly sight.
For example, the value of n is 2 for the case
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where two engines are closely coupled such that
the appropriate light attentuation path length
represents the exhaust diameters."

Figure 2 from the goals, and referred to in the
preceeding paragraph, is shown on the following page. Generally,
"invisible" smoke is meant to be below a smoke number of 25. The
FlOO-P-lO0 engine emits smoke with a measured smoke number of
32.5 at takeoff power. This may certainly be classed as a
"visible" plume indicating that this engine will not meet the
goals. It will be in production after 1 January 1979. The value
of the EPA acceptable smoke number from the 1979 proposed rules,
for the FlOO-P-lOO engine, is 26. Again, the FlOO-P-lO0 engine
cannot meet the numerically established standards.

The situation regarding smoke is probably much
more critical than when the goals were written in the early 70"'s.
Fuel aromatic content has increased toward the maximum level
allowed by the specifications. This has resulted in increasing
smoke from USAF aircraft and some engines which were previously
classed as having "invisible" exhaust plumes are now reported to
be showing visible smoke. With the present supply of crude oil
available to the U.S. refineries, and the subsequent supply of
JP-4 to the USAF, smoke can probably be expected to increase,
rather than decrease, in the future.

6.2 Considerations for Establishing New Goals

The secretarial memorandum (Reference 1) which
established the current USAF aircraft emission goals stipulated
that the goals support national environmental objectives. Even
though military aircraft are exempt from EPA aircraft emissions
regulations, the USAF must recognize the official positions and
actions of the EPA as a reflection of the national environmental
objectives which the USAF aircraft emission goals must support.

To some, the fact that military aircraft only contribute
a small percentage of the overall burden on air quality
(Reference 80) might be grounds to justify no emission goals for
military aircraft. This position is contrary to EPA philosophy.
The EPA acknowledges (Reference 56) that reductions in aircraft
emissions alone may make no significant improvement in regional

air quality; however, they justify pollution standards for com-
mercial aircraft on the assumption that future air pollution 1
problems will not be the result of any one source as it was in
the case of the automobile in the assessments of the late 1960s.
The EPA expects that future air quality improvements will require
reductions from many different sources which individually would
not account for a significant portion of the total air pollution
problem. Having USAF aircraft emission goals supports the EPA
national environmental objective to achieve National Ambient Air
Quality Standards.
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In light of the tremendous amount of information which
has been developed and presented regarding turbine engine
emissions, it is important to look at the entire picture before
establishing new USAF Goals. Both the EPA and ICAO have con-
sidered such items as cost-effectiveness, technology,
variability, etc., in setting their suggested standards. The same
considerations should be made when setting USAF Goals.

6.2.1 Possible Goals for Carbon Monoxide and
Hydrocarbons

It appears to still be valid to consider the
reduction of CO and HC concurrently even though such a reduction
probably will not occur on a 1 to 1 basis. Generally, HC is
easier to reduce through combustion chamber modification or fuel
inlet modification than CO. The temperature at which HC may be
oxidized to CO2 and H20 is lower than that at which CO is oxi-
dized to CO2 . Even though the CO and HC are not reduced
corresponding amounts by modifictions, it may still be stated
that a change which reduces CO will reduce HC, and vice versa.

Another important consideration is that CO does
not appear to be as critical an environmental concern as HC.
The effect of CO is only in the immediate vicinity of the
emitting source and then the only concern is with human health
effects. If the CO concentration is below the ambient
threshold value it can be said that there is no effect of CO on
the environment.

Hydrocarbons, on the other hand, enter into the
photochemical reaction system and; therefore, can cause an effect
on the environment at some distance away from their point of
release. Any amount of hydrocarbons emitted act additively with
those already present in the atmosphere and no "threshold
concept" can be applied. It is, therefore, desirable to
establish hydrocarbon emissions at the lowest possible level con-
sidering technology, cost-effectiveness, etc.

Combustion Efficiency

Blazowski and Henderson (Reference 3) discuss the
rationale in using combustion efficiency (or combustion
inefficiency) as the limiting parameter for CO and HC. They
state:

"Establishment of CO and HC emission limits
basically involves idle operation as discussed
earlier. The basic parameter which may be used
to evaluate reductions in low power emissions is
idle combustion efficiency (n.). This parameter
is an excellent means of comparing the quality of
technology or success of a low emissions design.
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Complicating factors like idle SFC and time-in-
idle-mode are avoided by using this parameter for
specifying idle emission limits. Furthermore,
n. does not separately address CO and HC as would
be the case if idle emissions were specified. In
a sense, this adds favorably to the argument that
specification of nc is most realistic. All
control techniques known to reduce one idle
pollutant reduce the other as well and combustor
designers have difficulty in controlling the
trade between HC and CO. Hence,- nc provides an
excellent indication of the overall quality of
the combustor design from the idle emissions
point of view. However, combustor-to-combustor
similarities do allow some preliminary assessment
of future CO/HC trends. Basically, it may be
expected that the hydrocarbons will be reduced at
a much faster rate than the CO. As combustion
efficiency is improved, the ratio of CO to HC
emission indices will increase.

As previously discussed,nc is strongly
dependent on the conditions for combustion.
This may support the conclusion that those engi-
nes with less favorable combustion conditions
(low idle pressure ratios) should be allowed
lower efficiency levels than others. The
problem is mainly with engines of the following
two categories:

(a) High Mach aircraft, for which
pressure ratios must be limited in order to main-
tain acceptable combustor inlet temperatures
during high mach flight, will inherently have
lower idle pressure ratio.

(b) Small, low cost engines must employ
less complicated, smaller compressors with low
pressure ratios at all operating points.

To a limited extent, all engines may be
operated in a manner which will permit higher
combustion efficiency. One corrective measure
would be to operate at higher idle thrust levels,
aircraft-system permitting. In addition,
variable compressor systems could be set to give
low compressor efficiency at Idle; hence, main-
tenance of the required engine idle pressure-
ratio would cause higher combustor inlet
temperatures. Both approaches would result in
higher idle combustion efficiencies.
Nevertheless, it is considered Justifiable to
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allow the lower pressure ratio engines some
margin from that specified for others--the low
pressure ratio machine will have a baseline
emission level significantly greater than that of
the high pressure-ratio system."

One area which is mentioned by Blazowski and
Henderson (Reference 3) concerns the ratio of CO to HC. Their
specific sentence is, "As combustion efficiency is improved, the
ratio of GO to HC emission indices will increase." this state-
ment was undoubtedly made because of the generally accepted (and
previously stated) theory that HC are more easily oxidized than
CO. Figure 3 verifies this theory even though it uses
"combustion inefficiency" and the HG/CO ratio as variables. The
engines with the lowest combustion inefficiency (say less than 2
percent) are also the engines with the lowest HG/CO ratios (0.1
to 0.3). The older engines with combustion inefficiencies from
7 to 12 percent haveHG/GO ratios of 0.8 to 1.0.

Some have suggested that HG/CO ratios should be
specified as a part of the combustion efficiency parameters. In I
view of the previous discussion this would appear to be

Emission Index

The emission index for NOx, for currently used USAF
turbine engines, has been recently published by Scott and Naugle
(Reference 8). These El's are expressed as units of pollutant
mass per 1000 mass units of fuel consumed, e.g., grams per
kilogram. The emission factors and fuel flows are given for each
engine mode.

From these El values the emissions can be calcu-
lated for any engine mode. This is an advantage over the
"combustion inefficiency" concept which is applied only at idle
conditions. Also, the calculation of emissions for a particular
cycle is a simple calculation using the El, the fuel flow, the
engine mode, the time in that mode, and the number of engines.
GO and HG values can therefore be obtained for an entire LTO
cycle rather than just for the idle portion of the cycle.

HG Emission Index values at idle conditions agree
-very well with the combustion inefficiency parameter for current

USAF engines. Figure 12 shows the regression of combustion inef-
ficiency on the idle El of HG. The correlation coefficient "r"
is 0.97 which is highly significant.

The correlation of the Idle Emission Index for CO
with the combustion inefficiency parameter is not nearly as good
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as that for the HC. Figure 13 shows the linear regression, with
a correlation coefficient, "r", of 0.61. The regression of the
idle El for CO versus the combustion inefficiency shows a much
greater scatter for the older engines which are the high CO
emitters.

EPA Parameter

The EPA Parameter (EPAP) is based on a summation
of EI's multiplied by the appropriate fuel flows, times in mode
(TIM) and number of engines on the aircraft. For CO and HC the
El and TIM are both so high for "Taxi/Idle" that an approximation
of the EPAP may be made by only performing the calculation for
the "Taxi/Idle" mode rather than summing the emissions from all
of the modes.

For calculation of the EPAP, the El is fixed for
each pollutant at each mode, the fuel flow is fixed for each
mode, the TIM is fixed (by normallizing to the stated EPA stan-
dard TIM), and of course, the number of engines on the aircraft
is fixed. If an engine modification were made and tested the El
and fuel flow could change, but not the TIM.

It would probably be desirable to use a different
but similar, parameter to the EPAP for the USAF. If, for
example, aircraft at a USAF base are able to cut their Taxi/Idle
TIM to 1/2 of the EPA TIM, the calculated level of emissions of
CO and HC, would be cut nearly in half. Naugle and Nelson
(Reference 47) did this for several categories of USAF aircraft
and reported individual, measured TIM's as well as the average
TIM for each type of aircraft. Of course this procedure can be a
detriment if the measured, or average TIM, for "Taxi/Idle"
exceeds the normalized time used by the EPA. If such were the
case, the emission of CO and HC would exceed that calculated and
reported as the EPAP.

The Navy has reported on such a problem
(Reference 60) in a paper discussing aircraft air pollution
legislation and Naval aircraft operations. One of the conclu-
sions in this paper states,

"Actual naval aircraft flight cycles at the
Miramar Naval Air Station (NAS) differ from those
used by the EPA in establishing the Emission
Indices of pollutants for aircraft. The differ-
ence is not in favor of naval aircraft because it
consists primarily of increased idle operation
time. Unburned hydrocarbons and carbon monoxide
are produced in their greatest concentration in
the exhaust gas at the idle operating condition."
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The actual data reported by the Navy in this
paper indicates the magnitude of the problem, as shown in Table

* 12. The TIM data in this table indicates that the TIM for the
Taxi/Idle mode for the F-4J Aircraft was a total of 41.1 minutes
compared to a TIM for the EPA standard cycle of 26.0 minutes.
The CO and HC emissions would be approximately (41.1 divided by
26.0)100 =158 percent, or half again as much as the EPA? calculated
values for the F4-J Aircraft. The A-4E Aircraft also had measured
emissions (based on TIM) of half again the EPA? calculated values.

TABLE 12. UNITED STATES NAVAL AIRCRAFT MEASURED TIME IN MODES
(Reference 60) -

Time in Mode, (minutes)-
Aircraft Operating Mode Miramar Study EPA Standard Cycle

F-4J Taxi (Out) 24.5 19.0
Take Off 0.3 1.2
Climb Out 0.7 2.0
Descent -2.3
Approach 4.1 1.2
Taxi (In) 16.6 7.0

A-4E Taxi (Out) 25.0 19.0
Take Off 0.2 0.5
Climb Out 0.9 2.5
Descent
Approach 4.4 4.5
Taxi (In) 14.2 7.0

6.2.2 Possible Goals for Oxides of Nitrogen

Questions concerning possible goals for NOx are
probably more numerous than answers. The EPA has recognized this
in its proposed rules (Reference 2) by relaxing the date of
implementation for the NOx standard until 1984 for engines manu-
factured after 1981, and, 1985 for all engines.

Currently studies are being conducted to deter-
mine the actual degradation of the atmosphere due to
NOx emissions (Reference 6, 7). These studies are concerned with
both short term contributions where local effects due to NO2 may
be a problem and the long range problems of NOx in the
atmosphere and stratosphere where it reacts in the photochemical
cycle. Until these, and other, studies are completed and eva-
luated it appears that a valid determination of the effect of
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aircraft turbine generated NOx on the quality of ambient air can-
not be made. It does not appear that numerical goals for
NOx emissions should be established until the effects of such
emissions are determined.

The cost-effectiveness of NOx controls for
aircraft also does not appear to be favorable. Other sources can
reduce NOx emissions at a lower cost per unit of reduction than
that for turbine engines. The EPA recognized this in their pro-
posed rules and cited cost-effectiveness as one of the reasons
for their delay in implementation of NOx standards.

Much of the needed research for NOx control from
turbine engines is still in the conceptual stage. This is in
contrast to the control methods for CO and HC which have been
thoroughly investigated and widely reported. A recent joint
paper by EPA and Pratt & Whitney Aircraft (Reference 61) indica-
tes the number of different concepts which are being considered
as possible NOx control, or reduction, methods. Table 13 lists
the design concepts currently being considered for stationary gas
turbine engines. Many of these concepts are also valid for
NOx reduction for aircraft gas turbine engines.

Percentage Reduction

Blazowski and Henderson (Reference 3) discuss the
rationale of using a percentage reduction value for NOx. They
state:

"NOx emission characteristics of current engines
are very predictable. Strong ties with combustor
inlet temperatures are apparent from previous
discussions. Means of limiting NOx emission
must, therefore, consider this trend. The most
realistic means of specifying NOx limitations is
to compare the reduced level with that expected
from an uncontrolled system. Depending on the
assessment of control technology potential, 25,
50 or 75 percent reductions from the uncontrolled
level would be specified. Consequently, all
engines would have NO x emission goals specified
as a percentage reduction below their respective
uncontrolled level."

The method of application of this rationale is as
follows:

(1) Determine the combustor inlet temperature
(a design value).

(2) Use the regression of NOx emissions on com-
bustor inlet temperature to determine the uncontrolled NOx value.
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TABLE 13. CANDIDATE DESIGN CONCEPTS (FOR OXIDES OF NITROGEN
CONTROL)

(Reference 
61)

Concept No. Title

1 Low-Intensity Flame
2 Premixing Catalytic Burner
3 Superlean With Heat Recirculation
4 Superlean With Preburner
5 Heat Removal
6 Quench Reheat
7 Staged-Centertube Burner
8 Exhaust-Gas Recirculation
9 Hydrogen Enrichment

10 Surface Combustion
11 Distributed Flame
12 Ceramic Liner
13 External Combustion
14 Boost-Air Dilution
15 Artificial Excitation
16 Extended Injector
17 Pebble Bed
18 Coanda Flame
19 Electric Assist Nozzles
20 Virtual Staging
21 Engine Inlet Fuel Injection
22 Flameless Combustion
23 Air Staging
24 Fuel Staging
25 Vorbix (Vortex Burning and Mixing)
26 Fuel/Air Premixing
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(3) Apply the desired percentage reduction to
achieve the controlled NOx emission value.

It may be seen that assumptions of accurately
forcasting the combustor inlet temperature, and, of little error
in application of the regression equation are necessary for this
approach. This approach also assumes that there is no effect due
to fuel-bound nitrogen, or fuel hydrogen to carbon ratio, which
could both be future problems as fuel requirements change.

Emission Index

The emission index for NOx, for currently used
USAF turbine engines, has been recently published by Scott and
Naugle (Referdnce 8). The same comments made earlier in this
report about the El's for HC and CO, regarding units and calcula-
tion of emissions for a particular cycle, apply to the El for
NOx.

The emission index of NOx is shown in Figure 1 of
the attachments to the 1975 USAF Goals (Reference 1) to be a
logarithmic function of the combustor inlet temperature. The
wide variation in EI for NO, reported by Scott and Naugle
(Reference 8) can be related to the combustor inlet temperature
of the particular engine. The newer engines have a higher
pressure ratio, hence a higher combustor inlet temperature and an
higher El for NOx. The converse is true for the older engines
still in use by the USAF.

EPAP Parameter

The EPA Parameter (EPAP) based on the summation
of the EI's, fuel flows, and TIM's may be calculated for NO x just
as it was for CO and HC. For NOx, however, the EPAP is composed
more equally of emissions from the various cycles. This is
because the "Taxi/Idle" cycle, which contains the longest TIM,
has the lowest El and fuel flow. Table 14 illustrates this with
a calculation for the F-16 aircraft with the F100-P-l00 engine.

TABLE 14. OXIDES OF NITROGEN EMISSIONS AND EPAP FOR F100-P-100
ENGINES

Operation EI, FUEL EPA-TIM, NOx Emission,
Mode g/kg Fuel kg/sec Minutes , g & (%)

Taxi/Idle 3.3 0.179 26.0 921 (30)
Take Off* 3.1 5.797 0.7 756 (24)
Climbout 9.8 0.643 2.2 832 (27)
Approach 6.7 0.378 4.0 608 (19)

TOTAL = EPAP = 3,117 (100)

*Assumes afterburner used on takeoff.
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As previously mentioned, in the discussion of the
EPAP for CO and HC, a different but similar parameter could be
advantageous for the USAF. For example, the EPAP calculated for
the F-16 with the F100-P-100 engine, was 3,117 grams of NOx per
LTO cycle (Table 14). If the average USAF values for TIMs of
fighters is used instead of the EPA, normalized TIMs, the value
becomes 3,706 grams of NOx per LTO cycle. This increase occurs
because the average TIM for some cycles is longer for the USAF
average. If, however, the actual TIMs of the F-16 aircraft are
used, the NOx emission value is 2 ,4 5 0 grams per LTO cycle. This
is a considerable reduction compared to the EPAP of 3,117 grams.

