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PREFACE
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701 Dexter Avenue, N., Suite 400, Seattle WA 98109. It was conducted under »
contract number F(08635-85-C-0036 and JON 21039019 for the Headguarters Air 9
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report covers the results of the project.
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releasable to the National Technical [nformation Service (NTIS). At NTIS, it
will be available to the general public, including foreign nationals.

This technical report has been reviewed and is approved for publication.
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SECTION 1
INTRODUC TTON

A. O0BJECTIVE

f The objective of this study was to enhance the predictive capability ot
the Air Force Air Quality Assessment Model (AQAM) through more accurate
measurement and description of aircraft jet engine exhaust plume
characteristics (size and pollutant concentration) by including momentum and
tnermal energy values in plume size calculations.

B. BACKGROUND !

The importance of aircraft as a major source of visible air pollution has
decreased over the last 20 years, especially since the introduction of clean .
engines in the latter part of the 1960s and early 1970s. However, the
significance of aircraft as a source of reactive hydrocarbons and oxides of
nitrogen has increased. This increase is attributable to today's flight
environment which is characterized by intensified operations schedules (i.e.,
more flights than in the past) and the current generation of aircraft engines
which produce considerably higher concentrations of oxides of nitrogen (at
high power settings) than previous designs. Since these pollutants are
primary constituents of photochemical smog, air pollution, as well as its
dispersion from aircraft and airports, remains a significant issue.

An accurate environmental assessment of aircraft engine exhaust
constituents has three primary components:

1. The measurement of pollution emissions to categorize them for each
operational mode of each type engine.

2. Accurate descriptions of aircraft operational procedures to
facilitate total released emission calculations.

3. An appropriate dispersion model to predict the resuiting ambient air
quality on which assessments of health and welfare eftects are based.

Consideranle development effort has gone into improving the calculation 7.
of the quantity and distribution of pollutants emittead by individual aircraft
during the different events in the lLanding and Takeoff (LT0) cycles -igure 1),
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Figure 1. Landing Takeoff Cycle o
Preliminary comparisons of predicted and measured ambient air 3
concentrations made with AQAM have shown that the model predicts pollutant :
levels w~nich generally withstand correlative analysis. However, this same N,
analysis clearly indicates areas in which improvement is highly desirable, :
{nscussion of the existing disparity between observed and predicted values Y
centers on limitations in the current characterization of the background . e
environment, (i.e., The model's failure to account for material transported
into the sampling area from unknown sources or from sources within tne airport .
or airbase which were not adequately modeled.) -
Both current and experimental versions of AQAM, incorporating only &a
rudimentary consideration of jet engine exhaust momentum and thermal energy, ’
assume a relatively smali plume size that is nonpuoyant and, thus, remains -
near the grouna., 1ank <erearence ;, nas Snown tnat jet eéngine exndusil Loernd. N
energy and momentum have a significant impact on the agetermination of plume .
dimensions for dispersion modeling. Further, Sprunger (Reference ) has shown >
initial plume dimensions to be among the more sensitive input parameters in ~
AQAM, These works serve as the basis for gquestioning the adeguacy of current
AQAM plume modeling as well as the inclusion ot thermal energy and momentum in -
the proposed, refined description of plume behavior during engine start, taxi, o
and takeoff runway roll, ) e
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C. SCOPE 0,

This program investigated, through infrared imaging, the development and ,
dispersion of jet engine exhaust plumes produced by a variety of civilian and 3
military aircraft and turbine engines. The tests were conducted over 7 months
at several military and civilian airports.
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SECTION I
TEST APPROACH
A.  TEST EQUIPMENT AND SITE REQUIREMENTS

The principal objective of this program was to obtain visually
discernible and guantifiable effects in jet engine exhaust plume development
and dispersion,

A number of methods are available to study diffusion of turbojet
plumes 1in the atmosphere including:

