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ABSTRACT

Apn investigation was conducted to determine t he effects
of operating characteristics and fuel additives in a gas
turbine comkustor on particulates (soot) and other gasecus
emissicns (NOx,NO). The princigles of Mie theory and
three-wavelength ligkt transmittance have been utilized ic
this investigation to determine particulate size and mass
concentration. Using an Allison T63 turboshaft engine
combustor, five experimental fuels of varying chemical
composition were analyzed from an emissions standpoint.
There was no apparent relationship between particulate size
and either fuel compcsition or combustor exhaust temfpera-
ture. Nitric oxide levels were indifferent to fuel comfosi-
tion kut did show a characteristic upward trend with exhaust
temperature. Visible spectrum transmittance did indicate an
inverse relation to increasing exaaust temperature. Though
cnly two fuel additives were tested on one fuel, there was
ro manifestation of improved transmittance with their use.
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For the past thirty-five years the U.5. Navy has Leen
flying jet aircrart. Due tc the progressive sopaisticaticn
as well as the diversity of naval aircrait turbojets, ard
later turbofans, several engyine overhauli facilities were
reguired to maintain satfe and e€fficiently operating engines
akoard fleet aircraft. Only with suca decicated facilities
could engines be reworked, monitored in a controlled envi-
ronment, and modified for imprcved performance. Since the
estaklishmert of the first such naval facility, the engines
bad teen tested under the eumissions veil that protected
oyperaticral military aircraft. More recently, however,
violaticns cf both Federal and local community emission
contrcl guidelines has been cited in view of the exhaust
€emissicns of the jet engine test cells at various rework
facilities. EResulting lawsuits have made it necessary for
the facilities to coumrly with local pollution standards.

The scluticr desired is one which will allow the uninter-
rupted testing (i.e. without major and expensive overhaul
of the existing test cells) throughout an engines normal
cperating spectrum while complying with ail emission regula-
tions. 1he present ckjective is to not only contribute to
cleaner coepkustion of aviation fuels but also to determiLe
some characteristics cf the emitted particulates. Questicns
arise as to how and where in the combustior process soot
particulates form, are consumed, and to what extent are soot
and cther enissicns affected or perhaps controlied ky engine
operating temperature, pressure, fuel/air ratios, fuel
comgposition and fuel additives. Both the Naval Air
Fropulsicn Center (NAEC) [Ref. 1-2] and tae Naval

Fostgraduate School (NPS) [ Ref. 3] have previously pericrmed

PP PRy e Y T WY ey




[N er B

-

o
-
-,
<4
-
-

M La ks

€valuaticns of smoke suppressant fuel additives. Furtner
studies ¢f soot/emissions behavior in gyas turbine combustors
were conducted more recently at NPS as part of a researca
program for NAPC. Usiny an Allison I63-A5a4 (I163) engine
combustor, Krug [Ref. 4] and Dubeau [Ref. 5] initiated an
investigation of particulate formation, and size distritu-
tion utilizing extractive probes and three-wavelength ligat
transgittance technigques. Much additional experimental wcrk
was required, however, due to limited results of the initial
investigaton. Saturation of light detectors by combustion
"noise" cf the same wavelength rendered much of the initial
data ipnccnclusive. Ir addition, temperature and gas
sampling probes were used enly at tmne aft end of the
combustcr tc verify fprobe integrity.

The diagnostic tecknijues invoiving taree-wavelengttkt
light transmission measurements have proven successful ian
Fast studies and were again utiiized in this investigation
to furtkter study the effects of fuel composition and smoke
suppressant additives on particulate size and concentraticn.
Subseguent verificaticn of these results/data is planned
utilizing a traversing extractive probe waicn will frovide
sampling data at various locations along the combustcr
centerline axis.

