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ABSTRACT

Aircraft emissions are a growing concern for the FAA, airports, and the community. U.S.
and internationd air quaity modds were previoudy unable to accurately predict initia
plume digperson and the resulting pollutant concentrations because the characteristics of
theinitid plume behavior were virtudly unknown. These data are needed as input to
disperson modes, such asthe FAA’s Emissions and Disperson Modding System
(EDMYS), for usein complying with air qudity requirements. Since very little research

had been done in this areg, input values previoudy used were primarily based on the best
available information and good engineering judgment. The Volpe Nationd

Transportation Systems Center, FAA’s Office of Environment and Energy (AEE), the
Nationa Oceanic and Atmospheric Adminigtration (NOAA), and the Los Angeles
Internationa Airport (LAX), teamed up to conduct a study of aerosol plume behavior
from jet exhaugt usng L1ght Detection And Ranging or LIDAR. LIDAR has been used
for previous measurements to study wing-tip vortices and some pollutant evaluations near
arrports, and was concluded to be appropriate for this gpplication. In support of AEE, the
John A. Volpe Nationd Transportation Systems Center initiated action to conduct the
research. Volpe enlisted the assistance of the NOAA, based on their large amount of
experience with LIDAR. NOAA has severd LIDAR units and the flexibility to re-
engineer the units and associated software on a project- by-project basis making them the
perfect fit for thisteam. Setup and measurements occurred from May 14 through 24,
2001. Theresults of the measurements have exceeded expectations alowing
quantification of arcraft plumerise and initid disperson parameters (standard

deviations) at thismgor urban airport. This paper will summarize the methodol ogy,
results and conclusion of this project.

INTRODUCTION

The god of this sudy was to measure the initid plume characteristics of jet exhaust
plumes. Cross-sections of the plume were measured at avariety of distances behind the
arcraft during takeoff roll between May 17 and 24, 2001. The initia behavior was
expected to depend on aircraft characteridtics, including physica size of the engines and
their position on the airframe and sample details to support these variables were collected
concurrently with plume measurements. Initia plume behavior was aso expected to vary
with atmospheric stability and local wind speed. Dispersion isinherently arandom
process, SO many experimental cases are required to determine the mean behavior and
typicd variability. This preliminary reporting is based on an analyss of 4138 sweeps, or
cross sections, collected at alarge North American airport; Los Angeles Internationa
Airport (LAX). Thisstudy and preliminary report provide new insghtsinto aircraft
plume behavior and additional data for more accurate modeling of plume rise and spread.
This data set is being further evauated with the am of refining these vaues (e.g., for
specific arcraft types) and removing as much conservatism as possible. Additiona
gudies are planned (based on available funding) to andyze potentia changesin the
derived parameters due to Site characteristics (e.g., €levation, wesather conditions). The
results of these follow-on studies will be separately reported at a later date.



APPROACH

LIDAR (LIght Detection And Ranging) was used in this study to observe the time-
varying position and geometry of the jet exhaudt. LIDAR iswdl suited for measuring the
geometry of plumesthat contain light- scattering particles (aerosols) asthetracer. A
LIDAR transmits a pulse of light in a narrow beam and detects the backscatter from light
scattering particles as afunction of time as the pulse propagates away. The concentration
of light scattering particles as a function of range dong the pulse' s path can be inferred
from the time series of detected light intengity. By scanning the LIDAR’s pointing
direction over aperiod of time of many LIDAR pulses, the distribution of particles over
the region of the sweep (e.g., avertica plane or plume cross section) can be determined.

Two LIDAR units were used in this research; one using the infrared wavelength and the
other usng the ultra-violet wavelength. The more successful of the two was OPAL
(Ozone Profiling Atmospheric LIDAR) operating at the ultraviolet wavelength of 0.355
pum (after dight modification for this study to measure only aerosol backscatter and not
generate the additiona wavelengths used to measure ozone). Only the results from this
LIDAR (OPAL) are discussed in this paper. Additionly, only one path (or across
Section at one stationary position behind the moving aircraft) is presented due to space
restrictions. This path, or horizonta plane of the LIDAR sweep, isshown in Figure 1 as
thered line. Additiond data reduction would permit data from the infrared scanning
LIDAR, which collected data at the other sweep angles shown in Figure 1.
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Figure 1. Sweep Angles Of LIDAR Units (Only the Red Sweep is Discussed in This paper)




After data collection, initid quadity control measures were performed by NOAA
personnd. Computer graphics were then developed and used to evauate the plume
characterigtics. Figure 2 shows such an exampleillustration of asweep. It canbeseenin
Figure 2 that the center of the plume can be identified by the area of greatest
concentration (red center). Thiswas assumed to represent the height of the plume, or
plumerise. For each sweep (cross section) care was taken to carefully determine the
height of the center of the plume (Zcenter), Which represents the plume rise.