1. Introduction of o0il or water into the exhaust plume to make it
visible,

2. Use of temperature and velocity sensing arrays to delineate plume
fringe.

3. Remote, noninvasive sensing techniques such as infrared (IR)
imaging.

For tnis study, the IR imaging technique was chosen because of its
success in previous test programs uSing static-mount and taxiing aircraft
engines (Reference 4), its portability, and the spectral sensitivity required
for accurate imaging. Plume growth and dispersion were measured by tracking
jet exhaust products including water vapor {(Hp0), carbon dioxide (CU2), and
carbon monoxide (CO) all of which exhibit vibration-rotation absorption bands
in the middle IR spectrum (1.0 um - 10 um).

A review of appropriate, available test instrumentation was instituted at
tne outset of the program to establish both desired criteria and availability
of equipment. The review established the following:

® visual imaging of plume effects, i.e., size, developmenrt, dispersion,
vortices, etc., requires infrared sensitive (2-5 micron range) optical
instrumentation; the ability to 'translate' this image via
videoprocessing, into visible frequencies; and the memory capacity to
store data for eventual reexamination and interpretation

@ one-man portability and operation in the field (outdoors, runways,
etc.) including sufficient operational endurance for extended test runs

9 ancillary support: battery, generator, and 120 vac power
calipbration equipment
cryogenic supplies and storage
;112G and piratographic 23yl pment
audio recording equipment

Suitable components and systems which met these criteria and
were used 1n the test portion of the program include:

0 AGEMA Thermovision Model 750 with Polaroid

5
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0 AGEMA Thermovision Model 782 with 7 degrees and 20 degrees
field of view (FOV) and isotherm discrimination capability

o [.S.I. Videotherm Model 91
(pyroelectric vidicon temperature differential based imaging)

0 INFRAMETRICS Model 600 Imaging Radiometer with video processor and
false colorizer

Uther systems reviewed and considered suitable for obtaining refined
temperature data and smaller incremental temperature variations included:

o HUGHES Probeye Thermal Video Series 4000
@ EVEREST Interscience Infrared Thermometers
¢ 1.5.1. Model 86
¢ EG&G Photoradiometer
© C.I. Spectroradiometer SR 9000
B.  TEST PRUCEDURE

The test program was conducted by placing the IR sensing system
perpendicular to the exhaust plume and from 50 to 300 feet downstream of the
tail of the aircraft. The target aircraft would then run its engine at a
number of different power settings including idle, slow and fast taxi,
takeoff/military power and afterburner. During engine runup, and at each
power setting, the point at which individual vortex and/or plume boundary
layer disruptions and discontinuities appeared ("Puffing,” as shown in Figure
2), meteorological data, and engine operating parameters were recorded on
audiotape and written logs. I[f known measurement benchmarks were visible,
actual plume measurements were taken during IR imaging. If such background
comparitors were not readily available, measurements were later derived by
anaylsis of known aircraft component measurements (i.e., tail height) and
known distance of camera from plume, The puffing was characterized as to
downstraam distance and vertical development. The IR video was taped for
later playback, additional processing, and analysis.
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‘ v
JET EXIT \
.l
—— :
) X h'
n
RUNWAY SURFACE i
.
~
Figure 2. Jet Plume Boundary Puffing N
At each test location, time-correlated meteorological data were taken "
from one or more of the following sources: .
® portable meteorological tower f
® base/airport weather station ¢
@ observable conditions at test sites, (i.e., compass headings, wind B
direction, etc.). f
Ll
Local weather parameters (bounds) were estapblished including X
the following criteria dictated by limitations of infrared :
imaging equipment and local disruptive effects such as heat point
sources, background thermal noise sources,and relatively warm N
runways and taxiways: -~
~
¢ local air temperature less-than-or-equal to 70° F. J
- 9 little or no precipitation -
e no fog (ix ana runway safety considerations) ]
) e variety of local stability values. 3