In this investigation the allison T63 combustor was used
as a representative cf actual gas turbine engine conmltustors.
Its size, operatinyg characteristics, and simplicity are a.l
very advantageous as well as the fact it Jdoes not reguire am
inexhaustive air supply system. The experimental apfparatus
ipitially ccnstructed by Dukeau and Krugy [ Ref. 4-5] had tc
ke modified to further enhance data acjuisition and anal-
ysis. Its frimary function remains as a source from waich
combusticn farticulate sizing and fueli additive effective-
ness can be determined. In this investigation soot size and
concentraticn was measured at only one location in tae
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combustcr (the aft erd) and NCx/NO samples were extracted
from an area cioser tc the exhaust gorts.

Ipitial screenliny OI ten experimeata. Iuels provided Ly
NAPC was to be perforased to determine the "clieanest"™ and
“"dirtiest" turnin, cci ositions. Ihe decidinj factors for
“clean" cr "airty" were particulate (soot) size and concen-
traticn, ofpacity (or transmittance), and ievels of ritric
cxides. Tuese fuels and taeir associated paysicai and chem-
ical characteristics are presented in Table I [Kef. €.
Initial testingy of these same fuels nas been accomglished by
NAPC. Usipy an Alliscn T63-A-SA engine, NAPC desigrned their
tests tc 1nvestijate the effects of tae fuel froperties on
€nglne e€xnaust and sSEcke yaseous emission levels and engine
perfcrmarce (Ref. 6]. Their findings included, among
cthers, the follcwing relationships:

1) increacses in fuel nydrogen content contiibuted to:
a) decreases in enjine smoke number
at nigh power settings
D) nc¢ significant changes in oxides cf
nitrogen emissions

2z) increases in fuel aromatic content contributed to:

a) lncreases in enjine smoke number
at high power settings
b) nc significant changes in oxides ct
nitroyen emissions
3) increasing cperatiung temperature waich was a
linear function of fuel flow and engine pcwer
contributed to:
a) 1increases in oxides of nitrogen
L) increases in enjine smoke nuaber
These trends were to be ccmpared witn the results cf the
Fresent investigatiobn in which measurements were made within
tne cchtustcr rather than at the engine exanaust. Ancther
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difference Letween tlke tests performed by NA2C and NPS
involves the diagnostic technigues. NAPC uses flame ioniza-
tior analysis and cheriluminesence (for nitric oxides) while
NPS uses light extinction (or transmittance) for particle
sizes and chemiluminesence for the nitric oxides.

Fcllcwing initial NPS "screen" testing, the lowest and
highest emitting fuels were to be further analyzed in the
combustor tc determine tne influence on the particuiates and
emissicns ky varying fuel/air ratio (operating temperature),
fressure, and additicns of smoke-suppressant fuel additives.

Tte ckjectives of this thesis were:

1) to determine particulate size and mass concentra-
tions within the ccmbustor by use of Mie theory
and three-wuavelength light traasmission measure-
ments [Ref. 7].

2) to accurately measure other emissions, particu-
larly NOx/NC formed im the combustion process.

3) to develop trends relataing fuel composition to
egissicn levels and particulate sizes and concen-
tration.

4) to gather ipnformaticp enhancing knowledge cf the
mechanisms cf soot formation in the combustion
Frocess, i.e€. where it is formed, and how it nmay
Le affected by operating parameters or fuel
additives.

5) tc compare the results as much as possible with
tke previously reported T63 engjine test data.

12
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II. EXPERINENTAL APPARATUS

Trke experimental apparatus as shown in Figyures 1-3 hLad a
significant imgact on the very nature of this work and
undervent several modifications and improveameants for
enhanced operation. Since a cobplete description of the
components may be extracted from earlier reports {kef. 4-5],
cnly a brief synopsis of each subsystem and the instrumenta-
tion shall ke provided here.

4. CCHBUSTIOR

An Allison T63-A-ZA (T63) turboshaft engine combustor
was used as the primary test component (Fiyure 4).
Advantages of the T63 include the simplicity of a single
chaaker, igniter, and fuel nozzle; reasonable size yet real-
istic operating characteristics, and convenience provided
for ofrtics due to its reverse flow design.

