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FOREWORD
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manuscript was submitted for nublication on April 25, 1973.

Special appreciation is expressed to R. F. Lauer, Jr., project engineer, who was
responsible for the installation and test activities and who wrote the sections of the
report to do with the engine, inlet, and test facility, The authors also wish to express
special appreciation to J. N. Kemp, project instrumentation engineer, whose tireless effort
in maintaining and operating the emission analyzer system made tHe successful
measurement of the engine exhaust emissions a reality.

This technical report has been reviewed and is approved.

L. R. KISSLING FRANK 1. PASSARELLO
Lt Colonel, USAF. Colonel, USAF

Y Chief Air Force Test Director, PWT Director of Test
Directorate of Test

i •i ,



ABSTRACT

Exhaust emissions were nneasured in the plume of a J85-GE-5 turbojet engine as
part of an investigation to deter-mine the 'impact on the climate of a fleet of supersonic
aircraft flying in the stratosphere, Measurements were made at three axial stations (0.22,
9.3, and 19.9 nozzle diameterts) downstream of the nozzle exit for both military and

prtial afterburning power at Mach numbers and simulated altitudes of Mach 1.6155,000
ftand Mach 2.0165,000 ft. A continuous sampling technique was used to measure carbon

dioxide, carbon monoxide, total unburned hydrocarbons, oxides of nitrogen, and
particulates. The experimental results were compared with the calculated emission profiles
and were in g~od agreement. The results represent the only available full-.scale turbojet4
engine emission data to date which have been obtained at simulated high altitude with

a supersonic external stream.14
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SECTION I.
ANTRODUJC'ION .

"The unknown environmental impact of a fleet of supersonic aircraft operating in
the stratosphere has resulted in a Department of Transportation (DOT) investigation named
the Climatic Impact Assessment Program (CLAP). The results from this program will be
used to nssess the climatic impact of exhaust emissions from turbine-powered aircraft q
operating in the stratosphere as projected to the year 1990 (Ref. I). The ClAP will provide

Sa data base for six monographs:

1. "The Natural Stratosphere of 1974" 
-I

2. "The Engine Emissions on the Stratosphere of 1990"

3. "The Perturbed Stratosphere of 1990"

4, "The Perturbed Troposphere of 1990 and 2020"

5, "The Biological Effects of the Tropospheric Changes"

6. "The Social and Cost Measures of the Biological Changes"

The exhaust emission data presented in this report will provide valuable information for
the second monograph and should add greatly to the state of the art of aircraft turbine
engine emissions. The data presented are the only known emission data which have been
obtained at simulated high altitude, using a full-scale, turbojet engine.

The test was conducted in the Propulsion Wind Tunnel (PWT), Supersonic (16S) for
DOT using a General Electric J85-GE-5 turbojet engine (Ref. 2) mounted in an isolated
nacelle with a' NASA/Lewis Research Center, mixed compression, axisymmetric, supersonic
inlet (Ref. 3). The objective of the PWT test was to determine the influence of the Anxing
of the engine exhaust gases with the external supersonic free-stream flow on the exhaust
emissions of a full-scale turbojet aircraft engine,

A special rotating sampling probe was designed by PWT engineers to withstand the

2000'K (3600'R) engire exhaust as well as to maintain the gas sample at 422 ± 5.6°K
(760 ± 10R) while it was pumped through a 3,5 to 42.6 m (110 to 140 ft) length
of gas transfer line to the gas analyzer, Tlie gas analysis system used was originally designed
(Ref. 4) and used by the Engine Test Facility (ETF) to measure the exhaust emissions
at the nozzle exit of General Electric J93-GE-3 afterburning turbojet engine (Ref. 5). 1
A continuous sampling technique was used to obtain measuremrents of carbon monoxide
(CO), carbon dioxide (CO 2 ), nitric oxide (NO), nitrogen dioxide (NO2 ), other oxides of
nitrogen (NOx), and the total hydrocarbons (THC). The particulate emissions were also

-W 
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-measured using gavinetric filters and electrostatic grds, AllU neasurenments wre- made
in general accordance with SAE ARP. 1256 (Ref. 6).- A -eontinuous- ample- of the- flow
approaching the inlet was also maintained to monitor the concentrations of CO2 and THC
reoirculated In the wind tunnel.

A method of calculating the exhaust plume characteristics and the emission
concentration profiles Is presented, and comparisons with the experimental data are shown.

SECTION II

APPARATUS

.2.1 TEST FACILITY y.". -

Tunnel 16S is a closed-circuit, continuous-flow wind tunnel that can be operated
over a nominal M,,h number range from 1.50 to 4.75, For this test, engine exhaust
products were removed from the tunnel atmosphere by a 183-m k6-ft) diameter open,
sharpslip, scavenging scoop located 10.62 m (34.9 ft) downstream of the engine nozzle
exit as shown in the installation sketch (Fig, 1, Appendi- 1) and in the photograph (Fig.
2).

2.2 TEST ARTICLE

2.2.1 Inlet/Engine Model

The ittlet used in this investigation was as axisymmetric mixcd-compression inlet (Fig.
3) on loan from the NASA Lewis Research Center, and its performance and description
has been well documented in Refs. 3, 7, and 8. External compression was accomplished

with a 12.5-deg half-angle conical, remotely translatable centerbcdy. Inlet boundary-iayer
removal was accomplished by suction through porous sections on the centerbody and cowl
surfaces with the bleed flow being discharged overboard. The aft porous section of the
cowl bleed was sealed closed, and only the forward cowl bleed was used. There were
provisions for engine cooling by the remotely operable ejector bypass valves which
discharged into the engine nacelle. Inlet/engine airflow matching was accomplished with
overboard bypass doors. A control system was designed and fabricated that permitted

-• the inlet shock position to be maintained during engine transients by appropriately
controlling the position of the overboard bypass doors.

The engine, a General Electric J85-GE-5, SIN E230336, (the same engine used duringthe sea-level tests of Ref. 9) is a single-rotor, afterburner-equipped turbojet. The engine

compressor is an eight-stage !ixed-stator unit with interstage bleed valves which extract
air from Stages 3, 4, and 5; the bleed air was discharged overboard. Variable inlet guide

vanes operated in conjunction with the interstage bleed valves. An ejector nozzle shroud
• ~which had an exit diameter of 0.455 m (17.9 in.) was l'itted to tile primary exhaust /

* nozzle as shown in Fig. 4.

S . j...



The distanceeR to the three axial pos'tions of the eillisson sampling probe (Fig. 1)
were .'neasUred fromn tile 'plane or the niozzle shoud exit, but tile prinmary noiole'exhaustI

plane was about 0.14 r, (5.5 In.) upstream o*tf the shru j~neailitary owe levels

and about 0 15'7 m (0,2 ill.) upstream Ut the augmrented power conditions, A more detailed
engine descriptioni May he found in Ref, 2.

Thle engine nacelle and model support system were designed by Boeing Company for a
-previous test requirement. All fire-fighting equipment, fuel, externally supplied ai~r, ulectrical
ý:ontrol carileý. pressure and elect, jeal signals, etkc., were supplied through thle support strut

* (see Figs, 1 and 2). The Inlet wits mounted to thc engine nacelle using a PWT-designed
adapter which provided a cy'lindrical flow path for the primary enginc air from the inlet and -
additional pussagez. for the inlet ejector/engine nacelle cooling airflow (see Fig. 3b). A
free-stre-am gas samirle probe was provided In the support system, Immediately above theI

inlt (i& ),so that the tunnel atmospheric concentrations Of CO2 and TH-C could be
* ~pericodically sampled during the test, thierebiy ensuring that the scavenging scoop was

capturing all ole the inigine exhaust products and that the tunnel atmosphert, was not
being contaminated.

I 2.2.2 Exhaust Emisgion Sampling Probe

A sketch of thle PWT-designed exhaust emission sampling probe is given in Fig. 5.
TI ie rotary probe arml Could be positioned from the vertical plane of thle support strut
to ± 1 8o deg. nhe probe Support strut could be rotated approximately t±30 deg' from3
the vertical, except in axial position onle, where travel was limited to between -1-19 and
+34 deg (looking upstrcan') to prevent interf'erence with the engine nacelle. By
appropriately positioning thle inain probe support strut and thle rotary probe arm, exhaust
gas emissions in a 2.3-mn (7-ft) diameter circle and over an arc length of 3.96 m (13

ft) could be sampled in a plane perpendicular to the free-streain airflow at probe axial
position two (mid position) (Fig. 2) and probe axial position three (aft position) (Fig.
0a), At axial probe position one (nozzle oxit position) (Fig. 6b), the area was reduced,
but the complete exhaust stream could still be sampled. The radials which were surveyed
it each probe position arc shown in Fig. '7.

The samplc line was constructed from 304 stainless steel tubing 1.27 cm (0.50 in.)
0D by 0.089 cm (0.035 in.) wall thickness and was maintained at this ID except at ti~ree
locations where it was required to cnlargc the 11) to 1.27 cm (0.50 in.) for short disances
through bends in thle probe support structure, Bends in the sample line were kept to
a minimum with the smallest bend radius being 1,5-in, radii in the motor drive assembly. A
special flow splitter was designed to divide the* fiow between tile gaseous emission and thle
particulate emission instrumentation with a minimum of disturbance,

2,2.3 Sample Conditioning System

A un1iqueI sample probe design was requiredl in that not only was the probe to be

cooled to withstand thle 2000"K (3600 0R) engine exhaust, but the gas sample must be
quenched very rapidly and must lie maintained at 422 t 5.6'K (760 ± I 00R) as it is
Pumped along thle long transf10er lines to the analyzer to prcvent condensation of the various

3



gaseous Vonlstituents (particularly the unburned hydrocarbons). T~he exhaust Ras transfor
line from the sample probe to the analyzer had lengths of 35.0, 39,6, and.4*16 mn (i S15
130, and 140 ft), respectively, for probe positions~ 1, 2, and 3. The orifire length of the
transt'or line from prohc tip to the analyzier was concentilecally water-jacketed to maintain

hega. teprature constant with the exception of two short sections (approximately
0.305 iii) (1 1t0 where aI .,27-cm (0,54mn) inside diameter Teflon@ line was used and
Wrapped with external heater tape. A schematic of' the sample conditioning system is shown
in Fig. 8.

Within the analyzvr, the sample temIperatu~re was m~aintained at 422 t 5.,'"K (760
10'11C) LIP to the hydruc-.irhon anilyzet, which was located nearest the analyzer inlct,

The exhautst sample was then maintained at 339 ± 2,8'K (610 ± 5*k) throughout thle
remainder of' the analyzer. Bellows pum11ps, located at the analyzer inlet, were used to
pumlp thle gas Sample 1?Thm the probe Wine at a pressure of 2,07 to 3.45 N/em2 (3,0
to 5.0 psia) to the analyzer inlet at the 10.32 N/cm2 (15 psiall required by the
instrumnICtation. A back pressure reglulator located oil the downstream end of thle sample
line in the analyizer cu-nsol.' was used to conitrol the line pressure from the bellows pumps.
*Fhe samnple iin.. andl e:1cih of the enii'sion instruments utiliz.-d a commnon overboard vent
through which thle eml ':siOn SamleII was dischar-ged.