Jrientation, scale and distance measurements were provided directly from
Q1rCrdrt 3peciricalions, (2.g., COp OF Ctaii SeCction IO yrounu = 16 Teet; K
exhaust outlet diameter = 18 inches, etc.) Physical measurements were taken N
of site landmarks, buildings, natural objects, and known benchmarks such as '3
runway paving blocks, Compass readings were taken for directional orientation \
of winds, plume vectors, and instrumentation-to-aircraft angles. Typical test o
setups would consist of instrumentation positioned perpendicularly to the long
axis of the taiipipe/plume at a distance of 75 feet to 200 teet from the
aircraft. g
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Particular care was taken to minimize thermal noise interference by Y
positioning test setups to avoid 'noisy' infrared emitting or reflecting i
sources such as mountains, dark buildings and point sources Such as ;
smokestacks, storage tanks, ground transport and power generators. ‘u
Instruments were calibrated immediately before each test run to ensure that :
data were taken from identical infrared sensitivity baselines. b

Engine tyoes vary by model and on an individual basis with respect to Y

output observable in the infrared. Different engines of the same type and
model may vary considerably in outputs of Hp0 vapor, C0Op, and particulates at e
various power settings. Uniformity of output was not required however, as tne ‘
tests established that plume development and dispersion are not observably

affected by species and particulate content, "

Because of pilot endurance and runway operational considerations, static
test runs were of no more than 30 minutes duration in which requests were

transmitted by radio to pilot, or through tower for alterations in power i
settings. M
ﬂ:

For tests during LT0, instruments were positioned on runway and taxiway 3
side aprons and were moved to coincide with and track the movement of N
aircratt. Voice recordings of observations were made on the videotapes o
recorded during the later phase of the test program. In addition to providing Ny
data on local conditions, the voice commentary allows for pinpoint t‘
synchronization of very rapid transient observables in the plumes. :'
;..

Various means of isolating potentially significant effects in plume L
development included: :.
1. lsotherm focusing - .

A

. ) _ , s ) W

Utilization of the video/IR processor capability to isolate

very narrow portions of the viewed image and to precisely '
determine the radiated temperature of that area. :‘
<

2. Compressed-time (high-speed) imaging - N
Running the video data tapes at faster than real-time speed f

produced enhanced images of transient plume effects. R

3. Still photography of isolated plume events - S

Y

r
LY

Attempts were made to utilize a polaroid photography mechanism
provided on one of the infrared cameras to record transient plume effects.
The results were unsatisfactory as it proved impossible to activate the v
mechanism rapidly enough to capture the brief pnenomena.

4, False color separation =

False color assignments by species type and relative temperature were
made, and reverse (white/black) video were used during test runs to more
accurately and precisely identify boundary vortices, "puffs,” and otnher
characteristics of plume development and dispersion,
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5. Telescopic magnification

The loss of resolution and image detail caused by use of telescopic
lenses outweighed their usefulness in enlarging images.

6. Pyroelectric-triggered vidicon imaging

Imaging by temperature differentials only, rather than by actual
temperature and types of materials in tne piume.

Exhaust plumes from a number of aircraft were examined. Those from
which useful data were taken include:

Type: Engine:
0 A-7 TF-30
o EA6B J52-P408
0 A-6 J52-P8

additional data, although insufficient for complete analysis, were taken from;

o (L9 JT8D

o 727 JT8D

o 737 JT8D-9

o T38 J85-5A

o Fl4 TF30-412A
o S3 TF 34-400A
o Cl41 TF33-7

o F4 J79

To the maximum extent possible, these measurements were taken during
those periods of the day which minimized the undesirable effects of runway,

taxiway, and background heating. Plume benavior was recorded during botn lay

and night periods and under varying conditions of wind, rain, ard tog.
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SECTION II1
ANALYSIS

A, JET ENGINE EXHAUST PLUME CHARACTERISTICS
l. General Behavior

The general benavior of the jet engine exhaust plume of an aircraft
can be described as similar to that of a hot turbulent air jet emitted from a
round orifice near a plane solid surface, in a direction generally parallel to
that surface, and into an air medium at ambient temperature. [epending upon
the situation, the air medium may be stationary or moving at a mean tlow Speed
and direction, independent of the jet flow. The theoretical derivation and
experimental observation of such fluid flow systems has not been well
established.

