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Preface

This interim assessment is a product of the NRC Panel on the Atmospheric
Effects of Aviation (PAEAN). PAEAN consists of sixteen people selected to
provide expertise in relevant fields that include field observations, laboratory
chemistry, atmospheric dynamics and modeling, aircraft combustors, climate,
and public policy. The charge from its NASA sponsor, the Atmospheric Effects
of Aviation Project (AEAP), is to provide assessment of and guidance to AEAP
by evaluating the appropriateness of the AEA project’s research plan, appraising
the project-sponsored results relative to the current state of scientific knowledge,
identifying key scientific uncertainties, and suggesting research activities likely
to reduce those uncertainties.

AEAP has six primary elements: Global Modeling, Atmospheric Observa-
tions, Laboratory Studies, Operational Scenarios, Near-Field Interactions, and
Emissions Characterization. This report examines the last two project elements,
which are both exhaust-related. Emissions Characterization is determining the
constituents discharged under cruise operating conditions for current and future
engines, and Near-Field Interactions is exploring how chemical, dynamic, or
physical processes in aircraft wakes can alter these constituents. The effects of
the current subsonic fleet are of great concern at present, and the Emissions
Characterization and Near-Field Interactions project elements are vital to assess-
ing those effects correctly. This interim report reviews the two elements and
recommends some changes in emphasis.

PAEAN has met three times as a panel, and each of its working groups—
supersonic/stratospheric, subsonic/tropospheric, and emissions—has met on its
own. The emissions group put together the initial draft of this document, and we

Vii
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viii PREFACE
thank them for their efforts. We appreciate the skill and perseverance of our staff
officer and editor, Ellen Rice, and the administrative support of Doris Bouadjemi.
Last, we are grateful to the many people, both those involved with AEAP and
those outside it, who through briefings and reports kept us apprised of these two
elements of the project and related work.

Albert J. Kaehn, Jr.
PAEAN Chair
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Executive Summary

The objective of NASA’s Atmospheric Effects of Aviation Project (AEAP)
is to develop scientific bases for assessing atmospheric impacts of the exhaust
emissions discharged by fleets of subsonic and supersonic civil aircraft. Emis-
sions Characterization (Element 9.6 of AEAP) is tasked with determining the
constituents discharged under cruise operating conditions for current and future
subsonic-transport engines as well as ultra-low-emission future supersonic-trans-
port engines. Near-Field Interactions (Element 9.5) explores how chemical,
dynamic, or physical processes in aircraft wakes can alter these constituents.
This interim assessment reviews the status of these elements, and suggests some
change in priorities within each one.

The discussion of the Emissions Characterization element examines the se-
lection of the constituents to be measured, the venue for conducting the measure-
ments, and the methods of obtaining the measurements. The panel recommends
that measurements of SO,, SO;, and OH be given a higher priority, and that
methods for measuring these constituents and characterizing soot particulate be
refined. Also recommended is increased emphasis on testing actual subsonic
engines (preferably engine models recently introduced into operational service),
rather than relying heavily on combustor test rigs. Tests of an advanced military
supersonic aircraft engine are recommended to assess the degree of SO, oxida-
tion.

For the Near-Field Interactions element, the development of analytical mod-
els and the current measurement activities are reviewed. The panel recommends
that the completion of at least preliminary versions of plume and wake models be
given top priority so that their integration to form a suite can begin soon; corol-
lary to this is a recommendation for prompt dissemination of flight-test datasets.

Copyright © National Academy of Sciences. All rights reserved.
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Introduction

The overall objective of the NASA Atmospheric Effects of Aviation Project
(AEAP) is to develop scientific bases for assessing atmospheric impacts of the
exhaust emissions discharged during cruise operations by fleets of subsonic and
supersonic civil aircraft. The AEAP is comprised of two major entities, the
Subsonic Assessment (SASS) project and the Atmospheric Effects of Supersonic
Aircraft (AESA) project. The SASS project is being conducted under the aus-
pices of NASA’s Advanced Subsonic Technology Program (ASTP), and the
AESA project under those of NASA’s High-Speed Research Program (HSRP).
Because of their shared focus on environmental impact, program management of
these two assessment efforts has been consolidated into an overall program, the
AEAP.

