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HJOMENCLATURE

‘
]
|
|
| a Constant in unner limit distribution function, 1.13

A Cross-sectional area ot particle

AR Aaumrentor tube aumentation ratio, ; numned/; combustor

CH  Cerium Hex-cem

d,D Particle diarmeter

N Meximm particle diarmeter

D35 Volune-to-surface mean diameter

F Fuel-to~air ratio, Fraunhofer function
Fer Ferrocene

]
)
!
p
r Qe  32.2 lbmtt/lbf-sec?

I Intensity
Jy Resel function of order 1
L Path lenath containing particles
b m Index of refraction of marticles
: % Mass flowrate '

M Mach mmber
{ N Mimber concentration of particles
P,Pg Static nressure

Py  Stagnation pressure

0 NDimensionless extinction coefficient

5] Average dimensionless extinction coefficient for polydispersion !
R Gas oonstant

S Exhaust nozzle - aummentor spacing

T Temperature, transmittance

Te ftannat ion termperature

v vVelocit:r
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a Particle size parameter, wb./) o N
Y Ratio 65 émecifie heats 0 u{-;
5 Constant in upper limit distribution function, 1.26 L

o) Scatterina anale e

A Vavelenath N

¥y

D/Dn o
p Density of particle RN

o Standard deviation of particle size distribution *:4"%_.'_','
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I. INTRODUCTION AND OWERVIEW

The mechanism of soot formation in modern gas turbine aircraft engine
combustnars is of areat interest since soot production is 3 factnr affectina
not only aircraft enaine life and reliability, and aircraft combat
survivability, hut also atmospheric pollution levels and overall visihility.
All current high performance aqas turhine engines produce enouch soot during

some phase of operation to pose a problem for hoth desianers and users.

The maintenance of hiagh performace turbofan/turbojet engines by the U.S.
Navy/Air Force is carried out in test cells on shore based facilities. These
test cells are required to adhere to requlations and quidelines set down
by the Environmental Protection Agency reqgarding emission of air pollutants.
In addition to these federal requlations, local state laws often irpose rore
stringent requirements to curb pollution. These requlations are applicable
only while the engine is being tested on the qround, but not when the enaine
is airborne. Therefore, although reduction of in-flight pollutants is a long
term qoal, the primary irmediate concern is the control of exhaust products

that an engine generates in a nost-overhaul test conducted in a test cell.

To comply with the emission requlations existing test cells can be
rodified to treat the exhaust products from the enagine under test. However,
this is extremely costly. Another, less expensive alternative is to modify
the fuel itself, or the combustion process, so that cleaner exhaust products

are produced.

As a short term solution to this problem, various fuel additives have
heen developed which in sorme way reduce soot ooncentration andi 7 cisibilite,

'ge of these additives to ~eet lwval air malitv stanviaris s »conys 03]
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feasirie wnen runnint emilnes £or short neriods in test cells. However,
desin of 3 sont=free enqglne would be a3 hetter lonag term solution. The
CoamPlex Nrocesses which occur turing combustion in these enaines need further
rvestiTation o help define the mle »f additives and fuel composition in

3t £ormatian,

Few new test cells are heing constructed. Therefore, the existing test

gy W W TR W W W W RS W W T TR T T

cells are heinqg required to meet tighter constraints in both noise and

nollutant amissions while enaine types and size are changing. Methods for the

, initial desian and subsequent rodifications, as well as the design of
nollution/noise abatement equipment, would be facilitated if accurate
prediction capabilities for inlet air and exhaust flowfields were readily
available. Current test cells use augmentor tubes (ejectors) to prevent
enaine exhaust gas recirculation and reduce the temperature as well as to

supnress noise.

Terperature, pressure and velocity distributions in auamentor tubes, if
known, cnuld he used to help determine materials required in construction,
dirensions required for strenath and adequacy of flow, and the effects of

pollution/noise control devices inserted or injected into the flow.

The overall objective of the present effort at the Naval Postgraduate
School has been to experimentally investinate the working mechanisms of smoke
suppressant fuel additives and the effects of the additives, and fuel
composition on (1) combustor and augmentor tube exhaust opacity, (2) particle
size and concentration and temperature distribution within the combustor, and

(3) particle size and concentration changes acrnss a test cell auarentor tube.

-

The experimental apparatus is currently hased on a T63 comhustor with

-__._* AN
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fuel addiqive purps and an aft pressure enclosure. The combustor employs an
exhaust 60221e which exhausts into an augmentor tube. Soot mean diameters and
concentrations are measured in the combustor, in the aft pressure enclosure
and at the exit of the auamentor tube using three-wavelenqth liaht
transmission measurements and rultiple-angle forward light scattering
measurements, Collection probes are also used. Variable combustor inlet air

temperature is provided with a hydrogen-fueled vitiated air heater.

The three-wavelenqth light transmission measurement technique can be used
to very low transmittance values and yields the mean (D3j) particle size and
concentration, It does not yield particle size distribution data. Rather, it
requires an assumed distribution together with knowledge of the index of
refraction. The practical range of measurement for visible light is
approximately 0.05 to 0.40 microns. The light scattering technigue is
generally able to determine particle size for particles larger than 0.05
microns. The two techniques can be used tocether to obtain D3p, the

"apparent" particle index of refraction, and the particle concentration.

In general, D3 has heen measured in the range of 0.15 to 0.25 microns.
A value of D3p; of 0.15 microns would yield an arithmetric mean diameter of

approximately 0.07 microns. Collected exhaust products also show many

particles in this size range, but is is not known whether or not these "large"

soot particles are the result of the collection process.

An initial test series was conducted (Ref. 1) with the combustor
operating at design air and fuel flowrates and design pressure with the

following major results:

(1) Additives increased soot size without effectina mass omncentration.

3
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(2) \dﬁitives vere less etfective with lower ~ombustor air inlet
éeﬂnerature.

(3) Fxhaust Mo was irdependent of fuel composition and fuel-air ratin.

(4) A sont —ean index nf refraction of 1.95 - 0.661i resulted in the res+

data correlation for the light transmission measurements.

The nrimary test series conducted in the present investigation was made
at the same nressures and fuel-air ratios as the initial study, but with
reduced flowrates. Thus, the fuel atomizer was operating at less than design
nressure dron {noorer atomization and fuel distribution) and the air mixina

rates (nrimary zone fuel-air ratio) were rodified.

Farlier experimentation on augmentor tubes conducted in a ‘laval Air
Rework Facility, Alameda, California test cell by Mallon, Hickev and Metzer
(Pef. 2) showed the viability of ocomputer simulation of the test cell flow
field as well as the tvmes of difficulties that can occur in acquiring data
for model validation in actual enaine testina. The latter resulted ftrom the
severe temperature and pressure conditions to which the full scale testing

subjected the instrumentation.

It is important to understand the processes that occur within the
augrentor tube if effective controls of test cell exhaust stack emissions are
to he implerented. A major question that needs to be answered is, what
effects do engine operating conditions (exhaust temperature, soot
characteristics, 'tach nurber, etc.) and augmentor design have on the chances
in soot size and soot and gaseous emission concentrations across the auqrentor

tube?