2.3 INSTRUMENTATION

Steady-state datoh Obtained du1ringf thllis iM St iga tion were digitized and scanned, and
raw data iniputs were recordeLd onl magne tic tape by the P1WT Raythbeon 5 20® digital
computer. The raw data werecilcd SCIeClc ted ar:1meters were printed in the Control
Room onl a line printer operating int conjunction withI the computer, and computed

*Parameters we re written onl magnetic tape.

2.3.1 1Inlet

TIhe 32 Leniterhody (spike) surfac%: static piessures and 20 internal cowl surtace static

pressuires onl the inlets were mneasured by tilc iWT preCssure system and were monitored
in the Control Room for inlet operat ion. Compressor-face ,total-prCSSUre recovery,

distrtio, an prmaryengie ilffl wWere compu 1)Ited from1 SiNx ten1-tube, total-pressure
rakes wiflh static taps at time cowl and afterhOdy Wall% at' each rake, This instrumentation
array I F-ig. 9) waN located III the Suibsonic diftto ser of' thle inlet, u psitream of the engine
compresýsor lace (Fig, ,31). Additionally, thle cente-rbody "bleed, cowl bleed. ejector bypass,
and overboard bypass f'lows were meitered using appropriate pressure instrumentation,

Two niodel-moun ted strain-gage Ira nsdLICerS Were' UNCe for inlet operatiotn. Thie one
seninglij the total pressrur in filie SLO sonmC diftUSI usrS WaSW fsor momitoring inlet stability,
and t he othecr transducer sensed aI cowl sourface sta tic prosso re downstream of' the normal
shock il the so b)so iii di fitilser Ior inltlc ovcrboa md by pass cont rol.

4
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The overboard bypass doors could be operated either manually or in a closed-loop --
mode with the feedback heing the signal from the cowl surface pressure transducer, This 4A
system controlled tile positIon of the inlet normal shock by maintaining a pre-set surface
static pressure. This was accomplished by opening the bypass doors when the pressure
began to rise and conversely, to close the doors when the pressure. began to decrease.

Spike axial position, each of tht six overboard bypass door positions, and the ejector
bypass door positions were monitored and recored by the PWT data' systems.

2.3.2 Engine

The engine had the minimum amount of instrumentation required for safe
engine/facility operation, Measured were: power lever angle; nozzle and
interstage-blecd.valve/inlet-guide-vane positions; engine rotor speed; vibrations from the
forward, main, and turbine frames: primary atid total fuel flows; temperature, and pressures
which include oil temperatuies and pressures, compressor discharge static pressure, turbine
discharge temperature, engine skin, and nacelle environment temperatures. ,

2.3.3 Gas Sample Probe

Both the main probe support strut and the rotary probe arm were instrumented so
that the angular position of each was displayed in the Control Room and recorded on
the data. The total temperature (TTJ) of the gas sample was measured by an
iridium-iridium/rhodium thermocouple located 5.09 cm (2 in.) from the sample orifice

on the rotary probe arm (see Fig. 5), There was sufficient instrumentation along the sample
conditioning line so that the gas sample temperature could be maintained at fhe required
422°K (760'R), and instrumentation was also available to sense the probe structural :1
tempe3rature so that sufficient cooling water flow was maintained.

The impact pressure in the exhaust stream, PTJ, was measured with the sample probe
and was recorded by a transducer located just below the lower probe strut assembly.
The flow of the gas sample was stopped by valves located in the sample line at the bellows -
pump inlet when an exhaust impact pressure survey was being taken. l

2.3.4 Gaseous Emission

iThe gaseous emissions contained in the engine exhaust were measured with seveninstruments designed to identify and measure the concentration of' six gas constituents, '

A photograph of the instrument console is shown in Fig. 10. The constituents measured
were total unburned hydrocarbons (THC), nitrogen oxide (NO), nitrogen dioxide (NO2 ), ' I
oxides of nitrogen (NO,:), carbon monoxide (CO), and carbon dioxide (CO 2). The
instruments used employ various techniques to measure the C(.Alsituents of interest, and
each is briefly described below. Each instrument is identified in Table I (Appendix 11).
A more detailed description of the operating principles of the in.,truments can be found
Sin R t!1'. 4. 5
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2,3.4, 1 Hydrooarbon Measurement

Unburned hydro,;arbons were measured with the Beiknian Model 402 Hydrocarbon
Analyzer, This instrument is classified as a flame loniza ion detector (FID) and utilizes

V • a hydrogen-rich flame til,rough which the sample gas is passed. The unburned hydrocarbons
.I: I�In the sample gas are iurned and an increase In ionized particles results. The ions are
A collected on a plate inserted in the area just above the hydrogen flame. An electrical

current proportional to the hydrocarbon concentration is induced on the collector plates
by the ionized hydrocarbons. The magnitude of the current is amplified and measured

Al V.Pq for concentration calculation. The ctirrent magnitude is also displayed on a meter located
, • on the analyzer cousole for test monitoring, A schematic of the hydrocarbon instrument

is presented In Fig. I Ia,

K 2.3.4.2 Oxides of Carbon Measurement

The instruments used to measure concentrations of carbon monoxide and carbon
dioxide are classified as Nondispersive Infrared (NDIR) detectors. This type of analyzer
uses an infrared source, sample and re':rence cells, a detector, and an electronic signal
processor. Figure I lh is a schematic of a typical infrared detecior. An infrared light is
shown to a detector through two cells containing gas. The gas in the reference cell (nitrogen)
is nonab.sorptive in the infrared band while the sample gas passing through the other cell
absorbs energy proportional to the values of ('CO or C('O 2. Becau:;e of the energy
absorption in the sample, the gas within the two detector chambers is unevenly heated,
and a pressure difference results. This pressure difference is proportional to the
concentration of the compound of interest in the sample cell.

Three nondispersive infrared detectors were used to measure CCO and CCO 2 . Two
of the instruments, Beckman 315B and 31SBL, measured CCO. The difference in the
two instruments lies in the length of the cells. The longer cell length is used to measure

lower values of CCO. The CCO, was measured with a Beckman 315B. The long cell
instrument was not necessary for CCO2 measurement because the value of CCO 2 in a

b turbojet exhaust is always very high.

2.3.4.3 Oxides of Nitrogen

A chemiluminescence analyzer was used to determine tile values of nitropen oxide
(CNO) and the oxides of nitrogen (CNO,). This anulyzer utilizes the principle that ozone
(O3) when combined with certain compounds pinduces a luminous emission. The emitted
light is proportional to the number of reacting molecules which can be related to
constituent concentration if picssure, temperature, and flow rate are maintained constant
through the analyzer, and an excess )r 03 exists.

Both CNO and CNO, were measured using a Thermo-Eectron Corporation (TECO)
10A chemilurninescence instrument. The instruments differed only in that for the CNOX
} measurement the instrument had a CNO 2 to CNO converter which broke CNO 2 down
to CNO. A schematic of the TECO IOA analyzer is shown in Fig. I ec.

6
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2.3.4,4 Nitrogen Dioxide (NO) mat

A nondispersive ultraviolet (MDUV) analyzer (Beckman 255 BL) was used to measure
the value of CNO 2 , This type of analyzer is similar to the nondispersive infrared analyzer

91 described earlier with the exception that an ultraviolet light source replaces the infrared
source, and the light beam energy is measured directly using L pio cell detection device
rather than sensing pressure changes as dos,,ied in the infrared system. The ratios of
the received energy from the two beams Is proportional to the value of CNO2 in the
sample gas. A schematic of the NDUV :,nalyzer is presented in Fig, I Id. All emission
instruments operated well except the NDUV. The physical method of measuring the signal
was sensitive to many things. The limitations of this instrument is discussed in Appendix

r Ill.
• i2.3.6 Particulate Emission

Two methods of determining particulate concentration in the turbojet emission were

"used. The two methods are described below,

2.3.5.1 Gravimetric Filters

Five-micron absolute filters which had been autoclaved and weighed prior to use were

Semployed in conjunction with a gas flow totalizer (wet test mcter) to detenrine the weight
of particulates per standard cubic foot of emission gas (Fig. 10). The total particulate
accumulation was determined by substracting the weight of the exposed filter from its
weight prior to use and by dividing this delta weight by the total gas flow passing through
the filter.

2.3.5.2 Electrostatic Capture Grid

An electrostatic precipitator is used to charge the particles contained in the sample
stream. These charged particles are drawn onto a grid of opposite charge and are captured.
Particle size and distribution can be determined from the grid with the aid of an
electron-microscope. l)ata were obtained by manual analysis which was performed by the
DOT.

2.3.6 Gas Constitutent Measurement Variances
nn

Table 11 presents the instrument accuracies based on information provided by the
instrumen~t nianifilCttrer with the exception of the CNO, CNO,. and CNO2 instruments

which were taken from Ref. 10. The -'*ominal accuracies quoted are from f 1.0 to ± 5.0
percent of full-scale reading depending upon the range of interesi, which is within the

W, accuracies specified by the SAE Committee [-31 (Ref. 6) for measurements excluding
sampling technique inaccuracics.

All measurements of the gas concentrations will have inaccuracies introduced by the
SUIi)mlii~g LllfiqUU. ' U111k; M ML; 1 ,k . L it) MI I n

'7'
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instrument caused by water present In the sampling gas, instrument sensitivity to
constituents other than the constituent being measured by a given instrument and, In

s • the case of nitrogen dioxide (NO2) and carbon dioxide (CO2), conversion in the sample
line from the dioxide state to the monoxide state, Table ill lists the results of NO2 and
C0 2 conversion checks conducted for this lIwestigation. The gas was introduced at the
sample probe, and measurements were taken at two gas sample line temperatures (150
and 300"F), Sample line temperature had a pronounced effect on the amount of conversion
from NO2 to NO-, however, the effect of temperature was less pronounced on the
conversion from CO 2 to CO. The conversion Investigation conducted also revealed an effect
of time on the percent of conversion. As time Increased, the percent conversion for both
NO2 and CO2 decreased. Insufficient data were taken, however, to make a definitive

statement other than to observe that the phenomenon exist,

Water interference and cross constituent interference ciiecks (effect of one constituent
P on an instrument designed to measure another) were ronducted, and no interference on

any of the instruments was observed.

V At the conclusion of the test, a commercial caoibratlon gas cross-reference service
was also used at the request of DOT to verify overall operation of the emission measurement
system. This service provides gases having the same concentration of predetermined
constituents to each or its users. The certified values of the concentrations are not made
available to the user until after the results have biýet submitted to DOT. The concentrations
were measured with the instrumentation system and calibration gases used during the test,
and a report of the results was made to DOT. The results of the cross-reference service
check show very good agreement in Table IV with the supplier as well as the maority
of the users of this service (Refs. 11 and 12).