The outer boundaries of the plume are d 0 eadlly identified alowing the width and height
of the plume to be quantified usng norma Gaussan Satisics. The outer boundaries of

the plume were aso carefully determined for each sweep based on theratio of the
concentration. The scale on the Side of the chart should aso be noted. To make sure that
the plume was accurately represented, and not other concentrations or interferences, the
plume was only measured to the well-defined boundaries where the Gaussan vaue was
determined for the number of standard deviations from the center of the plume. Inthe
Figure 2 example, thiswas to the light brown (i.e., 0.54 1 1 / 1 bikg ) fringe as shown.
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Figure 2. Example of Computer Enhanced LIDAR Image

Using the concept that the scae is the measured density or concentration of aerosol to the
background (r pi / 1 bkg) the ratio of concentrations from the center (red) to defined outer
fringe could be determined since:



(Fpic/ kg ! (rpif / T okg) = (7 pic /T pif) [1]

where: r pic = dengty (concentration) of plume center
I oif = dengity (concentration) of plume fringe

Unfortunately, not all sweeps were as easy to determine the center and fringes as the
example shown. The exampleisawedl-behaved plume. Plume break-up, multiple
centers, high plumerise, and irregular shapes required engineering judgment in many
cases. The only way to accurately determine the plume was to review the time series of
events (sweeps) behind the aircraft and envison the plumein totd. This process was
difficult due to the effect of the high velocity jet from the aircraft, which tended to cause
irregular mixing and fase centers of the actua plume. These data were carefully reduced
in such away to dlow for amore systematic recregtion of a symmetric plume in the find
andyss.

Once the center of the plume and the plume fringe were determined for each sweep used
in the andysis, the plume rise for the aircraft event was determined. The plume rise was
based on the sweep corresponding to two samples (or sweeps) when the plume had risen
to the fina measured height with the second greatest height or eevation used in the find
plume rise determination. This gpproach provided alevel of conservatism as compared
with selecting the sweep with the greatest height or plumerise. A conservative approach
was a0 used to determine the standard deviation of the plume. For the stlandard
deviaion determination, the same sweep used for the plume rise was used. Theratio of
the concentrations was determined as well as the distance to the fringe from the center of
the plume. Using thisinformation, and the basic Gaussan equetion, the instantaneous
standard deviation was determined. It should be noted that the Gaussian moddls use
time-averaged standard deviations, but the use of multiple aircraft events provide an
excdlent initid plume soreed.

All datawas then indluded in acommercidly available spreadsheet and the initid plume
parameters derived.

CONCLUSIONS

Thisis thought to be the first attempt by researchersto characterize the initid plume
parameters from jet aircraft usng LIDAR. Thisfirst andysis was based on dl of the
useable data collected. From this data (4138 sweeps) events were characterized for each
arcraft event. 1t should be remembered that the second highest value for plume rise was
then selected. Thisresulted in 377 events for large commerciad arcraft and 52 events for
commuter aircraft.

It can be concluded that significant plume rise occurs. 1t can aso be concluded thet
initia plume spread is dso significant. Findingsin this report represent overdl vaues for
plume rise and initid plume standard deviations, each derived directly from the measured
data Thefind, overdl vaues are:



Large Commercid Aircraft (primarily turbofan engines)

Sgmay = 10.8 meters
SgmaZ= 4.1 meters
AumeRise= 11.9 meters

Commuter Aircraft (primarily turboprops)

Sgmay = 10.3 meters
SgmaZ= 4.1 meters
PumeRise= 12.1 meters

Due to the amilaritiesin these preiminary vaues, it is recommended that asingle set of
vaues be utilized until the additiona follow-on andysisis complete. The single set of
derived vduesis asfollows

Sgmay = 10.5 meters
SgmaZ= 4.1 meters
PumeRise= 12 meters

This study and preliminary report provide new indghts into aircraft plume behavior, and
datafor more accurate modding of plume rise and spread. This data set will be further
evauaed for thefind study report with the am of refining these values and removing as
much conservatism as possible.

For example, the trend of smilar results for the larger commercid arcraft and the smaller
commuter aircraft was explored in more detail. Figure 3 shows the graphica
comparison. The x-axis (abscissa) is the vaue of the totd plume soread while the y-axis
(ordinate) isthe center of the plume after plume rise has occurred.

It can be seen in Figure 3 that trends are very amiilar, just as the derived numbers report.
However, it isaso obvious that many events for the laterd disperson are grester for the
larger commercid arcraft. Thisresult will be further explored by bresking the data into
small groups by aircraft types and andyzing the results.

Additiond studies dso planned (based on available funding) to evaluate potentia
changesin the derived parameters due to Site characterigtics, such as eevation and
weather. Measurements a other airports are dso being considered. These will be topics
of follow-on studies.
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Figure 3. Comparison of Large Commercid and Smaler Commuter Aircraft Trends
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