The auaqrentnr tube tised in the orevent investinatinn was instrumentod
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for flowfield determinations (temnerature, rressure and velocity), as well as
for the measurement of particle size variations. Onerating variables

investiaqated included changes in auqmentation air ratio, ooxrbustor air inlet

T

torperature, filel commosition and fuel additives. A further noal was o
- nrovide data for initial validation of a comruter code for the auarentor tube

tlowtield,

IT. FXPFRIMENTAL APPARATUS

A. GFNERAL DESCRIPTION
A sumary of the text apparatus is presental below.
(1) A T63-A-5A gas turbine combustor with fuel additive »urns and
aft pressure enclosure.
(2) An Augmentor tube nlaced at the exit plane of the 'enqine’
exhaust nozzle.
{3) Soot mean diameter and concentration measured in combustor, in
aft pressure enclosure and across the augmentor tube usinm:
- 3~-wavelenath light transmission measurerments,
- 2 and 3-anqle light scattering measurerments,
- llater cooled collection probes with scanning electron
microscone.
(4) MOy and staanation temperatures reasured with probes and a
aas chromatoqgranh.
(5) Auamentor tube velocity, temperature and pressure nrofiles

measured for comparison with 3-D elliptic computer onde

A

predictions.
(6) Hydronqen fueled vitiated air heater with oxyaen rake-un used

to nrovide variable combustor inlet air temperatures.
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B. COMBUSTOR

An Allison T-63-A-5A combustor can was used. Included were
the ignitor, combustor housing, liner and turbine nozzle block. A stainless
steel chamber was attached behind the nozzle block with a converging exhaust .

nozzle sized to provide the proner chamber pressure. Fiqure 1 is a schematic

of the combustor and fiqure 2 presents photographs of the combustor on the

test stand.
C. AIR AND FUEL SUPPLIES

Compressed air for the combustor was supplied from a 3000 psi storage
tank system. Air flowed through several valves and piping to enter the
combustor through two ducts which originally received air from the engine's
compressor. Rerote control for air flowrate was achieved using a dome loaded
pressure requlator and sonic choke. A solenoid operated valve controlled
on/off operation. Air pressure and temperature were ronitored at the sonic

choke, allowing calculation of air flowrate.

A 20 gallon tank supplied pressurized fuel through a turbine flowmeter,
a throttle valve and an electric solenoid shutoff valve. Nitrogen, remotely
controlled by a dame loaded requlator, was used to set the desired fuel tank

pressure. Figure 3 is a schematic of the air and fuel supply systems.
D. HYDROGEN-FUELED VITIATED AIR HEATER

A vitiated air heater was installed downstream of the inlet air sonic
choke. Make-up oxygen was added to the heated inlet air prior to entering
the combustor to account for the oxyqgen burned with the hydrogen. Ignitor and .

heater gas controls were located in the control room. A thermocounle was used

oy
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to measure the heater outlet (combustor inlet) air temperature.

E. COMBUSTOR THERMOCOUPLES

Five thermocouple stations were located radially in the combustor (Figs.
- 4,5). Chromel-alumel thermocounle cutputs were recorded by the data

acquisition system,
F. ADDITIVE METERING PUMPS

} Two Eldex Model E precision meterina pumps ocontrolled the fuel additive
flowrates and were remotely operated by a switch in the ocontrol roam.

Additive volume used was determined by measuring the amount of liquid in the
reservoirs before and after pump operation. Mixing of additive and fuel was

done by a swirl-type mixer.
Ge CONTROLS AND DATA RECORDING

All data were recorded by a Hewlett-Packard data acquisition system.
Pressures, temperatures and fuel flowrates along with transmittance and
scattering diode voltages were recorded for each phase of a run. Real time
exhaust temperature was displayed on a strip chart recorder for determination

of attainment of steady-state operation.

Each run consisted of four phases: pre-ignition data, hot run data with
and without additives, and post-fire data. For each phase, desired
parameters were monitored and recorded and certain test sequences were
controlled by the data acquisition system. Upon completion of each test, a

hard copy of the desired parameters was produced.
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H. COMBUSTOR PARTICLE SIZE DIAGNOSTICS

A schematic of the combustor instrumentation is shown in fiqure 6.
Details and dimensions of the light scatterinag and light transmission
apparatus are nresented in fiqures 7, 8, 9, and 10. Several variations to
those presented in the fiqures were employed. Later tests were conducted with
the white light source used in the combustor section renlaced with a He-Ne and

an Araon-ion laser.

In this investigation, a combination of light transmission and forward
light scattering techniques was utilized to measure the particle size My, and
the mass concentration (Cm). The M3, determined from light scattering
measurements served as a check on the value determined from the liaght

transmission measurements to increase confidence in the data.

In the exhaust reqgion of the cambustor, white-light from a tunqsten
source traveled through the test section to the detector assembly, where the
beam was split into three parts, each passing through a narrow-pass
interference filter to a photodetector. The transmission measurements from
these three wavelengths produced three values of mean extinction cnefficient
ratios. From plots of mean extinction coefficient ratio versus Dy, for
different indices of refraction for the soot particles, it was possible to
determine D3y and the index of refraction of the particles. At the same time,
scattered light from a He-Ne laser was measured at 20° and 40° in the exhaust
reqion. With the intensity ratio (multiplied by the sin 40°/sin 20° to
compensate for the difference in scattering volume at the two angles) as input
to a plot of intensity ratio versus D3;, a second measurement of Dy, was
obtained. This value was independent of the refraction index of the narticle

and was also independent of the light transmission measurements,
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In the combustion region, two laser sources were used for the linht
transnigéion measurement. This yielded one mean extinction cmefficient
ratio. With the index of refraction determined from the three-wavelenath
measurement in the exhaust renion and this sinqle ratio, the plot ot mean
extinction coefficient ratio versus D3p gave the value of D3, in the
combustion reqion. It was assumed that the index of refraction of the
particles remained unchanged as it nassed from the combustion reqion to the
exhaust reaglion. Scattered light measurements were to be taken at 20° and 40n°
for the He-Ne laser source to yield a second value or D3, as a check against
that aobtained by the two-laser transmission measurements. However, these
scattering measurements could not be successfully taken because of the
presence of excessive combustion light and the low cutput power of the He-Ne
laser. Finally, from the value of D3, obtained from the two-laser

measurement, the mass concentration was computed.

In initial tests using a white-light source in the combustor optical
path, phase-lock amplifiers were unsuccessful in separating the signals from
the source and from the combustion aqenerated light. Therefore, tests were
conducted using a source "light-on" and then "light-off" technique to obtain
the transmittance values at three wavelenagths. This method was partially
successful, but was limited in accuracy due to the magnitude of the combustion
nenerated light. The projector light source was then replaced by 2 lasers, an
argon laser operating at .488 microns and a He-Ne laser operating at .6328
microns. These sources, being significantly more intense, were able to be
detected throuah the smoke cloud despite the combustion light. The liaght
chopper, operating at 90 Hz, was placed in the laser path before entering the
crrmbustor,  The photxdinde detect-Hr wtpurs (containing hoth the mbgstor

e laser 11 vt o were assed rhrauch 1 ohase=Dack ynlifier B0 Lo
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synchronized with the chopper. The phase lock amplifier produced an outnut

which was proportional to the chopped light signal. In addition, laser line

filters were installed in the photodiode detectors to help filter out
combustion light. BRefore actual data were taken, several trial tests to
evaluate the effectiveness of this setup were carried out and the results
showed that the combination of light chopper, phase lock amplifier and laser
line filters did eliminate the influence of combustion light on the

transmittance readinqgs.