The purpose of the SASS project is to assess the possible impacts of both
current and future fleets of subsonic civil transport aircraft. At cruise altitudes
these aircraft operate in the upper troposphere and the lower stratosphere. The
AESA project, on the other hand, is designed to assess the impacts of a potential
future fleet of high-speed civil transports (HSCTs). These supersonic aircraft are
expected to feature the use of advanced aircraft and engine technology being
evolved in the NASA HSRP. Their cruise operations will take place at mid-
stratospheric altitudes (in the range of 16 to 20 km).

The AESA project, which was initiated first, has been in progress for about
six years. Its current status is summarized in 1995 Scientific Assessment of the
Atmospheric Effects of Stratospheric Aircraft (Stolarski et al., 1995). The SASS
project was started in 1994. Its current status is summarized in Atmospheric

Copyright © National Academy of Sciences. All rights reserved.
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INTRODUCTION 3

Effects of Aviation: First Report of the Subsonic Assessment Project (Thompson
et al., 1996).

Among the six primary elements of the AEAP are Emissions Characteriza-
tion (Element 9.6) and Near-Field Interactions (Element 9.5). The objective of
the Emissions Characterization effort is to determine the exhaust-emission con-
stituents and levels discharged at cruise operating conditions by current-technol-
ogy subsonic-transport aircraft engines, projected future advanced-technology
subsonic engines, and projected advanced-technology supersonic-transport en-
gines equipped with ultra-low-emission combustors. The objective of the Near-
Field Interactions effort is to determine whether and how fluid dynamic, chemi-
cal, and/or physical processes in aircraft wakes can alter the engine-emission
constituents or their deposition altitude.

The NRC’s Panel on Atmospheric Effects of Aviation (PAEAN) was re-
quested to evaluate the appropriateness of AEAP’s research plan, appraise the
project’s results, and suggest how best to reduce the remaining uncertainties. (An
earlier panel did the same for the AESA project (NRC, 1994).) This report
accordingly provides an interim assessment of the NASA Emissions Character-
ization and Near-Field Interactions efforts conducted to date, as summarized in
the two publications mentioned earlier. It is intended to aid in detailed planning
of the future work of these two AEAP elements. A second PAEAN report,
Interim Review of the Subsonic Assessment Project: Management, Science, and
Goals (NRC, 1997), makes recommendations for the SASS component. A third
report, dealing with AESA, is in process.

Copyright © National Academy of Sciences. All rights reserved.
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Emissions Characterization

The Emissions Characterization element encompasses a wide range of re-
search activities. In addition to a variety of combustor-rig and engine-emission
measurement activities, extensive efforts are being conducted to develop ad-
vanced emission-measurement methods and associated computational fluid dy-
namics (CFD) analytical models.

As of the end of fiscal year 1996, approximately 68 percent of the funding
allocated to this element had been expended or committed. The work planned for
Emissions Characterization is scheduled to be completed during fiscal year 2001.
The funding available for the remaining five years is not large, considering the
breadth of activities and the magnitude of test efforts—on the order of $1.91 M.
The three key considerations in the execution of the work scope of this element
are the prioritization of the engine-exhaust constituents to be measured, the selec-
tion of venues for conducting these measurements, and the selection of measure-
ment methods.

EMISSION CONSTITUENTS TO BE MEASURED

A prioritization of the constituents to be measured was initially generated in
1992 as a part of the AESA project. This prioritization effort was carried out by
a committee of experts, the Engine Exhaust Trace Chemistry Committee
(EETCC), that was specifically established to guide and support the work being
conducted within this research area. The results of the EETCC’s prioritization
efforts are summarized in Engine Trace Constituent Measurements Recommended
for the Assessment of the Atmospheric Effects of Stratospheric Aircraft (Miake-
Lye et al., 1992). A summary version of the prioritized listing contained in that
report is presented in Table 1. At the start of the SASS project in 1994, the
EETCC determined that this AESA prioritization was also applicable to the new
project’s emission-characterization efforts.