6.2.3 Possible Goals for Smoke

The goals previously proposed for smoke were
directed a obtaining an invisible plume. This is desirable from
both aesthetic and combat viewpoints. There is another con-
sideration that bears on the issue of smoke. Because of the dif-
ficulties in sampling particulate from turbine powered aircraft,
the total particulate emitted is calculated from the smoke number
(SN) rather than measured. This procedure is outlined by
Shaffernocker and Stanforth in an SAE paper (Reference 62). It
consists of converting the SNs to mass per unit volume values and
then using those values, the engine operating characteristics,
and the mass balance to calculate the total particulate
emissions. The values so obtained are the EI of the total
particulates.

Invisibility Threshold

The previous USAF goals (Reference 1) set smoke
levels below the invisibility threshold as defined by a curve
based on smoke number and path length. This approach recognized
the problem which is inherent in some military aircraft where
engines are located adjacent to each other. For example, the
F-16 uses one FI00-P-100 engine while the F-15 uses two of these
same engines side by side. The visual path length for the F-15
exhaust, viewed from the side, is twice that of the F-16 exhaust
so an exhaust plume classed as "invisible" for the F-16 could be
classes as "visible" for the F-15 even though the smoke numbers
were the same.

The problem is further complicated in aircraft
such as F-15 and F-16 because they use a variable diameter
exhaust for the engines. The exhaust diameters at maximum smoke
condition must be stated along with the other variables.

If the invisibility is used as a goal, or

"standard", it is desirable to have a smoke number at or slightly

below the invisibility threshold. Reduction to lower levels can
result in compromises to stability, ignition, and altitude re-
light characteristics without achieving "lower emissions" because
of the definition of the goal or standard.
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Smoke Number

Both the EPA and ICAO have adopted the smoke
number, as determined by the Society of Automotive Engineers
(SAE) (Reference 12), as the recommended method of measuring
smoke emissions from turbine powered aircraft. Standards have
been set at the maximum permissible SN for each engine which does
not consider exhaust diameter or engine configuration as a
variatle.

The allowable SN for the F100-P-100 engine, used
in the F-15 and F-16 aircraft, has been set by the EPA at 26
according to the formula proposed in the regulations. Because of
the path length, viewed across the exhaust plume, this would pro-
bably be an invisible plume for the F-16 but a visible plume for
the F-15.

6.2.4 Possible. Goals for Oxides of Sulfur

Oxides of sulfur were not mentioned in the USAF
Goals of 1975 (Reference 1). The reason for not mentioning
sox is that it is strictly a function of the sulfur content of
the fuel and therefore cannot be considered as an engine problem.
The same reasoning applies to any consideration of USAF emission
goals today. The only control the aircraft engine designer has
over SOx emission is through fuel specifications for the engine.
Since turbine fuel sulfur content varies within specification
(i.e., typical values are 0.01 to 0.08 wt percent) the
sox emission, usually listed as "average sulfur emissions,"are
taken as 1.0 g/kg fuel for turbine engines using JP-4 fuel
(Reference 8). "Sulfur emissions" are measured as SO 2.

If the sulfur content of JP-4 is allowed to
increase to the maximum current specification of 0.4 percent,
(Reference 64) the S02 emissions will increase to 8 g/kg fuel.
If increased refining of high sulfur crude oil is necessary to
provide fuel, it is possible that the allowable sulfur specifica-
tion could be raised even higher than the current 0.4 percent.
Naugle (Reference 81) used air quality modeling to predict that
JP-4 fuel sulfur levels up to 1.0 wt percent will not produce
measurable ambient SOx concentrations under typical meteorological
conditions. Naugle (Reference 81) conculded that sulfur in jet
fuels should be governed by engine durability and not by environ-
mental considerations.
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6.3 Present USAF Goals Versus EPA Proposed Regulations

It should not be surprising that the present USAF
Turbine Engine Emission Goals (Reference 1) and the proposed EPA
Rules (Reference 2) are different from both a qualitative and
quantitative standpoint. The EPA has as its primary purpose the
reduction of pollutant emissions to obtain acceptable air
quality. The USAF has stated, "... in no case shall pollutant
controls be allowed to infringe on military engine design or
operation in a manner which compromises system effectiveness"
(Reference 3). This publication further explains the USAF
rationale,

"High performance "1com-bat" aircraft are generally
weight and/or volume limited, and performance is
optimized for a specific mission. Therefore,
propulsion system changes which could result in
reduced bapability cannot be tolerated. On the
other hand, the "non-combat" transport-type air-
craft are often more tolerable to such changes,
the operational impact of which should be com-
parable to that of commercial aircraft systems.
Before any new device, design change, or
operating procedure can be considered for either
a new or existing propulsion system to improve
performance, reduce weight, lower exhaust
emission levels, etc., a thorough assessment of
at least the following impact items must be
accomplished:

(1) Operational Capability
(2) Reliability and Maintainability (R&M)
(3) Implementation
(14) Cost"

The USAF cannot sacrifice mission design effectiveness
(operational capability) in order to comply with a specific
emission standard. This, however, does not mean that the USAF
can ignore emission standards proposed by the U.S. government.
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6.3.1 USAF Performance Requients

Aircraft in the USAF fleet are as diverse a mix
of types as can be found. They vary from single engine, light
aircraft through multi engine, supersonic research aircraft. Of
greatest concern, as far as compliance with any exhaust emission
standards, are the aircraft designated as "combat" aircraft.
These are the aircraft with critical performance requirements.
They are also the aircraft with the largest differences if a com-
parison is made with the U.S. airline fleet (for which the pro-
posed EPA rules are being developed). A listing, and discussion,
of the requirements of "combat" aircraft is important in
establishing or evaluating the USAF goals. It must also be
pointed out that the specific military requirements are con-
current with many of the usual turbine engine requirements such
as altitude relight,ease of ground starting, etc.

Specific Fuel Consumption

Combat aircraft are operated in maximum power
output modes (such as "afterburner") an appreciable amount of
time. Even older fighter aircraft, such as the F-101, which has

* been in servce since the 1950s, use afterburner for the takeoff
mode. This requirement of high levels of power (or thrust) by
the USAF results is high specific fuel consumption (SFC) for USAF
engines. If an emission index (El) value (grams of pollutant per
kilogram of fuel) is multiplied by the SFC to obtain the quantity
of the emitted pollutant, a greater value can be expected for the
military aircraft with high SFC.

Power at Altitude

Commercial gas turbine powered aircraft are
generally operated at cr-uise power at altitude. The emission of
NOx from these aircraft would be less than that from combat
aircraft which are operated at higher power at altitude to meet
performance requirements. This would not effect the EPA? values
because they are only determined for emissions at altitudes less
than 0.91~4 km (3000 feet). It would, however, be a serious con-
sideration in studies of high altitude emissions and conversion
rates.

USAF Times in Mode

The USAF Times in Mode (TIM) are considerably
different from the EPA, TIMs. It is obvious that an F-15
aircraft will climb to the 0.9114 km (3000 feet) altitude in only
a fraction of the EPA "Climbout" TIM of 2.2 minutes. The EPA,
TIMs are average values for turbine powered, airline aircraft and
in no way represent the variety of TIMs found at various USAF
bases for the many different components of the USAF fleet of
aircraft. If serious comparisons of emissions are to be con-
sidered it would be absolutely necessary to use the Emission
Index (El) values for USAF aircraft along with actual USAF T!Ms.
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Smoke is an Operational Consideration

A smoking commercial airliner is only causing an
aesthetic problem. The smoking combat aircraft has more than just
an aesthetic problem. It becomes a much more visible target than
a non-smoking aircraft. The USAF is therefore committed to
reducing smoke as operational and an aesthetic problem. The goal
of an invisible exhaust plume may receive more support than any
other of the USAF goals.

Need for Test Aircraft

Commercial gas turbine engines may be evaluated
by attaching them to an existing aircraft for testing purposes.
Most combat aircraft (and engines) are tested by test pilots
flying prototypes. The USAF does not have the advantage of eva-
luating new engines, or engine modifications, on flying test
beds. Determination of the actual emissions from operating USAP
aircraft becomes of matter of considerable extrapolation of data
rather than actual measurement. The problem is often cited of
the near impossibility of determining the emissions from a super-
sonic combat aircraft, at altitude, operating on full
afterburner.

Power Reduction for Control

Commercial turbine powered airliners can consider
varying the power settings as a means of obtaining maximum fuel
economy, minimum emissions, minimum noise, etc. The military
cannot consider varying power settings without compromising their
mission in many cases. This is particularly true with combat
aircraft which usually have extremely tight performance

.,specifications.

The same can be said for other proposed methods
of control of various emissions by changing operational methods
or power settings (increased idle RPM is an example). The mili-
tary pilot is trained to be combat ready and he therefore needs
to be continually operating his aircraft as a weapon. He cannot
maintain optimum efficiency if he is required to follow one pat-
tern for training (say a pattern to minimize emissions) and
another only when be expects an actual combat situation.

6.3.2 Determination of Compliance

The determination of compliance with standards is
quite different for civil and military aircraft. If the EPA
adopts the proposed emission regulations for commercial turbine
powered aircraft, the Federal Aviation Administration (FAA) will
be responsible for enforcement of the regulations. The EPA and
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FAA have worked closely during the past several years in this
matter but the situation still exists that two separate Federal
agencies are involved. This can create problems with funding,
reporting, etc.

The USAF, on the other hand, is responsible for
all phases of turbine engine exhaust research, measurement,
testing, evaluation, and control. These responsibilities extend
to contractors and manufacturers. They apply to new engines,
operational engines, overhauled engines and even engines which
may be awaiting a retrofit.

The result of this complete responsibility by one
agency, the USAF, is much more amenable to a systems approach
than the EPA/FAA split approach. The operational capability,
reliability and maintainability, implementation, cost, etc. are
more readily and more reliably determined.

6.4 Proposed USAF Goals

The proposed USAF Goals are based upon the original
goals of 1975 (Reference 1) modified through consideration of the
information contained in this report. The proposed goals contain
neither numbers or dates so that they can be applied in programs
ranging from basic research through aircraft production and
acquisition contracts. The burden will be on individual project
officers, program managers, and systems program offices to for-
mulate technical objectives, consistent with the stated goals,
appropriate for the particular project/program under
consideration.

The proposed goals are applicable to turbopropulsion
engines for fixed wing manned aircraft. Afterburning engines
would be required to meet these goals only during non-after-
burning operation. The proposed revisions to the current USAF
Aircraft Exhaust Emission Goals are as follows:

Carbon Monoxide (CO)

The Emission Index (EI) is the most desirable
means of reporting CO emissions. It is recommended that the USAF
adopt this as its standard reporting form with the units spe-
cified as grams of CO emission per kilogram of fuel burned, for
each specific mode of engine operation. CO is only of con-
sequence in the Taxi/Idle mode so this is the only critical mode
to consider in design and procurement. CO has not been shown to
be a serious problem at present emission levels. Therefore, it
does not appear to be appropriate to spend additional time or
money on systems to further reduce CO unless an unforseen problem
surfaces.
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Hydrocarbon (HG)

The Emission Index (El) is the most desirable
means of' reporting HC emissions. It is recommended that the USAF
adopt this as its standard reporting form with the units spe-
cified as grams of' HG emission per kilogram of' fuel burned, for
each specif'ic mode of' engine operation.

A highly signif'icant correlation exists between
combustion efficiency (or inefficiency) and the El for HC. For
combustor design and experimentation, the concept of' combustion
ef'ficiency may still be appli-d. For f'inal engine testing and
acceptance, the El should be determined and reported.

HG is only of consequence in the Taxi/Idle mode
so this is the only critical mode to consider in design and
procurement. HG emissions are excessive at the present emission
levels and continued efforts to lower them are necessary. The
goal f'or USAF turbine engines should be compatible with levels
specif'ied by EPA f'or the equivalent engine used in "commercial
service." No retrofit or modification of existing engines for HG
control should be made unless the engineering and cost studies
indicate that such retrofit! modification is environmentally
necessary and will not interfere with the USAF mission.

Oxides of Nitrogen (NOx)j

The Emission Index (El) is the most desirable
means of reporting NOx emissions. It is recommended that the
USAF adopt this as its standard reporting form with the units
specified as grams of NOx emissions per kilogram of fuel burned,
for each specific mode of engine operation. NOx is of con-
sequence in all modes of operation except the Taxi/Idle mode. In
the Taxi/Idle mode the El and fuel flow are both low enough that
the product of the two (to obtain the mass emission of NOx) is
negligible.

NOx emission may be considered as critical at
lower altitudes where high power is used for takeoff and
climbout. NOx emissions may also be critical pollutants during
stratospheric missions. However, since the EPA has stated that
additional studies and further information is necessary to
accurately determine the effects of NOx emission, it is recom-
mended that the USAF not consider NOx emission requirements at
this time.
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Smoke

The USAF goal for smoke emission levels shall be
that the exhaust emissions are invisible at all modes of
operation. For a particular engine/aircraft system the invisibi-
lity threshold is a function of the system and the smoke number
(SN). Therefore, the SN should be specified to meet the goal for
smoke. Smoke reduction is important to the USAF mission and con-
tinued effort toward such reduction is a vital part of this goal.

Oxides of Sulfur (SO,)

The Emission Index (El) is the most desirable
means of reporting SOX emissions. It is recommended that the
USAF adopt this as its standard reporting form with the units
specified as grams of SO emission per kilogram of fuel burned
for each specific mode of engine operation. Although the
emissions of SOX are currently of only minor consequence at all
modes, they will increase if the sulfur content of the fuel
increases. The USAF goal, therefore, should be toward minimiza-
tion of fuel sulfur with continued research directed toward this
goal. This will become particularly important as changes in fuel
specifications are considered and alternative fuels are
investigated. The EPA has not considered standards for
SOX critical so the USAF should be aware of potential problems
even though a specific goal is not recommended at this time.

These proposed USAF Goals are compatible with the
proposed USAF, DID, shown as Appendix A.

6.5 Proposed USAF Goals Versus EPA Regulations

The proposed USAF Aircraft Engine Emission Goals are
different than the proposed EPA rules (Reference 2). The EPA
rules contain specific numerical emission values (expressed as
EPAP and SN) while the USAF Goals do not. This is in contrast
to the previous USAF Goals (Reference 1) which stated numerical
values for emission limits. It is believed that the proposed
USAF Goals are in philosophical agreement with the EPA rules as
they were published in the Federal Register and later discussed
at the Public Hearing in San Francisco (Reference 46). The sup-

(Reference 149-53) further bear out this concept of philosophical

agreement.

The proposed USAF goals are meant to be a direc-
tive to all concerned stating the intent of the USAF to strive
for environmental quality, as in the "USAF Pledge to
Environmental Protection" (Reference 40). The EPA Proposed
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Revisions to Gaseous Emission Rules are numerical standards with
the appropriate dates, methods, etc. Within the structure of the
proposed USAF Goals, numerical standards can be established if
the USAF wishes. Dates and methods can also be established as
standards within the Goals structure. It is important that the
USAF Goals are continually used as a guiding principle in any
setting of numerical standards, dates, methods, etc. as they
might apply to USAF aircraft.

6.6 Implementation of USAF Goals

The implementation of the proposed USAF Aircraft Engine
Emission Goals would be much more realistic than was the imple-
mentation of the previous goals (Reference 3). The proposed
goals indicate the direction the USAF should proceed to achieve
the stated purposes of the USAF "Pledge to Environmental
Protection" (Reference 40). The previous goals indicated the
direction, but then put in numerical values which could be
interpreted as standards or limiting values.

The proposed USAF Goals are compatible with other USAF
research efforts and directives (such as the proposed DID,
Appendix A). If adopted, they can give guidance to those working
on USAF turbine engine emissions programs without establishing
the numerical limits for achievements from the programs.

The proposed USAF Goals are compatible with military
specifications (Reference 82 and 83) that apply to all
Departments and Agencies of the Department of Defense. Maximum
allowable emission levels will be specified by engine program
managers on a case-by-case basis within the framework of the USAF
Goals.

The proposed goals recognize that there must be some
flexibility in the programs of the USAF because the USAF does not
have absolute control over all of the input variables. Examples
are programs looking at changes in jet fuel specifications and
alternate fuels, programs analyzing the variability of emissions
and the effect of engine degradation on emissions.

The proposed USAF Goals should be compatible with the
proposed EPA Rules because they are goals, not standards. The
previous, 1975 Goals, listed numerical values which were con-
tinually compared to EPA emission standards or ICAO standards.
It will be possible for an engine manufacturer to state that a
certain model engine complies with both EPA standards for some
exhaust pollutant and USAF Goals.