As the problem of combustion light interfering with the transmittance
measurement did not exist in the exhaust region, a projector-type light
source was used here. The transmitted light entered the photodiode detector
box and was split into three paths by beam splitters. These three beams were
collected individually by three photodiodes which had filters of .450, .A50
and 1.014 microns respectively. For light scattering measurements in the
exhaust region, a He-Ne laser beam at .6328 microns was used and the phodiode

detectors were positioned at 20° and 40° to collect the scattered light.

I. AUGMENTOR TUBE AND INSTRUMENTATION

The augmentor tube, shown in figures 11 and 12, was instrumented at
stations 1.3 inches inside the bell mouth and 14.0 inches inside the exhaust
end. Allowances for adjustment in the axial positioning o the tube and the
use of different inlet geometries enabled different augmentation ratios to he

obtained.

The optical measurement apparatus (Fiqg. 13), which included a
three-wavelenath light transmission device and a two=angle, forward scattering

lioht intensity device, were cart-mounted and nositioned irmediatelv aft »f
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the augrentor tube. Each of these optical devices provided a measurement of

the mean soot narticle diameter (D33).

The augmentor tube (Fig. 14), through viscous mixing of the primary jet
exhaust from the T-63 with the ambient air, entrains a mass flow such that at
the auqmentor exhaust, the mass flow is qgreater than that of the primary jet.
If a sufficient length of tube is provided, the velocity (and temperature)
profile at the auagmentor exhaust will appear relatively flat and considerably
reduced in peak magnitude. It is by this means that the exhausts of qgas

turbine enqines are conditioned before entering a test cell exhaust stack.

For determination of the mass flow through the augmentor tube, pressures
and temperatures at various tube nositions had to be made. Two methods were

used.

The first was an electric motor driven traversing probe (Fig. 15),
which yielded stagnation pressure, stagnation temperature and static pressure.
The probe, which consisted of a United Sensor KT~18-C/A-12-C Kiel probe
enclosed within a 0.375 inch stainless steel tube, and a static pressure probe
extension, was installed 1.3 inches inside the bellmouth of the augmentor

tube.

The second method of data generation was a stationary stagnation pressure
(X-shaped) rake attached 14.0 inches inside the exhaust end of the augmentor

tube (Fig. 16).

In the bypass-air reaion of the augmentor tube inlet flow, and in the
augmentor tube exhaust flow, the gas was assumed to be ideal and

incompressihle since the air flow in these reqinns had very low velocity

11
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(M1 << 1.0 ). Thus, the velocity was determined using:

v = [2(P, - Pg)RT/P.]1/2 (1) .

Within the central core of the augmentor inlet flow, the flow was
near-sonic due to underexpansion of the choked T-63 exhaust nozzle. In this
reqion compressibility effects could not bhe iagnored and the wvelocity was

determined as follows:

V = M{sq.RT}1/2 (2)

Since y varies somewhat with temperature, the measured stagnation
temperature was used to estimate its value for pure air. The lean overall
fuel-air ratio did not warrant any corrections for gas composition chanqe.

The local Mach numbers were determined using:

M= {[2/( y-1)][Pe/Pg)(Y=1)/¥ -1)}1/2 )

Similarly, the static temperature was determined by:

T = T/{1 = [(y=1)/2]M2} (1)

Calculation of y was done by using a polynamial fit developed by

Andrews and Biblarz [Ref. 3].




ITI. PAPTICULATE SIZI'G *ETHODS

A.  LIGHT TPAMNSMISSION TECHNIONE

I.. Cashdrllar [Ref. 4] has successfiullv anplied tris technmime r~
measure the particle size and mass ooncentration of a cloud nf ke, The
transmissior of linht throuagh a cloud of uniform narticles is iven v

Bouuer's Law (Ref. 4]:

T = exp (=0AnL) = exp[-(30CmL/2pd)] (3)

A more useful relationshin was developed by Dobbins [Ref. 5] for a

polydisperse system of particles:
T = exp[~(30C,L/2pD35)] (R)

Using Mie scattering theory, O can be calculated as a function of
particle size, wavelenqgth of liaht, complex refractive index of the narticle
relative to the mediurm and the standard deviation of the narticle size
distribution. A log-normal distrihution for the smoke particles was assumed.
A comnuter pronram (provided hy K.L. Cashdollar of the Pittsburah Mining
and Safety Research Center, Bureau of Mines) produced nlots of 6A and
BA ratios (which are both functions of wavelenqgth) versus values of D35

Takint the natural logarithm of equation 6 and writing it for a specific

wavelenath:
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Since the three-wavelenath detectnr rmeasures the transmission trr all rorae ‘
- ]
wavelennths over an identical nath throurh the smoke cloud, the ratir ~f rie X
loqarithms of the transmissinns at any two wavelenaths is emual to rhe ratin
ot the calculated extinction cnefficients for the same wavelennths:
N i
.
[ln Txl,’/ln T)\Z] = [le/ﬁxz] 3 :
[
t/ith this ratio as the input narareter to the 6@ ratio versus Nyy nlat, ‘
the value of N33 can be determined. As the three wavelenath measurements N
N~
yield three ratios, three values of ™5 will he obtained. If the refractive :
index (m) and the size distribution width (¢) are correctly chosen, all three '
values of N3, obtained from the BX versus D3, nlots will he consistent. -
If the three values of D3, are not consistent, either the size of the t
distribution width or the refractive index, or both, rust be varied. ‘*tost ~f Ny
the marticulates from the combustion can reasonably be assumed to he carbon. 1
From previous studies [Ref. 4], some refractive indices for carbon are )
[}
available. In this investigation a complex refractive index of
[ )
m = 1.95 - i0.66 was most often successful in correlatina the data. The €
‘\
refractive index of the surrounding medium was unity for air and the stancdard 5
&
deviation of the particle distribution, ¢ , was taken as 1.5. Other values
that have been used with less success are m = 1.80 - .60i, 1.90 - .35i, 3
1.95 - 66i, 1.60 - .60i, and ¢ = 2.0 . Once 6X r Dy and T, are known, ;
'
the mass concentration can bhe calculated from the following rearrancerment ~f o
equation 7: 3
. 1
= - Ta) ( M .
4
14 .
®
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Fiqures 17 to 20 show typical plots produced by the Cashdollar nroaram for

given values of refraction index (m) and three values of wavelenath.

The three-wavelength liaht transmission measurement method has the
advantaces that (1) it can be used to very low transmittance values and still
yield accurate mean particle size and concentration, (2) it reaquirss onlv
inexnensive apparatus, and (3) data reduction is simple. However, (1} it
nenerally only vields mean particle size with no information on the size
distribution, (2) it is aenerally limited to particle sizes between
approximately 0.05 and 0.4 microns, (3) it requires knowledqge of the index of '
refraction, and (4) it assumes that the particle index of refraction is :

indenendent of wavelennth, !
B. FORVARD LIGHT SCATTERING TECHNIQUE

An altemative or supplement to the light transmission technicrie for
findina D3y 1S to measure scattered light. For large particles X
a (= %9) > 5 it has been shown that using only Fraunhofer diffraction can .
result in accurate particle size determination. In fact, Hodkinson [Ref. 6]
has shown that by using the ratio of intensities at two forward anales,
particles can be sized down to values of a = 1.0 (D = 0.2 microns for .
A = .6328 microns ) using only Fraunhofer diffraction. Boron & Waldie
[Ref. 7] have shown that accuracy rapidly decays for D < 0.5 microns if only
two anales are employed. Powell, et. al., [Ref. 9] have successfully used the
technique for D3y = 0.4 microns. Making measurements with rore than one

pair »f forward scatterina anmales can reveal the accuracy of measurement [Ref.