2. Plume Stages

The general characteristics of a high-speed air jet as it is emitted
into a similar medium of different temperature can be described as occurring
in three stages (Figure 3). In the initial stage, the jet turbulence and
growth are dominated by the momentum of the exiting air due to its nign
velocity in relation to ambient, Typically, this distance is approximately 7
times the diameter of the exhaust port of the engine.

PLUME STAGES

A~

—
INITIAL | TRANSITION | FINAL

Exhaust Temperature Ambient
Jet Momentum Differential Conditions

Figure 3. Plume Stages
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The transition stage begins when temperature dirferences between
ambient and internal jet air masses begin to affect tne turbulence near tne
edge of the jet creating instability in the jet flow motion (i.e., the
buoyant effect becomes more important). The final stage pegins when, after a
certain distance (dependent on engine thrust and ambient conditions, i.e.,
wind), both the thermal and momentum effects of the jet diminish to a degree
where ambient conditions {(wind speed and thermal stability) take over. This
distance is a function of the initial jet temperature and velocity relative to
ambient conditions. Jet plume growth after tnis final stage is totaliy
dependent on ambient conditions and, as such, plume emissions can be viewed as
imaginary point sources within the ambient environment,

3. Near Wall Effect

Another important factor determining the characteristics of the jet
plume is the effect of a solid surface near the jet. Davis and Winarto
(Reference 5), observing the overall effect of a wall near a jet, reported a
flattening of the jet cross section in a direction perpendicular to the
surface when compared with a free jet whose centerline paralleled the solid
surface. However, in the case of many tactical military aircraft, the exhaust
jet plume is often inclined at an angle towards the ground. In these
instances, the interaction between the jet plume and the ground (solid
surface) is further complicated. A thickening effect in the jet plume's
vertical direction was anticipated due to boundary friction petween the jet
flow and the ground. This effect tends to counterbalance the flattening
effect observed by Davis and Winarto (Reference 5). The precise behavior
resulting from the interaction of these effects is not clear from existing,
available studies.

4. Vertical Instability

The vertical instability of a jet plume as it proceeds farther from
the exhaust nozzle has seldom been addressed in jet plume studies. Since the
predominant mean air motion in the initial stage of a jet plume is generally
norizontal, vertical plume development is not expected to deviate from that
induced by the plume's mean turbulent motion until such time as the tnerma!
energy in the plume overcomes this motion. The theoretical derivation of the
governing relationship for this phenomena is not readily available though its
presence may be indicated by the deviation of experimental observations from
theoretically derived values as jet turbulence due to momentum begins to yive
way to thermal instability.

B THEORETICAL CONSIDERATIONS
1. Background

ine cneoretica: consigerac.osn in tne present 3I.dy lea. s .r.artly
with the initial jet effect of the progressive stages mentioned above. Jet
plume growtn will pe better illustrated through comparison of theoretical
projections and field observation data. Since typical jet exit velocities are
much higher than typical ambient winds, no attempt is5 made to consider the
eftect of crosswind on the plume motion, This assumption is based upon
empirical observation and appears valid for the initial jet portion within a
short distance from the jet exit (approximately 75 teet).