But in light of the recently obtained in-flight measurements of the composi-

Copyright © National Academy of Sciences. All rights reserved.
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EMISSIONS CHARACTERIZATION 5

TABLE 1 Summary of 1992 EETCC Priorities for Engine
Emissions to be Measured

First Priority Second Priority Low Priority
NO, SO, H,0
Soot particulate SO3/H,SO, HO,/H,0,
OH CHy
HNO;3 Non-methane hydrocarbons
Total hydrocarbons CcO
CO, Cl

Metal oxides

tion of the plume of a Concorde aircraft, as described in a paper by Fahey et al.
(1995) and in NASA’s AESA report (Stolarski et al., 1995), some adjustments of
this prioritized listing may now be needed. The particulate-emission measure-
ments obtained in these in-flight tests indicate a high degree of sulfur dioxide
(SO,) oxidation to condensed sulfate. This finding is surprising, especially be-
cause the data suggest that SO, oxidation by hydroxyl radicals (OH) is not the
dominant cause of the conversion. The 1995 AESA report states that a mecha-
nism that rationalizes the observed degree of SO, oxidation has yet to be identi-
fied. The report also notes that increases in sulfate-aerosol surface area in the
lower stratosphere may result in ozone depletion, and that this impact is maxi-
mized if the sulfate is formed within the exhaust plume. These effects are cited as
sources of uncertainties in predicting the impacts of HSCT fleets on the ozone
column. (The topic is also discussed in PAEAN’s recently published report on
SASS (NRC, 1997).)

NASA’s Concorde measurements are of considerable significance in that
they are the first in-flight measurements made behind a supersonic aircraft. It is
of especial importance that the measured nitrogen oxides (NO,) emission indices
are in good agreement with those obtained previously in emission tests of a
Concorde aircraft engine (Olympus) conducted in an altitude test cell. However,
any specific inferences concerning the SO, oxidation characteristics observed in
these tests must be tempered by the fact that the Olympus engines that power the
Concorde aircraft embody old technology (circa 1965). The future HSCT engine
is likely to have a very different thermodynamic cycle, and thus very different
exhaust-gas characteristics and compositions. In particular, the NO, and soot-
particulate emission levels of such an engine are expected to be considerably
different from those of the Olympus engine.

Accordingly, the direct relevance of the high degree of SO, oxidation ob-
served in the in-flight tests is unknown. Nevertheless, in view of the significant
atmospheric impacts that could result from such high conversion rates, an im-
proved understanding is needed of the chemical and particulate formation pro-

Copyright © National Academy of Sciences. All rights reserved.
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6 EMISSIONS CHARACTERIZATION AND NEAR-FIELD INTERACTIONS

cesses that occur in engine exhaust plumes, particularly in the near field. These
mechanisms are being investigated in other elements of AEAP. As an important
contribution to this understanding, however, additional engine tests (described
below) are needed to determine the degrees of SO, oxidation that occur within
engines. Such information is necessary as the starting point for studies to deter-
mine the degrees of SO, oxidation that can occur at various stages within the
plume. Some data relevant to this question will also be forthcoming from ongo-
ing U.S. and European flight-measurement projects.

Some changes to the EETCC’s prioritization are thus recommended. Mea-
surements of the SO, and SO, (sulfur trioxide) emission levels of engines should
be changed from second priority to first. Also, because of its importance in near-
field chemistry, consideration should be given to a higher priority for OH mea-
surements. In the AESA-related testing, these measurements should be obtained
with engines that are more representative of the eventual HSCT aircraft engine.
Supersonic military aircraft engines are suitable candidates, being fairly similar
in design and operating features to the currently proposed HSCT engine.

VENUES FOR CONDUCTING EMISSION MEASUREMENTS

A second issue of major importance in the execution of the Emission Charac-
terization element is the selection of venues for conducting measurements. En-
gine tests, made either during flight or in altitude test cells, are preferred.
Because of the high costs of such testing, however, considerable reliance on
combustor-rig tests of various kinds is currently featured in the planned work of
this element.

While attractive from a cost standpoint, the use of combustor-rig tests for the
acquisition of emission data does have some significant limitations. Obtaining
representative samples at the combustor-exit plane with gas-extraction methods
is difficult because most current subsonic engines have large radial and circum-
ferential concentration and temperature gradients. With non-intrusive measure-
ment techniques, obtaining optical access to the combustor-exit gas flow is usu-
ally difficult because of adverse geometries and hostile environments. Also, in
the case of some constituents, concentrations measured at the combustor-exit
plane may not be representative of those existing at the engine-exit plane. This is
certainly true for highly reactive species, such as OH, and may also be true for
several other species, such as soot particulate, SO,, SO5, and hydrocarbons.