SgECTION III
• ~PROCEDU RES

Prior to the test, a fuel sample was taken from the single batch of JP-5 fuel that
was used during the test and was analyzed by the AEDC chemical laboratory to determine
the hydrogen-carbon ratio. and the trace element content. A report of this analysis is given
in Table V. Military JP-5 fuel was used throughout the test program and is quite similar

r to commercial Jet A-1.

Engine inlet pressure and temperature settings during the test program were
determined from the geopotential altitude values of the U. S. 1962 standard Atmosphere•• Tables.

Flow visualization of the engine exnaust was accomplished at tunnel stations 13.7
8and 24.4 by the use of a shadowgraph for selected test conditions

•8
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S3. TEST OPERATION

During the tunnel starting sequence, the inlet was manually controlled with the spike
extended and the overboard and ejector bypass doors open, After supersonic flow was
established 'in the wind tunnel, which occurred at low tunnel total pressure, the tunnel
pressure was gradually increased to the desired level, and the spike was gradually retracted

F to keep the inlet from operating too supercritically. When the tunnel was at the desired
test conditions (Mach 2.00/65,000 ft, Tt 3900K (702*R) or Mach 160/55,000 t't, Tt
328°K (590-R)), the scavenging scoop suction was set, and the inlet spike was translated to
the desired position. The ejector bypass door was then closed to set the Inlet normal shock
i't the desired position. At the point, the inlet was placed in an automatic control mode so
that the overboard bypass doors modulated automatically to maintain the inlet diffuser
pressure, and hence, the normal shock position. At both the conditions, engine ignition was
possible from the windmill condition with the JP-5 fuel required for the test. All testing was
accomplished with the model at 0-deg angle of attack.

After the engine was brought to the desired power level (military or partial
afterburnlng power), the exhaust gas sample probe was positioned into the exhaust gas
stream, and data were taken at discrete locations in horizontal, vertical, and/oi- diagonal
planes through the exhaust plume, It was normally possible to obtain data in a given
plane of interest (10 to 15 data points) in one-half to one hour. This could be accomplished
in one continuous time period for the military power settings; however, In afterburning
power, it was not possible to maintain the engine setting for more than about 15 minS Mwithout exceeding the engine skin temperature limits. Therefore, during afterburning, the
engine was reduced in power after each four or ilve points for cooling. It normally required
three periods at afterburning power to obtain one complete plume survey'

Care was taken to set the total fuel flow at the same level during each test period
at a given power setting to ensure compatibility in the data when making various
comparisons. Regular .•ajnples of the free-stream flow entering the inlet were taken to
check the possible contamination of the tunnel air with the exhaust constituents which
were not captured by the capture scoop. Measurements of the levels of CCO 2 and CTHC
were used as indications of contamination.

3.2 GAS ANALYZER

The ernssion sample transport line was temperature corditioned to 422 0K (760 ±
V , 100R) approximately four hours prior to testing and was maintained at that temperature

throughout the test period. Calibration of the seven instruments for measuring the gas
constituents was accomplished immediately prior to the start 3f the test period and at
approximately two-hour intervals during the test period using c~alibraton gases consisting
of a mixture of known concentrations of each constituent of interest (CTHC, CCO, CCO 2 ,
CNO, and CNO 2) in nitrogen. The calibration gas concentrations used in data reduction
are presented in 'Table I1. These certified calibration gases were provided by Scott Research

9- _--
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Laboratory, Plumsteadville, Pennsylvania. Instrumert zero levels were sot using a "zero"
calibration gas which consisted of "bone-dry" (99.998 percent pu'tty) nitrogen. A
calibration curve on each instrument, provided by the manufacturer, which established
a nillivolt/concontration relationship for each instrument range was prcgrammed into the
on-line digital computer, A single point calibration on each lnsrument lange was obtained
with .i calibration gas and was applied to the millivolt/concentration relationship.

The procedure followed during the test. after the instruments were calibrated was
to set the gas s;ample pressure at approximately 10.32 N/cm 2 (15 psia) using the bellows
pump,: (Fig. 8) and to check that the gas temperatures were maintaine.l at 422"K (760*R)
for tl'.e hydrocarbon instrument and at 339*K. (610'R) for t-he remaining instruments. Orn;e
engimi, conditions and probe position were established, the analyzer Instruments w'.ce
-observed until steady-state was established, at which pomnt data were obteined through
th z:,n-line digital computer. At selected test condition,, sample bottles were also filled
with exhaust gas for future analysis by the Universihy of Californir. at Los Angeles,
Cali`ornta.

The free.stream gaseous emissions, CTHC and CCO 2 , w;iich wer.z monitored regularly
!'hc ergine inlet station were found not to exist in sig:ificant :oncentrations during

1.1w, test, except (luring long periods of" afterburning po'..,r when a noticeable increase
(10 to 20 ppmv) was noted in C'HC, The norm--' tvnnel operating level produzed
approximately 10 ppmv. This influence on the data was minimized by limiting the engine
power setting when in afterburning to 15 min. The free-st.'zam levels of CTHC are noted
on the results where it exceeded 20 ppmv.

3.3 PARTICULATE SAMPLING

The gravimetric flters used for determining particulate concentration were autoclaved,
weighed, and placed in sealed pewter dishes by the AEDC Chemical Laboratory. After
one of the prepared filters was placed in the filter holder, the gas flow totalizer was
set to zero, and the gas sample flow was then established through the filter. Each filter
remained in the filter holder until an entire probe survey (horizontal or vertical) was

r completed. After a probe survey, which required from one-half to one hour, the gas flow
was terminated, the gas flow totalizer was read and recorded, and the filter was removed
from the holder, replaced in the pewter dish, and sealed. The filters were then returned 4
to the Chemical Laboratory for weighing to determine the mass of the particulates captured.

The electrostatic grids were prepared by the DOT and were sealed in test tubes.
To obtain an electrostatic grid sample, the grid was removed from the test tube and was
inserted into the retainer on the electrostatic precipitator. A potential of 40 v was
maintained on the precipitator for a period of 60 sec while engine exhaust was passed
through the unit, After the 60 sec, the grid was removed and sealed in the test tube
once again, The exposed grids were returned to the DOT for analysis, A minimum of
seven electrostatic grid samples were taken for either the horizontal or vertical probe survey
at each engine power setting, Mach number/altitude condition, and axial probe location.

10



2A

SECTION iV
RESULTS AND DISCUSSION

Exhaust emission data were obtained at three axial stations downstream of the nozzle
exit of a J85-GE-5 turbojet engine [XP/DN = 0.22 (nozzle exit station), 9.3 (mid station), 13
and 19.9 (aft station)] at two simulated flight conditions (Mach 1.6/55,000 ft and 'Mach
.20/65,000 ft) for two engine power settings (military and partial afterburning). A
theoretical calculation and measured total temperature profiles of the exhaust plume for
Mach 2.0/65,000 ft are shown in Fig. 12. A discussion of the more significant results
obtained is given in the following sections,

[ 4.1 INLET/ENGINE CONDITIONS
KI

The engine was operated at military power (92-deg power lever ar,:,,le) and at parial
afterburning power ( 107.5-deg power lever angle) which were held constant (constant fuel
flow) throughout the test for each of the two free-stream test conditions. The !nlet was
operated at a fixed operating point for each free-stream Mach number. The nominal
free-stream arid engine/inlet operating conditions are listed in ',,ble VI. Any slight variations
in the inlet or engine operating conditions were essentially eliminated by the presentation
Sof the data in the form of an emission index which normalizes the data. The steady-state

Sdistortion at the compressor face produced by the inlet is shown in Fig. 13 for the two
Mach/altitude Londitions.

4.2 GASEOUS EMISSIONS

k The primary objective of' the test was to determine the influence of an external
00 • supersonic free stream on the emission characteristics in the exhaust plume of a turbojet

engine which was capable of operating at conditions similar to those of supersonic
transports. One of the first steps taken to investigate the exhaust emissions was to calculate
the expansion of the exhaust plume into an external supersonic flow field using known
engine exhaust performance parameters. The plume boundaries and profiles shown in Fig.
12 were calculated using the procedure discussed in Appendix IV,

L 4.2.1 Comparison of Axial Probe Position

The variation ot' the emission characteristics for values of CCO, CCO, 'NO, (CNO,Sand (CNO 2 )C AL C shown in Fig. 14 for Mach 1.6/55,000 ft, follow the trel'ds of the
temperature in Fig. 14a. It is noted that a rather uniform distribution of these parameters
exists at the nozzle exit station, but the concentrations and temperature decrease toward
the outer edge of the plume for the mid and aft stations. This is the result of the mixingW region that exists in the downstream plume, The concentrations of THC are not uniform

at the nozzle exit for the military power setting (Fig. 14b) because of continued burning
which occurs at a radial position equal to the location of the afterburner flame holders.
Complete burning takes pl~ace un thu nozzle centerline, The CTHC profile changes as the.
flow moves downstream in the plume.
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Measured and calculated values of CNO 2 (calculated CNO 2 =.CNOk - CNO) are shown
in Fig. 14d, Although the measured values of CNO 2 are in error for most of the data
presented, they have been shown to give other investigators a feeling for the problems
which occur in attemptinig this measurement using continuous sampling techniques with
existing instrumentation. The performance o' tile CNO 2 instrument is discussed further
in Appendix Ill. Corrections can be applied to some of 'lie measured CNO 2 data by
accounting for a zero drift initially and a contamination of the measuring cells beyond
the centerline point for values of -Rp/RN (sampling moved from + to - values of RP,'RN),

The calculated emission indices which are presented in Figs, 14e through g show
similar trends to the concentrations results, however, the values of El did not drop off
to their free-stream values at the same value K ,,/RN as (lid the concentration parameters.
This is believed to be the result of the ,mall magnitude of the parameters at military
power, and because of the variations in CTHC. The ernision index number which is
discussed in Section 4.2.7 is a mass-flow integration of the concentration profiles (see 4

Appendix V) and gives P more accurate number than can be obtained from a weighted
average of the profile plots of the emission index.

4.2.2 Effect of Mach Number and Altitude

Although the results from only two Mach number and altitude test conditions are
available for comparison, a comparison of the Mach 2.0/65,000 ft data in Fig. 15 with
the Mach 1.6!55,000 ft data in F'ig. 14 for military engine power shows some changes
in the temperature and pressure profiles as a result of additional plumnC expansion at higher
altitudes. In general, the oxides of nitrogen were higher for the Mach 2.0/65,000 ft
conditions, but the CCO levels are nearly the same at the exit plane for the two conditions.
The Mach 1.6/55,000 ft mid posttion CCO level was considerably higher than the Mach
2.0/65,000 ft level. This level was also higher than that obtained at the exit plane, and
the reason for this is yet unexplained. There seemed to be little difference in the measured
hydrocarbons for tht two conditions. Plots of the emission indices show no appreciable
changL.