When future EPA/FAA studies and other studies concerning
NOx in the atmosphere, are completed, the proposed goals should
be compatible with the findings. If NOx controls need to be
implemented, to prevent serious atmospheric degradation, require-
ments can be applied to existing and future engines.
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The total implementation of the USAF Goals must be a
matter of awareness of the Goals and a commitment from all con-
cerned to comply with them. This certainly is within the letter
and the spirit of the USAF mission. The remaining sections of
this report are based on the assumption that the proposed USAF
Aircraft Engine Emission Goals will be adopted.
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SECTION VII

USAF ENGINE CONSIDERATIONS

Both the military and airlines are customers for large, gas
turbine aircraft engines. If the proposed EPA rules (Reference
2), or some similar rules, are adopted the commercial aircraft
will be under strict emission regulations. If the proposed USAF
Goals are adopted, as outlined in the previous section, the USAF
will be required to consider their application for engine
research, procurement, operation, testing, etc. Many different
factors enter the picture as far as USAF engine considerations

*are concerned. It is important to examine them in light of the
proposed USAF Goals.

7.1 Gas Turbine Engine Pollution Control

*With the exception of SOx , which is a totally fuel
related pollutant, the control of pollution from turbine engines
is related to combustor design. Variations in combustor design
may impact upon other engine components but pollution reduction
research can be carried out using only the combustor section,
along with the necessary accessory sections (fuel pump, ignition,
etc.) The combustors will probably be tested in "rig tests"
instead of full engine tests. Exhaust pollutants can then be
measured at the rig outlet rather than at the tailpipe of the
engine where stratification of by-pass air and combustion pro-
ducts may be a serious measurement problem.

Research may be conducted using only one burner can, if
a can type system is being tested, or one segment of an annular
combustor. This can greatly reduce the costs compared to modifi-
cation and operation of the entire combustor section of an
engine.

If a structural, or material failure, occurs during a
rig test it is relatively inexpensive compared to what could
occur during a full engine test where debris could enter the tur-
bine section. This also would be a point in favor of safety con-
siderations for rig tests versus full engine tests.

7.2 Costs

Any pollution controls which are added to an engine will
increase the cost of that engine. No systems are used, or
proposed, which will recover enough energy to pay even a small
part of this additional cost. The USAF must anticipate any addi-
tional costs before their budget is submitted which means thatlong range financial planning is necessary. Also, the USAF does
not have the ability that the commercial airlines have of
increasing their income (raising ticket prices) if operating and
maintenance costs increase.
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Since all current research efforts on controlling
emissions from gas turbine engines are concentrated on combustor
design, research, and development, the combustor costs become of
primary consideration in any cost study. Henderson and Blazowski
(Reference 42) state,

"...the cost of contemporary combustion systems
including ignition and fuel injection assemblies remain
at approximately 2-4 percent of the total engine cost."

Henderson and Blazowski (Reference 42) list the cost of
"Contempory Combustors", in mid-1970 dollars as shown in Table
15.

TABLE 15. CONTEMPORAY COMBUSTOR COST (REFERENCE 42)

Engine Combustor Type Cost

TF39 Annular $42,000

TF41 Cannular $17,000

J79 Cannular $11,300

JT9D Annular $80,000

T63 Cannular $ 710

Blazowski and Henderson (Reference 3) do recognize that
costs are highly variable and they state,

"The cost of developing an emissions control technique
is a function of its current state-of-development and
its ultimate application. It is exceedingly difficult
to forecast costs of implementing any control technique
because of varying complexity, extent of procurement
action, and inflationary factors.

Although the technology development and demonstration
period may be of relatively short duration when incor-
porating state-of-the-art control technology, the deve-
lopment costs may still be quite large. In addition, a
significant differential can exist between the cost for
retrofit kit development (existing engine application)
and development of a new low emissions combustor for a
new engine."
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Table 16 lists cost data as presented by Blazowski and
Henderson (Reference 3) in 1974 dollars. They go on to discuss
their concept of "Mid-Term Technology,"

"Typical costs associated with the exploratory R&D
phase of mid-term technology range from $1-3 million.
The cost of a particular program is a function of the
design sophistication required to demonstrate emission
goals, the number of candidate combustor designs to be
considered during the R&D program and the scope of
demonstration required to permit subsequent transition
to an advanced development effort. Once the explora-
tory R&D work has been completed, the new technology
is then ready for transition to an advanced develop-
ment program. Subsequent costs are likely to be
approximately the same as those mentioned in the
current technology section.

As one would observe from the preliminary estimates for
the initial development of mid-term low emissions
technology, the approximate cost could range from 5 to
10 million dollars for the combined exploratory and
advanced developments of mid-term technology. This
brings the technology level to the point of implemen-
tation into either a new or existing propulsion system
requiring the emissions control. The cost of production
and implementation is dependent primarily upon the quan-
tity of systems required and the degree of design
modification/sophistication employed."

They continue their discussion of "Advanced concepts,"

"Development of advanced ultra-low emissions technology
requires an additional increment of cost beyond that
described previously. Initial development of the tech-
nology will require some amount of basic research to
establish a fundamental understanding of information
necessary to apply the technique. Although the duration
of basic research required is estimated at 4 years, the
associated cost is very uncertain. However, a number of
research programs costing from $25,000 to $100,000 might
be started. As one can see, this has a relatively
insignificant impact on the overall cost which would
ultimately be associated with the full development of
this concept.

Development and implementation costs cannot be
established because of the unforeseen complication of
the advanced concepts. However, an estimate of $100
million for total development of these concepts has been
made."
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They conclude with a discussion of the costs,

"In conclusion, the cost impact of applying emissions
control technology is greatly dependent upon the state-
of-technology development, the associated propulsion
system constraints, and the time required for technology
applicL,.ion. Again, the discussion within this section
considers only those developments leading to the point
of production. Production costs could differ by an
order of magnitude, depending upon the number of units
required. A detailed discussion of these costs is
beyond the scope of this technical report. However,
since the combustor expense is typically 3 percent of
the total engine costs, the overall propulsion system
cost impact is minor. Moreover, as has been previously
noted, increased combustor performance requirements will
in themselves dictate designs similar to those asso-
ciated with low emissions."

Naugle (reference 66) has summarized the data and infor-
mation from two previous, extensive studies (Reference 51 and
65). He discusses the costs associated with compliance with the
proposed EPA Rules. The following discussion and Tables 17
through 19 are from Naugle's paper [His references to "LMI"
refers to the Logistic Management Report by Day and Bertrand
(Reference 65) and his reference to "Wilcox" refers to the EPA
report by Wilcox and Munt (Reference 50), NME means newly manu-
factured engines, IUE means in use engines]:

"Comparsions of the two studies are shown in Table
17. Considerable variation in the estimates is shown.
Potential cost penalties due to uncertain testing and
penalties account for the difference between LMI "Best"
and "Worst" cases. EPA costs should more closely agree
with the "Best" cases since these potential costs were
not included. This is not the case for the engines
manufactued after 1/1/81 (NME 81) and engines manufac-
tured after 1/1/84 (NME 84) standards, however. Disa-
greements between study results are due to differences
in aircraft fleet projections, controlled engine assump-

* "tions, reoccurring cost assignments, maintenance cost
treatments, and discounting procedures. Itemization of
these differences is obscured since EPA performed compu-
tations by engine type, LMI by aircraft type, and dif-
ferent conversions from one to the other were used in
each study.

The greater economic rigor of the LMI study and improved
fleet projections promote greater confidence in their
results. Also, as LMI points out, all U.S. and foreign
owned aircraft operating at U.S. airports must meet the
emission standards. Although not explicitly stated, the
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TABLE 17. COMPARISON OF PREVIOUS COST STUDIES (US Aircraft,
Millions of Dollars)

(Reference 66)

PROPOSED (1) (2) (2)
STANDARD EPA LMI BEST CASE LMI WORST CASE

NME 81 142 68 13S
(Engines manufacutured
after 1/1/81)

NME 84 1179 448 1051
(Engines manufactured
after 1/1/84)

IUE 85 254 386 492
(All engines in use,
after 1/1/85)

(1) Complied from WILCOX, pages 16 through 22. Expressed in
1979 dollars, zero discount rate.

(2) LMI, page A-28. Expressed in 1978 dollars, unspecified
discount rate.
"Best Case" includes all known estimatable costs.
"Worst Case" includes possible penalties which may or may
not occur due to unknown financial risks from inadequate
engine testing and uncertain engine life penalties.
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TABLE 19. COST OF COMPLIANCE TO FEDERAL AIRCRAFT EMISSION STANDARDS
(Reference 66)

COST OF COMPLIANCE(1 ) (MILLION OF DOLLARS)

HC(2 ) CO(2 ) NOx TOTAL

BEST CASE

NME 81 $ 68 $ 68 N/A $ 136

NME 84 - - 825( 3 ) 825

IUE 85 286 286 N/A 572

TOTAL $354 $354 $825 $1533

WORST CASE

NME 81 $136 $136 N/A $ 272

NME 84 - - 1887( 3 ) 1887

IUE 85 362 362 N/A 724

TOTAL $498 $498 $1887 $2883

(1) LIM, Page A-28.

(2) Cost for HC and CO compliance are each 50 percent of the combined
costs computed in previous table. This assumption is consistent
with WILCOX, page 6,.

(3) Some unknown portion of this cost is attributable to HC and CO
control.
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EPA report appears to have considered only U.S.
aircraft, based on the number of projected engines.
Basic cost data from the LIM report are therefore used
in the rest of this study.

COST OF COMPLIANCE

An Itemization of control costs are presented in
Table 18. They are based on unit costs per engine
supplied by Pratt and Whitney Aircraft, General Electric
Aircraft, Rolls-Royce Limited, and several airlines.
All incremental costs were made by personnel within the
industry and are difficult to substantiate. Overall
costs to develop a new engine are in the order of one
billion dollars. The values shown in Table 17 are
incremental costs associated wth the three proposed
standards. Hardware costs include both non-recurring
costs of future development and testing, and incremental
manufacturing costs. Maintenance costs are due to the
increased complexity of the required systems. Fuel
costs are negative if a savings results from improved
combustion efficiency. As shown, fuel penalties due to
greater weight in the NME 814 engines are more than com-
pensated for by improved efficiency. This is true for
the assumed mix of aircraft and engines but not true
for every specific engine type.

Possible additional costs are included in the
"Worst" case assessment. Service testing includes the
financial risk of engine manufacturers by not having
adequate service testing time prior to the start of the
standards. Combustor life is uncertain with these high-
technology, staged combustor, engines and is Included as
an associated cost. Premature removal costs are
possible in the retrofit program of engines in use after
1/1/85 (IUE 85). This may occur when an engine has to
be retrofitted with the low HC/CO combustor prior to the
time when it would normally be overhauled. Total
compliance costs between one and a half and nearly three
billion dollars are shown.

A breakdown by pollutant type is shown in Table
19. NOx control is not proposed for the NME 81 or IUE
85 standards. Since HC and CO costs were not separately
compiled, an assumption is made that 50% of the costs
are allotted to each species and is consistant with the
EPA report (WILCOX, page 6). All NME 814 costs are
attributed to NOx control in the LMI study. This is not
true in practice since the new staged combustor engines
must also have low HC and CO emission levels. The
alternative cost of controlling only HC and CO emissions
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should be considered for the fleet of NME 84 aircraft
and engines. While the cost per engine for H-C and CO
controls will essentially be the same as the NME 81
increment, the aggregated costs will be much different
than shown in Table 19 due to the time dependent mixture
of aircraft and engines."

7.3 Cost-Effectiveness

It is a narrow viewpoint to only consider the cost of
controls and not the reduction in pollutants that the controls
will bring about. For instance if a control method costs one
million dollars but eliminates one million tons in its lifetime
the cost-effectiveness is one dollar per ton. If it only elimi-
nates one ton of pollutant in its lifetime, its cost-
effectiveness is one million dollars per ton. It is important,
therefore, to consider the cost-effectiveness of control of
pollutants from aircraft and compare this value with similar
values for other sources which have been controlled or are being
considered for control.

Naugle (Reference 66) has summarized cost-effectiveness
data from two previous, extensive studies (Reference 51 and 6i5).
The following discussion and tables are from Naugle's paper:

"The cost estimates from Table 19 were divided by
the corresponding pollution emission reductions to pro-
duce the cost-effectiveness ratios presented in Table
20. All projected U.S. and foreign aircraft operating
out of the U.S. airports have been considered. Values
are compared to the cost-effectiveness ratios computed
in the EPA study (WILCOX, page 24). Agreement is
surprisingly (perhaps coincidentally) close considering
the detailed differences between the studies.

Evaluation of HC Controls

Nonmethane hydrocarbon emissions in the miscel-
laneous mobile source category (railroads, aircraft, and
vessels) are expected to rise from 7.4 percent of the
total in 1972 to 8.9 percent of the total in the year
2000. Both activity increases and approximate unit
emission reductions have been considered. The ranking
of cost-effectiveness for incremental controls of these
sources range from a -$210 per ton where a savings re-
sults for degreasing operation controls to $700 per ton
for gasoline handling improvements. The cost of
$470/ton to control light duty vehicles from 0.9 to 0.41
grams per mile now required by EPA is comparable to that
of aircraft as shown in Table 19. More importantly, the
conclusion has been reached that control of all sources
under consideration may not lower oxidant levels below
the NAAQS values for many U.S. cities.
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TABLE 20. COST-EFFECTIVENESS OF AIRCRAFT STANDARDS (Reference 66)

INCREMENTAL COST EFFECTIVENESS(M) ($/TON)

SOURCE HC CO NOx

BEST CASE

THIS
WORK NME 81 430 169 -

NME 84 - - 1122(2)

WORST CASE

NME 81 861 337 -

NME 84 - - 2567(2)

IUE 85 497 233

WILCOX NME 81 560 220-

(Page 24)
NME 84 560(3 ) 220(2) 11316

IUE 85 390 170-

(1) Computed from Table 18.

(2) May be artifically high since all costs have been lumped into
NOx category.

(3) Arbitrarily set equal to NME 81 since HC and CO costs were not
separable from the aggregate NEM 84 costs lumped in the
NO, category.

12

125

-. .. . . ....



TABLE 21. RANKING OF INCREMENTAL OXIDE OF NITROGEN CONTROL STRATEGIES
(Reference 66)

EMISSION COST-
CONTROL INCREMENTAL REDgCTION EFFECTIVENESS
STRATEGY CONTROL (I0° TONS) (S/TON)

New Utility
Boilers 25% to 50% 3.52 100

Industrial
Boilers 25% to 75% 2.46 150

Exist Utility
Boilers 25% to 50% 0.62 225

Sta IC

Engines 25% to 75% 2.87 340

Other Mobile 1.0 gm/mile to 80% 2.90 450

Light Duty
Vehicles (Cars) 2.0 to 1.0 gm/mile 1.91 450

Utility
Boilers 50% to 90% 6.62 1200

Sta IC
Engines 75% to 90% 0.86 1700

Commercial to best available
Aircraft control technology 0.74 1122-2567

Light Duty
Vehicles (Cars) 1.0 to 0.4 gm/mile 1.15 2300
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Evaluation of CO Controls

Cost-effectiveness data to compare to aircraft
was not readily available. EPA has indicated that the
aircraft ratios are in the range of those under con-
sideration for controls (Reference 2). The real
question, however, relates to the National Ambient Air
Quality (NAAQS) constraint. Many cities are having dif-
ficulty in attaining CO, NAAQS levels.

Evaluation of NOx Controls

NOx emissions come from a variety of both sta-
tionary and mobile source categories. Attainment
of NAAQS levels can probably be achieved without
controlling 'all sources to the best available
technology. The decision criteria is therefore
to control the economically cost-effective
sources. A ranking of possible strategies is
shown in Table 21. Since the required overall
tons of NOx emission reduction is uncertain, EPA
is systematically implementing incremental
controls until the desired ambient concentrations
can be reached. At least one study has concluded
that a reduction of NOx from 2.0 to 1.0
grams/mile in light duty vehicles at a cost of
$450/ton is not as cost-effective as reductions
in other strategies."

7.4 Operational Capability

The proposed USAF Goals must be considered from the
standpoint of the operational capability of the USAF to perform
its mission. While costs are extremely important, and were
therefore extensively discussed in the previous section, they
become a secondary consideration to the operational capability.
For example, assume two equally effective methods of control are
proposed for HC reduction. The first method is the least expen-
sive but has shown problems of high altitude power loss, possible
flame-out, and poor relight. The second method has none of these
problems at altitude but is the most expensive, and therefore
less cost-effective. The USAF would, of course, choose the
second method.

The operational capability of the USAF is recognized
throughout the proposed Goals. No numerical standards, which
could be interpreted as operational limits, are listed. The pro-
posed USAF Goals consistently refer to the USAF mission as the
dominant consideration while making a dedicated effort toward
control of pollutant emissions.
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7.5 Reliability and Ease of Maintenance

The reliability and ease of maintenance are factors that
must be considered whether the pollution control measure being
considered are retrofit, modification, or included in the new
engines being purchased. If a pollution control system did
require extensive maintenance, or decrease in the time between
overhauls, it could conceivably be necessary to add more aircraft
to the fleet to cover the extensive amount of "down-time"
necessary to maintain the system.

While reliability and maintenance are not mentioned spe-
cifically in the proposed USAF Goals, reference is made to the
USAF mission which certainly would include these important engine
considerations. A system that controlled emission of a
pollutant, but which was not reliable or could not be maintained
at its desired operational level, would not be beneficial to
either the USAF or the atmospheric environment it was supposed to
improve. The proposed USAF Goals would be compatible with USAF
philosophy regarding reliability and maintenance.