12

5 L‘ :_M.Aj‘ Jz)'}i\\.. f} o




i'x‘!‘\'- ':'-‘!‘l’,‘n‘:‘l"ﬂ. ' -

Brubaker et al. (Reference 3) attempted to describe the initial jet
plume effect in terms of its centerline trajectory in a crosswind using
empirical equations derived by Abramovich (Reference 1) and theoretical
relationships derived by Briggs (Reference 2). The intent was tn establish a
virtual effective source location based on the lateral deflection of the jet
plume. The norizontal deviation of an initial jet plume was considered and a
crosswind was assumed,

2. Free Jets

The schematic description of.a turbulent free circular jet (three
dimensional, axially symmetric) is depicted in Figure 4 (next page) as a fluid
discharged from a circular nozzle into a stationary medium of similar density.
The initial velocity profile at the jet exit takes a finite distance, Ly, toO
develop into a Gaussian type distribution. Beyond this point in the jet, the
velocity profiles are assumed to be similar in nature for all free jets and

can be expressed as:

»

u = exp[-22
Umax 202 (l)

where umayx is the centerline velocity at a .given axial distance x, u is the
velocity (in x direction) at a point z distance away from the centerline, and
o is the standard deviation of the velocity profile at distance x from jet
exit.

For a given jet exit velocity, ug , the centerline velocity at any
distance greater than L, can be expressed as:

Unax = _D_
uo 2Cx {2)

wnere D is the jet diameter at the exit and C is experimentally determined and
defined as:

g=c
X (3)

The constant C, depending on the literature cited, may range from
J.U67 to J.1ub. A commonly Jsed value is U.08l. This reduces Equation (2)
to:

Umax = 6.2 D
Yo X ' 4
The axial distance where jet flow will be fully established falls
approximately 7D distance from the jet exit. The jet exit velocity can be
related to the jet characteristics and jet engine operational condition as:
g = 2 ( F )1/2
D 2T (5)
13
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where F is the engine thrust and Pe the density of the tluid discharued,

The above equations provide a theoretical description of a well-
developed jet which allows the combination of fZgquations (1), (2), and (4) to

give:
z = 0.081{2 1n{6.2 ugD 1/2 |
ux (o)

Equation (6) describes the velocity distribution at a series of Y
points in a jet and may be used to calculate the profile of the plume boundary ]
using the chosen envelope velocity defining the edge of a given jet. This ;
particular application of the equation is useful in comparison with the '
experimental observations on the jet boundary under varied conditions.

RO

()

3. Energy Dissipation in Turbulent Jets

Brubaker et al. (Reference 3) have derived a relationship guantifying
the turbulent energy dissipation rate in a jet as in comparison with turbulent )
energy dissipation present under ambient conditions. This relationship has
its basis in the original Tennekes and Lumley (Reference 8) definition of the b,
energy dissipation rate in a jet.

€ = A umax3 i
¢ (7)

where A 1s a dimensionless coefficient of the order of unity and g is the
turbulent energy dissipation rate in a jet.

.

Furtner, it was assumed that: bt

CJ=BCA (8) .

where ¢, 15 the energy dissipation rate in the atmosphere and 38 is a .
coefficient ranging from 1 to 10. Applying Equations (3), (4), and (8) to ?
Equation (7), Brubaker et al. arrived at the relationship that defines the ;

. distance from the jet exit where the jet turbulent energy dissipation rate -
equals that of the ambient atmosphere (i.e., A/B = 1). N

¢

For an observationally-based representative sample jet spread angie :

of 1U.5 degrees, the relationship takes the form:

:S: 7.32‘03 1/4
U Uey

A

(9)

where xo denotes the distance trom the jet exit where the jet turbulence andg
ampient atmosphere dissipation rates are equal and provides an indication ot
tne relative strength of the jet turbulence. [t shoula be noted tnat Actual
jet flows are expected to deteriorate well before the calculated distance due
to the influence of other factors such as thermal and ground effects.
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C. COUMPARISON UF THEORETICAL CALCULATIONS WITH EXPERIMENTAL OBSERVATIUNS