To resolve these latter shortcomings, analytical models need to be used to
quantify any chemical changes occurring in the combustion gas as it flows from
the combustor-exit plane to the engine-exit plane. The development and valida-
tion of such highly complex, sophisticated 2-D and 3-D computational fluid
dynamics models are formidable undertakings. The models being developed as
part of this AEAP activity are still some way from usable. An assessment of the

Copyright © National Academy of Sciences. All rights reserved.
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EMISSIONS CHARACTERIZATION 7

progress and expected results of these efforts will be made when additional
information on their status is available.

In the case of soot particulate, obtaining accurate measurements of total
mass, size distribution, and other characteristics at the combustor-exit plane is
especially difficult with existing gas-sampling techniques. The combustion-gas
pressures at the sampling plane are quite high (from several to tens of atmo-
spheres). Before the characteristics of the sampled particulate matter can be
measured, the pressure of the sample of gas must be reduced to essentially one
atmosphere. Completing this pressure reduction without simultaneously altering
some of the particulate characteristics is a challenge that has not yet been fully
met.

For these reasons, and given the limited remaining budget for this AEAP
element, an increased emphasis on engine testing at cruise-altitude operating
conditions and a corresponding decreased reliance on combustor-rig testing are
recommended for the present. In view of the funding limitations of this element,
aggressive efforts to seek out and capitalize on opportunities for conducting such
testing on a piggyback basis—taking advantage of other experiments to add
emissions instrumentation—are strongly encouraged. To the extent possible,
these tests should be patterned after the excellent engine-test program conducted
as a part of this element during 1995 at the Arnold Engineering Development
Center (AEDC) at Arnold Air Force Base. In this extensive test series, gaseous
and particulate emission data were obtained in piggybacked tests of a modern
engine at both sea-level and altitude operating conditions. The large array of
extracted-gas-sample and non-intrusive measurement methods used in conduct-
ing these tests, together with the test findings, are described in Howard et al.
(1996).

Additional tests are needed to further quantify the emission characteristics of
current-technology subsonic engines. These tests should preferably involve civil
subsonic engines, especially newer models recently introduced into operational
service. The latter engines will power the bulk of the subsonic aircraft fleet in
service for at least the next three decades. Although more advanced subsonic
engines will be gradually introduced, it is probably premature at this time to
speculate on what their NO, and other emission characteristics might be. The
degrees of emission abatement that will have to be incorporated into the combus-
tors of these future engines will, in fact, be in large part determined by the SASS
project’s assessments. These SASS findings will not be available until 2002, at
the earliest. For these reasons, the planned rig testing of candidate Advanced
Subsonic Technology Program combustors should be relegated to second-prior-
ity status.

In the case of the AESA-related activities of this element, primary reliance
on engine testing is also recommended. While no HSCT engine prototypes exist
at this time, a demonstrator engine equipped with an ultra-low-NO, combustor

Copyright © National Academy of Sciences. All rights reserved.
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8 EMISSIONS CHARACTERIZATION AND NEAR-FIELD INTERACTIONS

will be tested during the 2001-2002 time period as part of the HSRP. The
specific purpose of this demonstrator-engine test effort is to evaluate a version of
the ultra-low-NO, combustor concept that is being evolved in the HSRP. This
engine-test series should provide an excellent opportunity to obtain a quantitative
determination of the future HSCT aircraft engine’s emission characteristics at
cruise.

Prior to this dedicated-demonstrator test, engine tests to assess the degrees of
SO, oxidation occurring within engines should be conducted. For this purpose,
piggybacked tests of an advanced military supersonic aircraft engine are recom-
mended.

METHODS OF OBTAINING EMISSION MEASUREMENTS

The third key issue is the selection of measurement methods for use in the
engine and combustor-rig tests. For some constituents (such as NO,, CO,, CO,
hydrocarbons, and soot particulates), extractive sampling and analysis methods
are well developed. Accordingly, in any given engine or combustor test series,
the concentrations of these constituents can be readily quantified. These mea-
sured concentrations can then be used to calculate emission-index (grams per
kilogram of fuel) values, using known engine fuel-air ratio data. For other
constituents (such as SO, and SO;), well-established techniques for analyzing
extracted-gas samples are not available. For the most part, non-intrusive methods
of determining exhaust-gas constituent concentrations are still in the research
stage. For these reasons, as a part of the work scope of this AEAP element,
efforts have been made to develop improved extracted-gas sample-analysis meth-
ods, as well as new and/or improved non-intrusive analysis methods. Excellent
progress has been made in both areas. Along with a standard suite of extracted-
gas sample-analysis methods, these new and/or improved measurement methods
were deployed in the above-described AEDC engine test series, with good suc-
cess.