7.6 Impact of Emission Controls

The impact of emission controls on the other engine
systems, or engine operation overall, is a vital concern to the
USAF. As more output is required from new gas turbine engines in
order to meet performance criteria it is possible that pollutant
emissions may increase - not decrease. A modern engine, with a
high energy release but shorter combustor, can produce a tremen-
dous amount of thrust. This same engine at idle may produce much
more CO and HC than an older engine with a longer combustion
chamber.

The problem may become even more complex for
NOx emissions. As advances are made in materials and design
methods that allow greater energy release from combustors, the
temperatures (and hence the NOx) will also increase. If the
reduction of NOx is to be accomplished in parallel to develop-
ments increasing the engine output, it appears that a direct
conflict situation exists.

The proposed USAF Goals recognize that these conflicts
do exist and that reasonable methods are being examined to try to
resolve them. The proposed USAF goals do not establish numerical
values of emission, and dates for application of those values.
To do so would be to say that the emission controls should be
developed regardless of their impact on the other considerations
such as costs, operational capability, reliability, maintenance,
safety, etc.

The USAF must also consider the satisfactory operation
of any emission control measures, or system, while the engines
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are being operated in any configuration that might classify them
as "stationary sources." This occurs, for example, when turbine
engines are being operated In a test cell following overhaul. In
this configuration, the emissions may be subjected to control by
local or state regulatory authorities. A system which might be
satisfactory for in-flight operation may not comply with the
regulations of the agency responsible for the "stationary
source." It is even possible that engines that meet all of the
EPA proposed rules will be in violation of some local and state
standards when operated in test cells. The proposed USAF Goals
appear to be compatible with any directives that may be issued
regarding engines operated in test cells and the regulation ofI
emissions from those engines.

7.7 USAF Lead Time Necessary

If the USAF should ever agree to establishment of speci-
fic emission limits for a new engine they must consider the lead
time necessary for achieving those limits. It is impossible for
the USAF to consider meeting the EPA, in use engine standards for
1985, for any aircraft engines under development now. The EPA
has not yet adopted the rules, so, the time interval from even-
tual adoption to required compliance cannot be more than 4 years.
This is not a satisfactory lead time to apply a new concept, test
and evaluate it, and adopt it for USAF procurement of
aircraft/engines.

The turbine engine manufacturers agree with this state-
ment and said so at the EPA Public Hearings on the Revised
Standards held at San Francisco, November 1978 (Reference 46).
Rolls Royce, General Electric, and Pratt and Whitney all agreed
that the time constraints of the proposed rules were too severe
and that they would not allow adequate evaluation of new concepts
to assure safety, costs, etc.

The proposed USAF Goals, again, are compatible with the
recognition that the USAF, and engine manufacturers need
realistic lead times. By not including dates, the proposed goals
can suggest guidelines without time constraints.

7.8 USAF Programs for Engine R&D

The UJSAF continually works with manufacturers, other
federal agencies, consultants, technical societies, and inter-
national organizations regarding engine and aircraft pollutant
emission problems. The USAF commitment is in the form of money,
time, and expertise toward engine R&D. These programs, and USAF
future commitments, are certainly consistent with the proposed

There are also Internal programs, within the USAF, which
are directed toward ongoing engine R&D. Some of these programs
which would be used to develop emissions reduction hardware are:
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Component Improvement Program (CIP). This program is
involved with retrofit or redesign for existing engines. This
would be of concern if a change were being considered in the corn-
bustors currently in use.

Advance Turbine Engine Gas Generator (ATEGG). This
program is the way that manufacturers keep the USAF up to date on
core engine research. The USAF would evaluate a new combustor,
proposed by a manufacturer, under this program.

Aircraft Propulsion Subsystem Integration (APSI). This
program is the way that manufacturers keep the USAF up to date on
engine components and systems other than the core engine. This
program would be used, for example, by a manufacturer to inform
the USAF of an improvement in afterburner technology.

The proposed USAF Goals are compatible with current
internal USAF programs, at all levels of R&D.
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SECTION VIII

BEST AVAILABLE CONTROL TECHNOLOGY

Best Available Control Technology (BACT) is a broad term
which is widely applied to controlling of pollutants to their
minimum emission levels., Another term that is sometimes used is
Best Practicable Control Technology (BPCT). This section will
consider BACT as applied to USAF turbine engine emissions. Some
methods will be discussed which will never be used in a produc-
tion engine so BPCT is not truly applicable.

8.1 Legal Requirements for Military Aircraft/Engines

The EPA proposed Rules (Reference 2) exempt military
aircraft from the emission standards. The Rules do not specifiZ-
cally state that military aircraft are "exempt" but rather that
the rules apply only to "commercial aircraft engines" which is
defined as an engine used by an air carrier with a U.S. standard
airworthiness certificate. The USAF still is considering BACT as
their approach to turbine engine emissions even though they are
not legally bound to comply with EPA regulations.

There have been pressures by various groups to include
all aircraft in the U.S. under EPA aircraft engine standards. Some
of these pressures were expressed during the EPA Public Hearings
on the Revised Standards held at San Francisco, November 1978
(Reference 416). They appeared to follow two lines of reasoning:

1. In many areas the USAF is operating from joint use
airports. If the commercial aircraft are controlled the military
should also be controlled.

2. If commercial aircraft are controlled under the EPA
Rules they will be much less polluting than USAF aircraft.
Therefore, if USAF with their uncontrolled aircraft were banned
from urban areas it would permit many additional, controlled,
commercial aircraft to use the airshed without degradation.

It certainly does appear that the USAF should be very
obvious in the application of the proposed USAF Goals. They
should also let it be widely known that they are actively sup-
porting BACT R&D even though they are not legally bound to meet
emission standards. By so doing they can help to make the USAF
Pledge to Environmental Protection known. They can also assure
that control of aircraft emissions stay with the EPA/FAA rather
than being delegated to State or Local Control Agencies who might
be overly restrictive.
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8.2 Best Available Control Technology for Specific Pollutant
Reduction

Over the past decade, the USAF has invested millions of
research and development dollars toward turbine engine emission
control. Currently the USAF has projects with consultants,
universities, engine and system manufacturers, research
institutes, and other government agencies. The following
discussion of BACT applied to specific pollutants contains brief
descriptions of these USAF sponsored projects and, also, descrip-
tions of other reported projects which show promise even though
they are not funded by the USAF.

8.2.1 Smoke Reduction

The goal for smoke from turbine engines is an
invisible plume. Some of the engines used by USAF can meet this
goal but as fuel composition changes they too may start showing
visible smoke. Bahr (Reference 44) summarizes the situation and
discusses the mechanisms of smoke formation and the problem of
preventing visible smoke.

"The smoke emissions contained in the
exhausts of aircraft turbine engines are
comprised of minute agglomerates of carbon, or
soot, particles. The specific chemical mecha-
nisms by which these carbon particles are pro-
duced in engine combustion systems are generally
quite complex and only partially understood. In
general, however, the formation of these carbon
particles is known, from thermochemical
considerations, to be associated with the com-
bustion of fuel-air mixtures which have high fuel
concentrations. In addition to the vapor-phase
oxidation of rich fuel-air mixtures, other prob-
able carbon producing mechanisms include the
thermal cracking of liquid fuel droplets. The
rates of these various formation mechanisms are
highly dependent on the ambient pressure level,
increasing rapidly as pressure is increased.

The smoke standards defined by the EPA for
commercial aircraft engines basically require
that the smoke emissions of these engines be
reduced to invisible levels. To meet this
requirement, very low exhaust gas smoke con-
centrations - generally less than 2 parts per
million parts (by weight) of core engine exhaust
gas - are required. Exhaust gas smoke con-
centrations of this orler are equivalent to a
smoke emission index of about 0.1 gram per
kilogram of fuel."
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Current Technology for Existing Engines

The current technology for smoke control on
existing engines involves combustor modification t3 achieve
leaner fuel/air ratios and better mixing. Bahr (Reference 4~4)
d Lscusses the combustor modifications which have proven to be

* practical and are in use today.

"Investigations have shown that the design
of low smoke emission combustors involves pro-
viding both leaner fuel-air mixtures and more
effective fuel-air mixing in the primary com-
bustion zone, as compared to those of combustors
with high smoke emission levels. These investi-
gations have demonstrated that both of these pro-
visions are needed to eliminate any fuel-e~ich
mixtures within the primary combustion zone and,
therefore, that both are of major importance.
Providing the required leaner fuel-air mixtures
and improved mixing in the primary zone has been
found to involve significant changes in the.1 overall design approaches used in the combustors
of older technology engines. Also, combustor
design features added to reduce smoke emission
levels can, in some instances, result in losses
in other aspects of combustor performance, espe-
cially ignition performance. Thus, the design
and definition of low smoke emission combustors
have generally been found to entail careful,
iterative development efforts to provide the
required low smoke emission characteristics, as
well as to meet all the usual ignition,
stability, comoustion efficiency, exit tem-
perature distribution, life and other performance
requirements."

Future Technology for New Engines

Smoke control for future engines may rely on some
of the current technology, or rely on future technology being

* suggested now. The future technology is concentrating on smoke
reduction through investigation of fuels, fuel additives andI
emulsions, and combustor fuel tolerance (Reference 67).

Fuel technology studies are involved in investi-
gating alternate sources of gas turbine fuels and the effects on
the engines using those fuels. A recent SAE paper by personnel
from the USAF Aero Propulsion Laboratory (Reference 68) states
the problem,

"At the present time, there is a great deal
of emphasis by both the Department of Energy
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(DOE) and industry to develop the technology t3
produce hydrocarbon liquids from sources such a's
coal and oil shale Khch are available in huge
quantities in this country. In addition, much
research is being conducted to utilize heavy crL1_
des (low pour point viscous oils) and residues
(tar-like solids) which heretofore have been too
costly to extract and process. Also, the North
Slope crude, which is currently impacting the
west coast refineries is more highly aromatic Rnd
heavier than conventional crudes and thus results
in different refinery process economics for a
conventional slate of products."

The fuel problems, as they tend to increase smoke
levels, were further explained in a recent paper from NASA
(Reference 69):

"Increases in aromatic content, or conver-
sely decreases in hydrogen content of the fuel,
have a pronounced effect on exhaust smoke levels.
Current Jet-A fuel has an average aromatic con-
centration of about 17 percent (vol.). Jet fuel
produced from certain heavy crudes may have aro-
matic concentrations as high as 25 percent
(vol.). Exhaust smoke levels have been negati-
vely correlated with fuel hydrogen content.
Although the fuel aromatic content does not uni-
quely specify the fuel hydrogen content,
increases in aromatic content generally reduce
the hydrogen content of the fuel.

Combustor test evaluations of the effect of
fuel blends with varying aromatic concentrations
have been performed using a single JT8D combustor
can. The results which were obtained at both
simulated cruise and takeoff conditions for the
JT8D engine (Compressor Pressure Ratio,16) show a
significant increase in exhaust smoke as the
hydrogen content of the fuel is decreased. Air-
craft engines that have a marginally acceptable
smoke number using current Jet-A fuel may be
unable to meet the established standards for
smoke number using fuels with increased aromatic
content."

Fuel additives and fuel emulsions ar. being
studied as means of reducing gas turbine engine smoke. The fuel
additive studies also include tests of engine degradation. The
study of fuel microemulsions for jet engine smoke reduction is a
newer approach but it is currently under intensive USAF
investigation. The statement of work for this project lists the
objectives.
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"(1) The primary objective of this contractual
effort is to synthesize water in aviation jet
fuel and alcohol in aviation jet fuel
microemulsions and to determine their capacity
for reducing smoke emissions from an aviation gas
turbine combustion system.

(2) A secondary objective is to determine the
effect of fuel microemulsions on other combustor
pollutant emissions including total hydrocarbons,
carbon monoxide and nitrogen oxides as well as on
performance parameters such as combustion
efficiency and combustor temperature rise.

(3) Smoke suppressant fuel additives will be
included in the test matrix to determine any
significant synergistic effect with the fuel
microemulsions."

It does appear that there is some hope for smoke
reduction from the newer combustors being developed at this time.
These combustors appear to have a wider fuel tolerance than
the older combustors. This means that the higher aromatic fuels
may be burned with less smoke in the newer combustors. NASA
(Reference 69) refers to this in a report on combustor
development,

"Limited unpublished results have been ob-
tained in Phase III for the NASA Experimental
Clean Combustor Program that compare the smoke
number for the Double/Annular Combustor using
Jet-A and No. 2 Diesel Fuel at the takeoff condi-
tions for the G.E. CF6-50 engine (PR = 30).
These results indicate that this particular
combustor's smoke number is relatively insen-
sitive to the hydrogen content."

Recent USAF sponsored fuel character effects studies on the
J79 and F101 engine combustion systems reported by Gleason and
Martone (Reference 70) substantiate the NASA findings with regard
to smoke. The J79 engine combustion system, a current rich burn
cannular design, exhibited extreme smoke number sensitivity to
fuel hydrogen content while the F101 engine combustion system, an
advanced full annular design, produced smoke levels expected to
be well below the visible threshold for any of the test fuels
which had aromatic contents ranging from 12.2 to 63.4 percent by
volume.

8.2.2 Carbon Monoxide and Hydrocarbon Reduction

Carbon monoxide (CO) and Hydrocarbon (HC)
emissions are a problem in the Taxi/Idle Mode so reductions are
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concerned with the inefficient combustion during low power
output. The problem is further complicated by the fact that
reductions in HC from newer engines will nearly meet the EPA
standard (Reference 2). The CO emissions, however, are still
well above the levels necessary to satisfy the EPA. Neither the
1981 nor 1984 EPA standards for CO can be met. Bahr (Reference
44) gives a summary of the problem involved,

"Both CO and HC emissions are, of course, pro-
ducts of inefficient combustion. These emis-
sions are primarily produced at idle and other
low power operating conditions. These emissions
mainly occur at these operating conditions
because the combustion efficiencies (degree to
which the available chemical energy of the fuel
is converted to heat energy) of most present day
engines at these low engine power opterating con-
ditions are not optimum and are typically in the
90 to 96 percent range. At higher engine power
settings, the combustion efficiency levels of
most engines are generally well in excess of 99
percent and, therefore, virtually all of the fuel
is converted to the ideal combustion products,
carbon dioxide and water, at these operating
conditions. The somewhat reduced combustion
efficiency performance of most existing aircraft
turbine engines at idle and other low engine
power operating conditions is due to the adverse
combustor operating conditions that normally
prevail at these engine operating conditions.
At the low engine power operating conditions,
the combustor inlet air temperature and pressure
levels are relatively low, the over all combustor
fuel-air ratios are generally low and the
quality of the fuel atomization and its distri-
bution within the primary combustion zone is
usually poor because of the low fuel and air
flows. In any given engine, all of these adverse
combustor operating conditions are rapidly elimi-
nated as the engine power setting is increased
above idle power levels and, accordingly, its
combustion efficiency performance is quickly
increased to near-optimum levels."

Current Technology for Existing Engines

Current technology may involve minor combustor
redesign with higher fuel/air ratios and better mixing. It also
may involve major combustor redesign incorporating techniques
such as "airblast" and "swirling". Other possibilities for
current technological application to existing engines are sector
burning and increased compressor air bleed but these are not com-
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bustor related solutions. NASA (Reference 71) discusses these
possibilities,

"Many techniques to reduce low power
emissions have been evaluated by NASA including
the use of air-assist fuel nozzles, airblast fuel
nozzles, and fuel scheduling in the primary zone.
Air assist and airblast fuel nozzles use high
pressure and high velocity air, respectively, to
aid in atomizing the fuel and are very effective
for reducing CO and HC at idle conditions. Fuel
scheduling reduces the number of fuel nozzles
that are supplied with fuel thus resulting in
improved atomization for a constant fuel flow
rate. The effectiveness of improving fuel atomi-
zation by using air-assist and airblast fuel
nozzles is reasonably well documented."

Bahr (Reference 44) outlines some of the tech-
nology being applied to minimize current emissions of CO and HC,

"Modest reductions were obtained by the use
of fuel nozzles which were modified so that all
of the fuel was delivered at idle through the
primary orifices of these dual orifice nozzles.
Another attractive means of improving fuel atomi-
zation at idle in combustors with dual orifice
fuel nozzles is to use an air-assist approach. In
this approach, the fuel is delivered at idle
through the primary orifices and a very small
amount of supercharged compressor air flow is
introduced through the secondary fuel orifices of
the nozzles. In investigations conducted by the
NASA, this small quantity of air flow has been
found to result in significantly improved fuel
atomization quality and, thus in significantly
reduced CO and HC emissions levels at idle. This
approach was found in these investigations to
result in CO and HC emissions level reductions of
about 70 and 90 percent, respectively, with only
about 0.25 per cent of the total combustor air
flow introduced through the secondary orifices of
the fuel nozzles."