1. Observed versus Theoretical (Horizontal Jet Assumed)

Equation (6) was used to predict the boundary of actual engine exhaust
jet plumes from the jet exit point until the jet's linear mean velocity
decreased to 50 miles per hour. The 50 mile-per-hour value was chosen after
review of both USAF and civilian documents that delineated the routinely
measurable safety exclusion zones for jet powered aircraft. Recorded data
from field observations on military aircraft A-7 and A-6s were summarized and
compared with the theoretical calculations as outlined above. Specific param-
eters for the aircraft are the exhaust pipe inside diameter (2 feet for the
A-7 and 1.5 feet for the A-6), nozzle height above ground during level parking
(3.5 feet for the A-7, and 6.1 feet for the A-6), and the corresponding range
thrust level setting at idle (1000-1500 pounds for the A-7 and 1500-2000
pounds for the A-6). The A-7 is a single engine aircraft while the A-6 is a
twin engine aircraft. JThe thrust range of 1500-2000 pounds for the A-6 was
used as an approximate value for the combined effects of both engines at the
idle thrust level., Figures 5 and 6 show Equation (6) derived plot of the jet
plume boundary for the two thrust settings assuming the jet exited parallel to
the ground for the A-7 and the A-6, respectively.

Figures 5 and 6 also show the jet plume boundary extracted from the
experimental observation made by Davis and Winarto (Reference 5) for a jet
near a solid flat surface. In the case of these tests, the wall effect is
created by the ground. Davis and Winarto (Reference 5) have studied jet flow
near a solid flat surface. The jet upper boundary above the surface was
defined in their study as the location above the surface where the jet
velocity is one half the maximum velocity (umax in Figure 1) within the jet at
a particular distance from the jet nozzle. Equation (6) was applied to this
velocity definition of boundary. The resulting calculated upper boundary, as
defined by Davis and Winarto using Equation (6), is independent of jet
characteristics. Both tne calculated boundary (Equation (6)) and the observed
boundary extracted from the experimental data from Davis and Winarto are
included in ~igures 5 ana 6 for reference. These curves are not suitable for
direct comparison with the field observation from the current study. However,
the one-half-upayx dounaary comparison did confirm the flattening effect of tne
flat surface on a jet flow nearby.

Observed plume boundary limits, as shown in Figures 5 and 6, reveal
consistently well-defined plume boundaries close to the jet exit point and
puffing, nonlinear degradation of the defined boundary at distances of 60 to
90 feat for the A-7 and 130 to 150 feet for the A-6. This degradation may
indicate plume breakdown occurring, at least in the plume boundary regions.

It can also be seen that the theoretical ideal jet, as presented here tor both

aircratt types, tends to overpredict the jet plume thickness as compared wit)

the experimental data 1n tne near range and underestimate it in the rar ranyge.
¢. Ubserved versus Theoretical (Inclined Jet Assumed)

Figures 7 and 8 illustrate the comparison of the same observations as
above {A-7 and A-b aircraft) with the theoretical results (based on identical
input parameters as used in Equation (6)) of free jet boundaries whose axes
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were inclined 5 and 10 dearees from the horizontal for the A-7 and 10 and 15
degrees for the A-o5. These jet angles more closely represent the actual
conditions under which the experimental data were collected. 1In each case the
jet plume centerline reaches ground level within a short distance of the jet
nozzle and is assumed to be "perfectly" reflected from the ground {(e.g., no
frictional or other loses). Within short "x" distances, the characteristics
and magnitude of the theoretical jet noundary fall within the range of
observed jet plume boundaries.

As shown in Figures 7 and 8, differences between observed and
theoretical plume boundary location increase at distances beyond 60 feet from
the jet nozzle. After this point in the jet stream (approximately 50-60 feet
for the A-7 and 90-100 feet for tne A-6 from tailpipe), the momentum of
turbulent flow is expected to play a progressively less important role in the
plume's growth as the thermal effect becomes more pronounced.