The same general comments made for z comparison of the data for a military power
apply to the afterburning power data shown in Figs. 16 and 17

4.2.3 Effect of Engine Power

A comparison of the military and afterburning power for either Mach 1.6 or 2.0
shows that the temperature on the nozzle centc;linc is slightly higher at the mid station
(Fig. i62i This can be accounted for by continued burning that occurs in the plume,
as evidenced by the large reduction in TIIC oni the centerline at the mid station. The
additional plume expansion at Mach 2.0/65,000 ft also results in more of the hydrocarbons
being burned as shown in Fig. 17b. The other concentrations follow very closely the
variation in total temperature.

r 1
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4.2,4 Effect of Radial Probe Position

A question of the vahdity of a single ridial turvey through the plume arose early
In the test program, Because oc this more than one radial across the plume at a given

£ probe station was surveyed to obtain an accurate indication of the emission profiles, Figure
18 shows a three-dlmensional comparison of the horizontal and vertical surveys at each
probe station for Mach 1,6/55,000 ft. This shows a vivid variation in the profiles at the
probe stations. To obtain a more accurate comparison of the variation of the concentrations
at more than one plane at a given station, selected comparisons are made at each probe
station, Figures 19 and 20 show these variations at Mach 1"6/55,000 ft for military and
afterburning powers, respectively, at the exit station. Mach 2.0/65,000 ft data are also
added to Fig. 20 for comparison. These show little if any vadiation in the emission
characteristics at the nozzle exit, with the exception "C the measured CNO 2 (Fig. 20d)
whose results are in question.

t At the mWd probe station (Fig. 21), a change in the profiles is noted. It is believed that
the decreased concentration at +Rp/RN for the vertical survey (which is in the top
quadrant) is the nacello strut effect. This is further verified by the pressure data in Fig. 21 a.
At the aft station, (Fig. 22) complete mixing has occurred to remove any noticable variation
in the emission characteristics for the planes investigated.

4.2.5 Comparison with Seo-Level-Static Tests

A direct comparison of the wind tunnel exhaust emissions results reported here and
tile static results reported in Raf, 10 is difficult since the emission data reported in that
reference were the first obtained at AEDC and used a different probe and instrumentation
system, The data are presented here primarily to point out that emission data. does exist
for the General Electric J85-5 turbojet engine at both sea-level-static and high altitude
flight conditions. Considerable experience was gained by the investigators of Ref. 10 as
well as by the investigators of the emission measurements for the J93 turbojet engine
(Ref. 5) which greatly aided in preparing for thle test program reported herein.

The rree-stream conditions and 1.n estimate of the burner inlet conditions for the
J85 turbojet engine used during the exhaust emission tests are given in Table VII, Tile
pressure and temperature were calculated from data obtained for the J85 during earlier
tcsls it AEI)C. Also shown are the exit plane values of the emission indices for each
free-stream condition at a military power setting. In general, with the exception of the
carbon monoxide WCCO), I he wind tunnel data are all lower than the sea-level data, at
least in terms of concentration on a parts per millioi, basis. Neither of tile parameters
SSlown Will Lorrelate all of' the dat; however, the parameter V'i Ti3 does give a fair

S~crrelation for the two wind tunnel dat, points (excluding CCO and CCO2). It iS
"worth noting that the emission index for CCO does follow the general trend of

~~decreasing with increasing pT'v as shown in Yef. 13.1This would indicate a lower coibuIstion

c 'ficienwy for the wind tunnel operating conditions, On the other hand, tile unburrncd
hydrocarbons emitted per 1000 p1ounds of fuel burim d is considerably higher at the sea-level
"operating con(ditioin, inudicating a less oflicien t con•mbustion procc,s,

13
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= Comparisons of tht exit plane profiles for the gaseous emissions are shown in Fig,
23. The CCO 2 levels measured during the wind tunnel tests agree very well with those
calculateu from Eq. (V.7) (Appendix V) and the measured f/a, CCO, and unburned
hydrocarbon concentrations. 4owever, the measured value of CCO 2 at sea-level appears
to be approximately 0.5 pcrcent by volume higher than that calculated using the same
procedure. The sea-level calculation was rdjusted allowing for the small difference in the
H/C ratio between JP-4 and JP-5 type fuels. The f/a ratio given in Ref, 9 for the military
power setting was u~ed iii the calculation. Since the data do not correlate well, not a
great deal of effort was expended in trying to reconcile differences or to search for more

Sappropriate correlations.

4.2.6 Comparison of Experimental Date and Theoretical Predictions

The theoretical values of the properties !n the plume were compu.ed using the method
described in Apendix IV. The analysis and theoretical calculations were performed and
presented primarily to show consistency of the measured species and plume properties.
As will be shown, the overall agreement lbetween theory and experiment was good, and
the experimental data can be seen to be very consistent at least in the trends which were
rmeasured. Several deficiencies exist in the theory which could be corrected, but such
modifications were not within the scope of this project. As pointed out in Appendix
IV, tl.e turbulcnt mixing calculations made for the exhaust plume assume that the exit
plane profiles (the plane from which the mixing layer calculations were started) are uniform.
It is oovious from the data presented that this was no, quite the case at military power
and was never the case when operating the engine at a partial afterburning p nwer setting.
In making comparisons of the plume properties at the exit plane, an inviscid core flow
is combined with the mixing region. The inviscid core flow was computed by a Method
of Characteristics solution (Ref. 14) which has a uniform total temperature across the
exhaust (i.e. ideal gas assumed at appropriate value of tile specific heat ratio). Although
theoretical calculations were made for the four conditions at which emission data were
obtained, only the Mach 2.0/65,000 ft, military and partial afterburning conditions are
shown, The agreement (or lack of areement) is the same for the Mach 1,6/55,000 ft
conditions. Figure 24 shows the comparison between theory and experiment for the three
axial locations of the probe with the free-stream conditions of Mach 2,0/65,000 ft and
military engive power setting, The engine parameters corresponding to this power setting
are shown in Table VI. Shown in Fig. 24 are the variations of impact pressure, total
temperature, and concentrations of carbon dioxide (C0 2), carbon monoxide (CO), and
the oxides of nitrogen (NO and NO,) with both exhaust plume radius and axial position.
Figure 24a shows the comparison of the measured and predicted iLnpact pressure. This
parameter was presented to illustrate that a complex shock wave pattern may exist in
tthe wind tunnel, The impact pressure (pitot pressure) is sensitive to Mach number through

"the pressure recovery and, hence is sensitive to expansions or recompressions in the flow.
As a result, the agr2ement oetween experiment and tneory is not goo I at the two
down-stream probe positions. An estimate of the shock wave pattern whi.Lh may exist
is chown in Fig. 25, Unfortunately the shadowgraph coverage of a region approximately
3 ft square on the tunnel centerline, was not adequate to ob.eive the shock waves as

V.S~14
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pictured, with the exception of the Mach number 1.6 cowl lip-inlet spike reflection, This
reflection passes Just aft of the engine exit plane and was observed in the shadowgraphs '
obtained. The obvious question is whether the presence of reflected shock waves affect
the concentration of pollutants in the exhaust, plume. The good agreement shown in Fig.

U 24 shows no discernible effects of the shock wave structure, A comparison of the
W; experimental with the theoretical results in Fig. 24 shows total temperature profiles ill

good agreement. The outer radius of the plume, where the temperature approaches free
stream, was somewhat larger than that predicted by the theory. However, the radius of

V the plume implied by tile point where the concentrations approach the free-stream levels
agree very well with the theoretical prediction of the plume radius, The CCO reaches
a peak at a higher value at the plume centerline for the probe in the mid position than
at the exit plane, The frozen chemistry assumption does not appear to hold for the CCO
in the inviscid portion of the plume. The CCO 2 , CNO, and CNOX agree very well with
the theoretical predictions and exhibit classical fully mixed plume profiles, There does
not appear to be any afterburning in the exhaust plume because of the low levels of
unburned hydrocarbons that were measured, No comparison of the hydrocarbons is made
since the levels measured are near the lower limit where the flame ionization technique
can be considered reliable and are also near the free-stream level of the wind tunnel,
The static temperature and flow velocity arc shown in Figs. 24g and h. Both the static
temperature and flow velocity are computed from the experimentally measured values
of the impact pressurc and the total temperature measured by the method described in
Appendix V for computing the emission indices. The results show that agreement of the
profiles at the exit plane is not very good, hut as the plume mixing continues tile theoretical
calculations are in better agreement. There are two sources of possible error in obtaining
the static temperature and flow velocity: one is in the inaccuracies in the theoretical
analysis, and the second is the inaccuracies involved in computing properties in front of
the shock wave from the measured impact pressure and total temperature. The centerline
decay of the concentrations and the total temperature are shown in Fig. 26 compared
with the theoretical predictions. Again, except for two data points, the plume properties
agree quite well with the turbulent mixing calculations. Note that the plume becomes
fully mixed at approximately 3.05 m (10 ft) downstream of the exit plane.

t A comparison of the theoretical and experimental results is made in Figs. 27 and
28 for the Mach 2.0/65,000 ft conditions and the partial afterburning engine setting
conditions given in Table VI. Because of the continual combustion taking place outside
the engine in the inviscid portion of the plume, the e was very poor agreement between
the theory and the experiment so that only a comparison of the impact pressure, total
temperature, and CCO 2 are shown. In order to make accurate theoretical predictions of
the plurne behavior, it hecomes necessary to take into account tihe effect of combustion
on the conditions at the internal boundary of tile mixing region. It is interesting to note
that the plume appears to become fully mixed in approximately thle same axial distance
for afterburning as the military case. Once the plume is mixed, iL behaves similar to the
military case for the downstream positions, If the profiles at the mid and aft probe positions
and the plume ridius arc normalized with the centerline values of the properties, they
agree with the corresPonding normalized theoretical profiles. The effect of afterburoing

is
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on the concentration levels and total temperature are shown clearly in Fig. 28 by
comparison of the experimental and theoretical centerline decay of the flow properties. J

An additional check on the validity and consistency of' the at'terburning data can be
made by comparing Oither the fuel.air ratio implied from the measured CCO 2 , CCO, and
unburntd hydrocarbons used in Eq. (V-7) of Appendix V, with that implied by the
measured total temperaure; or by comparing the CCO 2 levels computed from Eq. (V-7)
using the fuel-air ratio implied from the total temperature and the measured values of :CO
and unburned hydiocarhons. 'igure 29 shows the CCO 2 levels computed with those
measured at the exit plane for the Mach 2.0 afterburning case. The fuel-air ratio necessary,
at 100-percent combustion, to produce the measured total temperatures across the exhaust
is obtained from combustion temperature versus fuel-ait ratio curves for a hydrocarbon fuel
with the same he~iting value as JP-5. The fuel-air ratios along with the measured CCO and
"unburned hydrocarbons are substituted into Eq. (V-7). It is seer, that the agreement is good
both in level and shape, which implies that the measurements of total temperature, CCO,
and unburned hydrocarbon levels are consistent with one another. One additional comment Amih be nmade cocrigthe unburned hydrocarbon levels at the exit plane for thie

afterhurning condition, Figure 17b shows a local fuel-air ratio of approximately 0.0078 at
the centerline of the encgine, If one ,omputcs the temperature rise that results from the
combustion at that fuel-air ratio and adds that to the centerline value of the exit plane
temperature (ftrom Fig. 27, T-I" 2040°F) ;i value of 2600'R ,s obtained. It can be seen
from the middle position profile in Fig. 27 that a vaIue of approximately 2570'R was
measured, indicating that combustion was nearly complete at the centerline before the
exhaust plume became fully mixed.