B. AIR SUPELY SYSTER

An air supply system consisting of a bank of fourteen
(19.4% cu ft) high pressure air tanks maintained suitable
air mass flow rates wken charjed to nearly 3000 psi. Tank
fressurization was prcvided by a 3500 psi Joy compressor.
The air sufpgly line ipncluded a nitrogen-controlled dome
rressure regulator and a 0.57 inch diameter sonic choke.
The latter was used in conjunction with a thermocougle and

pressure transducer to calculate exact air mass flow rates.
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C. FUEL SUPPLY SYLTER

Fuel flcw was sigilarly provided by a nitrogy2n-
contrclled and nitrogen-pressurized, 20 gjallon JP fuel tank.
Exact meteringy of the fuel to the electrically controlled
solencid valve and fuel nozzle was accomplished with a cali-
trated standard line turbine flowmeter located just upstream
of the additive injection point in the fuel line. Fuel flow
rate could ke controlled from 0.00 to 0.50 gallons per
minute ( x0.005 gpm). A hand-operated valve and a digital
rate indicator located at the main control panel permitted
immediate adjustment of fuel flow in order to attain desired
values of ccmbustor temperature, fuely/air ratio, or flcw
rate (Figure 3). Additionally, two Eldex (model E) freci-
sicn metering pumps (Figure 5) were located downstream cf
the turbine flowmeter to control fuel additive in jecticns
during tke farametric study. EFroper additive and fuel
mixing was accomplisbed with a swirl-type mixer. Additive
flow rate could be ccntrolled between the preset limits of
0.2 and 5.0 ml per minute. Actuation via separat e pump
switcles was performed at the main control panel.

D. OFTICAL DETECTORBR SYSTEM

Tke three-wavelength light transaission measurement
technigue used in this investigation is but one means of
obtaining particulate data while maintaining undisturbed
fiow conditions. The procedures utilized previously Ly
Cubeau [Ref. 5], and Krug [ Bef. 4] have been retaimed wita
pmodifications primarily related to "noise" filtering,
improved fuel flow metering, enhanced data collection/
reducticn routines, and utilization of only one source/
detector system located in tne combustor, aft of the
"prigary zone".
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The apparatus depicted in Figure 1 consisted of the
follcwing ccmponents wmounted on free-starnding, udn-vibrating
tables:

1. A projector with a 750 watt incandescent bult
served as the white light source. Uniform intensity
light was provided by placing a piece of diffuse jlass
ketween the lamp and projector lens.

2. The beam was collimated by subseguently passing it
thrcugh a 0.04 irch diameter pinhole to a 31.5 mnm
(diameter) achrcmatic lens with an 80 mm focal lengtkh
(Figure 6).

3. Viewports were located on eitaher side of the
ccmlustor in the most rearward position possible along
the engine centerline.

4. The detector box containing the three wavelength
detection filters and photodiodes (Figure 7) was
mounted on a serarate, adjustable table. The trans-
mitted "light" exiting the combustor viewport then
entered a 10 inch long blackened tube which minimized
detection of forward scattered light. To enhance the
linearity of the diode outputs at all wavelengths and
to rrevent detector saturation, the rear of the tute
was reduced in size using a smail orifice, 0.1 inch in
diazeter. Upon exiting the tube, the light then jassed

thrcagh tvwo beam splitters which redirected the three
resulting beams to photodiodes via narrow piss filters.
The filters utilized were 8500, 6500, and 4560
Angstrcns. These particular values were selected in an
attempt to miniwmize the superposition of combustor
“noise" and to fprovide srpread in the wavelengths for
accuracy in determining mean particle sizes.
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E. INSIEUMENTATION

All instruments fertinent to the experiment were moni-
tored withir the confines of the control roonm.
Strategically located thermocougles and pressure transducers
enabled determinations of air mass flow rate, coabustor
tenperature and pressure and fuel/air ratio. Guage air
fressure was measured just upstream of tae sonic choke and
recorded on a Honeywell 1508B visicorder. Combustor chamker
operating fressure was similarly recorded on the Honeywell.
Strifp chart recorders were utilized to record air and
combustor temperatures and turkine flow meter data, as well
as the transmittance signal outputs of the photodiodes.