3. Turbulent Energy Considerations

tEquation (9) estimates the location in a jet plume where the
turbulent energy dissipation rate is equal to that experienced in ambient air.,
For a neutral stability atmosphere, the energy dissipation rate ¢, carries a
value of 0.125 (Reference 3). By inserting the parameters employed in jet
flow calculation, Equation (9) yields equivalent jet and ambient dissipation
rates at a distance of 2,000 feet from the jet nczzle. This distance, well
beyond the observed location where jet boundary instability begins, indicates
jet momentum predominance diminishes well before the turbulent eneray
dissipation in the jet approaches that of the ambient atmosphere. Even for
unstable atmospheric conditions, it is expected that the jet plume Gaussian
dispersion effect would become more significant a substantial distance before
“turbulent equilibrium.”

The tnhickening of the plume in the vertical dimension can likely e
attripbuted to thermal instability overcoming jet momentum in combination witn
increased frictional interaction between the jet flow and the solid boundary.
Typical of similar filuid flows, puffing of the jet plume results from
increased convective mixing with ambient air and the presence of turbulent
eddies on a larger scale, Field observations position actual jet plume
pufting coincident, or nearly so, along the horizontal axis witn the
tneoretically derived limits of the jet plume boundaries.

D.  ADDITIONAL OBSERVATIONS

Test conditions (meteorological, instrumentation type, distances and
orientation) where data were taken from aircraft other than A-7s and A-6s
approximated tnose prevailing during the A-7 and A-6 test runs. The principal
difterence in data obtained from the second group of aircraft i1s in quantity.
These aircraft were filmed as occasional targets of opportunity and the test
team had neither control over nor knowledge of power settings. Therefore, no
specific conclusions can be drawn from the data witn the exception of
information regarding plume geometry, time and distance characterization ot
plume development, and dispersion, Since no dupiicate data or control existed
over test condition parameters during filming of the targets of opportunity,
specific quantification/prediction cannot be made for plume effects generated
by the second group of aircraft.
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For aircraft powered by medium or high bypass jets, for example,
reengined 727s and 737s, and the S3 (Viking), the IR equipment lacked tne
sensitivity to adequately image these exhaust plumes which are much cooler
than those produced by the zero- orlow-bypass engines such as those on the A7
or older commarcial and military aircraft. It was possible to view the
thermal point sources but, at distances of greater than 3 -4 meters from tne

.exhaust, the exhaust plumes were no longer visible in the IR. Since physical

laws govern the propulsive requirements of thrust-to-lift-and-weight ratios,
it can safely pe assumed tnat medium and high bypass engines do produce
exhaust plumes similar to the lower bypass ergines but the sensitivity ard
range of the available test equipment could not provide useful images of these
events.

The respective angles of the horizontal axes of the engines on various
aircraft produced a range of effects on the bodies of the plumes. These
ranged from barely detectable heating of runways and taxiways beneath the
engines to a marked disruption of the bodies of the plumes. Since these
effects were generally tangential to the horizontal axis and direction of
flow, these rebound phenomena were similar in appearance but more sharply
defined than those effects generated at the boundary layer interface.

The combination of low resolution/sensitivity in the IR equipment, rapid
development and dispersion and temperature 'normalization' of plume puffs to
ambient temperature often required extreme concentration and repeated
examination of tne video data. This problem was effectively resolved by
running and viewing the videotapes at increased speed producing sharper
images and enhanced contrast of the putfs against the thermal background. It
was also useful to employ the 'false' color capability of the IR color
processor to assign arbitrary color to temperature and species constituents of
the plume images to further increase observability ot thermal differences and
changes in the plume/ambient interface.

With the observed exception of wind velocities exceeding 20 mph
{particularly at angles approaching perpendicular or opposite to the plume
flow), lTocal stability Categories A through F and transitions between
stability levels had no observable effect on plume development or dispersion,

The eddy and vortex effects occurring along the boundary layer drew
ambient, therefore, cooler air into the plume. These actions contributed to a
more moderate vertical plume growth than might otherwise be expected. The
locations of these eddies also helped define the plume boundaries.