Bahr (Reference 44) goes on to explain the other
features of these systems,

"With the airblast methods, the fuel is in-
jected at low pressures and is atomized in swirl
cup devices by a portion of the combustor air
flow. Since the fuel atomization process is
primarily dependent on the air kinetic energy,
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rather than on fuel pressure, very effective fuel
atomization and fuel-air mixing are attained with
these airbiast fuel atomization methods over wide
ranges of engine operating conditions, including
idle.*"

The possibilities of changing fuel/air ratios at
idle have been thoroughly investigated by NASA and engine
manufacturers. Bahr (Reference 44L) reports on fuel/air ratio
changes to reduce CO and HC,

"Increases in the overall fuel-air ratio
above the nominal engine design value at idle
result In significant decreases in the GO and HG
emissions levels, particularly in the case of the
HG emissions. In most engines, the overall corn-
bustor fuel-air ratios at idle are low, generally
less than 0.012. In many combustors, especially
the more advanced designs in which relatively
high primary combustion zone air flows are used
to obtain low smoke emission levels, the
resulting average primary zone fuel-air ratios at
idle are, therefore, quite lean, generally less
than 0.04. These average fuel-air ratios are
equivalent to fuel-air equivalence ratios of 0.6
or less. Any GO contained in leaner-than-average
portions of such primary zone mixtures will be
consumed relatively slowly and, if further
diluted,, the GO consumption process will be
largely quenched and terminated. Thus, at idle,
somewhat higher average primary zone fuel-air
equivalence ratios are generally needed in these
advanced low smoke emission combustors to obtain
reduced HG and CO emissions levels. These higher
fuel-air ratios are especially important if
significant CO emissions levels reductions are
to be obtained. These higher primary zone
equivalence ratios must, of course, be attained
at idle without changing the primary zone equiva-
lence ratios that already prevail at high engine
power operating conditions. Thus, simply
reducing the percentage of the total combustor
air flow that is introduced into the primary zone
is not an acceptable approach. An air flow split
change of this latter kind would be expected to
result in significant and unacceptable smoke
emission level increases at the high engine power
operating conditions."

Another method of approaching the GO, HG problem,
at low power output, is to change the cycle rather than the
combustor. Bahr (Reference 44) outlines the concepts of sector-
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burning and compressor air bleed as CO and HO reduction
techniques,

"Still another means of obtaining the
required higher primary zone fuel-air ratios is
to use fuel Injection staging techniques at idle
operating conditions. In this type of approach,
fuel Is valved to only selected fuel nozzles, or
fuel injectors, instead of to the full compl ement
of nozzles. This approach not only results in
higher primary zone fuel-air ratios in the por-
tions of the combustor annulus where the fuel is
concentrated, but also results in improved fuel
atomization since the same fuel flow is being
delivered through fewer fuel nozzles and the fuel
nozzle pressure drops are thereby increased.
Various forms of such fuel injection staging can

- t be considered, depending on the nature of the
combustor design.

One relatively simple means of obtaining
beneficial higher primary zone fuel-air ratios at
idle, without adversely affecting combustion per-
formance characteristics at high power operating
conditions, is to extract and dump overboard
increased amounts of the compressor discharge air
flow when operating at idle. This approach
results in increased fuel-air ratios throughout
the combustor. The use of increased bleed air
extraction also results in small, but beneficial,
increases in primary zone gas residence time,
which are the result of the lower air mass flows
through the combustor. Significant CO and HC
emissions levels reductions were obtained in
these investigations. Since many advanced engines
have provisions for extracting large amounts of
compressor discharge air flow, this concept
appears to be an attractive one."

Future Technology for New Engines 1

Technology, which is several years down the line
as far as application to production of USAF engines is concerned,
consists of major combustor design concepts which will have to be
evaluated as far as other USAF requirements are concerned. Two
of these concepts are the double/annular combustor which uses
parallel combustion chambers and the vorbix combustor which
introduces the fuel at two points in the combustor to essentially
yield a series combustion situation. Another type combustor
which has been tested is a combination of the two systems and is
referred to as the "Radial-Axial Low Emissions Combustor 11
(Reference 3). It is not within the scope of this report to
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evaluate the practicality of the various systems as they are
throughly discussed in several research papers and reports.
Tables 22 and 23 (Reference 69) list an assessment of these
experimental combustors.

Another approach to the low power emission of CO
and HC is to use a system of fuel prevaporization to promote
better combustion. NASA (Reference 43) describes this system:

"Gaseous Propane or atomized Jet-A is
injected upstream of a perforated flame holder
with sufficient distance to provide a completely
prevaporized/ premixed fuel-air mixture to the
primary zone (flame zone) test section."

Later NASA publications (Reference 69 and 71)
indicate that this prevaporization work is still in the prelimi-
nary stage with most of the work still being done on flame tubes.
Some studies have advanced to basic combustor tests in rigs but
these are still being evaluated.

The concept of fuel/air premixing shows con-
siderable promise for CO and HC reduction. NASA (Reference 71)
reports that this concept appears to also be viable for
NOx reduction but not using the same technology or system for CO
and HC reduction:

"For the past five years, NASA has been
evaluating several experimental combustors which
incorporate a variety of the emission control
techniques. The majority of the effort on the
evaluation of low pollutant emission combustors
conducted at the Lewis Research Center has been
with the swirl-can-modular combustor. This com-
bustor consists of a large number (80 to 120) of
swirl can modules. (each acting as a small,
separate fuel/air mixer) arranged into a full
annular array. A fuel and air mixture passes
through a swirler which, in conjunction with a
flame stabilizer, forms a small stable flame
zone. The combination of a small flame zone and
the partially premixed fuel and air provides for
short residence times and some degree of flame
temperature control. Thirty to fifty percent
reductions in NOx emission index have been
obtained with this concept over a range of com-
bustor inlet temperatures typical of present day
aircraft gas turbine engines. The greatest dif-
ficulty in the development of this combustor
concept has been the inability to simultaneously
reduce low power emissions of CO and HC and high
power emissions of NOx. Low values of CO and HC

140

- 16



TABLE 22. ASSESSMENT OF DOUBLE/ANNULAR COMBUSTOR DEVELOPMENT STATUS
(Reference 69)

Extensive
No further Additional additional
development development development
required required required

Emission levels
CO X
HC X

NOx X
Smoke X

Ground starting X
Altitude relight X
Main stage crossfiring X
Pressure loss X
Combustion efficiency X
Exit temperature profile/

pattern factor X
Metal temperature X
Acoustic resonancc X
Carboning X
Fuel nozzle coking X

TABLE 23. ASESSMENT OF VORBIX COMBUSTOR DEVELOPMENT STATUS
(Reference 69)

Extensive
No further Additional additional
development development development
required required required

Pressure loss X
Exit temperature pattern

factor X
Exit temperature radial

profile X
Idle stability

(lean blowout) X
Sea-level starting x
Main-stage ignition X
Altitude relight -- (Not evaluated)
Transient acceleration X
Carbon:

Liner deposits X
Fuel passage cooking X

Liner durability
(overheating) X
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have been achieved by using specialized module
designs and by employing fuel scheduling but
these modifications were not successfully coupled
with low NOx designs to provide integrated
combustor for low emissions at all operating
conditions."

Recent advances in premixed prevaporized combustor
technology are detailed in the proceedings of a conference
devoted to this subject held at NASA Lewis in January 1979.
(Reference 72).

Variable geometry combustors have been undergoing
tests for several years. Blazowski and Henderson (Reference 3)
explain the concept, at an early stage of development,

"This combustor design concept achieves
emission control at all operating modes by
modulating air flow through combustor geometry
alterations. During low-power operation, CO and
HC emission is minimized by increasing primary
zone fuel-air ratios--reducing the proportion of
air entering the primary zone."

Several studies at various Federal and
industrial laboratories are now into the test and evaluation
phase of variable geometry combustors. In the near future,
results should be reported from these studies. If they are
favorable, the variable geometry combustor can be considered as a
viable method for CO and HC control of gas turbine engines of the
future.

The Experimental Clean Combustor Program is a
part of the Energy Efficient Engine (E3 ) program being conducted
by NASA. NASA (Reference 71) discusses the progress of this
program,

"The Experimental Clean Combustor Program
(ECCP), was initiated in December 1972 with the
objective to develop and demonstrate, in a full-
scale engine, advanced technology combustors
that are capable of reducing pollutant emissions
in the large high bypass ratio engines (U.S. EPA
Class T2, thrust over 8,000 lbs) that power the
wide body jets. The original emission level
goals were established from NASA studies and were
subsequently adjusted to be consistent with the
EPA Standards published in mid-1973. The two
contractors that were selected, and are currently
under contract, are Pratt & Whitney Aircraft
(JT9D-7 engine) and the General Electric Company
(CF6-50 engine).

The two advanced technology CF6-50 engine
combustor concepts that were evaluated utilize
staged combustion for reducing pollutant
emissions over the entire engine operating range.
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The pilot stages of both the radial/axial staged
and the double annular were optimized for high
efficiency (low CO and HC emissions) at engine
low power (idle) and the main stages are opti-
mized for lean combustion (low NOX) at full power
(takeoff). Various combinations of combustion
staging can be used for off-design operation such
as approach power settings. The radial/axial
staged configuration utilizes a premixed fuel
and air technique in the main stage whereas the
double annular configuration uses airblast fuel
nozzles and airflow control in the main stage.
The double annular concept has been chosen for
the engine demonstration tests. All of the
testing was performed in a full annular combustor
test rig which closely duplicated the flow path
of the CF6-50 engine. All engine inlet and exit
operating conditions were simulated except for
combustor inlet pressure which was limited to a
maximum of 10 atmospheres.

The two advanced technology JT9D-7 engine
combustor concepts that were evaluated used
staged combustion as the principal approach to
controlling overall pollutant emissions. The
hybrid concept utilized a parallel (radial)
staging approach which included a premix tech-
nique in the pilot stage and a variation of the
swirl can concept in the main stage. This con-
figuration was an attempt to mate the lowest CO
and HC emission design (premix pilot stage) and
the lowest NOx emission design (swirl-can-module
stage) that was tested. The vorbix configuration
utilized a series-type (axial) fuel staging
approach with standard pressure atomizing fuel
nozzles in both the pilot and main stages. High
intensity swirlers were located immediately
downstream of the main stage fuel injection point
to promote very intense, rapid mixing of the fuel
and air in the flame zone. The combination of
the intense mixing and hot gases exiting from the
pilot stage allowed lean combustion in the main
stage and also reduced residence time due to
quick quenching of the hot gases."

8.2.3 Oxides of Nitrogen Reduction

Oxides of nitrogen (NOx) are greatest in the high
power operating mode of gas turbine engines. NOx emissions must
be considered from several standpoints. High performance engines
operate at higher combustor inlet temperatures which result in
high NOx emissions. Proposed engines appear to have higher
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NOx emissions than current engines. NO to NO2 conversion rates
and mechanisms are not fully understood and are still being
investigated. Short term NO2 standards have not yet been
promulgated. In spite of these problems the EPA (Reference 2)
has proposed an NOx standard for new engines, which will be
enforced 1/l/84, and for all engines, which will be enforced
1/1/85. It is doubtful if these standards can be met with
existing technology and no new technology, capable of meeting
these standards, is apparent at this time. The major manufac-
turers have publically stated (Reference 46) that their engines
cannot meet the Proposed NOx standards.

Even in this pessimistic environment, con-
siderable research is being conducted toward reducing the
Nox problem. Several of the technologies being tried are showing
promise of substantial NOx reduction even though they may not
meet the proposed EPA standards.

Bahr (Reference 144) gives a good summary of the
mechanisms and problems involved in NOx formation,

"When gases containing oxygen and nitrogen are
heated to elevated temperatures, general~ly above
19001K, some oxidation of the nitrogen occurs and
NOx emissions are produced. Thus, NOx emissions
are generated, to some degree, in most combustion
processes. In the main combustor of a turbine
engine, these emissions are primarily formed
within the primary combustion zone, and within
the dilution zones immediately downsteam of the
primary zone. These emissions consist mainly of
nitric oxide, together with small amounts of
nitrogen dioxide. The small amounts of nitrogen
dioxide emissions result from the subsequent
further oxidation of the nitric oxide that is
formed in the primary combustion zone. Once
discharged into the atmosphere, however, the
nitric oxide is gradually converted to nitrogen
dioxide. the thermo-chemical equilibrium quan-
tities of nitric oxide that can be generated with
a given mixture of fuel and air are strongly
dependent on the flame temperature levels of the
resulting combustion gases and on the availabi-IJ
lity of oxygen. Thus, these equilibrium quan-
tities increase rapidly as the initial combustion
air temperature is increased and as the primary
combustion zone fuel-air equivalence ratios
approach values on the order of 0.8.

The quantities of nitric oxide that are
formed in any given turbine engine combustor are
usually far less than the thermochemical
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equilibrium quantities, since the chemical kine-
tics of the nitric oxide formation process are
relatively slow. The chemical kinetics of the
nitric oxide formation process are reasonably
well understood. The rates at which nitric oxide
is formed are highly dependent on flame tem-
perature level and increase very rapidly as the
flame temperature is increased. Thus, with a
given initial combustion air temperature, these
rates are highest with fuel-air mixtures that
have near-stoichiometric proportions. With a
given fuel-air mixture, these rates increase very
rapidly as the initial combustion air temperature
is increased, because of the associated flame
temperature increases. Further, these rates also
increase as the pressure level of the combustion
gases is increased, because of the direct effects
of pressure on the chemical kinetics of the for-
mation process. However, because these nitric
oxide formation rates are generally far slower
than the fuel combustion reactions, the quan-
tities of NOx emissions generated in turbine
engines are limited by the short residence times
of the hot combustion gases within the engine
combustors. As a result, very high fuel com-
bustion efficiencies can be attained without the
generation of thermochemical equilibrium con-
centrations of nitric oxide."

Current Technology for Existing Engines

Most of the technology that has been investigated
for possible application to current engines, with only minor
modifications, has not been very promising. Large reductions in
NOx are desired but only relatively small reductions are being
achieved. Still, the technology has reduced NO x to some extent
over the uncontrolled engines, even though not to the levels
listed in the existing USAF Goals (Reference 1).

Bahr (Reference 44) describes the research being
conducted by General Electric Company to reduce NOx by minimizing
combustor temperatures,

"Based on the chemical kinetics con-
sideration associated with the formation of
nitric oxide in combustors, the attainment of
required NO X emissions level reductions must
involve precise control of the flame temperatures
and combustion gas residence times within the
primary zones of these combustors. Specifically,
these flame temperatures and residence times must
be minimized. At General Electric, investiga-
tions to identify and develop means of attaining
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this improved primary zone temperature and resi-
dence time control have been underway for the
past several years. These investigations have
been conducted in conjunction with the CO and HC
emissions level reduction investigations. As in
these latter investigations, the NOx emissions
level reduction development efforts have been
primarily conducted with advanced turbofan engine
combustors, with already developed low smoke
emission characteristics. A major objective of
these development investigations has, therefore,
also been to retain those already developed low
smoke emission characteristics. To date, some
promising methods of obtaining significantly
lower NOx emissions levels by the use of advanced
combustor design approaches have been identified.
In general, however, these investigations have
clearly shown that approaches that result in
lower NOx.emission levels tend to result in
higher CO and HC emissions levels, unless added
design sophistication is introduced into the
combustor.

Another general approach for reducing flame
temperatures, and thereby, of minimizing the
quantities of NOx emissions formed in a given
combustor is to minimize the quantities of com-
bustion gas mixtures with near-stoichiometric
fuel-air proportions. This type of approach
offers a potential means of reducing
NOx emissions levels by combustor design
features. Analytical and experimental studies to
define and develop methods of this kind, which
involve the difficult problems of precisely
controlling the average and local fuel-air ratios
within the primary combustion and dilution zones,
have also been conducted at General Electric.
Some potentially promising results have been
obtained in these investigations. The use of
advanced fuel injection methods involving
airblast fuel atomization has been found, for
example, to result in somewhat lower emissions
levels as compared to those of combustor designs
with more conventional pressurized fuel injection
provisions - - at the same combustor operating
conditions. NOx emissions levels reductions in
the order of 10 to 15 percent have been obtained
in tests with these advanced airblast fuel injec-
tion techniques. These lower emissions levels
appear to be the result of the very effective
fuel-air-mixing obtained with fuel injection
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techniques of this kind. Tests have shown that
this highly effective mixing process results in
more uniform mixtures in the primary combustion
and dilution zones than those obtainable with the
more conventionally used fuel injection methods,
thereby permitting the use of shorter gas resi-
dence times in these zones. As a result, more
rapid elimination of any localized fuel-air mix-
tures with near-stoichiometric proportions and,
thus, reduced NOx emissions levels may be
attained.

With any type of fuel injection method, a
general approach for reducing NO x emissions is
to reduce the dwell time of the high temperature
primary zone gas mixtures. An approach for
reducing the residence times of these high tem - '
perature gases is to cool them as rapidly as
possible using the available combustor dilution
airflow as the coolant. Investigations of this
latter approach have also been conducted as a
part of the General Electric development efforts
to develop combustors with NOx emission levels.
With approaches of this kind, NOx emission level
reductions in the order of 30 percent have been
obtained. In general, the use of approaches of
this kind has been found to be acceptable in com-
bastors and to produce no adverse effects on the
CO, HC and smoke emission characteristics of
these combustors.