6]. Polydispersions are also less prone to measurement errors for Mp. )3

course, if the more omplex Mie fanctions are 1sed, then there i35 ~uch less

Neorrainity in the meas jroments,
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Eallowina the method of Johning, ot 31, [Rer, 21 zand DPawell, »r

al. [ref. 91 for the Fraunhofer trrward lene

Prwell and 7in [Pef, 9] assured in mper=limit=disgrricition=f rovisn T TF

u
¥

npronosed by Mugele & Fvans [Ref. 10], which 1ives the follwin: aquation

for F(9):

1
F(8) = [ (l+cosze)[J1(a9£)/9512 X exn[-(Sln(aE/l-E))2145/1—5 (11)
o
where
Dy/P3y = 1 + a exn(1/452) (13)

and a and § are adjustable parameters. Tynical values of a and § are 1.13 and

1.26 as aiven by reference 9.

The ratio of scattered light intensities at two forward arales is
relatively insensitive to narticle refractive index and concentration. This

is a mmnsequence of the forward lobe bteina nrimarily due to Fraunhofer

e

diffraction phenomena, which are independent of optical nrorerties of the

narticle (since diffraction arises from liaht passing near the marticle rather

than licht undernoina retlectinn or refraction) [Ref, 9]1. Fnor aiver

i
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values of a , ancle 8 , a and § , equation 11 is readily evaluated hv
nurerical inteaqration, producing a nlot of intensity ratin versus RV IR SS
this investiaation, intensity measurerents at 20° and 40° were taken. In
nrier tn have the recorded intensities referenced tc tre same scattering
volume, the intensities rust he multiplied by sin 9 . The ratin nf thre
intensity at 40° rultinlied by sin 40° to the intensity at 2N° rultinlied ny
sin 20° is then used for entrv to the plot, vielding a value of ™y . Finure

21 shows a typical plot of the intensity ratio versus Ny, for a wavelennth ~f

.6323 microns.

b Currently, plots similar to Fiqure 21 are being developed for 40°/20°,
40°/10°, and 20°/10° hased upon hoth Fraunhofer diffraction and the rore

complete Mie functions [Ref. 11].

C. OMBIMATION TECHUIOIES

Usina hoth forward scattering measurements {(at two or rore anales)
and transmittance reasurements at three wavelenaths sirultaneously can
increase the accuracies of measurerment for narticle size and concentration,
Nne such technicque is shown in Fiqure 22. Light scattering measurements are
used tn vield D35, independent of index of refraction (for D » 0.3 microns)
and concentration. In this case, the light transmission measurements vield
the standard deviation of the assumed distribution and the "eftective"
particle index of refraction. The extinction-coefficient and measured

transmittance at one wavelenath then yield the narticle concentration.

The term "effective" particle index of refraction is used in contrast
tn the value for the nure suhstance. Tre former is what the ~ntical technimie

"seag," As faiind hw Prwell & Tinn (Ref, 3] (and athers) soot annl werstos -~y
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be quite porous and have an "effective" index of refraction sitnificanrtl., less

than that for a solid carhon particle,

Nnfortunately, soot sizes produced by nas turbine ennines have rangend
from 0.01 to 1.0 microns. then D < J.3 microns, N3 becomes a function ot
hoth the scattered intensity ratio and the particle index of refractinn (“ie
scattering vs. Fraunhofer diffraction). In this case another iteration st2n

is required to determine D35 , m , and o .

IV. RESULTS AND DISCUSSION

A. INITIAL TESTS AT NOMINAL QOMBUSTOR FLOWRATE

The initial tests in the current investigation were conducted at the
same test conditions as in a previous investigation (Ref. 1]. The particle
sizing diagnostics were improved and data acquisition and experiment oontrol

were transferred from manual operation to the computer system,

A test using NAPC fuel #1 (Table I) and the 12% Cerium Hex-Cem additive
was conducted. During the run, data with an additive omncentration of
20ml/gallon of fuel was taken first, followed by data without any additive.
All hot-run data were taken after the cambustor exhaust temperature had
reached a steady state value (slightly above 1200 deqrees F. for these tests).

Tahle II surmarizes the average test conditions.

Results of the light transmission measurement technique to Jdetermine
averaqge particle size are surmarized in Table III. The light transmission

data were correlated best with the Mie curves using a refractive index of 1.95

-.661 and a standard deviation of 1.5.
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Light transmission particle size data was improved over previocus results
with tﬁé T-63 combustor [Ref. 1]. In qgeneral, correlation to within a range
of * .04 microns or less was obtained. Measurements in the combustion reqion
wera2 taken across a large recirculation zone. Thus, the measured particle
size represented an averaqge of all the particle sizes in this zone and the

surrounding annulus.

In the exhaust reqgion, the limited data indicated a significant increase
in particle size when the additive was used. However, particle mass
concentration (Table IV) did not change, indicating that use of the additive
changed the particle size but not the total mass. This result was in

agreerment with the data presented in reference 1.

Results from the light scattering photodiodes in the exhaust stream
are surmarized in Table V. This technique also indicated that an increase in
particle size occurred when the fuel additive was used, but there was a
discrepancy between the particle sizes obtained from the transmitted and
scattered light measurements. The scattered light measurements resulted in
smaller particle diameters. This may have resulted from (1) uncertainties in
the scattered data (due to the low signal strengths recorded) and/or (2) the

uncertainty in ln-ratios when transmittance values are very high.
B. COMBUSTOR RESULTS AT LOW MASS FLOWS

The investigations reported in Reference 1 and above were conducted

usina four exhaust tubes at the aft-end of the combustor pressure vessel.

This was done to facilitate the use of sampling probes which traversed the
combustor centerline and were inserted from the rear of the apparatus.

Subsequent 1y, the tubes were reroved and A convernina nozzle was added, This

19




was done to provide realistic input into the augmentor tube, which was t» he

positioned downstream of the "engine".

The current investiqation was conducted at the same fuel-air ratios

K
v

¥

: and combustion nressures as in the earlier investigations (Ref. 1 and ahove),
b

K but with lower air and fuel flowrates. These conditions resulted in lower

)

; fuel flowrate through the atomizer and lower air flowrate through the

»

3 combustor can mixing and dilution holes. Thus, it was expected that the

]

)

results would more nearly correspond to onerating conditions (idle, etc.) in
which the fuel atomization was not optimum and in which the primary zone

2 fuel-air ratio would be altered.

In this investiaation, NAPC #7 fuel was tested at fuel-air ratios

between .014 and .016. In addition, the effects of three smoke suppressant

5 S0 R 2N

fuel additives (Ferrocene, 12% Cerium Hex-Cem and USLAD 2055) were tested
using the NAPC #7 fuel. Two tests were also carried out using NAPC #3 fuel.