Finally, it should be noted that all of the experimental data that have been compared
with the theoretical predictions were obtained with the probe being swept in the horizontal

plane. Also these data are shown as distance from the tunnel centerline'to which the
probe was referenced. It can be seen that peak values of the plume properties are displaced
from the tunnel centerline. It was found that the engine installation was slightly yawed
(- 0.3 deg) in the tuonel cat'sing the plume to be off the tunnel centerline. The theoretical

j- profiles were shifted so that the iheoretical centerline values were lnatched with the peak '
values of the experimental data. The fact that the exhaust was slightly yawed ca further
be seen in the CCO 2 of Fig. 24 by observing that levels to the left side of the tunnel
centerline are slightly higher than the theory, thereby exhibiting the behavior observed
ewhen a jet is placed in a cross flow. The experimental data obtained at Mach 1.6 does
not =how as much skewness since the tunnel dynamic pressure was considerably higher
ano prevented the exhaust from penetrating the tunnel flow as much, thereby reducing
the cross-flow component to almost zero,

F 4.2.7 Emission Indices

Since the plume profiles were not completely uniform, the emission indices were
calculated using an integrated mass technique. The gas properties were calculated from
the measured impact pressure and total temperature. 'ihe mass flux of the species being
emitted was then divided by an integration of the experimental point-by-point values of 4
"CCO2 , CCO, and CTHC which respresented the fuel flow. The method and procedure

S16

"AK A



iI : I L .. ii .II ' : : . : _ _ _ I
AEDO-YA-73-103

is described in Appendix V, This procedure is complicated by the relatively few
experimental points taken across the plume which makes numerical integration difficult
however, it was felt that an integration of the emitted species provided a more realistic
evaluation of the emission index. An analysis of the calculated emission index as a function

S - of the axial distance from the exit plane provides information on the influence of external
stream mixing on emission characteristics, If the emission index of a species is neariy
constant as a function of axial position, then there has been a conservation of species i

V •and either no significant reactions have taken place during the plume mixing or no
= afterburning occurred outside the engine. Table VIII shows the values of the emission

indices obtained at each axial location for each gaseous emission measured. (Values for
the military case from Ref. 9 are shown for comparison,) Several observations can be _
made concerning the values shown starting with the first column and proceding across
the table. The EICO2 is, as expected, nearly constant since the CCO2 level depends
primarily on the fuel-air ratio and combustion efficiency, Very good agreement is seen at
military power for Mach 1.6 and 2.0,

T'he EITHC at the exit plane is very low for military power although the Mach 2
conditions are almost a factor of two higher. The results show that the EITHC also increases
with axial distance. This can be attr;buted to the entrainment of hydrocarbons frum the
tunnel flow, which for the military power setting had tunnel levels (6 to 10 ppmv) that
were a significant fraction of those measured at the exit plane. An estimate of the increase
in EITHC at the mid and aft probe stations for the Mach 2.0, military condition was
made by using the tunnel levels of the THC measured at the engine inlet and the theoretical
entrainment rates for the turbulent mixing calculations. The calculated EITHC values,
considering those CHTC entrained (shown in parenthesis), show that the increase is not
unexpected, The difference in the value calculated and that found by integratin' . ' profile
at the aft position is probably due to the fact that the theoretical plume raL,, is smaller
than that used in the integration of the experimental data. This would give less entrainment,
and hence, a lower value for EITHC, The level of the CTHC in the tunnel was not significant
enough to affect the EITHC computed for the afterburning power setting. During
afterburning power, the EITHC increased from the exit to the mid plane probe station,
One possible explanation for this increase can be given even though combustion takes
place. It appears that the engine may have emitted significant level of unburned
hydrucarbons around the periphery of the nozzle that were not detected at the exit plane
because the radial probe travel was limited. Evidence of this can be seen from Figs, 16b
and I lb which show isolated points of high levels of unburned hydrocarbons out near
the edge of the jet. These were mixed with the colder external stream and were not
consumed during combustion, The unburne'l hydrocarbons were then mixed and
subsequently measured at the next two axial locations. The most reliable EITHC for these
particular conditions would probably be that measured at the aft position since the amount
entrained from the tunnel flow was very much lower than the levels in the plume.

X_ The EICO values are fairly consistent for a given power setting showing an increase
witth afterburning. At the present, no good reason ca!n be given for the apparent increase in

L the CO levels at the mid position for the military conditions since no instrunentation errors
occured during these measuremnts.
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The emission Indices of the oxides of nitrogen are almost the same for each axial
location and show the correct trends between the different tunnel and engine conditions.
The EINOx for each condition shown exhibits the best behavior as far as being constant
for each axial location and, as discussed in Section 4.2.5, correlating with the parameters
shown. Since trouble was experienced with the NO2 Instrument, the EINO 2 values are
obtained for the CNO 2 levels computed from the measured CNO and CNOx. This results
in a well-behaved trend which follows the EINO and EINOX.

It is felt that the emission indices given in "'able VIII as computed from Eq. (V-5)
Appendix V, are very reliable since any errors Involved in numerical integration and in'
computing, the gas properties tend to cancel out when the two integrals in Eq. (V-5)
are divided. A check on the numerical integration was made by comparing the integrated
fuel flows at the exit plane with those measured by a flowmeter during the engine
operation. The best agreement was a calculated fuel flow within 2.7 percent of the measured
value at the Mach 2.0 military condition, and the worst was a 20-percent difference at
the Mach 1,6 military condition with the calculated values always being higher. These
errors are traceable to not being able to properly define the edge of the plume where
all of the flow properties return to their free-stream values,

4.3 PARTICULATE EMISSIONS

The results of the partic;late emission measurements using the electrostatic grid
(Section 2.3,5) will be the subiect of a later report by DOT, Although the analysis of
the electrostatic grid withi an electron-microscope are not available for inclusion in this
report, DOT has reported verbally that initial analysis of the grids indicates a very low
particle distribution. This agree3 also with the gravimetr~c filter results. A verylow ratio
of particle weight to mass flow through the filter (g/SCF) resulted during the test with
the highest weight-mass flow occurring at the nozzle exit station during afterburning. The
results of the gravimetric filter analysis are shown it, rable IX, An attempt was made
to plot the results es a function of axial probe position, engine power, and test condition
in Fig. 30, Although there is a general trend toward a decrease in the weight-to-mass
flow ratio with ayial position downstream of the nozzle exit, the results are inconclusive
because of certain uncontrolled variables such as the amoun-: of time the probe was at
a given sampling point for each test condition, The requiremernt to cool the turbojet engine
every 15 min during afterburning and the probability of g:nerating a different particle
distribution when a return to the power setting was made on a given survey also introduce
a variable in the analysis.

During an investigation of the particulate emissions at static sea level for this same
enge.,c (Ref. 10), it was reported that no visible smoke was produced. Posttest inspection
of the sample line also revealed no major accumulation of carbon deposits.

I
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I SECTION V -

SUMMARY OF RESULTS

3The exhiaust emissions were measured at three axiaul stations in the exhaulst p11.lue

it uterore ic etral pditosoftheam emwson chaact tis Thd mtjor rniesultser sthtinst
wrgith ar sutaid helow: -s

i. he consitituents (o1 thle exhauLSt including concentrations of ciirbon dioxide,
carbon mon01oxidC, totall Unlburned hydrocarbons, ox ides of' nitrogenl, and
parti~ulatos were measured SuIcýceSsfully at three aixial stat ions (0.22, 9.3,
and P).9 nozzle diai imters), downstream of' the nozzle exit f'or both mi iiitary
and partial afterhurni ng engine power at Mitch numinbers and simll'11ated
altitudes of' Mach 1t)./55,000 It and MIach 10O'o5.000 ft.

2. Thle mixing with the external t'ree Streamll did no01 result inl urther reaction
of thle gas consti tile tis, ot her thanl the conditions where cornibust ion was
OCC urring inl thle cX ha USt p1time. A calculation of' the eminission inidices; at
the thiree aial stations in~ thle exhaut lume I nII)Ildicate tljt no0 SigniliicaUlt
reaction of thle oxides of' nitrogen occUrred.

3. The effIect of the ex ternal Su personic stream and resu~ltinlg mlixing Onl thle
exhauIst emission conicentra lionis wais wedic ted thteore tic ally and was in good i-
agreemient with thle experimental concentratlion prof'iles. This shoul.1d pray ide
validity to thec experimental resuilts.

I4, The cx istence of' the re ilected shocks in thle tunnel10 had no discernible efflect -

onl thle emission co neent ialionls
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SYMBOL Mw FI.T PLS XP/DN XRf
o 2.0 65K MIL 0.22 HrJIZ-
A 2.0 65K MIL 9.30 H0!Z
MI 2.0 65K MIL 19.90 HOR:Z

2000 -

1500 -- -
ElTTJ .4,', ' Z . ..

(DEG R i I0 Ef1
1000 - ".. .. . .--

V3 1 (96500

0 ...

RT/RN

64.

I IiI

i 'A' I'

i 0 __I_______

-4 -3 -2 -1 0 1 2 3 q
r Rp/RN

a. TTJ versus RT/RN, PTJ versus Rp/RN

Fig. 16 Variation of Emission Characteristics with Axial Probe Position

(Mach 2.0/65,000 ft, MIL)
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A G-Y A.T -13.103

SYMROL Mw ALT PLS XP/ON XR

O 2.0 65K MIL 0.22 HORIZZ
"2.0 65K MIL 9.30 HORIZ Z

M 2.0 65K MIL 19.90 HORIZ

50

4 4

3400

S~CTHC

(PPMV)
S20

10.:."

-1q 000 . . . . ..--t -- - "_.... . . --... . __'_"'_-0

3000

' ~(PPMV)
2 0 0 0.. . .. . . -- - - - - -

-4 -3 -2 -1 0 1 2 3 4

Rp/RN

b. CTHC and CCO versus Rp/RN

Fig. 15 Continued
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AED C-T A.73-103

SYMBOL M. ALT PLS XP/ON XR
0 2.0 65iK MIL 0.22 HOAIZ

_2.0 65K MIL 9. 30 HOA: Z
cl 2.0 6b5( NIL 19.90 HOAIZ

ECO

80I

140 ---

20

(P0V

CCO, NQan CN vRsus P/R

Fig. 15 Continued
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At 00-T -7310

SYMBOL M. ALT PLS XP/0N XR
0 2.0 6SK MIL 0.22 HORIZ

2.0 55K MIL 9.30 tIORIZ
M 2.0 65K M!L 19.90 H$0R1Z

.60 - n~ ~7

CN02 ---- CA~LJL 4 .