Other General Electric Investigations have
shown that reductions in NOx levels may be
obtained by operating with either much richer or
much leaner average primary combustion zone fuel-
air ratios that those normally used in current
combustor designs. The use of lean primary zone
mixtures, in particular, results in significantly
decreased NOx emissions levels. These lean mix-
tures were obtained by increasing the percentage
of the total combustor air flow that was intro-
duced into the primary zone. In present day
combustors, the direct use of such lean primary
zone mixtures at the high engine power operating
conditions would, of course, be uxpected to
result in unsatisfactory ignitiion charac-
teristics and much increased CO and HC emissions
levels at idle because of the very lean primary
zone mixtures that would prevail at these low
engine power operating conditions.

Smaller NOx emissions level reductions were
obtained in these tests with higher primary zone
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fuel-air ratios. These findings suggest that the
nitric oxide formation process was apparently
shifted from the primary zone to the dilution
zones immediately downstream, with little net
change in the NO x emissions levels. In any
event, the use of higher primary zone fuel-air
ratios would be expected to result in unaccep-
table smoke emission level increases at the high
engine power operating conditions.

Based on these findings, it appears that the
most promising approach for obtaining low
NOx emissions levels in advanced turbine engine
combustors at the high engine power operating
conditions is to provide lean and unfiorm fuel-
air mixtures, preferably homogeneous mixtures, in
the primary zones of these combustors. However,
means of applying this general design approach
are required that do not result in unacceptable
losses in ignition performance and in unaccept-
able increases in CO and HC emissions levels at
idle. Thus., means of obtaining the required lean
and uniform primary zone mixtures at high engine
power operating conditions and, also, of
obtaining the relatively richer required primary
zone mixtures at idle are needed. The attainment
of these somewhat conflicting operating
capabilities, in turn, necessitates consideration
of combustors within which the combustion process
can be staged in appropriate ways or of com-
bustors in which variable geometry features are
incorporated to modulate the quantities of the
total combustor air flow that are introduced into
their primary combustion zones. Accordingly, the
preferred combustor design approach for satisfac-
torily attaining the applicable EPA standards for
NOx emissions appears to involve significant
changes and advances in the combustors used in
present-day engines."

NASA (Reference 71) reports on some of their re-
search studies with combustor temperature reduction for NOx
control:

"Techniques to reduce high power emissions
have concentrated on evaluating the efect of pre-
vaporizing and premixing fuel and air prior to
combustion using a 'flame tube rig' at the NASA,
Lewis Research Center. Gaseous or atomized fuel
is injected upstream of a perforated flame holder
with sufficient distance to provide a completely
prevaporized/premixed fuel/air mixture to the
primary zone (flame zone) test section.
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Extremely low levels of NOx emissions (EI < 1
g/kg) were obtained at very lean equivalence
ratios, (ratio of the fuel/air ratio to
stoichiometric fuel/air ratio). These low NOx El
values were obtained at reasonable residence time
(about 2 milliseconds) and at combustion effi-
ciencies in excess of 99.7 percent. This type of
data is being used in an attempt to define mini-
mum levels to which NOx may be reduced by uti-
lizing the lean prevaporized/premixed combustion
technique. Therefore, the operating conditions
for the experimental tests were very carefully
controlled and do not necessarily duplicate con-
ditions in an actual engine except for the levels
of inlet pressure and temperature which simulate
a supersonic cruise condition. At extremely
lean equivalence ratios, combustion stability
can be a problem because operation is near the
lean flammability limit, thus limiting the
NO x emission reduction potential of the lean com-
bustion technique."

Bahr (Reference 44) reports on General Electric
Company research and development efforts in staged combustion,

"Advanced combustors with design features to
provide both favorable primary combustion zone
fuel-air ratios at idle, as well as lean and uni-
form primary zone mixtures at high engine power
operating conditions, are currently being defined
and developed in the NASA Experimental Clean
Combustor Program. The primary objective of this
important program is to develop technology for
the advanced turbofan engine combustors which
meet the EPA-defined 1979 standards for CO, HC,
NOx and smoke emissions - without the use of water
injection methods for obtaining the objective low
NOx emissions levels. These advanced combustor
configurations are being sized and designed to
fit and operate in an existing General Electric
CF6 engine. Several versions of each basic
design concepts are being defined, evaluated and
developed in this program.

The first of these basic concepts consists
of a lean single annular dome approach, in which
much increased percentages of the total combustor
air flow are introduced into its dome, or primary
combustion zone. Of the basic design concepts,
this lean dome approach involves the least degree
of design modification of the production com-
bustor currently being used in this General
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Electric CF6 engine. However, to obtain satis-
factory operation at low engine power operating
conditions with this lean dome design, variable
geometry features to reduce the amounts of air
flow introduced into its primary zone at idle
would probably be needed.

The second of these basic conepts consists
of a lean double annular dome design. As in the
single annulus configuration, a key design
feature is its high dome air flow percentage. In
this way both primary combustion zones are
operated with lean fuel-air mixtures at the high
engine power operating conditions. However, the
use of two domes, or primary combustion zones,
permits the use of beneficial fuel staging
methods at idle. Thus, with this approach, all
of the fuel may be concentrated in one of the two
primary zones at idle, thereby, providing much
more favorable local fuel-air ratios and reduced
CO and HC emissions levels.

The third of these basic concepts is another
design in which beneficial fuel staging provi-
sions are an important feature. In this staged
combustion design approach, only the pilot
(primary) stage is used at the low engine power
operating conditions. By limiting the air flow
percentage that is introduced into this stage,
its fuel-air ratios at idle are quite favorable.
At the higher engine power operating conditions
the second stage is also fueled. In this latter
stage, which handles a high percentage of the
total combustor air flow, the fuel is premixed to
some degree with its air flow and, therefore,
the resulting fuel-air mixutes that flow into its
combustion zone are lean and relatively uniform.
The burning of these lean mixtures is stablized
by the pilot stage of the combustor.

The fourth of these basic concepts consists
of a modular dome design, which is based on the
NASA Swirl-Can-Modular combustor concept. The
dome is comprised of a multitude of individual
combustor elements, each with its own fuel
injector, fuel-air mixing device and flame
stabilizer. As in the other three concepts, high
dome air flow percentages are being used to
obtain low NOX emissions levels. Various fuel
staging patterns may be used at idle by fueling
only selected modules, to obtain reduc--,d CO and
HC emissions levels."
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NASA (Reference 71) discusses some of the suc-
cesses and failures in the current research to reduce
NOx emissions:

"The reduction in high power emissions that
were obtained using the 'selected' advanced tech-
nology combustor concepts are the same ones used
for the low power emission reduction evaluation.
All values were either measured or extrapolated
to engine operating conditions at takeoff power.
Significant reductions in NOx emission index
levels, up to 50 percent, were achieved using the
three staged concepts, i.e., double annular
(CF6-50 engine) and the two vorbix designs
(JT9D-7 and JT8D-17 engines.) An increase in the
NOx emission index was realized with the reverse
flow concept (501-D22A engine) because the par-
ticular configuration selected was optimized for
reducing CO and HC at low power conditions.

The principal reason for the 'short fall' in
NOx emission level reduction, compared to the
goals, can be attributed to the inability to make
maximum use of the lean burning approach to
control NO x in the advanced concepts. In all
cases, lean burning and quick quencing techniques
were employed in the main stages of the staged
concepts but the effectiveness of lean burning is
significantly reduced unless ther fuel is preva-
porized and technology needed to design and
evolve effective and practical prevaporized/ pre-
mixed concepts is still several years in the
future. Therefore, the reductions in
NOx emission levels obtained are probably the
"best" attainable with the level of advanced
technology evaluated for the CF6-50,JT9D-7 and
JT8D-7 engines. The term 'best' is used here to
describe the level of the achievable reductions
bearing in mind that variations about this level
will likely occur with the application of these
advanced technology combustor concepts to opera-
tional aircraft engines. Since the piloted-
airblast and reverse flow concepts are primarily
applicable for controlling low power emissions,
the ability to achieve reduced levels of
NO x emissions using advanced technology in the
TFE731-2 and 501-D22A engines will likely require
different techniques.

In comparing the minimum levels of NOx
emissions achieved by the various advanced
concepts, variations are certainly apparent. One
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factor that is paramount in the production or
NOX is combustion flame temperature. In a dif-
fusion flame process (fuel droplet burning), the
flame temperature is principally controlled by
the inlet temperature and pressure of the air
entering the combustion zone."

Another technology for NOX reduction on existing
engines is the injection of water (or water/alcohol mixes) into
the engine at high power operation. Bahr (Reference 144)
discusses water injection,

"One general approach for reducing flame
temperatures within a combustor involves the
addition of inert liquids or gases into its pri-
mary combustion zone. The introduction of water
into the primary zone is an approach of this
kind. Water injection in amounts of 1 to 2 per-
cent (by weight) of the total combustor air flow
was found to provide considerable reductions of
NOx. These investigations showed that, to
achieve these reductions, the water must be
injected directly into the primary combustion
zone and must be uniformly distributed with the
primary zone fuel-air mixtures. If effective
atomization of the water and rapid mixing with
the fuel-air mixtures are not obtained, greater
quantities of water are needed for the same
degree of NOx emissions level suppression.

Based on results of this kind, water injection is
a possible means of obtaining significant reduc-
tions in NOx emissions levels during takeoff and
climbout operations. The use of water injection
at cruise operating conditions is, of course,
unacceptable. However, the use of water injec-
tion in aircraft engines, even when limited to
takeoff and climbout operations, does involve
some weight penalties and does require the addi-
tion of water tankage, pumping valving and
plumbing provisions to the engine. As such, the
use of water injection has some significant
drawbacks. Accordingly, means of reducing the
levels of these emissions by combustor design
modifications, rather than by the use of water
injection, represent an important development
need. Further if NOx emissions level reductions
at cruise operating conditions are identified as
an important need, reductions by means of com-
bustor design modifications will be essential."

Future Technology for New Engines
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The future technology for reduction of NOx is not
very promising. Only two viable concepts exist. One method, the
variable geometry combustor, looks best for high power output
(such as takeoff) while the other method, the catalytic
combustor, looks best for NOx emissions at high altitude cruise.

Most of the information on the variable geometry
combustor was presented in Section 8.2.3, Carbon Monoxide and
Hydrocarbon Reduction, of this report. Blazowski and Henderson
(Reference 3) explain the technology of the variable geometry
combustor for NOx reduction,

"At high-power, NOx is minimized by
increasing primary zone air flow to main-
tain fuel-air ratio well below
stoichiometric levels where NOx formation
rates are highest. Substantial
NOx reduction, with good idle emission as
well, has been achieved. Furthermore, no
pilot zone was used to stabilize com-
bustion at high-power when reduced fuel-air
ratios exist. Although perhaps not to the
same degree, the problem of reduced
high-power cuiimbustion efficiency is likely
to occur with variable geometry in the
same manner as experienced in the staged
combustor. Further, because of the atten-
dant increased mechanical complexity and
the known development problems associated
with its application to large combustion
systems, neither contractor in the NASA
program is currently examining this
technique."

In November 1978, the USAF and the Navy ini-
tiated a jointly funded two phase contractual variable geometry
combustor developm.ient program. The objective is to identify,
evaluate and demonstrate design techniques using variable com-
bustor geometry for improvements in gaseous emissions, smoke,
ground start, altitude relight and low power efficiency. Phase
I, preliminary design and development, is in progress and as of
this writing no conclusive results are available to report.

The catalytic combustor has been proposed as a
method of control of NOx at high-altitude cruise conditions.
NASA (Reference 71) gives a summary of the rationale, and
problems of the catalytic combustor:

"The use of catalytic reactors to
enhance the combustion process using
extremely lean fuel/air mixtures is also
being evaluated in fundamental studies.
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Both in-house and contract work is under-
way and some of the preliminary results
obtained have been reported. Extremely
low values for all of the pollutant
emissions are possible using the catalytic
technique, however, they are limited to a
very narrow fuel/air ratio operating
range. Special emphasis is being placed
on the capability to control NOx emissions
at simulated high altitude cruise
conditions."

A recent NASA paper by Szaniszlo (Reference 73)
lists the program goals and advantages of the current NASA/USAF
catalytic combustor program:

"Program Goals

The overall goal is to substantially reduce
cruise NOx emissions using catalytic combustion
techniques that inherently have the potential for
widening combustion stability limits and
increasing turbine blade life with minimum
compromises, if any, in durability and
maintainability. Smoke emissions are not of pri-
mary interest in this program; however, smoke
levels should meet the EPA standards

Advantages

Present day combustors with high heat-
release rates have peak flame temperatures
greater than 1900 K. As a result, high levels of
NOx emissions are present. The lean, premixing-
prevaporizing technique has a low adiabatic flame
temperature which prevents the formation of high
levels of NOx emissions. However, at the
required low fuel-air ratios, flame instability
and combustion efficiency are potential problems.
These problems are circumvented by using the
technique of heterogeneously-catalyzed.
combustion.

The advanced catalytic combustor is now
being recognized as a possible future replacement
of conventional combustors. Several attractive
and distinguishing features make the catalytic
combustor a viable candidate. Ultra-low thermal
NOx emission indices - 0.06 g N02 /kg fuel - are
obtainable with high-release rates at relatively
uniform temperatures (=1300 K) well below the
lean flammability limit. Combustion stability is
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far superior to other combustor types not only
because homogeneous thermal comnbustion occurs in
parallel with heterogeneous thermal reactions at
the catalyst surface, but also because of the
increased combustion-zone thermal inertia which
damps system thermal perturbations. Homogeneous
combustion is a result of the heterogeneous com-
bustion temperature monotonically increasing
along the axis of the catalyst to a value high
enough to initiate reactions off the catalyst
surface within the homogeneous fuel-air mixture
at a temperature ( -1300 K) substantially less
than required for conventional combustion. At
this lower temperature level, the homnogeneous
gas-phase reactions control the energy release
as the gas flows through the catalyst.
Consequently, the exit section of the catalytic'
combustor need not have any catalyst. Exit gas
temperature level is approximately the adiabatic
flame temperature and is essentially uniform
across the catalyst exit plane; hence, an
improved pattern factor. A nearly uniform cata-
lyst exit temperature permits higher average exit
temperatures without damage to turbine blades and
gives a reduced specific fuel consumption.
Finally, the monolithic-substrate structures for
the catalyst do not present a major combustor-
pressure-drop problem."

The NASA paper by Szaniszlo (Reference 73) also
lists the disadvantages of the current catalytic combustors,

"Current Disadvantages

Successful implementation of catalytic com-
bustor systems into future aircraft will require
further work for minimizing and/or eliminating
the following present-day application
constraints: (1) uniformity of inlet velocity,
temperature, and fuel-air composition; (2) ther-
mal durability and performance stability of the
catalytic reactor over long time periods; and (3) -

autoignition and flashback.

uniform inlet velocity profile to theI
catalytic reactor is highly desirable since the
monolithic substrate will preserve the inlet
velocity distortions to the catalyst exit plane.
Temperature at the catalyst inlet plane should be
practically uniform since combustion efficiency
is dependent on the temperature level. Complete
upstream fuel vaporization for uniform fuel-air
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composition is desirable, but may not be
necessary. Good performance has been reported
with 5 to 10 percent of the fuel not vaporized.
The volumetric expansion of reacting gases within
each catalyst tube during homogeneous combustion
helps prevent unvaporized fuel droplets from
impinging on the catalyst tube wall.
Nevertheless, uniformity of the inlet fuel-air
mixture is desired to avoid the possibility of
causing local high temperature regions within the
catalyst bed.

Thermal durability for continuous and cyclic
operation without catalyst degradation is a cost-
effective performance requirement. The maximum
temperatures tolerated by present-day catalytic
reactors is about 1650 K. A near term (2-3 year)
projection raises this temperature limit to 1700
K. Far term (5-10 year) projection values exceed
1800 K assuming a major development effort. This
catalytic-combustor technology program will use
existing catalyst technology. Reactivity of the
catalytic reactor must be acceptably stable at a
high enough level for repeatable, reliable and
rapid low-temperature ignition over a long-term
operating period. More work needs to be done in
this area.

Available autoignition data for pressures up
to sixty atmospheres shows an autoignition delay
time of about 4 milliseconds for hot, sea-level
takeoff conditions. If the catalytic combustor
is to be used during sea-level takeoff
operation, the length of the fuel-air mixing sec-
tion can be at most only 12 centimeters for a 30
m/sec. reference velocity. Clearly, the fuel
injector must finely atomize the fuel for rapid
vaporization and mixing without autoignition.
Flashback has been observed in a catalyst system
with increases in the fuel-air ratio after very
high combustion efficiency was obtained. An
active flame formed immediately upstream of the
catalytic reactor with subsequent flame propaga-
tion upsteam to the fuel inlet. Flashback can be
eliminated by designing for a higher velocity in
the fuel-air inlet section."

NASA (Reference 73) reports the progress of the
NASA/USAF catalytic combustor program, in Phase I (the Design
Study):

"The objective of the concept analysis and
evaluation portion of Phase I is to select the
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two most promising concepts from each set of six
independently conceived by each of the two
contractors. Each set of two concepts would then
go into preliminary design. Due to an earlier
contract award to General Electric Company, two
of the six concepts have been identified and
selected for preliminary design. Analysis and
evaluation of the six concepts by Pratt & Whitney
Aircraft Company is nearing completion. Brief
descriptions of the two General Electric con-

N cepts and the Pratt & Whitney concepts under eval-
uation are presented below.