The properties of MAPC 43 and 47 fuels are shown in Table I. Fuel %7 was

"l 3 N

higher in aromatic content and lower in hydrogen than fuel #3. Fuel additive
" and fuel-air ratio effects on mean soot diameter, soot concentration, and

opacity are discussed below.

Attempts to use the phase-lock amplifiers/light choppers with the low
) intensity white~light source were not successful in the combustor. The
2 combustor qenerated light was very intense across the visible spectrum,
resulting in an inability to separate the transmitted light and combustor
light signals. For this reason, two lasers were employed with wavelenqgths of
! .488 and .6328 microns. These provided sufficient intensity for the
phase-lock amplifiers to successfully remove the random frequency combustion

light., However, only two wavelengths were used. This :lid not permit

20
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determination of the index ot refraction for the marticles (as nossibla wmer

three wavelenqths are used). It was therefore assumed that rthe index of

refractionn was unchanned from the value determined in the aft pressure vessel

wher2 the white linht could be successfully used since there was o

sianiticant radiation of visible linht.

Runs %4, 5, 7, 8, and 10 vielded Ty, values with a large

uncertainty, even though the transmittance values were steady (Tahle VI).

Run #10 did not provide a Dy value for the combustion reaion.
This was hecause the extinction ocnefficient ratio ohtained from the
experiment resulted in a value off of the curve of the extinction coefficient

ratio versus Djj plot.

Runs #11 and #12 gave qood exhaust transmittance readinas, but the
comuted extinction coefficient ratios did not result in proper values for
entry into the nlots to obtain a N3 value. In the earlier experiments at
nominal fuel and air flowrates, the uncertainty in D3y was generally as low
as the hest data obtained currently. There are at least two nossible causes
for this "lack-of-correlation" of the narticle size data. If the narticle
size distribution was bi-modal, then the assumed rono~modal, log-normal
distribution would result in unrealistic Mie nredictions. Powell and Zinn
[Ref. 12] have also reported that soot particle porosity can result in a

sinnificantlyv reduced "effective" particle index of refraction.

Thus, a shift in atomization and mixing conditions apnears to have

siaqnificantlv channed the soot narticle characteristics.

N3 13 nlntted  acainst €iel-alr ratio in fiqure 23 and vs,

«
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tfuel-air ratio. It also is »ohserved (althount the data 1s limitad £ oee

test) that an increased comhustor air inlet tormnerature resultes 1n 3
decreased iny at the sare fuel-air ratin. However, as seen in fimire 21,
"3 corralates with exhaust temperature, inderendent ~f zir [nlar
temperature. As exnected, increased inlet air tamnerature increased the
exhaust temperature (at a aiven fuel-air ratin) (see tin., 25) and nne

latter appears to have the dominant effect on Mys.

UIsing NAPC 43 fuel (lower aromatics and higher hydrogen content) in
place of APC 47 resulted in larcer D3, at the same fuel-air ratio.
MPAC 43 also produced a lower exhaust temperature for the same fuel-air
ratio. Thus, laraer 0Dj; was exnected. However, even at the same exhaust
ternerature a larqer ™, was observed. This result indicates that small

chanqges in fuel composition can have effects on the rean soot size.

Transmittance (without additives) is nlotted acainst exhaust remneratira
in fiqure 26 for the three wavelengths which were utilized. At anv aiven
wavelenath, transnittance increased only slichtlyv with exhaust termnerature.
This resulted (Table VII) in onlv small (less than 53%) chanaes in soot mass
concentration with simificant (apnroximatelv 30%) chances in ™y . It
appears for this narticular combustor and test cnnditions that fuel-air ratio

effects soot size, hbut not total mass.

Fiqure 23 and Table VII also indicate that the nse of sroke-sunrressant

fuel additives:

(1) had insinnificant effects on exhaust temperature (heat coontent)
(2) 1increased transmittance with soot rean diameter remaining

anproximatelv onnstant, Aand
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{3) reduced exhaust soot oncentration (and exhaust ~nacity).

Comparison of fiqures 24 and 27 shows that in the combustor, narticle
size channed ~ore ranidly with fuel-air ratio (or exhaust temperature). At
low fuel-2air ratins (nr exhaust temperature) the particle size in the
combustor and in the exhaust Juct were nrearly identical. As the fuel=-air
ratio was increased, the combustor particle diameter decreased rore rapdily
than in the exhaust duct. Thus, there was a qrowth in mean particle diameter

from the combustor to the exhaust duct at higher fuel-air ratios.

The above results, which were obtained at reduced fuel and air
flowrates, were considerably different than the results reported in reference

1 for nominal combustor flowrates. The major differences were as follows:

(1) Three-wavelenath technique data often did not result in
consistent values of D3, , indicating a possible bi-modal size
distribution and/or a very low "effective" index of refraction,
as is apparently characteristic for porous soot annlomerates.

(2) Higher aromatic/lower hydrogen fuels resulted in slightly
smaller D3p at the same exhaust temperature and higher
exhaust temperature at the same fuel-air ratio.

(3) Additives had no effect on D3, but reduced soot
concentration.

(4) D3p decreased with increasing fuel-air ratio.

The data indicate that comhustor test conditions (atamization and
primary zone fuel-air ratio) can significantly alter exhaust soot structure

and/or size distribution. )

In addition, the following results were htalned:

23 .
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(1) D3y lincreased in the axial direction at hicher tuel-iir

ratios, hut not at lower fuel-air ratios.

(2) Dy in the exhaust duct depended nprimarily upon, and decreased.
with increasing values of, exhaust temperature,

(3) Srmoke suppressant fuel additives were rore effective in reducing
opacity with hinher air inlet temperatures (~10% rore reduction
in G, for 270°F increase in termperature). It is not clear at
this point how the increased air inlet temperature improves
additive effectiveness. Increased air inlet temperature can
increase both kinetic and vaporization rates and may increase

the residence time at temperature.
C. AUGMENTOR TUBE MEASUREMENTS

Measurements were also made to determine the mean soot size at the exit
of the auamentor tube. In addition, augmentation air flowrate was determined
by knowing the combustor flowrate and measuring the total flowrate in the
augmentor tube. The later was accomplished using a pitot rake near the

aft-end of the augmentor tube.

Based on earlier results with a subscale test cell [Ref. 13], the N3; at
the auamentor exhaust was expected to he less than 0.3 microns. This nrompted
the use of the three-wavelenqth transmission technique. Particle diameters at
the exhaust of the augmentor tube were measured to be in the range of 0.3l to
0.42 microns, which is larae for accurate measurements using the
three-wavelenath technique. This manifested itself as a large spread in the
values of N3, obtained from the three transmittance ratios, a direct result »f
all the extinction coefficient ratios approaching unity when particles exceed

V.4 microns (see Fiaq. 13). A small variation in the extinction mef¢icie-t
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ratic results in a larne chance in W32,

Atternts at calibration usina “lational Rureau of Standard 0.3 ~icron
nolrstvrere beads also resulted in a wide spread, centered on .9 micror.,

Trarsmittarces in the ranne of 252 provided the srallest snread in rhe

calivration attempts.

The transmrittances in the exhaust stream were hiagh, anproximatelv
95%, which nrompted the utilization of a double nass of liaht throuch ke
aumentor exhaust stream, as well as the installation of a hlocking nlate at
the inlet of the augqmentor tube to reduce the dilution of the soot. The

blocking plate resulted in an auamentation ratio of 0,53 and transmittances ~f

amroximately 89%.