80

CN02
(PPMV)I

-II -3 -2 -l 0 1 2 3 q
RP/RN

d. Calculated and Measured CN0 2 versus Rp /RN
Fig. 15 Continued



• ~~AE DC-TF4.73.103 • @-

SYMBOL Mo ALT PLS XP/ON XR
S2.0 65K MIL 0.22 HORIZ

2.0 65K MIL 9.30 HORIZ
1 2.0 65K MIL 19.90 HORIZ

=It I'

II I -' ' -,i
40 ---- 7
30 -

E.I.THC _ .

*~240

,,.•!' 160 .... -, I- -p' "• - -: , -:'''- -- -

10

•, _ -IL -3 -2 -1 0 1 2 3 4

* e, EITHC and EICO 'iersus Rp/RN ,
EFig. 15 Continued
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At DOT R-7300 I

SYMBOL M, PLY PLS XP/ON XR

o 2.0 65K MIL 0.22 HOAIZ
A 2.0 65K MIL 9. 30 HO I Z

2.0 65K MIL 19.90 HORIZ

~4000 - T-- -1~

EIC02~Gi I

40p

I.OX

2.0

.0 _ _

-3 I2 I

RP/RN

f. EICO 2, EINO,, and EINO versus Rp/RN

Fig. 15 Continued
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SYMBOL Mm ALT PLS XP/ON XR
0 Z.0 65K MIL 0.2) HORIZ
A 2.0 65K MIL 9.30 HOR!Z
C3 2.0 65K MIL 19.90 HORIZ

16.0 . . _1 T

:- }2 ,EI O2 ---s -... --L- .-- ---[.-J .. .. * - -- - ! -

12.0 4
-. 0- /

-Lj-42 - 0 1 2 3 '
R P/A N

g EIN0 2 versus Rp/RN

Fig. 15 Concludod
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A CDC.T R-730 03

SYMBOL M,, ALT PLS XP/ON XA
1.6 5SK A/B 0.22 VIRIZ

A 1.6 '55K P/D 9.30 H40A1Z
C3 I.e 55K A/0 19.90 HORIZ

3000 __

TTJ *0

2000 --- "

* 1000 - - - ------

ý.Cl1

0

R 7/RN

PTJ , *~*

* (PSIP)

4, 0

<4 3 -2 -1 0 2 3

a. TTJ versus RT /RN and PTJ versus Rp /RN
Fig. 16 Variation o'f Emission Characteristics with Axial Probe Position

(MNach 1.6/55,000 ft, A/13)
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A E DC-T H 73-1 U'

SYMBOL M,,, ALT PLS XP/DN XH
o 1.6 55K P/B 0. 22 HO I Z

1.6 55IK P/B 9. 30 HOR IZ
cn 1.6 55K A/B 19.90 HORIZ

8000-______ _

6000 -~-~

8000

2000

60002 -! 0 1
AP/A

b.CTCan COvesu )pR
Fi.0600nine

2009



SYMBOL. M.o ALT PLt XP/DN XR
0 1.6 55K A/B 0.22 HORIZ
4, 1.6 55K 5 /B 9.30 HOPI Z
.t 1.6 55K P/B 19.90 HORIZ

.10

80

CN "X . . . .....
(PPMV)

4__

20

20

.- 3 -2 1 0 1 3 1

R /BN

C. CCr" CNO, and ONO versus Rp/Rtt
Fig. 16 Continued
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");.: ~AEDC.TM ,73.103 • a

SYMBOL M4 ALT P' 5 XP/O! XR.

0 ) 1.6 55K A,'B 0.22 .HOn I Z
1.6 55K A/B 9.30 HORIZ Z

a) 1.6 55K A/D 19i,90 tIOR!Z

80
CN02 '.' • ~(PP?4V ) "

• • qO~~j~ -'---.--- - -•..."--:

q0

1• 12 0 . . . ...
CN02 . ,MERS ....

- -- ".,-
Ff

40
0 t9

-4 -3 -2 -1 0 1 2 3 1.
AP /RN

d. Calculated and Measured CNO 2 vwrsus Rp/RN
Fig. 16 Continued
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: N ~A E DC.ri .73 0.14o'

SYMBOL Mw PL ; PLS XP/ON XA
CD 1) . 6 551K llB 0. 22 HO3R IZ

1.6 55K A/B 9.30 HCHIJZ
C3 1.6 55K P/B 19.90 HORIZ

160 I -

120 - - - - - - ----- -

EITHC

i, I I : .

: I , . I

-I - - . I 0 I 2 3 L

20 I
160 --- t-

e. EITHC and EICO versus Rp/RN

Fig, 16 Continued
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'V 0C T A -73 -103

SYMBOL J4w ALT PLS XP/ON XR

O 1.6 55K A/8 0. 22 HOPRIZ
16 16 55K~ 9/8 9.30 HOPI Z
0 1.6 55K A/B 19.90 HORIZ

SEI C02 .. . , W... .. .
0

Su-EINO. - .-, , . . ..

2.0 _ _ _ _ _ _ _ _ _

F2 . . -- . .. ..... .. ..... 4.. .

0 _ _ _n_ __ _ _EIN
-• - 2 -1 0 1 2 3 4
0 Rp/RN

f. EIC0 2 , EINO,, and EINO versus Rp/AN
SL Fig. 16 Continued
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AEDGTR=73,t 03

=

SYMBOL Mo ALT PLS XP/DN XR

0 1.6 55K R/B 0.22 HORIZ
1.6 55K R/8 9.30 HOAII
1.6 55K P/B 19.90 HORIZ

16.0 0

12.0

0 * I

EIN02 . i . ... ..

4 .0 .. ... . . . ..

-4 -3 -2 -1 0 1 2 3 4
Rp/RA

g. EINO 2 versus Rp/RN
Fig. 16 Concluded
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A t .R-. "<U 7

SYHBOL !44o ALT PLS XP/DN XR
o 2.0 65K A// 0.22 HOaI,

2.0 65K A/B 9.30 HORI 1
2,0 65K A/S 19.90 HOR I Z

4000

3000 - _ 0

(DEG RI
""2000 - i---------------• . ,

I I

SFRT/RN

:. L " *-,-- .:-. 0&•m[ :

*PTJ ' ' TJ•

01-

i /A

•-4 -3 -2 -1 0 1 2 3 4
S~Rp/RN

a, T f'J versus RT/RN, PTJ versus RP!Ra
Fig. 17 Variation of Emission Characteristics with Axial Probe Position

(Moch 2.0/65,O00 ft, A/B)
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f• AEOC.TR,73.t 03 =..-

SYMBOL H A, LT PLS XP/DN XA
-( 2.0 65K A/B 0.22 HORIZ
A 2.0 65K A/B 9.30 HORJZ
c 2.0 65K A/B 19.90 HORIZ

8000 .

' • 6000 ...... •

(PPHV) 0 0'

'O000 - *--

° -.

2000I- _____

0

8000

6000 t-... I -

cc-! 1..-.
(PPMV) I

20 0

-4 -3 -2 -1 cl 0 2 3 4

RP'RN

b. CTHC and CCO versus Rp/RN
Fig. 17 Continued
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A DC-.TR.73•10 3

SY4B3M Mo ALT PLS XP/ON WR
0 2.0 65K A/B 0.22 HORIZ
S2.0 65K A/B 9.30 HORIZ
I 2.0 65K A/B 19.90 HORIZ

-60 ----
CNO -t

S • ~~(PPMV)
-4 - .,---. . . .. • =

r -•• • I ' i
SI-- 9 ---

*~0 -
• ~~~~CNO -- ... .. .. ;..

-4 -3 -2 -1 0 1 2 3
BR/RN

Sc. CC0 2 , CNOK, and CNO versus Rp/RN

r ig. 17 Continued
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SYMBOL M, ALT PLS XP/ON XR
2.0 65K A/B 0.22 HORIZ
2.0 65K A/B 9.30 HORIZ
2.0 65K A/B. 19.90 I•ORIZ

80
(PP14Y) -

40 -

80 ± vi
160]pr. / -I] .i

-L -3 -2 -1 0 1 2 - 3-

d. Calculated and MeaCuN2 CN0 2 VOru RP/RN

Fig. 17 Cnia•nUcd
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SYMBOL Mw ALT PL5 XP/DN XR I
2.0 65K A/B 0.22 HORIZ
2,3 65K A/B 9.30 HORIZ
2.0 65K R/B 19.90 HORIZ

160 T
120-------

EITHC ------- , .

I~0- -: - - 1 -H .. •]-

80

o It•

160

rI
24

1160 E I C ItI,

S- 3 - 2 -1 0 1 2 3 q•

Rp/RN

e. ErrHC and EICO versus Rp/RN

Fig. 17 Continued
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5Y"BOL A ALT PLS XP/DN XA
CD 2.0 65K A/B 0.22 HORIZ.
A 2.0 65K R/B 9.30 HURIZ
0 2.0 65K A/8 19.90 HORIZ

I ~4000 -

2000 -

0

6.0 "

4.0

EINO 4.

2.0 -- .... -

'-J

-4 -3 -2 -1 0 1 2 3
RP/RN

f, EICO 2 , EINOQ, and EINO versus Rp/RN
Fig. 17 Continued
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SYMBOL Mw ALT P1.5 XP/DN xA
o 2.0 65K A/D U.22 HMfIZ
A 2.0 65K A/8 9.30 HORJZ
a) 2.0 65K A/B 19.90 HOAIZ

16.0 -

EIN02 _ _ -4- .

40

AP/RN

gEIN0 2 vorscs RP/RN
FIU, 17 Concluded
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SAEOCs1tR73dot3 , -

SYM1 M= ALT PLS XP0/0N XA
0 1.6 55K MIL 0.22 HOR IZ

S1.6 55K MIL 0.22 VERT

2000*
1501

1500 1) --

6 .......- 7 -=

PTJ

1000 -t- - - , 4-

0 K -.---

6 - .--- 1 0 1 2 1

HP /H4

500 " - -•'*--

I I I

2 -1 - -1- - -....- 4- -

a. TTJ versus RT/R wmi PTJ versus RP/RN
Fig. 19 Comparison of Exhaust Emission ConoointratIons at Horizontal tcnd Verttoal

Plume Axis (Maoh 1.6/66,000 ft, MIL, Fxht Station)
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;YMBOL Yv, ALT PLS XP/ON XA
0 1.6 55K MIL 0.22 HOtIZ
a) 1.6 55K MIL 0.22 VERT

50 i

30

*o I-- T -• . . ! -

SI *: !i *'

CTHC,. . ..
(PPMV)

220
10

4000.- - --

3000 !-- ---- -, -I ..I I . . . , .. .

__ (PPMV)

2000 ~~~-----I I *I• -

1000 . I i .

"-4 -3 .2 1 .1 2 3 4
HPi /RN

b. CTrHC imd CCU vosul ip /RN
Fig, 1t) CogltllnuodI
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SYMBOL Mm ALT P1.5 XP/.TDNO .

a) 1.6 55S( MIL 0.22 VERT

CC02 7 17i --- I
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A- C ',. , . - -.