The two most promising General Electric
concepts identified are the Basic Parallel Staged
and the Cannular Reverse-Flow Parallel Staged.
Maximum fuel flow to the catalytic reactor will-
be restricted to maintain reactor temperature
below 1811 K. Combustor liners downstream of the
catalyst will be cooled by backside convection
and have a 0.5 mm thick thermal barrier coating
on the inside wall. This permits a maximum
allowable catalyst-to-total fuel flow split of
0.92 at normal cruise. Both concepts are mechani-
cally promising. The can-annular, reverse-flow
concept has the best catalyst accessibility.
Catalyst accessibility for the basic, parallel-
staged concept is viewed as being a possible
problem during testing and development, but not
after a final configuration has been achieved.
The normal-cruise NOx emission index predicted
for each of the concepts is the low-level of two.
Further reductions in the NOx emission index
possibly can be achieved by changing to a hot-
liner wall for the pilot stage that will permit
more airflow through the catalyst stage. As a
result of the increased airflow, the fuel flow to
the catalyst stage can be increased - maintaining
a constant overall fuel-air ratio - with a
corresponding decrease in fuel flow to the pilot
stage. This decrease in fuel flow to the pilot
stage with its relatively high NOx-emission level
helps reduce the overall NOx-emission level
from the combustor. Fuel to the catalyst stage
for both concepts is introduced just below the
approach power level (30 percent takeoff power)
while the pilot stage fuel flow is decreased to
maintain a constant increase in combustor fuel
flow. Pilot stage fuel flow is finally decreased
to a maintenance level by fueling only a fraction
of the pilot stage injectors. This fuel flow is
held constant until the catalytic-reactor maximum
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use temperature level is reached. At this point,
the pilot fuel flow is then increased.

The six concepts of Pratt & Whitney Aircraft
Company are presently undergoing analysis and
evaluation; therefore, complete details are not
given, but only the descriptive combustor-
concept names which are the following: (1)
basic, pure catalytic reactor; (2) rich, front-
end hybrid; (3) basic radially-staged; (14) axial
fuel staging with variable geometry; (5)
radially-staged, can-annular with variable
geometry; and (6) folded Vorbix with a radial
Inflow pilot and individual cruise catalytic
combustor. The rich front-end hybrid and the
radially-staged, can-annular with variable
geometry appear to be the most promising
concepts."~

The need for considerably more research than
accomplished to date is emphasized by NASA (Reference 71):

Result s of fundamental combustion studies
indicate that a new generation of jet aircraft
engine combustor technology may be possible that
would provide emission levels far below those
currently possible with the advanced technology
concepts developed In the Experimental Clean
Combustor Program (ECOP) and Pollution Reduction
Technology Program (PRTP). Considerable fun-
damental knowledge Is still needed, however,
before the techniques being studied can be
translated into useful combustors. Successful
development of these techniques into operational
engine combustors would provide the level of
NOx emission reductions desired for both local
air quality and high altitude cruise
cons iderations."
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SECTION IX

AREAS FOR CONTINUING USAF RESEARCH

This report has documented the need for the USAF to continue
leadership in the reduction of emissions from turbine engine
aircraft. This leadership role has been promoted by the USAF
Pledge to Environmental Protection (Reference 40). It has been
directed by the various Federal Acts, Laws, Regulation, and
Executive Orders cited in Section II of this report. An impor-
tant portion of this leadership role is the USAF participation in
research in the several areas of pollution reduction from turbine
engines. The past USAF research has been briefly mentioned in

* this report along with a few comments about the necessity of the
research. This report also mentions several areas where addi-
tional research is needed. If the USAF is to remain a leader in
this field, it must contine, or expand, its research effort.

9.1 Effort Toward USAF Meeting EPA Proposed Rules

A valid question arises when USAF aircraft are evaluated
for their current emissions (Reference 8). If the EPA proposed
rules were adopted would the USAF aircraft comply or would they
not? Since the USAF is exempt from any enforcement action under
the rules, the question is hypothetical. It certainly would be
to the USAF advantage, however, if they could state that their
aircraft (or even a substantial portion of their aircraft) met
the EPA proposed rules.

The calculation methods of Scott and Naugle (Reference I
8) were applied to current USAF aircraft to determine their
emissions for the EPA-LTO cycle (Reference 2), a normalized
USAF-LTO cycle for category of aircraft (Reference 47), and, the
actually measured LTO cycle for the particular aircraft if it was
available (Reference 47). Also, the allowable emissions were
calculated according to the proposed EPA Rules (Reference 2).
The results are shown on Table 24, USAF Current Engine/Aircraft
Emissions, on the following several pages. It is obvious from
examination of the results presented in Table 24 that USAF cannot
meet proposed EPA standards. This is a powerful incentive for
the USAF to continue its research effort.

9.2 Effort Toward Lowering Pollutant Emissions

While it is important that the USAF continue its
research to reduce pollutant emissions from gas turbine engines,
it is more important that the USAF priorities for pollution
reduction are applied to research funding. For example, none of
the studies by the USAF, EPA, or other State or Local pollution
control agencies indicate that carbon monoxide (CO) is a
serious problem in the ambient air around USAF airfields. It,
therefore, does not appear to be in the USAF best interest to
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expend large amounts of time and money on research studies to
lower CO from turbine engines.

The USAF must also consider that lowering one pollutant
may increase the output of another. If lowering NOx for example,
increases hydrocarbon emissions it becomes necessary to evaluate
the possible consequences to determine which is more critical to
the USAF, the emission of NOx or HC.

At this time, it would appear that the priority of
reduction, (with a brief statement of the rationale involved) for
pollutant emissions from gas turbine engines used by the USAF, is
as follows:

(1) Smoke - The pollutant which first directed public
attention to gas turbine powered aircraft was smoke. Combustor
retrofit and modification reduced smoke to acceptable levels but
all indications are that smoke numbers are now increasing and
will continue to increase. The USAF is continuing its use of
several older model engines which are prone to smoke. The aroma-
tic content of JP-4 is increasing so smoke will increase.
Alternate fuels being investigated may cause increased smoke.
All of these factors are important, but two critical facts are
foremost; smoke is causing short-term problems in jet engine test
cells, some of which have been cited by local authorities for
opacity violations, and, smoke is a current and long-term opera-
tional problem for combat and support aircraft operating in war-
time conditions.

(2) Hydrocarbons - HC is emitted in quantities greatly
in excess of the desired amounts. It is emitted primarily at
ground level and can enter into the photochemical air pollutant
cycle to cause substandard ambient air. The mechanisms of HC
conversion in the photochemical reaction is well documented as is
the dispersion of the HC at airports. Research into low-power
combustion emissions should be continued with the major effort
directed toward HC reduction.

(3) Oxides of Nitrogen - NOx reduction deserves con-
tinued USAF research. This research should be directed to not
only methods of reducing NOx formation but also to possible
effects of NOx on the environment. If short term NO2 standards
are developed by EPA it will be important to address this issue.
The same can be said if the NOx emissions at altitude are found
to be harmful.

(4) Carbon Monoxide - CO reduction will occur if HC
reductions are implemented. It does not appear that CO reduction
research should be carried out as a separate program because CO
is currently below threshold levels, most of the time, around
most airports.
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(5) Oxides of Sulfur -SOX~ emissions are strictly fuel.1 related and any research studies on them should be fuel related.
SOX~ emissions are probably not a serious problem at this time
and other than the fuel research studies, no other research is
recommended.

9.3 Research on Fuel Related Problems

Fuel related problems can be two general types. The
first type occurs when fuels change within the specification for
that fuel. An example of this type of change would be an
increase in the percent aromatics to approach the maximum level
specified of 20 percent for Jet A and B, or the maximum of 25
percent for JP-4, JP-5 and JP-8. Currently, the aromatic content
of JP-4 is just over 12 percent (Reference 74). The second type
of fuel related problem can occur when alternate fuels are being
studied. The fuel bound nitrogen of raw shale oil could be as
high as 2 percent (Reference 68), for example.

9.3.1 Carbon Monoxide and Hydrocarbon

CO and HC are combustion variables which are
related to combustor design. They are only slightly changed by
changes in fuel variables. Research on alternative fuels should
consider that HCs are critical engine emissions and should not be
caused to increase because of changes in fuel variables.

9.3.2 Oxides of Nitrogen

NOx emissions are a function of combustor
operating conditions and fuel-bound nitrogen. Fuel-bound nitro-
gen is converted from 20 percent to 75 percent to NOx within the
engine (Reference 68). For this reason they should be minimized
in gas turbine fuel. Fortunately, nitrogen compounds are known
hydrotreating catalyst poisons so jet fuels are treated to remove
them. Also, because many organic nitrogen compounds are detri-
mental to required thermal stability levels of jet fuel, exten-
sive efforts are already being used to minimize them, as noted
by Angello (Reference 68).

"Therefore, it is unlikely that shale oil
derived fuels will ever have high levels of
nitrogen. However, other portions of the
overall Air Force program should provide
guidance to this aspect."

It does appear that the USAF should have an
active program to assure that fuel-bound nitrogen is minimized.

* . Further, it should be noted that environmental protection is only
one of the justifications for such a program.
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9.3.3 Smoke

Smoke has been found to be so positively corre-
lated with fuel hydrogen/carbon ratios and aromatic content that
fuel related research should be considered at least on the same
level as combustor research to reduce smoke. It is known that
the more readily available sources of crude oil are showing
higher aromatics all the time. It is to the USAF advantage to
establish, and continue, research programs looking at the smoke
producing potential of current and future gas turbine engine
fuels. Increased hydrogen/carbon ratio fuels can be produced but
they would be produced at signficant cost increases and increased
energy consumption.

9.3.4 Oxides of Sulfur

Organic sulfur compunds, and free sulfur, are
converted to SO,~ in a jet engine with nearly 100 percent conver-
sion efficiency. The only viable method for reducing SO,~ emissions
therefore, is to reduce the sulfur content of the fuel supplied
to the engine. The USAF should be working toward maintaining low
levels of sulfur in jet fuel as one of its research goals. It
should also be stated that sulfur reduction mechanisms are
available, but at the expense of increased fuel processing costs
and energy use.

9.4 Revision of Landing and Takeoff Cycles

As long as the EPA intends to base their emission stan-
dards on a normalized LTO cycle, a change in the LTO cycle may be
considered as a means for control of emissions to the atmosphere.
If, for example, the Taxi/Idle time can be halved, the emissions
of CO and HG can be nearly halved. It would, therefore, appear
that the USAF could do considerable research on revising LTO
cycles to obtain more favorable Times in Mode (TIM). This
research might be more cost-effective than combustor research.

9.4.1 Revised LTO Cycles for Individual Aircraft

Multi-engine aircraft can use one engine (one
twin engine aircraft) or less than all engines (on aircraft such

* as the B-52) for a considerable portion of the taxi mode. This
increases the power output on the operating engine(s) which in
turn reduce CO and HC emissions to the atmosphere. This is
currently a standard operating procedure at many USAF bases as a
combination emission - energy saving procedure.

Another example of modification of an LTO cycle
would be using an auxillary power supply while checking the
electronic gear on a B-52 before takeoff. Naugle and Nelson
(Reference 47) report a Taxi/Idle TIM of 30 minutes, from engine
start up to the start of the takeoff roll. Any method that would
cut this time in half would greatly reduce the emissions for the
LTO cycle. Note that Table 24 lists HC emissions for the B-52H as
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122,163 grams per LTO cycle for the EPA cycle, 222,033 for the
USAF average TIM-LTO cycle, and 237,763 for the USAF measured
TIM-LTO cycle. The allowable emission of HC for this aircraft,
under the proposed EPA Rules, is 5,050 grams per LTO cycle for
engines manufactured after 1/1/81 and 1,996 per LTO cycle for
engines manufactured after 1/1/84.

9.4.2 Revised LTO Cycles for Individual Bases

Individual USAF bases may have some options
available to change LTO cycles. For example, a base with many
touch and go operations may consider setting pattern altitude at
one kilometer which is equal to 3,300 feet. This would place the
aircraft above the 3000 foot (.914 kin) level specified in the
EPA-LTO cycle. The emissions above 3000 feet would not be
charged to t1.e cycle.

Another option which might be considered would be
to use high-speed turn-of fs from the active runway to the ramp.
This would cut down on the amount of time in the Taxi/Idle TIM.

Other systems such as scheduling aircraft start-up
and taxi to eliminate cueing at the end of the active runway are
realistic approaches to the problem. They surely would be less
expensive than major engine retrofit or modification to reduce
emissions.

9.4.3 Split Taxi and Idle Times

Some control can be exercised over the amount of
thrust used for taxi. This is in contrast to the idle mode when
the engine is carrying its minimum load. By combining thle taxi
and idle modes, as EPA has done (Reference 2), a higher than
actual CO and HG emission for the LTO cycle is calculated. This
is because the calculation is based on the Emission Index (El)
for the idle mode which is the h~lgher of the two.

If the two modes were used, and the TIM for each
calculated, the CO and HC emissions would not only be lower for
the LTO cycle, but the LTO cycle would be closer to the actual
cycle being used.

9.5 Revise the Current LTO Cycle to a Real Time Cycle

The current LTO cycle is an average, derived from com-
mercial aircraft operating at large civilian airports. It is,
therefore, a good basis for calculations concerning emissions at
such faciliteis. It is much easier to use averages for modeling
input rather than measure each individual aircraft TIM.

The USAF should not be expected to consider using the
EPA-LTO cycle because they are not operating "commercial"

173



aircraft, and, in most cases, are not operating from civilian
airports. Section 9.4 suggested some areas that the USAF might
consider to obtain more realistic TIMs for their operations.

Another system that could be used by the USAF (probably
for research purposes at this time) would be to install equipment
to record the actual TIMs for specific aircraft at specific
bases. This equipment would record the real time engine output
which could then be used as a computer input for that aircraft.
The emission data could also be entered into the computer in the
form of continuous data (curves) rather than the discrete data
input now used. With this system the computer could calculate
the actual emissions of pollutants over an actual cycle.

The only equipment necessary on the aircraft would be a
sensor to pick up the engine output and an electronic recording
system. The sensor could even be one which was already in place
on the engine/aircraft for another purpose. Examples of sensors
(transducers) which cnuld be used could be:

(1) Load cells to pick up the thrust of the engine.
The electronic system would have to consider this input with
inputs from the airspeed and altitude recording systems.

(2) A system based on engine speed. The RPM would be
the primary input but again airspeed and altitude data should
also be used as inputs.

(3) Flow meters on the fuel system could be used for
engine output data through correlation equations in the electro-
nic system.

(4) Temperature measurements at the turbine outlet and
afterburner outlet could be used as the inputs to the electronic
system to obtain continuous mode data.

9.6 Continuation of Research and Development Studies

The USAF has been a leader in basic research studies
related to gas turbine engines. Many of these studies have led
to important applied research areas. It is vitally important to
the USAF to continue an active program of research in the criti-
cal areas which relate to engine emissions. A listing of these
areas would include:

(1) Photochemistry, reaction rates, products, etc.

(2) Combustion, initiation, propogation, inhibition,

etc.

(3) Smoke, formation, mechanisms and control.
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9.7 Studies of Emission Variability

It has only been recently that the subject of emission
variability from gas turbine engines has received attention even
though it has been questioned for several years. The variability
was considered in establishing the acceptance levels mentioned in
the EPA Proposed Rules (Reference 2),

"Has a Margin for Variability Been Included in
Setting the Standards?"

"Thus, the standards are to be considered upper
limits with respect to compliance testing and manufac-
turers must set their design goals sufficiently below
the standards to account for variability."

This issue of variability, limits, and standards was
discussed at the EPA Public Hearings (Reference 46) in San
Francisco. The various engine manufacturers expressed concern
with the EPA Proposed Rules and wanted to use some other system
of acceptance/rejection.

Rolls-Royce stated their objections in a paper presented
at a recent APCA meeting (Reference 75),

"Over the past few years it has become clearly
recognised that the emissions observed from nominally
similar aero-gas turbines exhibit appreciable variabi-
lity and that any regulatory scheme must take this into
account. As a consequence of variability and of the
small number of engines available for testing, it will
not be practicable to devise a regulatory scheme which
can be met with 100 percent compliance.

The Certification Authority has to accept a small
risk that it may occasionally award a certificate to an
engine type which produces slightly more pollution than
defined by the legislative standards while the manufac-
turer may sometimes be refused a certificate for a
satisfactory engine type and may have to test a further
one or two engines to demonstrate compliance.

In all certification procedures, there is a margin
between the level which is technically achievable by the
average engine and the published Regulatory Limit.
The size of this margin deper-'s on the variability, the
way in which the regulations .re to be interpreted and
the risks accepted by the manufacturer and the
Certification Authority. To make these risks small the
margins have to be large, leading to a wide disparity
between the average level of emissions and the
Regulatory Limit and dissociating the Limit from the
environmental consequences of the regulations."
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Rolls-Royce (Reference 75) presents an excellent set of
conclusions to their paper. These conclusions point to some of
the research areas that the USAF might consider to clarify the
many issues involved concerning variability:

"l. Gaseous emissions from aircraft gas turbines exhi-

bit great variability, especially in the case of
hydrocarbons.