As a cross-check for particle size, a two—angle (20° and 40°) forward
scatterina device was installed. This device nrovided relativelv consistent
particle size data. This data was in qood anreement with the data ohtained
usina the three-wavelenath device, when the latter did not exhibit its
characteristic snread. As a result, the light scatterina reasurerment device

apneared to provide the better data.

The traversing Kiel probe was oriainally desianed for use in flows
with less than sonic velocity. 1Initial utilization, however, showed ranimns
of supersonic flow in the expansion of the underexpanded exhaust jet ot the
sonically choked T-63 nozzle. This invalidated the assumption that the static
npressure wnuld be relativelv constant across the aummentor inlet.
Modifications to the probe were then made, which included a static nort
extension and strenatheninn of the nrobe sunport. Furthermnre, in 3rtial i3t

runs, afforts .ere made tn ensure that the “lach number was as 1w 3s yesitle
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to reduce measurement errors.

The velocity profiles shown in figures 28 and 29 were ohtained for
future validatioan of the cormnuter onde for auamentor tube flowfield

~rediction.

Table VIII presents the transmittances for the three-wavelenaths,
narticle diameter from each extinction ratio, the scattered light intensity
ratio and the onrresponding narticle diameter. These runs were all conducted
with the T-63 exhaust nozzle flush with the augrentor tube blocking plate.
The fuel used was "APC #7. Additives used were 12% Cerium Hex-Cem, Ferrocene
Solution and USLAD=-2055, Table IX is provided for comparison of fuel-air

ratio, temperature and augrmentation effects on particle size.

In these initial tests there were insufficient temperature measurements
taken throuadhout a given run to accurately determine the effects of auamentor
exhaust termerature on particle size. However, the auamentor exhaust
termeratiire followed the enagine exhaust temperature (fixed augmentation air

dilution) which was recorded continuously throuahout the run.

Jith one exception (Pun 8, 8a), the particle size amnpeared to
increase with fuel-air ratio (Fig. 30), onnosite to the combustor hehavior.
This was evident in Runs 9, 10, 11, 12, and 16. Runs 8 and 8a exhibited a

soot "blov=out" which resulted in a wide ranace in measured transmittances.

Althouagh the accuracy of the particle size measurements may result in
Aauestionable oonclusions, there did seem to apnear to be a snall, but
consistent, increase in auqmentor exhaust particle size with increasinqg
temperature. This was in ocontrast to a slight decrease in D3y 2t the

~omhustor axit yith increasina ternerature.
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All additives exhibited the same approximate effect at the aumment~r

’ RS

tube exhaust; a verv small (.02 micron), hut consistent, increase in M3y . Y
The soot mass concentration should not channe apnreciably across the i'
aurmentor tihe since temreratures were ~uite low. flowever, soot “enosits on E'
the tube walls can remove some soot from the flow., There was no consistent p
trend in the calculated chance in G, when the additives were used. ¢
Only one hot combustor air inlet run was made (Puns 13, 13a), Re
rasulting in the expected increase in enaine exhaust temperature at the sarme t'
fuel-air ratio (compare to Puns 8, 8a). 1In this case D3, decreased :?
at the augrmentor tube exhaust. However, the enqine exhaust terperature Jdicd ;
not. annear to =ffect agalomeration within the augmentor tube since increased :f
combustor fuel-air ratio and increased combustor air-inlet temperature had i;
opnosite effects on My, at the auamentor exit. ;
From Runs Rfa, 9, 9a, 10, 1lMa, and 13, it is evident that the mean tf

.-

particle diameter nearly doubled from the T-63 exhaust to the auqrentor tube ;
[

exhaust. This could be caused bv several effects; aaglomeration of narticles

or the walls shedding of previously impmacted soot (all test runs had sooted

'fﬂ "

walls in the augmentor tube).

)
Fiqure 31 shows a a tynical impact collected test sample. A larqe \
variation in sizes is exhibited with the largest being approximately 1.5 ?'
microns and the smallest in the submicron range. The Hitachi 265s scanninn ;
electron microscope provides aood resolution; however, the carbon make-un of N
the particles did not lend itself to aood viewing without heina flashed with %3
aold. Tbe specimen nresented in fiaure 31 were not oated and developed a 3
radiance nr "hnstlike anrearance. o
27
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A. SUMMAPRY OF PRESULTS

In Fiqure 32 the specirens were nold tlashed filrter marmer (1.2 ~icr-e
nore) nn which the soot was collected throuch a 1/4-inch samplina tube.

Arlain, a suhstanrtial variation in narticle size from submicror to larter t-an

1. micron was ohservad,

39 is omipated mv tne larcer marticles in a distrihbution.  Thus,
tre mnticallv measured Dy, of annroximatelv .34-.42 ~icrons anprears tn e
nuite realistic., However, it is not known how much anqglomeration occurred in

the nrobe.

Auarentation air had two effects on particle size in the augmentor tune.
The first was that the nmarticles appeared to approximately double in size
across the auaqmentor, due to analomeration or wall sheddimm of nreviously
impacted soot. The second effect was an increase in the transmittance throunh
aross dilutinn with secondary air. Each of these effects onild be exnlnited

for nroviding a reduced stack opacitv in the test cell environment.

V. SUMMARY OF RESULTS AND PRESENT EFFORTS

1. At both nominal and reduced combustor mass flowrates, a particle
index of refraction of 1.95-.661i most consistentlv resulted in
the best data correlation. N3 values varied hetween 9.10 and
0.30 microns within the combustor,

2. Comhustor flow conditions (atomization and/or nrimarv znone
tuel-air ratio) sianiticantly chanced the soot characteristics.
This was evident by the changes that occurred when nominal

flourates were reducer,
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Nominal Flowrates Reduced Flowrates

(a) Groxd correlation for Dy {a) Often poor correlatinn ~*
Jsina three-wavelenath ™> using three-wavelenagth
methods. methods.

f Smoke-suppressant additives {h) Smoke-su;nr+--3sant aidirives
1ncreased D35 without did not cha-ae D35, DUt
siqnificantly effecting mass reduced mass concentration,

concentration
(c) Exhaust Ny, was independent (c) Exhaust Ny, decreased with
of tuel=-air ratio and fuel increased exhaust temperi-
composition, ture (fuel-air ratinj),
Fuel with lower 3aromatics/
hiagher hydrogen content
yielded larger Dyj.

3. The cause of the poor correlation of D3, at low flow conditions
is not known. Results from other investigators sumaest that
bi-modal size distrihutions may be present and that soot norosity
can sianificantly reduce the "effective" index of refraction of
the particles,

4. At low flowrates, changing fuel-air ratio effects D3, but not
the total mass of soot.

5. At all flow conditions, increased combustor air inlet temperature
increased the effectiveness of smoke-suppressant additives in
reducing opacity. Increased vaporization and kinetic rates and
possible increased residence time at temperature could all help
explain this result. Further effort is required to separate the
source.,

h. At low comhbustor flowrates, soot agglomeration (qrowth) occurred
in the axial direction at the higher fuel=-air ratios, but not at
lower fuel-air ratios.