F. NITHEOGEN OXIDES ABALYZER

A Mcpitcr Labs amcdel B8440E analyzer (Figure 8) which is
a gas fphase chemiluminescence detection device, was utilized
wita a strif chart recorder tc provide a real-time permanent
trace cf toth NOx and NO (oxides of nitrogen). It oferates
cn the principle of chemiluminescence of an activated NG,
species froduced by a reaction between ozone (Oy) and NO.
NO, (pitrogem dioxide) could ke calculated simply as the
difierence ketween NCx and NO.
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III. EXPEBJIBENTAL PECCEDUBRE AND ANALYSIS

A. ECUIEMENT SET-UP/NAENUP

In crder to achieve a consistent test environment, all
necessary egyuipment was allowed a nominal warm-up pericd cf
30 miputes. This included all electronic recording devices
(strip chart reccrders, visiccrder), thermocouples, the
optical system (rrojector, photodiodes, voltage surge
surgresscr), and the NOx analyzer. During this warm-up
cycle, main air supply vaives, fuel tank pressurization
lines and valves, and control fpanel nitrogyen control valves
were cpened. Pressure transducers were calibrated using a
dead weight tester. Followiny system warm-up, optics were
checked fcr proper aligument and detector voltage output.
Also, zero and 100% transmittance readings were taken at
this time with the light source off and on respectively.
"Set" values for air and fuel line pressures were then
adjusted to desired levels using haud loading valves at the
contrcl ranel.

B 1EST RUN

Fclicwing aprropriate safety precautions which included
warning horas, visual clearance, and flashing light, the
main air switch was activated first. Readingys were cbtained
for 100% transmittance with air flow in order to account for
any ofpacity due solely to particulates in the dry air. Ttlen
the igniter and fuel switches vere activated siaultaneousiy
to ccaplete the light-off. Impediately upon light-off tae
operator in the contrcl room could monitor and adjust fuel
flow via the digital readout and control valve.

17
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Uron reaching steady-state transmittance for all three
wavelengths, as well as steady NCx/NO levels and comlkustor
€xit gas temperature, the light source was then extinguished
and steady—-state trarspittances were again obtained as
combusticn continued. Then the lijht source was reactivated
and original steady-state conditions were reestablished. 1f
fuel additives were Lkeing tested, the pumps would then ke
activated sinjularly cr together in order to observe any
change ic transmittarce. Again the steady-state values with
toth the light on and off wcoculd be recorded. Upon shutdown,
zero and 100% transmittance values were rechecked in order
to detect any system deviation during the test runm.

C. CLCIAGNOSTIC TECHNICUES

1. [Earticulate Sizing/Mass Congentration

The recorded values of transmittance for the taree

wavelenyths were utilized to find the followirg in order:
1) Mean particle size
2) Prass concentration

Tne oftical detector system is the primary focal point of
this aralysis. Collimated liyht must be mairtaiaed in order
to ensure that only ligat directly from the source is traps-
mitted trrough the ccsasbusticn zone while absorption and
scatterirg by the particulates accounts for the fracticn not
detected Lty the diodes. A ratio of transmitted light with
particulates present to that without particulates is then
formed. Bouguer's Law for the fractional transaission cf
light through a cloud of fine uniform particles may lLe
expressed as follows:

I= exp(-CAnl)=exp[-(3uC,L/2pd) ] (1)

where T= fracticn of light transaitted
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dimensionless extinction coefficient
cross-sectional area of a particle
nunlker concentration of particles
path length which light beam traverses
mass concentration of particles
density of an individual particle
particle di ameter

Frevicus work by Dokkins [Ref. 8] andicated that good cocrre-
laticn cf experimental data could be obtained if eguaticn

(1) is wmcdified to accouant for a distribution of particle
sizes such that:

exp[ - (3QC,L/2pd,, ) ] (2)
= average€é extinction coefricient

32 = Volume-to-surface mean particle diameter

The natural log of egquation (2) for a given wavelength of

light frcvides:
In T,= Q, (-3C,,1/2pd,,) (3)

A ratio cf the lcgarithms of the transmittances for any two
selected wavelengths then yields:

o T, 5_,“_ (4)

in T"z ahz
since particle size,mass,and density are all

constants.