Further improved and/or new methods for measuring emitted levels of soot
particulates, OH, SO,, and SO, at the engine exhaust-nozzle exit plane are still
needed, as they are for characterizing the particulates. Intensified efforts to meet
these needs are recommended. In the case of soot-particulate characterization,
refinement and validation of the methods evolved to date in this AEAP element
should receive greater emphasis. In the case of OH-concentration measurement,
further refinement of the UV-absorption method currently being developed by
AEAP would be desirable. And for measuring SO, and SO, concentrations,
suitable new extracted-gas sample-analysis methods and/or non-intrusive sam-
pling and analysis methods are needed. For instance, tunable-diode-laser absorp-
tion spectroscopy should be sensitive enough to determine SO; (which is so
reactive a non-intrusive method is needed) and SO, concentrations, via a mul-
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tiple-pass optical system set up to sample across the engine-exit plane. Efforts to
evolve and refine the hydrocarbon-speciation methods currently being pursued as
a part of the work scope of this AEAP element should also continue. In all cases,
emphasis should be focused on measurements at the engine-exit plane, rather
than at the combustor-exit plane.
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Near-Field Interactions Element

The Near-Field Interactions element encompasses a broad range of analyti-
cal model-development and measurement activities. The prime objective of the
measurements is to provide the detailed test data needed to assess the accuracy
and completeness of the models. The combined goal of the modeling and mea-
surement efforts is to describe and quantify the chemical and physical processes
that occur in HSCT and subsonic-aircraft wakes during cruise operations. These
processes occur in three identifiable regimes: engine exhaust-plume, wake-vor-
tex, and vortex-breakup/wake-dispersion. The last regime, which typically ex-
tends to a distance of more than 20 km behind the aircraft in the case of subsonic
civil transports, is where the engine exhaust gases or their chemical derivatives
are mixed into the background atmosphere.

Through fiscal year 1996, approximately 53 percent of the funding allocated
to this AEAP element has been expended or committed. The work planned for
Near-Field Interactions is scheduled to be completed during fiscal year 2001.
The funding available for the remaining five years of this element is on the order
of $3.55 M.

ANALYTICAL MODEL DEVELOPMENT ACTIVITIES

A set of computer models is being developed to describe the fluid dynamic,
chemical, and condensation processes that occur in each of the three exhaust-
flow/atmospheric-mixing regimes behind the aircraft. As a part of the AESA
project, some models of the regimes closest to the engine-exit plane were evolved.
Models of the wake-dispersion regime (20 or more km behind the engine) are

10
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currently being developed. Also, as a result of the findings of the Concorde
aircraft far-wake sampling experiment conducted with the NASA ER-2 aircraft,
modeling efforts are being initiated to describe the particulate-formation pro-
cesses that occur in aircraft wakes.

To date, progress in validating any of these models has been constrained by
a lack of available suitable datasets on near-field interactions. The capabilities
and accuracy of these models are thus not well established at this time.

Aggressive efforts to expedite the development and validation of this suite of
computer models are recommended. At least first-cut versions of these indi-
vidual models are required so that the important effort of integrating them can be
initiated. Because of the complexity of these individual models and their likely
interdependence, the integration task can be expected to be a challenging under-
taking, possibly involving several iterations, before emissions can be “tracked”
from the exhaust-plume through the wake-vortex into the wake-dispersion re-
gime of the model suite.

MEASUREMENT ACTIVITIES

Flight-test programs to acquire near-field interaction measurements are in
progress. One such program involves the use of the NASA Sabreliner as the
airborne platform. Another involves participation in the AEAP Subsonic Air-
craft: Contrail and Cloud Effects Special Study (SUCCESS), which employs a
DC-8 aircraft as the platform. Other aircraft platforms, including participation in
the use of the NASA ER-2 aircraft, are being considered for use in future flight-
test campaigns. The overall intent of these campaigns is to acquire quantitative
measurements of the parameters shown in Table 2.