1

Ay approximately doubled across the auqmentor tuhe t Uil.es

hetween V.31 and 0,43 microns without any oons.stent s
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mass concentration., Collected exhaust products revealed
narticles from less than 0.05 microns up to approximately 1.5
microns. Aqgalomeration in the collection probe and/or in the
aurmentor tube and wall ccllisions/sheddina can all result in
these larne ohserved particles.

Engine exhaust temperature did not appear to affect agglomeration
within the augmentor tube. Aaqalomeration appears to be a
function of the soot characteristics leaving the

engine/combustor.

The possibility of (1) soot anglomeration in probes and (2) shifting

size distributions and particle index of refraction with test conditions,

fuel composition and additives indicate that various optical and intrusive

measurement techniques are needed in future investications in order to help

determine the "actual" soot size distribution and index of refraction.

B. PRESENT EFFORTS

1.

o)
.

Gf;f 1\ \Js¢5 x_'“w Si;ﬂmﬁfﬁai,L}‘b ‘hahgai)

Camnleting evaluation of ten fuels and four smoke suppressant
additives at two fuel-air ratios and two air inlet temperatures.
Varying auamentor tube diameter to vary augmentation ratio.

Using polished stainless steel auamentor tubes to help separate
effects of agalomeration from those due to wall collisions/shedding.
Using combination of 3-A light transmission and 3-9 light
scattering techniques to rore accurately determine N3, and the
"offective" particle index of refraction. T
Using electron microscope to determine whether additives effect
narticulate composition (and, therefrre, index >f refracti-n',

ererating Mie scatterinag nrofiles tor ni-—xxial Gistributions,
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TABLE I

FUEL PROPERTIES

API Gravity @ 15°
Distillation (ASTM) IBP °C
Comnosition
Aromatics (VOL %), Max
Olefin (VOL %), Max
Hydrogen Content (Wt %), Min
Aniline - Gravity Prod., Min
Freeze Point, °C

Viscosity @ 37.8°C, (cSt)

NAPC #1 NAPC #3 NAPC #7
38.9 41.3 35.6
163 171 193
28.5 22.8 26.4
1.79 0.75 0.86
13.36 13.66 12.83
5360 5811 4254
=30 -34 =31
1.78 1.62 1.77
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TABLE TII

AVERAGE TEST CQONDITIONS - MOMINAL QOMBUSTOR FLOMVWRATES

Run tiumher.,...ee. 1 P .
| Additive.eeveeenss * \.one
} Fuel NUMber...veeess 1 1
| Chamber Pressure (psia).. 88.7 29,5
Air flow (lbm/sec) 2.20 2.21
Fuel-air ratioc..... N17 017
| Additive/fuel ratio 20 0
(ml/qal)

Thermocounle temperatures (deg. R)

#leceeererrecacnsonnns 2165 2144
B2eeenreneaneacsannnnns 2825 2R46
. 1830 1857
R 2 T 2263 22A9
T exhausStesvseeseaaas 1673 1665

|

| *12% Cerium Hex-Cam '
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TARLE IV

PARTICLE "ASS COMCENTRATIONMS FPOMH TRANSMITTFD LICHT *FASIREMFMTS— OMIMAL

.'

l

|

| FLOURATES

!

|

: _Combustion Reaion Exhaust Reaion

; Run # ) C(ma/liter) 0 Cm(ma/liter)

I

|

l
1* 2.70 1.2 2.73 .16
2 2.65 1.2 2.38 .16

* Ceriur Hex-cem additive used
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TABLE VI
b
2 RESULTS FROM TEXTS (JSING NAPC #7 AND #3** FUELS
L]

AT LOW MASS FLOW CONDITIONS

., Run Exhaust Combustion Region Exhaust Reqgion
E: no. Terp £ Transmittance Transmittance
R D32 D32
{°R) T(0.48) T(0.63)(micron) T(l1.0) T(0.65) T(0.45)(micron)
¥
) 1 1790 0163 | .250 .140 .17 | .888 .782 .675 .170
I
I 2 1630 .0156 | .247 .176 .20 .380 727 .616 .180-,210
) |
: 3 1754 .0154 J .260 .136 .10 .868 .760 671 .180-.190
y 4 1530 .N141 | .268 .200 .21 .830 .740 .650 .180-.260
4
» 5 1530 .0140 & .270 .179 .18 .847 .763 673 .1R0-.230
|
A 6 1630 L0150 | .204 .144 .21 .845 .750 .662 .190-,215
; I
! 6a 1643 .0148 .218 .145 .19 .858 .761 671 .185-,205
. 7 1635 .0154 .264 .144 .13 .847 .725 .664 .170-.220
é 7a 1642 .0153 .274 .151 .13 .874 .761 .709 .170-,225
b 8 1594 .0145 .255 .176 .19 .847 .765 670 .180-.250
V 8a 1580 .0143 .281 .188 .18 .880 .810 .730 .180-,230
L)
K
K
R, 6a,7a - Ferrocene
¥
\ fa - 12% Cerium Hex-Cem
1
3
3
[
K)
.'Q
W 36
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hun Exhaust

no. Terp
( R)
9 1635
Ja 1641
10 1632
10a 1640
11 1664
lla 1690
12 1€32
12a 1628
13 1764
13a 1760
1dxx 1669
15+ 1749

5". c-' \' o e

MM IR AT

f

.0154
.0152
.0150
.0149
0156
0156
0156
.N154
.0142
.0141
0171

.0183

TABLE VI (con't)

PESIILTS OF TOXTS M *IARC #7 D 23%% Frorpe

AT b MAsSS

FIOWL OOMRITIONS

Combustion Reaion

Exhaust Reaion

Transmittance Transrmit*-ance
T(0.48) T(0.63) (Higggn) T(1.0) T(0.65) T(N.45)
| .265 172 .17 .852 .759 .667
t .297 .1R7 .16 | .879 .805 .728
} .325 .162 * ! .851 2762 .670
j .337 .168 * ; .86 .809 .730
E .090 .189 .14 s .845 .788 661
} .140 .240 .16 } .876 .31 715
ﬁ .140 .230 .18 } .850 .790 670
ﬂ .165 .245 .16 1 .870 .330 <720
1 .560 .350 * = .878 774 .698
} 523 .359 * P .91e .838 .790
% .270 .190 .12 .853 .765 694
‘ .240 .190 .10 : .42 .735 .hAR
9a,10a - 12% Cerium Hex-Cem
1la,12a = ""SLAD 2055
13a = 12% Cerium Hex=Cem
13, 13a - Inlet air ternrerature = 270°F
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.180-,200
. 190=,200
L170=.220
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2un

non

6a

Ta

3a

9a
10
1Na
11
1la
12
12a
13*

13a*

* Inlet air

L Vgt

TABLF VII

Eat §a et aat Be

2FERCENTAGE CHAMGES IM SOOT QOHCENTPATION AMNN ENHAIIST TOANSYITTANCES

AT LOW MASS FLOU QOMDITIONS

“ass Yount of

Concentration Additive Used
(m/litre) (ml/qal)

.354

.347 22.8

.368

.309 30.0

.360

.270 58.0

.356

.279 58.0

.35

.28 58.0

.361

.241 58.0

:;Nf,_(..r r$r

temperature = 270°F

AT
" [ . i

38

% Pecduction

in Om

1.9

16.0

25.0

21.6

20.0

34.5

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

% Reduction in

Exhaus* Trans~ittance

T(1.0)

1.5

3.2

3.9

3.2

3.6

2.3

4.5

-----

T(.65) T(.45)