Potential data collection deficiencies and errors may occur as a function
of limitations in the [R sensitivity of the cameras used in these tests, For
example, if plume temperature fell below the sensitivity threshold of the
equipment yet was stilil greater than ambient temperature, it is possiole tnhat
plume momentum reiative I ambient was sustainea ror distances greater Lhan
those observed during these tests,
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SECTIUN [V

CONCLUSIONS AND RECOMMENDATIONS
A. TEST DATA CONCLUSIONS

Pertinent theoretical and experimental studies on free jet flow and jet
flow near a solid surface have been reviewed. Appropriate information was
extracted from these reports and appliea to and/or compared with present
experimental observations and calculations. The comparisons indicated that an
idealized, ground reflected jet plume seems to fit best, both gualitatively
and quantitatively, the observed jet plume boundary ranges.

The present study found jet plume size to be a function of engine power
setting and other characteristics, i.e., the diameter of the jet exit, the
angle of the jet's axial flow in relation to the runway/taxiway. Examination
ot current data revealed initial plume dimensions to Gaussian dispersion of 60D
and 13D (thickness and width,respectively) at a distance of 60-90 feet from
the jet exit of the A-7. These compare favorably with the 8D and 10D
gimensions observed by Chen (Reference 4) from a T-33. In both studies,
observed plume dimensions were significantly larger than those assumed 1in
current AQAM applications. Sprunger's work (Reference &), having found
jnitial plume dimension to be one of the more sensitive AQAM input parameters,
supports the recommendation that the idealized, ground-reflected jet developed
in this study be incorporated into the AGAM modeling process.

B. RECOMMENDED AUGMENTATION OF AQAM

It was determined that plume momentum persistence was, to a substantial
degree, a function of engine thrust and power setting. In instances of twin
engine aircraft, tne combined thrust of centerline-mounted engines acted to
produce plume momentum persistence approximately equivalent to that which
would be produced by a single engine of thrust equal to that produced by the
combined center-mounted engines. It was also observed that twin- and
multiengined aircraft w#ith wing-mounted or otherwise non-centerline-mountan
engines produced discrete plumes having development and dispersion
characteristics appropriate to their individual thrust ratings and power
satting,

The extent of tne 50 mph plume envelope and its characteristic changes
witn tne engine Inrust setting are of significant interest from the
perspective of considering the initial condition for the jet exhaust plume
dispersion process. Figure 9 illustrates the theoretical curve as calculated
using Equation 6, as well as the theoretical curves adjusted to fit the
respective observed location oT tne initial jet plume at approximately 1die
Setting Tor tne I«0 alrcrai: types studied.

These two curves can be employed to determine the approximate distance
for the onset of atmospheric dominated plume growth for all power settings
except afterburner, The curve, labe.ed single engine, would be typical for
aircratt naving a single engine ur multiengines that are separated by
considerable distances, while the curve labeled twin engine should be used for

23
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aircraft that have twin engines or when the engines are relatively close
together, Thus, these curves can be employed to determine the approximate
distance as a function of the thrust setting for single or multipie engine
aircraft. Unce this distance has been determined the initial size of tne
plume can be defined as a function of the exhaust nozzle diameter., The
current study supports previous findings that at idle conditions the exhaust
dimensions are in the .range of 6 to & times the diameter of the jet exit 1in
height and 10 to 13 times the diameter in width for a single engine aircraft.

The corresponding values for plume height for dual engine aircraft as
developed in this study are 9 to 12 times the diameter of the jet exit.
Sufficient observations were not available to provide an estimate of the
width, but one could assume that on a similarity basis the width would be on
the order of 1.5 times the single engine value or a value of 15 to 20 times
the diameter of the jet exit.

The procedures that have been proposed here for use in AQAM are intended
to provide a reasonable means of estimating the distance, height and width of
the plume at the probable location that atmospheric condition will dominate.
These procedures will provide approximate numbers that are representative of
the actual conditions. Consequentiy, they should be employed with the
knowledge that they are best estimates based on field observations and
theoretical calculations.
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