Application c¢f Mie light scattering theocy to deter-
sine values of Q as a function of A, dg, 'D' (a codflex
refractive index), acrd o (the standard deviation) has been
demonstrated by K. L. Cashdollar [Ref. 7). A computer
program was utilized for the three wavelengths (8500, 6500,
and 4€60 Angstroms) and appropriate values of a (1.95-.661;
1.9-.351) and o (1.5;2.0) for carbon particles [Ref. 7] tc

o yl-‘r‘.'f" .-_-f~.' \I s'."f .’f.'.{ ".-‘« o
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generate graphical output of particle size versus extirction
coefficients (QA) and their ratios (Figure 9). Since three
wavelengyths were utilized, three ratios of the coefficients

may L€ calculated to correlate one particle size. If all

three ratics do not yield nearly the same dy, , then either o

and/cxr *n* are in errcr. Varicus realistic [Eef. 7) values -
of and 'm' were used until gcod correlation was attained.

Mass ccncentration may be determined next by combining the

nevly attained value cf d,, and Q with egyuation (3):

Cm= =2/3[pd,, /Q, L]1n 1) (%)

Agair, three well-correlated transmittance values can be

used to verify one value for mass concentration.




A. GENEEFAL

The puryose of tiis investigyation was to analyze the
€ffects c¢f varying fuel composition, operating characteris-
tics, and fuel additives on the production, consumpticn, and
general kehavior of =cot and other emissions such as NCx and
NO. (Ccmiarison then could ke made with NAPC data oktained
from tests cf the sage fuels ip a T63 engine. The feasi-
Eility ci using Mie theory and three-wavelength light trans-
missicn measurements to obtain data on particulate size and
1ass ccncentration had already been proven, although the
application of the technique to the T63 had been successful
on only a limited basis. Therefore refinement of technigues
and analysis were amcng the first objectives.

B« AFPABATIUS REFINEMENTS

A careful selection of detector wavelength was made at
the outset in order tc reduce combustor "noise" superimfposed
on the visikle and infra-red transmittances. Electronic
low-pass filters were also applied for similar reasons to
the visiktle and IR signals. Exact alignment of the colli-
mated light source and the detector apparatus was seemingly
the mcst crucial factcr affecting the reliability of
results. Therefore careful alignment was performed before a
test run with zero and 100% transmittances recorded Ltoth
tefore and after the run. In addition to the improved
cptical detection apparatus, a standard line turbine flcw
meter was ipnstalled tc enhance monitoring and control of the
fuel flcw and combustor exhaust temperature. The calikrated
flowneter and digital rate indicator enabled the setting of

IV. LISCUSSION AND BESULIS
’
:
;
p
.l
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E. desired and repeatable run conditioans. This capacity was
' critical tc performing a controlled parametric study cf
temperature or fuel/air ratio effects on the particulates.

~ C. FARAMETERIC RESULIS

Despite plans to initially screen all ten experimental
) fuels ortained from NAPC, only five fuels were actually
screened. These included the two fuels which were higaest
(fuel 1) and lowest (fuel 5) in aromatics as well as three
: other representative fuels of various compositions.
Farametric studies were completed on fuels 1, 5, and 7 while
more limited data was obtained on fuels 2 and 9. 1The run
conditicns and results of twenty-nine tests invoiving these
five fuels are summarized in Tables II and III.

» As depicted in Figures 10 and 11, the mean particle

: diameter of soot did not vary appreciably with aromatics cr
5 hydrccen ccntent. Also manifest in Figjure 12 is a similar
b indifference to exhaust temperature. The relatively

» constant mean diameter of approximately 0.2 to 0.25 microns
: corrokorates data presented in references 3 and 9.