SYMBOL Mm PLT PLS XP/DN XR
SD 1.6 55K MIL 0.22 HOAI|Z

o 1.6 55K MIL 0.22 VERT

60 -- IT
6o-- .-. l .- I - • " I '

CN0o2 -

0  IZIP LI k i-
20 ego , -

IN~p~)__g - I I ..... .... ... ...i • RS....I

0 - 4 . ......

60-I

I I

I I -..-. - . :'=20--- - - - -

-4 -3 -2 -1 0 1 2 3 L

RP /AN

d, Calnulated and Moesured CNO, versuU RP/RN
Fig. 19 Concluded
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AI ADOC.T.,731O3

SYMOOL If ALT PLS XP/0N X-
0 1.6 55K A/B 0.22 HORIZ
M 1.5 55K A1B 0.22 VERT
A 2.0 65K A/B 0.22 ROIAG

o.000.7.71 K
3000 -- A&- - - - 1•
TTJ _..-.

2000 - I

MT/RN

V I | I -

-.. ... ~ -]---; -. •

(PS IA) - -

2 H I'I

-4 -3 - -1 0 1 2 3
hp/RN

a. TTJ versus RT/RN and PTJ versus RPRN
FIg. 20 Comparim_ of Exhaust Emission Concentrations at Horizontal and Vertical

Plume Axis WMach 1.6/56,000 1,A/B1, Exit Station) and Rlight Diagional Ax is
(Mach 2.0/613000 ft, A/13, Exit Station)
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SYMBOL Me, ALT PL5 XP/O)N XR
0 1.6 s55 A/B 0.22 HOAIZ
in 1.6 55tK A/8 0.22 VERT
A 2.0 65tK R/B 0.22 ADIRO

80000 ~

6000 --- 1

CTHC- ~T
(ppmv) I II

2000 --

F ~0 -

8000 ---

6000 - T

cco -. i

2000--- ---- * -f- 1 -

-'4 -3 -2 -1 0 1 2 3
Rh,/RN

b. CTHC wit OCO versus AR/RN
FigI. 20. Contlniuad
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A DC.T R-.73.-103

SYMBOL Mw : ALT P1S XP/ON XR
0 1.6 55K A/B 0.22 VERT

A 2.0 65K A/B 0.22 R IAG

0 .

6 0 A-

(P PMv ) ,
S--..-780-

4 0 - - 02

2C ti F-04 -3 -2 1 0~- 1 I

1 R
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SYM&O Mw AL.T P1.5 XPIN KR
I .6. 55K~ A/B 0.22 HORI Z
1.6 55i( A/8 0.22 VERY
2.0. 65K A/D 0.22 RD IAr-

CN02

0 - --

CN02 -

40---- - ----- - ---

0 --- 2 1 0 1 2 3 4

l9P/RN

d. Calculated and Measured CN0 2 versus Rp/RN
Fig. 20 Concluded
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AEDC-TR.73'103

SYMBOL ? ALT PLS XP/ON XR
0 2.0 65K MIL 9.3 HOAIZ
to 2.0 65K MIL 9.3 VERY

4000 p P *FV
3000 T--

TIJI

I 00 DO

300 '-.'- :-- - 1~ - .-- -i .- - •-

0
AT/RN

.j- t.I - - 1
4' J .- -- -. ---.P --- ! - ..

PTJ D0
S IA) I

a. TTJ vRpsus RT/RN and PTJ versus .p/RN
Fig. 21 Comparison of Exhaust Emission Concentrations at Horizontal and

Vertical Plume Axis (Mach 2.0/65,000 ft, MIL, Mid Station)
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[7';7 ~ A AED C.T A 4-103

SHM o PLY PIS XP/ON XA
0 2.0 65K MIL 9.30 KOM!Z
to 2.0 65K M! L 9.30 VERT

30-

202

'4000 - -I

-4 - 3 .. -1 0

RP/RN

b. (JTHC and COO versus Rp/RN
Fig. 21 Continued
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5YM5M. ALT PLS XP/DN XR+

m~ 2.0 65K MIL 9.30 VERT

CC2-~~ ~ NIJ=-

o_-

IITI I ' - -

40 , - - -.. .-

20-- ~
- 0 .. . - , - - -

CNO - I -

(P"H) ILI

o-L i_ - -. ._-- -----. , -_

-' -3 -2 -1 0 1 2 3
Rp/RN

_ CCO 2 , CNO,, and CNO versus Rp/RN
Fig. 21 Continued
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A ED C&TRAw3.103

SYMBOL A4 LT PLS XP/ON XA
0 2.0 65K MIL 9.30 HORIZ

2.0 65K MIL 9.30 VERY

60 ~ i.~
CN02_ _ . .. _ L£

C.O CA -- _ _,
20-- - - I

T I -I-r

CN02 -- --.---

(PPHV)

-4 -3 -2 -1 0 1 2 3
AP/RN

d. Calculated and Measured CNO 2 versus Rp/RN
Fig. 21 Concluded
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SYMO M. tT Pt, XPN/ X-

0 2.0 6SK M41L 19.90 1t0RIZ
A 2.0 65K NIL 19.90 LDOIW
0 2.0 65K MIL 19.90 RO-I AG

2000--r -: -

I T " t. . - +, 1 • . . . . . .J.. ., .. . "1500 - i ;• ''•
TTj -.

(DEG R loiooo * 0 ...
500.

R-rIRN. 1

AT /RN

PTJ . I I-- --
.. .(PSIA)> • I -. - I ::,I i 1

-2 -2 0 1 2 3 14

RP RN

a. TTJ versus RT/RN and PTJ versus Rp/RN
Fig. 22 Comparison of Exhaust Emission Concentrations at Horizontal, Vertical,

Left Diagonal, and Right Diagonal Plume Axis (Mach 2.0/65,000 ft,
MIL, Aft Station)
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AlOC.TA.73.1'03

SYMB'OL -A LT P1.5 XP/ON XE;
0 2.0 65K IL 19. 90 IIORI I

M 2.0 6SK MIL 19.90 VERT
A 2.0 65 MIL 19.90 LOIRG
.0 2.0 6S1K MIL 19.90 HDIAG

V 40

10

0 _________________

L4000

3000
cco
(PPt4V)
2000 -

100

RP /RN

b. CTHC and CCO versus Rp/RN
Flg. 22 Continued
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AEDC.*TH.73.1O3

SYMBOL M, ALT PL5 XP/ON XR

oD 2.0 65K NIL 19. 90 HOR I z
C3 2.0 65K MIL 19.90 VERT

A 2.0 65K NIL 19.90 LDIAG
0 2.0 65K NIL 19. 90 RD IAG

0

80

CNOX .

(PPIMV>

40

20 - - ------------ _

NO/R

C. CCO 2 , CNOX, and CNO versus Rp/RN
Fig. 22 Continued
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SYMBOL M R.LT PLS XP.'ON XA

O 2.0 SSW1 MIL 19.90 MOAI z
0 2.0 65K MIL 19.90 -VERY

2.0 69K MIL 19.90 LOIAGA
2.0 65K MIL 19.90 RDIAG

'60

& 0

CN02 2 kL..
(P MI

20

0

130

60-

CN02
(PPMV)

40

Rp /RN

d. Calculated and Measured CNO 2 versus Rp /RN
Fig. 22 Concluded
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60 100 .....
CNO CNOx
(PPMV) (PPMV)

-/ \ e -I I/'

0 0- I

0 NITRIC OXIDE 40-

22000

CTHC ] 0/

(PPMV)
160- 0

I iOXIDES OF NITROGEN

120 I.3000 , r
CCo

](PPMV)
80 2000-

40 - I000

0 0.
-2 -I 0 I 2 CARBON MONOXIDE

Rp/RN

TOTAL HYDROCARBONS
6

CCOz

CALCULATED %
M../ALT SSL (3-6)

Moz1. 6 (3.3)-
0 1.6 /55 K M" r 2.0 (3,09)-- '
o 2.0/65 K 2

SSL (REF 10)

-I I 2

RP/RN

CARBON DIOXIDE

Fig. 23 Comparison of Exit Plane Profile for the Gaseous Emislons
of the J85 Turbojet Engine
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a3 .2 .1 1 2 3 " -
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a, Plume Impact Pressure
Fig. 24 Comparison of Theoretical and Experimental Results at

Mach 2.0/65,000 ft, Military Power
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Fig. 24 Continued
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Fig. 24 Continued
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TABLE IX
RESULTS OF GRAVIMETRIC FILTER ANALYSIS

MI Altitude, PLS XP/DN Weight, g Filter Flow, Fuel Flow
ft scf g/scf

MIL 0.22 8x 10-5 15.2 0.53
1.6 55,000

A/13 0.22 218 x 10-5 20.0 10.9

2.0 65,000 MIL 0.22 30x 10-5 15.0 2.0

A/3B 0.22 249 x 10-5 14.2 17.6

,MIL 9.30 5 x 10-5 7 .5 0.67
9.30 31 x 10-5 13.0 2.38S~1 .6 5 5, 0o 00.-

SA/D 9.30 55 x 0-5 12.0 4.58
9.30 44 x 10-5 5.3 8.30

2.0 65,000 iL 9.30 16 x 10-5 12.4 1.29

A/B 9.30 31 x I0-5 10.0 3.1
35 x 10-5 13.8 2.54

1.6I 55,000 ill, 19.90 44 x 10-5 13.25 3. 32

I A/B 19.90 38 x 10-5 10.0 3,80
10 x 10-5 5.0 2.00

, MIL 19.90 33 x 10- 10.75 3.06
* I 40 x 10-5 14.75 2. 71

2.0 65,000

A/B 19.90 60 x 109.0 .67
- _ 89 x 10-5 13.0 6.85
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APPENDIX III

;ITROGEN DIOXIDE INSTRUMENTATION DEFICIENCIES

The Beckman Nondispersive Ultraviolet long path analyzer, which was used to measure
concentrations of nitrogen dioxide (CNO 2 ), was the only instrument that gave questionable "
results. Since there was no consistent method of correcting these results, they are presented
as measured without any corrections.

The results indicate that the Instrument exhibited both zero shifts and an increase
In the measured value with time because of some contamination of the sample cell. A
typical plot of these characteristics is shown in the following figure:

140 -
Mach 2.0/65,000 ft -

120 - 0 Military
r0 Partial A/B

Open Symbol: Measured
t•O CClosed Symbol: Calculated

>

80

S60

Contamination

20 Shift

-4~~~ -3-2- 01234

RI/RN

A comparison of the measured and calculated CNO 2 shows a greater shift in the results
at afterburning power, Checks of the instrument sensitivity to water vapor prior to the
test did not show an appreciable influence on the performance of the instrument, Table
III shows considerable conversion (16.2 to 34.3 percent) of the CNO 2 into CNO in the
sampling line and analyzer. This does not explain the increase in CNO 2 with time.