2. For carbon monoxide, hardware differences and
measurement factors contribute equally to total
variability

3. The majority of the variability in hydrocarbon
emissions is attributable to measurement factors,
although the fundamental variability is still substan-
tially more than carbon monoxide.

4. Emissions certification schemes must recognize that
this variability, combined with the very small number of
engines available, demands the provision of margins bet-
ween the Regulatory Limits and the achievable tech-
nology levels.

5. The size of these margins depends on the degree of
risk acceptable to the certifying authorities and
manufacturers.

6. The margin is greatly reduced by adopting universal
values of variability and basing compliance demonstra-
tion on the control of the population mean."

9.8 Studies of Sampling Methods and Systems

Sampling methods and systems for accurately obtaining
representative samples from jet engine exhausts are also subject
to the variability mentioned in the previous section (9.7). The
Rolls-Royce paper (Reference 75) refers to the variability due
to sampling,

"Measurement Variability

(a) Instrumentation scatter refers to variations that
may occur in the actual analysis of identical samples.

(b) Sampling variations arise because the distribution
of the pollutant species is neither uniform across the
jet pipe sampling plane nor constant from engine-to-
engine."
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Standard methods of sampling gas turbine emissions have
been established (Reference 76) and in general have been adopted
by the EPA as part of the EPA Proposed Rules (Reference 2). The
USAF has actively participated on the committees that have

* established these sampling and analytical methods. Continued
support of these committees through research and participation
should be an important USAF function.

An earlier paper by Dieck and Elwood of Pratt & Whitney
Aircraft (Reference 77) addressed the problems of accuracy of
emission data. A more recent paper by Dieck (Reference 78) sum-
marizes the several years work by Pratt & Whitney. The conclu-
sion of this paper states:

"l. Over seven years of documented evaluations there
have been no trends in the precision of Co21 00, HC, or
NOx instruments in use during tests on gas turbine
engines.

2. Significant variation in instrument precision exists
even for six month averages thus requiring continuous
instrument precision assessment for proper error
analysis.

3. EPA recommended analysis instrumentation for C02 ,
COP HC and NOx# utilizing present technology, will not,
in general, achieve the precision required by the EPA
regulations.

4. Instrumentation calibration curve determination may
be used to uncover calibration gas analysis errors.

5. Properly fit calibration curves will have residual
errors roughly equivalent to those of the calibration
gases.

6. Smoke filter papers can exhibit batch-to-batch
errors of two smoke numbers.

7. A standard set of smoke filters should be
established for all facilities who often must change
filter paper batches.

8. Side-to-side filter paper bias error may be as much
as 3.4 smoke numbers so only one side should be used in
all gas turbine smoke testing."

There clearly exist many areas where research is needed
*in order to determine how representative the values reported for

emissions really are and what errors are involved.
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9.9 Continued Studies of Cost of Control Technology

Many different studies have been conducted to determine
the cost of control of pollutant emissions. Some also include
cost-effectiveness data. These papers are not in total agreement
and additional USAF investigation in this area is warranted to
assure that the USAF has the best information available.

The EPA has presented their own cost studies (Reference
50 and 51) and have contracted another study (Reference 66).
Naugle (Reference 67) reports on the similarities, and
differences, in these studies. Blazowski and Henderson
(Reference 3) reported the USAF research on the subject but this
data is probably out of date for today's situation, and the
changed EPA Proposed Rules.

9.10 Continued Studies of Models

The ability of existing air quality models to predict
the effects of turbine engine emissions on the environment is
limited at best, due in part to the reliability of the input data
and also to the representativeness of the models themselves.
Thus, it is important that the USAF continue its research to
develop the most accurate, least biased models possible. The
models necessary for understanding the effect of turbine engine
emissions on the environment generally break down to (1) airport
and ambient air, (2) atmospheric, and (3) stratospheric.

9.10.1 Airport Models

Airport models calculate the affect of the pollu-
tants on ambient air. The pollutants of concern affect the area
in the immediate vicinity of the airport. Models should con-
centrate on the dispersion and diffusion of CO, SOX and
NOx (short term).

9.10.2 Atmospheric Models

Pollutants which become entrained in large scale
air masses can cause harmful effects after traveling long
distances from their point of release. Also, because of pho-
tochemical and other reactions, secondary pollutants can form
which may be more harmful than the original engine emissions.
Pollutants of concern in atmospheric models are HC, NOx and SOX .

9.10.3 Stratospheric Models

Stratospheric models are of concern because they
are the least defined of the three models. So much conversion of
NO-NO2 , 02-03, HC-oxidants, etc. is involved that reliable
values are difficult to predict. This, along with the stra-
tospheric circulation variables and the extreme difficulties of
stratospheric sampling, points out the great need for the USAF to
continue research on stratospheric models.
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SECTION X

RECOMMENDATIONS FOR THE FUTURE

The USAF must stay in a leadership role in the eyes of the
world. This will entail a continued expenditure of time, money,
and effort to accomplish the goals stated. The results may not
always be readily apparent to an untrained observer. The results
may not bear fruit for several years. The push toward continued
leadership may not even be a popular stand. These recommen-
dations are made realizing that such pitfalls do exist.

10.1 Continuing Review and Application of USAF Goals

It is not enough just to set down the USAF goals
periodically and then sit back and not evaluate them until some'
later point in time. A USAF Directorate should be charged with
continual review of the goals and their application to new
programs as technology is advanced. Military specifications
(References 82 and 83) should be updated to explicitly incor-
porate USAF goals. USAF scientists and engineers should be
informed that they are expected to continually be aware of the
USAF goals and direct their research and other projects
accordingly. Application to new programs would be accomplished
through Directorate review of USAF Program Management Directives
(PMDs) and insertion of the goals into them.

Some point in time should be slected as the target
at which time the USAF goals will be again critically reviewed,
and possibly rewritten. This time should not be more than five
years into the future (1984). This would be compatible with
several other studies which should be completed about the same
time.

10.2 Cooperation with EPA, ICAO, and FAA

The USAF cannot tell the EPA, ICAO, and FAA what
rules and standards they should adopt. The USAF can, however,
continually consult and cooperate with these agencies in every
way possible. It may be possible that the USAF will not have
direct representation to ICAO. In that case the USAF should
cooperate with the FAA, which is represented, and use the FAA as
its voice to ICAO. The USAF does coordinate in a yearly meeting
with personnel from the regulatory, standard setting agencies
(such as FAA and EPA) and other U.S. Governmental agencies
working on control of gas turbine emissions. The 1979 meeting,
the "Eleventh Annual Coordination Meeting of Government
Representatives Dealing with Research Efforts in Aircraft
Pollution", was hosted by the Air Force Engineering and Services
Center, Tyndall AFB FL. This is the type of cooperation which
should be encouraged. Any input the USAF can develop into the
setting of rules and standards will be a direct benefit.
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10.3 Liaison with the Army and Navy

The USAF works jointly with, and consults with,
Army and Navy organizations actively involved in turbine engine
pollutant reduction, atmospheric modeling, atmospheric research,
etc. This cooperation must be continued and encouraged to main-
tain a coordinated effort within the Department of Defense.
These organizations were in attendance at the "Annual
Coordination Meeting" mentioned in Section 10.2.

10.4 Liaison with Universities,* Consultants,* Engine
Manufacturers, Etc.

Many private and public groups currently work with
the USAF on a cooperative basis. This takes many forms such as
university professors on summer appointment at USAF facilities
and USAF Systems Command cooperative education programs which
allow qualified students to work cooperatively with the USAF.
The USAF personnel will confer with consultants, suppliers, and
major engine manufacturers to attempt to develop mutually benefi-
cial projects. All of these programs, and other similar
programs, should be encouraged and expanded.

10.5 Participation in Technical Societies

The USAF and USAF personnel are an important
resource to technical societies concerned with gas turbine engine
emissions. A look at the list of references for this report
will show several such societies. The USAF, military and civi-
lian personnel, are active on the committees and councils of
these societies. Such activities are to be encouraged and
promoted, even though they require an expenditure of USAF funds
and a time commitment from the personnel involved. It is also
recommended that the USAF continue a policy of sending qualified
personnel to local, regional, national, and even international
meetings dealing with their special areas of expertise. The USAF
should gain as much from such a meeting as it gives.

10.6 Support of Research Grants and Contracts

Currently the USAF supports all areas of research
and development on turbine engines in the amount of several
million dollars each year. This support must be continued, and
perhaps even expanded in areas necessary to assure that the USAF
will always be in an environmentally sound position. The mili-
tary is currently exempt from the EPA rules governing turbineI
engine emissions. One reason for this exemption is that the
military is known to be at the forefront of the research on these
engines. This reputation is worth keeping and a major reduction
in research funding would be detrimental to this reputation, and
to the USAF.
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10.7 Maintain a High Level of'Interest in USAF Goals

The USAF should constantly be aware of the turbine
engine emission goals. USAF personnel should realize how criti-
cal the "exemption" is to the capability of the USAF to conduct
its mission. Every effort must be made, from initial research
considerations through aircraft operations, to minimize turbine
engine emissions. If the USAF Pledge to Environmental Quality is
upheld in spirit as well as literally, the USAF will have no
trouble meeting the goals presented in this report.

1I1
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APPENDIX A

USAF Proposed Data Item Description for Aircraft

Turbine Engine Pollutant Emissions Measurement
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DATA ITEM DESCRIPTION 2 IDENTIFICATION NUOS)

1. TITLE
Aircraft Propulsion Turbine Engine Air Pollution Emissions UDI-E-3935(ASD

Data

3. OESCRIPTION/PURPOSE 4. APPROVAL DATE

The purpose of this Data Item Description is to report

turbine engine emission data procured under Air Force engine 1. OFFICEOFPRMARY

development contracts in a form suitable for use in the

environmental assessment process, including making compari-

sons between engines procured under different contracts. 6. DDC REQUIRED

8. APPROV AL LIMIT ATION

7. APP.I CATION/INTERREL ATIONSHIP

This data item applies to all Air Force turbojet, turbofan,

and turboprop aircraft engine development and procurement
9. REFERENCES (Mandatory as ored in

programs which include emissions measurement tasks. Be- block 10)

cause these data are needed for early evaluation of air a. Title 40, Code of

pollution emissions in the environmental assessment/state- Federal Regulations, Pro-

ment process, it should be considered for use on prototype tection of Environment,

engine programs. Part 87. b. "Development

of Emissions Measurement

Techniques for Afterburn-

ing Engines," AFAPL

TR 75-52, WPAFB, Of Oct 75.

c. AFR 19-1.
MCSL NUMBEIPS)

10. PREP ARAT ION INSTRUCTIONS
a. Report emission measurements in accordance with the requirements set forth in the

current issue of Title 40, Code of Federal Regulations, Part 87. Report data from

augmented engine measurements IAW the requirements of AFAPL-TR-75-52.

b. Report data for each type of fuel tested in the engine.

c. Data presentation and units. Present results in SI (Systems International) metric

units except where traditional English nomenclature refers to nominal sizes and not

exact dimensions, e.g., 1/4 inch tubing. Show English units parenthetically if desired

Report data for conditions representative of idle, taxi, takeoff, cruise, and approach

modes. Express emission rates of CO, NO , SO , and hydrocarbons for each engine

operational mode in grams pollutant emitted per kilogram of fuel consumed. Present

results in tabular as well as graphical format. For graphical presentation, plot
emissions for each pollutant measured as a function of engine fuel flow. Also, indi-

cate the percent engine power on the abscissa. Display engine smoke number as a func-

tion of both fuel flow and engine power setting. Emissions per 1000 pound-thrust

hours are not required. For comparison with AF goals (AFR 19-1), specify (a) ground

idle pressure ratio (b) combustor inlet temperature at condition of maximum NOx 5,

emissions and (c) exhaust nozzle diameter at maximum smoke unaugmented condition.

d. Stratospheric Emissions. Present the emission rates of CO, CC , HC, I1 0, and NOx

as a function of fuel flow for altitudes of 10 and 20 km. These data may ge estimated
and are required only for aircraft that will operate in the stratosphere.

e. Auqmentation Mode. Report equilibrium atmospheric emissions measurements or
estimates, as well as exhaust plane measurements in the same format used in item 3.c.
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CONTRACTOR DATA REQUIREMENT SUBSTANTIATION (CONTINUATION)

3t. IDENTIFICATION (-*U*' ID PROCESSING ONLY)

ITLE Aircraft Propulsion Turbine Engine Air PollutionEmission Data NUMBER

SUBMITTING ACTIVITY HQ AFESC/RDV

IV. JUST IF ICAT ION
32. STATE WHAT DICTATES REOUIREENTThe AFSC Environmental Protection Committee has recognized

the need for inclusion of engine air pollutant emissions data as part of the Data Man-
agement Program. Collection of emission data prior to beddown of new aircraft of re-
location of older aircraft is mandatory in order to prepare environmental statements
and assessments. The incorporation of emission data into the Data Management Program
is also consistent with AFR 19-2 which states that environmental effects are to be
identified by the unit responsible for the action and included at the earliest possible
MXXmG c 34kgkcAXK moment in the planning process.

33. State Use of Data
Data will be used to prepare environmental assessments and/or statements prior to bed-
down of new aircraft or relocation of older aircraft.

34. IDENTIFY SPEC;FICALLY WHO WILL USE DATA

The unit responsible for the beddown or relocation of aircraft.

35. DESCRIBE IMPACT IF NOT OBTAINED If these data are not part of the manufacturer's data

package, they must be collected under separate contract or measurement programs. Such
programs are costly and often cannot be completed within the necessary time limits.
Since engine manufacturers have emissions measurement capability, they should be able
to complete the measurement programs in a timely manner at minimum cost.

36. STATE WHY STANDARD DID WILL NOT SATISFY ("U" DID PROCESSING ONLY)

There are no standard DIDs which address aircraft turbine engine air pollution
emission data.

A

V. SUPPORTING "U" DID INFORMATION (U" DID PROCESSING ONLY)

S7. COORDINATION 38. BURDEN (Cost R-nge -. d Frequoncy)

DMO $10-$20K per report for each aircraft
FUNCTIONAL STAFF engine development and procurement pro-

NOT SYS CONTROL gram.
REMARKS

[9. RECOMMENDED APPLICATION LIMITATION

General use by all - include in ADL

VI. DISPOSITION

100 Como

o APPROVED Q DISAPPROVED - FOR AOL 3 APPROVED D DISAPPROVED I FoR 'kO.

o-- OTtRn (t ain OTHER (ExpledqI

DATE DATE
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INITIAL DISTRIBUTION

HQ TAC/SGPA 1 AESO/CODE 64270 1
HQ SAC/SGPA 1 AND/RD 1
HQ USAFE/SGP 1 NASA Lewis Research Center 1
HQ PACAF/SGPE 1 AEDC/DDTR 1
HQ MAC/SGPE 1 EPA/SDSB 1
HQ AAC/SGB 1 EPA 1I1
HQ AFLC/SGB 1 AVRADCOM/DAVDL-ATL-ATP1
Federal Aviation Admin 1 Oregon State University 3

*HQ TAC/DEEV 1 General Electric Aircraft
HQ SAC/DEPV 1 Engine Group I
HQ USAFE/DEPV 1 Pratt & Whitney Acft Corp 1
HQ MAC/DEEE 1 ANGSC/DEV 1
HQ ATC/DEPV 1 ASD/YZEQ I
AMRL/CC 1 HQ AFESC/DEV 1
USAFSAM/CC 1 HQ PACAF/DEMU 1
ASD/CC 1 Naval Air Propulsion Center 1
AFOSR/CC 1 HQ USAF/LEEV 3
AEDC/CC 1 HQ USAF/SGPA 1
USAFCRE/WR 1 OSAF/MIQ 1
USAFCRE/CR 1 OSAF/Ol 1
USAFCRE/ER 1 AFIT/LGSM 1
DTIC/DDA 2 AFIT/Library 1
HQ AFSC/SGB 1 AFIT/DE 1
NEPSS 1 USN Chief, R&D/EQ 1
AEDC/DOTR 1 OEHL/CC 2

HO USAF/LEEVP 1 HQ AFESC/DEV 1
OASD/(I&L)EES 1 USAFSAM/EDE 2
AFATL/DLODL 1 HQ AFISC 2
EPA/ORD 1 AUL/LSE 71-249 1
AFWAL/POSF 1 HQ USAFA/Library 1
AFWAL/POTC 1 HQ AFESC/TST 1
ASD/DES 1 OL-AD; USAF OEHL 1
HQ AFESC/RDVC 10 USAF Hospital, Wiesbaden 1
HQ AFSC/DLW 1 HQ AAC/DEV 1
AVCO-Lycoming 1 HQ AFLC/DEPV 1
Pratt & Whitney Acft Group 1 HQ USAF/SGES 1
Airesearch Manufacturing Group 1 EPA/ORD 1
NAFEC/ANA-420 1 HQ AFSC/SGPA 1

*Detroit Diesel Allison Div 1
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