1.4

4.9

6.2

5.5

5.1

8.2

1 1.36

A7

9.1

7.4

13.2



oy - e e 2 " 3 i - o - - r > XS S \= 2<% ¥ Ve

.. P N Y - (RN

uma ea1jippe = e UoTIe[31IU) ON = [SSRISEIR(SONNTE M

£G° = 0139y uoTIejusaudny

palleIsul ajeld burjueld ysnfg = buidedg o(zzoN 03 JoJuawbny L# DdWN = long
v LR ¥ 8t”’ ¥ 968" £Zo6° 6l6° wntia) ¢l evl
8¢ 9zs° Le” 1v° £ 168° vog* gle6° 1Al
A 8L - - - - - - untaa) ¢l et l
1t 819° ¥ ¥ ¥ 1 X4 £96° vZo* t1
13 A t9p-° 14 A 8t* 9% £68° 868° 806° SSOCUvIsn ell
I§A Loy’ ¥ 0s° ¥ tle® 116°* LO6® Zl
£p° 09%° ¥ Ly’ ¥ gle® £le6® L06° SSOZ-AviIsn Vil
v (T ™ oy ¥ £8y° L88° G88° 11
184 typ” ¥ Ly ¥ 9Z6° 9Z6° sZ6° wuntaa) 21 eol o
6¢° 15N ¥ Ly x 198° 298° 298° 01 ik
%A 19¢* » 1A ¥ £68° 968° 168° untaa) i ©6
ov* gotb* ¥ 4 M 0s8” 127 8L 6
8- 0£s” £ 8t* Le 106° S06° 125N wn1as) ¢l eg
1298 986 ° Ls*® 8v° vo° £98° 098° 298° B
- - 14N Ly 09° tce’ £e6° 9¢6° susdoaasy vl
- - 4°N 4 A 59 144N 8¥8° 158° 9
- - 4 1§ 13 A £ve” vve* 2s6° Z
:m_\:vH sk 0sb £°¥69
0001 t°v69 0001 ost £'v69 001
. orgey L L L 8AT3Tppy  J8qunN .
(suoaotw) ¢ Altsuajul (suwoaotw) Cq $90UR3 3 TWSURI], uny A
butaajyjeony yibuatoaem ¢ <3
7

-
of
-

JHAL HOINSWON_ - VIMI IVOI1dO 40 AdVWWNS
111A J'T8VL

RO WA

|"‘l“.i“ i '.1.',1"‘.




d . .
m
k
=5
m
k
d
K
k
s D930 [0D ION = - UOTIP[BII0) ON =

pal[eisu] ajeld buryOoOld ao3uswbny £G° =

1¥° ¥ 88" « (3e0s) (1° X8H wntaa) {1
: 8¢° r--te (3eds) 9¢-° SUON

4'Ad - - X3y umtaa) $¢1
E [§2 - 81°-s1° SUON
9 13 A 9p°-gt* - SSOCc—avisn
, 1w v 06° « - SUON
: 13 A x LV » - 9G0Z—aviIsn
E Zv° » OV « - auot]
R IS A v LV « 0c*-81° X8 untaa) %1
: 6€° ¥x LV «» éec=L1° SUON
X 134 ¥ TP oc°-61" X8H wntaa)d sl
J ov* » CV° « 0¢°-81° SUON
m 121 3 8g*~-LC" t¢*-6l1° XoH uniaa) 3cl
: 1250 v9°-8b° SC°-81" BUON
3 - 09°=L¥* I YACTA N aUBD01194
b - q9°-Ccv* écc-61° BUON

- tre-1v° 1ce-81° BuUOoH
: bUT18330S  @OUR3ITWSUR], JIsneyxy

| a03jusubny J03usubny autbuy
cty ¢y cty SATITPPY

uotlEy uotljejuawbny

- 891

8801 13 401

- 09L1

SECT oLl

- 8291

741 A%

- 0691

6L11 991

- or91

T¢tt ce91

- 1¥91

Ot1l SE9t
91t 08s1
91T p6sSl
1€11 cvIt
LSTT 0t91
LS1T 0e91
Isneyxs Isheyxs
uOucmEc:m& mcwccmh
aanjeaadwa],

JHNL JOINFWONV=-YIMI HZI1S JTIOLIAVd dO AdVINS

XI  d1d9vl

- - H - - s
. s e PP N T T KAy

.-~ e g Lot 9 K K

anbruyogl, butaslleds Isneyxy aurtbuy = Jeds

L# OdUN 1Ond
shio° epi
sblo° 1Al
vio° el
cvio- £l
#S10° ezt
9610° A
9610° et
9610° 11
6¥10° 201
0sto° Ut
¢st10° 5
pslo® 6
134000 eg
svio0° 8
£s10° el
0s10° 9
9410° 4
o13ey

a1y aaquny
191y uny

40

0.
¥
h

1

¥

s

5

s

L d
e

~

LRGN AN



Suauodwe) dorsnquiony ¢ g-y, Jo drivwagog cp aangy




e —t




SWIISAS Ajodng [ang pur a1y o D1Irmaag c¢ aanidy )
¢ ¥dWnNd
JALNQav
YIKIW CEPRIE 43174
g L IHTJ —
m! N A [ 7] 104LNGS MOy it
| #dWNd zo»<.:cz_
JALLIOQY vimiag MNVL
73n4
H¥0SS3IHIWO)D 3YNSS3IYd
[~ N
y¥3Aua
HILVIH MV 3
Q31vilIA A
INOHD mw NOILVIND 3N
JINOS 3YNSSIYI 43174
_B.Banu . _Iﬁ SHNVL )

| e EI

S Bl e A S B SN .

_r._mv

€91 i Aw, ‘.ﬁ T TI?I'ULW\T

¥iv )

43

e
Y

FRERE R
N e

;.‘,;(\'-r "fq;‘.\ Ry

A e
A E\ E\

L ) h’.- ". "i".b
R i

- \'vf X

’-‘\‘J‘ TS

Y-ttt

4

e

LG
Wy 2% D80

S

g

gt

RN A

7

.(.'.
JD.L*

'-
o~ Y

sA

&,



N CY _ ” -

= M Vo a = " L raligsg - 2 w«Tnta by s e e e a A aa e R »
. 3; . - . . 5 %, Lol gl of gt
Lo b i N i -

(MOTA OPTS) uowone [ d(dnosowaaty] Joisnquoy H 21nd1

wE0TY="VIU  ,9C 6"V 1A wOb " G="VvIda

NV2
d3INNI

SNOILVLS 3IT7dN0J0WYIHL m 3

317Z0N
G%h *SON ¢ "ON 28T 'SON 1304

“85" 4




‘ THERMOCQUPLE #3

J—

45°
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/

COMBUSTOR CENTER

INNER CAN
DISTANCE OF THERMOCOUPLES FROM COMBUSTOR CENTER

#1 2.23"
#2 1.73"
#3 2.28"
#4 2.01"
#5 NOT USED

Figure 3. Combustor Thermocvuple Placement chnd View
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Figure 10. Setup of the Optical System to Measure Light Transmission
and Scattering Intensities
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Figure '3. Photograph of Augmentor Tube Particle
Sizing Appdaratus
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TRANSMITTANCE VS TEXH

Figure .~ Transmittance vs Exhaust
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