: Tbe trends far NCx levels versus temperature are clearly
: €evident in Figure 13. Although the increase in NOx with

¥ exhaust temperature was expected and correlates with the 163
E €ngine test trends, the NOx levels and sensitivity tc temp-
b €rature were approximately 100 times greater in tkhe NAPC

' engine tests [Ref. 6. Possible reasons for the differeant

: NOx levels and sensitivity to exhaust temperature are 1) the
. lover mass air flow ip the NPS combustor and 2) the lower
X air temperature at tke inlet of tae NPS combustor and its

effect op the "primary zone". Trends such as these related

P to exhaust temperature could be similarly related to
o fuelsair ratio. Figure 14 reveals no direct correlaticn cf
:E fuel composition (i.e. aromatics) to NOx levels.
N
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Figure 15 defpicts a general decrease in visible trans-
mittance with increasing temfperature for ruels 1, 5, and 7.
Similarly, Figure 16 shows a trend of increasing mass
concentration with increasing combustor exhaust temperature
(or fuelyair ratio). The results of the Té63 engine investi-
gation by NAPC [Bef. €] also revealed an increase in engine
smok€ nupker (which ircreases with particulate mass concen-
traticn) with increasing temperature. However, data from
reference 9 indicated a cleaner Lurm in a combustor at
bigher temfperatures. A possible explanation for this
difference is the fact that the Té63 combustor utilized in
this study has a lower residence time and does not frovide
tae time-at-temperature necessary for any appreciable scot
consusrtion. Similar findings in the TI63 engine tests
further ipdicate this trend may be a result of T63 design
geometry and residence time and not a function of air irnlet
temperature.

Since the screen tests saowed fuel 1 (Figure 15) to have
a lower visible transgittance (as well as corroboration froa
reference 6, which indicated that fueis high in arcmatic
coatent had higher sazcke numbers), the decision was made to
us2 fuel 1 to test tle effectiveness of two smoke sufpres-
sant fuel additives. On successive test runs utilizing
Ferrocene and 12% Cerium Hex-cem at concentrations of
approximately 20 ml fer gallon of fuel, only very slighat
changes were detected in the visible spectrum transmittance.
These transmittance igprovements of less than 5% are copnsid-
€rably smpaller than those found at the exhaust of a
combustor fcr similar additive flow rates [Ref. 3]« Aagain
the short residence time within the T63 combustor may
account for this small effect or it may have been due tc tae
low irlet air temperature and/or mechanisas by which tte
fuel additives oferate within a combustor. These results
indicate that the two additives investigated are effective

23
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in enkancement of the soot oxidation process rather tharn in
the soct formation mechanisEs.

L. EFECBIEN AREAS

The determinaticn of particulate size using three-
wavelenjta light trarnsmittance technijues rejuires particu-
larly cicse attention to optical iine-up as welli as careful
selection of detector frequencies (waveleangtins) and refrac-
tive index chosen for final correiation. Attempts were aade
to use light Jeflecticn devices (mirrors,prisms) to faciii-
tate test cell operation, however these further reduced tte
reliatility of results. Several graphs (Figure 9, for
example) were created to find the most suitable match of
refractive inlex and actual test transmittances at tie
selected wavelengths. The optimum selection for 'nm'
appeared to remain (as in previous investigations) at
1.95-.001 (0= 1.5) for the wavelengths of 8500, 6500, and
4660 Angstrcams.

NCx analysis was bhindered occasionally by fouling cr the
sample line due to soot build-up or saturation with liguid
fuel whica cccurred during initial ignition at very bigh
fuel flow settings. Cther maliunctions were primarily
related to faulty strip chart mechanisms or inability of the

air sufpgly to maintain adeyjuate air mass flow rate.

24




V. CONCIUSIONS AND RECOMMENDATIONS

—— o —— —— e e . e . e . i St

Tke application of three wave-lienjth lijnt transkissica
techniques for particle siziny 1 tue T3 gjas turkige
combustcr wWas proven teasible. HhKegeated tests witn several
fuels indicated reascrable and “eii-correiated soot fparticle
diameters from 0.<1 tc 0.26 aicroans. NUX anaiysis of the
fueis furtber indicated teaperature Jdeperndent values ranginj
from 12 to 24 ppn.