The variety and sophistication of the instrumentation suites being used, or
being considered for use, in these campaigns should enable them ultimately to
yield extensive, high-quality datasets. These datasets are expected to be valuable
for testing and validating the various analytical models that are currently being
developed. Once successful measurements have been made, the promptest pos-
sible dissemination of the datasets to the interested modelers is recommended,
both to expedite the execution of the individual model development and valida-
tion tasks and to permit the modeling community to identify possible additional
test-data needs.
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TABLE 2 Near-Field Observables, by Region

Exhaust Plume

Wake Vortex

Vortex Breakup
and Wake Dispersion

NO, emission index
(NO,/CO,)

SO, emission index
(50,/CO,)

NOy speciation (NO, NO,,
HONO, HNO3)

SO, speciation (SO,, SO3,
H,SO,. H,SO, * nH,0)

HO, speciation (OH, HO,,
H,0,)

Soot-particulate properties
(number density, size
distribution, hydration)

Gas-temperature profiles

Exhaust-concentration
profiles

All measurements in
exhaust-plume column plus:

H,S04/H,0 condensation
nuclei (number density, size
distribution)

Contrail droplet properties
(number density, size
distribution, composition)
Contrail volume/shape

Vorticity

Turbulence scale

All measurements in wake-
vortex column plus:

Photochemistry of exhaust-rich
region

Particulate evolution
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Recommendations

On the basis of the issues raised in this report, the panel recommends contin-
ued or increased emphasis by AEAP on the areas noted below.

EMISSIONS CHARACTERIZATION

1. Some revisions are recommended to the existing prioritization of the
engine emissions to be measured. Specifically, measurements of SO,, SO, and
OH levels should be changed from second to first priority.

2. An increased emphasis on conducting tests of civil subsonic engines at
cruise-altitude operating conditions, and a corresponding decreased reliance on
combustor-rig testing, are recommended. Aggressive efforts to seek out and
capitalize on opportunities for conducting such tests on a piggyback basis are
strongly encouraged. To the extent possible, these tests should involve engine
models that have been recently introduced into operational service. One impor-
tant product of such tests should be validated procedures for calculating NO,,
CO, and hydrocarbon emission indices at cruise by adjusting the emission-index
values contained in the International Civil Aviation Organization (ICAO) emis-
sions database. This extensive database contains emission-index data, acquired
at sea-level operating conditions, for a large number of in-service engines. In the
case of the HSCT engine-emission-characterization effort, prime reliance should
be placed on the planned tests of the demonstrator engine that will embody the
ultra-low-NO, combustor concept. This test series is a planned task of the HSRP.
Prior to this dedicated-demonstrator test, engine tests at cruise-altitude operating
conditions to assess the degrees of SO, oxidation occurring within engines should

13
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be conducted. For this purpose, piggybacked tests of an advanced military super-
sonic aircraft engine are recommended.

3. Intensification of current efforts to develop or refine methods for ad-
equately measuring SO,, SO,, and OH concentrations, as well as soot-particulate
characteristics, is recommended. In all cases, emphasis should be focused on
measurements at the engine-exit plane, rather than at the combustor-exit plane.

NEAR-FIELD INTERACTIONS

1. Aggressive efforts to complete at least first-cut versions of the three
plume and wake models are recommended, so that the integration of these models
into a set can be initiated.

2. The promptest possible dissemination of the various flight-test datasets to
the interested modelers is recommended, so as to expedite individual model
development and validation tasks and to permit identification of possible needs
for additional data.

Copyright © National Academy of Sciences. All rights reserved.
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Acronyms and Other Abbreviations

AEAP
AEDC
AESA
ASTP
CFD
EETCC
HSCT
HSRP
ICAO
NASA
PAEAN
SASS
SUCCESS
(MY

Atmospheric Effects of Aviation Project

Arnold Engineering Development Center

Atmospheric Effects of Stratospheric Aircraft (project)
Advanced Subsonic Technology Program
Computational fluid dynamics

Engine Exhaust Trace Chemistry Committee
High-speed civil transport

High-Speed Research Program

International Civil Aviation Organization

National Aeronautics and Space Administration

Panel on Atmospheric Effects of Aviation

Subsonic Assessment (project)

Subsonic Aircraft: Contrail and Cloud Effects Special Study
Ultraviolet
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