Modifications were madc during the test to increase the rigidity of the light source
and of the phototube which greatly decreased the zero shift sensitivity. However, the
contamination effect was not improved. Calibration of the instrument every two hours
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was not sufficient to eliminate the shift and in many cuses the contamination effect was
noted Immediately after calibration. A further check of the sensitivity of the instrument
to methane Introduced In the sampling probe did not affect the instrument. During the
test, an accumulition of a yellow deposit In the sample line approaching the NO2
Instrument was observed. The instrument's performance showed a noticeable improvement
when the lines were cleaned.

It should be noted that the manufacturer replaced the gold anodized sample cell
with ; Monel steel sample cell at the beginning of the test to correct irregularities in
the operation which were attributed to pitting of the anodized gold on the sample cell,
This change resulted in increased sensitivity to the unbalance in light reflected through
the gold reference cell and the Monel steel sample cell. It is, therefore, understandable
that any accumulation of deposit on the sample cell would cause a further shift in the
calibration. It is recommended that a systematic Investigation of the instrument's sensitivity
to contaminants (such as heavy hydrocarbons that can condense in the sample cell at
338bK (61OR) be made before the instrument is used to measure CNO 2 in the exhaust
of a turbojet engine.
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APPENDIX IV

THEORETICAL CALCULATIONS OF EXHAUST PLUME PROPERTIES

Theoretical predictions of the exhaust plume propertizs (i.e. total temperature, impact
pres:iure, concentrations) as a function of both the axial distance from the engine exit
plane and the plume radius were made using the turbulent mixing layer version of the
turbulent boundary-layer calculation procedure given in Ref. i 6. The calculation procedure
utilizes a numerical, implicit, finite difference method to solve the equations of cont!nuity,
energy, and conservation of species. Boundary-layer assumptions are uned In deriving the
conservation equations, and a Prandtl mixing length-eddy viscosity model is used to relate
the mean flow properties to the fluctuating flow properties. Since the solution is an implicit
difference scheme, it is necessary to supply a set of initial conditions in terms of mixing
region profiles (total temperature, velocity, and concentration), initial thickness of the
mixing region, and the conditions at the edges of the mixing region. The initial conditions
for the tests reported herein were computed using a flow model shown in the following
sketch.
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6.'0, Inviscid ,ree-Stroa,
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At DC-H-13- 03 _

1. Tunnel free-stream conditions existed on the engine nacelle ahead of the
nacelle boattail.

2. Because of the short length of the boattall, a simple P'randtl-Meyer expansion
gave the boattall cenditlons.

3. The internal nozzle cooling ah- was neglected in the nozzle flow.

4. The flow between the nacelle and nozzle shroud was neglected
(measurements of the total and 'tic pressure at point A showed that little
or no flow existed in the annuius).

5. The internal nozzle flow was generated from a Method of Characteristics
solution (Ref. 14) using the engine manufacturer's spe.'ificatlons for the

6 engine core flow.

6. The pressure at point A (PA) was matched between the exter,.i and Internal
Sflows,

'iThe viscous flow was computed by calculating the turbulent boundawy layer along the
engine nacelle and the internal nozzle wall. Tile initial profiles for the veloity, temperature,
and concentrations were generated by matching error functions at the reference radius J
(Rrf). The point at which these initial profiles were calculated was somewhat arbitrary
and in the cases considered was 2.54 cm (1.0 in.) downstream of the nozzle shroud exit.
This position becomes more critical when trying to compare mixing legion properties at
the first axial location probed, which was 10.13 cm (4,0 in.) downstream of the nozzle
shroud exit. Unfortunately the probe was not traversed through tile mixing region at that
plane, and a direct comparison is not possible. The following table gives the values of
the flow properties used as initial conditions for the plume mixing calculations:

,T Tt.tU

Ni. I AW.tud-, ft 'K K .,.no,"w' ov,, . I,:,, 1 K N. . :1 ;°',,, 2" In ' ? om' '
.-- --- -4 - , -.J--(I1R) I r,/"He m 0, t V IO (pFNt) (ft iseOi (*' I1 aft P.c)I at) I •Irt) fit) (ft) I ll.•1(n, .

.SiL r (1?15)/ (1i75) 1(4 )U) 13,0) (30 ' Ce1(1060) ,( 0 (10 10 140 (. I I 'I"
. .. . (..70 ,000 ;. no 23C 1 0. , 15 1143 9. 1 0 .0 0 15 20 225 6 0 342 (00414 00 1 1101

T252 (1 002 (4 34 II 4 1

SAID3 .(2600H) 185Z1 (415) 141 1 (3153) , 18 (1 0 )2 1. (0,. 14 ( 1) 0 (U 5) (0 OWN) ( 4 f;I) 1
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where the initial profiles are given by:

RretR~Re u~Um (ue.n~) Rf R Rrf)

R,. <R <R, U tMU + (U, Urn erf
Rte R <; R, u u + (u " Uj) erf (rR '

b/R < R,,f T T, +' + (Tj T,) err •

R < Rrof T =T, .-

The concentration profile was assumed to be similar to the temperature profile with X,
= 0.0 and X, = 1.0, and Urn was arbitrarily set at 30.5 rn/sec (100 ft/sec). This was
the approximate minimum value needed to eliminate numerical instabilities in the
comnputations. It should be emphasized that, although the numerical procedure allows for
the lmn.luslon of finite-rate chemistry, only frozen chemistry is programmed and all the
calculations were carried out assuming frozen chemical composition. By assuming that
the turbulent transport coefficienth (i.e., the turbulent Schmidt numbers) are the same
for all the specie3 in the exhaust plume and fro:•en chemistry, only one conservation of
species equation needs to he solvcd since the initial exit plane values may be normalized
'to unity. An obvious assumnption made in the viscous mixing calculations is that of uniform
properties in the inviscid flows kboth Internal and external). As shown in Fig. 27a and -•

b this assumptioii is grossly in error for the afterburning power setting.

The thermodynamic properties of the mixing region are computed as if the entrained
air and exhaust gases are a mixture of thermally aad calorically perfect gases, Real gas
curve fits are utilized for the air since they were existing In the numerical program, Lind
curve fits are used for the specific heat variation with tempe,'ature for the exhaust gases,
The real gas curve fits for air, being developed for high temperatures, arc in error at
low temperatures, for example, at 700'R, they are 25'R too low, Comparisons of the f
theoretical predictions made with the above method and the experimental data are

Sdiscussed It. Section 4,2.5.
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APPENDIX V
I NTEGRATED EMISSION INDEX CALCULATION PROCEDU2RES

Since, in most aircraft turbine enginies, tile values of thle now properties across thu
exhaust exit plane are not uniform, an Integrated mass flow of each species will give
a more accurate evaluation off (lie pollutants being emitted, Thle usual definition of thý
emission Index can theni be applied to tilc integrated mass flows of each species. This
can be done in the following mainer: Let CP = the concentration of the pth Species
(given In ppmv -mole fraction) then,

where np is the number denstiy of the ptll species and n.g is the number density of the
mixture. The flux of the pth species across, an-y exhaust plume plane in terms ol' particles
per unit time is

R
il) 2Trf n P i r dr (V-I)

and if m.1 represents the mass of a ptill particle, then thle mnass flew is

R 1

1;1 ý 2r P1, nii r dr (V-2)

Let m, be thle average particle mass of thle gas mixture: then since

hIP n Ph P

nm 9 M9 i 9 P9

ULq. (V-2) bccornl,-

-il 21r f~ .C Pg u r dr (niu~ss'unit timie) (V-3)
Pi P 9

[he tuel burned oil a molar basis is tile sumn of the moles of the species containing all
of the carbon atomis (the carbon temitted Iin thle form of particulates will bc neglected)
so that the fuel flow is

iF n( HP ~ CTHC~p u r drdmase/unit time~) (V4

iThe mass of species "p" emitted per mlass (,f fuel burned is the ratio of Eqs. (V-3) and
(V-4). i' the product of pguprdr is given in gl/s':c (:bnisec), then the emission index is
given as
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EICP) 1000 -P 1000 t RpUrdMf RP (V-5)Mf ~ f (cco + CC0 2 +ý CTtIClp~ r rdr

(g/kg fuel), (lbm/10 3 Ibm fuel)

where the molecular weights have been substituted for the particle masses.

The integrals in Eq. (V-5) are evaluated using a simple trapezoidal lntwgrdtion Of
the experimental data. The bulk exhaust gas properties are computed frorr the measured
total temperature, impact pressure, and static pressure at the plane where the meamurements
were made. An iteration across the normal shock wave ir front of the sample probe is
used to compute the free-strearn conditions ahead of the shoc;k wave (Pg and u,), The
values of the CCO2 is input in percent by volurae, and tne remaining species are input
as parts per million by volume. If no reactions take place in the exhaust, the lEl(Cp)
Will remnain constant at Yany axia! location downstream of the engine exit plane. In addition,
if all the. flow properties are uniform, Eq. (V-5) reduces to' the usual definition of the
emission index. N

LEI(C 0 . 01 - _______

p NI f CC 02. CT1IC (V-6)

where C., CCQ, and C'THC are given in ppmv and the CC0 2 is given in percent by volume.
Equation (V-5) has been used in this report to calculate the emission indices with the
following value's of MP/Mf:

p th Species M ~ M /Nif

JP5 Fuel 14 1.00
MC) 28 2.00

CCO2  44 3,14
CNO (as CN0 2) 46 3.21)
CNO, (as CNO 2) 46 3.29
CN0 2  46 3.29
CNO 30 2.14
c'FHC 14 1.00

whlere the fuel has becn assumed to have nearly a C/Il- ratio of 2.0 so that Mf 12
-1 2 =14. These -values are in agreement wihi those recommended by the SAE Committee
E-31 to be issued in SAE ARP 1256 (Ref. 0).

Equation (V-4) mnay also be used as a means of checking the experimental data for
consistency. As noted, if the profiles are uniform across the exit plane of the engine

exhaust, Eq. (V-4) becomes:
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,

WFT 2t "f C[CCO + CCo 2 + CTHc]j ' p 1  .r. .<

M '

which reduces to
MI 

:
WFT [CCO + CCO2 + CIIC](WFT + W.)

g

By taking the usual definition of tile .fuel-air ratio (f/a WFT/WI), the above equation can
be solved for the CCO 2 .

___ [CCO + CTHC] (V-7)
2 M . 1 + f/a

Since the fuel-air ratio is usually known to a greater degree of confidence thin the measured
concentrations, Eq, (V-7) can be used to estimate the CCO 2 levels expected from the

measured f/a, CCO, and CTHC. The usual procedure of calculatinp a fuel-air ratio and
comparing that with the measured value can also be uscd as a check, Equation (V-7)can also be applied locally in the exhaust flow if local value of the fuel-air ratio is deduced

from the measured total temperature profile. This approach can be used for afterburning
power settings where some combustion takes place externally to the engine. The methods
described were applied to the experimental data obtainr1 d during the tests reported herein,
and the results are discussed in Section IV.
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