Parametric studies were zade on taree of the five fuels
tested. 1In all respects the different fueis manifested tte
same trecds. Fuels 1, S5, and 7 exhibited 1) 1ncreasing NCX
levels with increasinj comnbustor exhaust tengerature cr
fuelsair ratio; 2) decreasing transmittance with 1ocreasiny
combustor exhaust temjerature Or rtuel/air ratio; 3)
increasing mass concentration with iLcreasiny combustcr
€xhaust temfperature cr iuelysair ratio; and «4) coastant
Farticulate size with changying fuel composition and exbaust
temperature. The decreasing transmittarnce was a furctica of
the ipcreasinj mass ccncentratiob siLcCce particulate size was
found nct tc vary as a runctaor of temperature.

The results for fparticle size, NOXx apalyses, and mass
concertraticn were irb gualitative agreement with tone resulilts
presented in reference 6. It is reit that tae apparent
increase in mass concentration (decrzasing transmittance)
with Ligker exhaust tempperature was tae result or a gjreater
producticn cf soot within the ccmbustor wnile a short resi-
dence time in the T63 inhibited the usual subsegyuent
consuppticn of that scot whickh has been tormed.

Lurinjy separate fuel-additive tests oa fuel 1 (1rn wbich
Ferrccene and 12% Ceriun hHex-ce€n wele dddzd a4t a corncentra-
tion of z0 zl/jallon to tne fuel riow), tnere was no
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noticeable change ir any of the particulate characteristics.
Additicnally, NOx levels reaained relatively constant whep-

ever additives were irtroduced. Ajain, the results with the
additives indicated that there possibly was not enougk resi-
dence time withirp the combustor for the additives to signif-
icantly effect the particulate characteristics.

It is reconmended that additional tests be conducted in
the T€3 gas turbine ccmbustor utilizing both ligant transmit-
tance techniques and sampling probte data to examine aand
further corroborate the transmittance and mass concerntration
trends. It is further recommended that tne incoming air to
the ccmktuster be heated in order to determine the effects,
if any, of a higher ard more realistic operatiang
temperature.
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Pigure 1 Test Cell Facility.

21

. R,
Wt

-ar AT AT (T T T oo o W, et Wt D) T
L&?..‘\-..f-'}hh ey SRS £ R N A M R S CS A



DIShquO?) _

KyTrToRd 119D IS5 €91 JO dTIawByds ‘Z ainbty
2 #dWnd
3AILIGaY
-l
mux__.e_.l ui CENRIE] 431714
l—\.mu __.t._.li_.\,(_ A %l‘ L|.||M%
m.l.H_ ._._ JATVA
I #dWNJ YOLVIANI ._om»zou Mo
3ANLIQQVY w1910 ANVL
a3Nn4
HOSSIHJWOD um:mmu%a
— N
¥3AHQ
-
uxOIUﬂJ_ﬁEP<Jwam
JYNSS3Yd - Y3174
lo__w%m 7 St e BN —( SANVL )
| % NS GRS
i

- - = o e

- - . - - -

28

<,

R S A P A A _"' By l
PLA PP ‘-_1 ata alats “atar o

N aaiatatataledacas

.
Al

SR, Tt

(.:1('-. Py

-
at

ey

L a e tavet.Y e
R A
atatefatadad

Colls

-

QR SR R R S
‘b oo alaln

« v

s,
Ny

N7 AT o A



Figure 3.

T63 Control Panel.
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Pigure 4 T63 Coabustor.
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. Figure 5. Turbine Flowmeter and Precision Metering Pumps -
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Pigure 6 Ccllimated White Light Source.
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Figure 7. Three Baveleagth Optical Detector.
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Figure g. Mitrogen Oxides Analyzer.
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Visible Transmittance vs. Exhaust Temperature
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TABLE I11
163 Test Results
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