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SUMMARY

Contemporary gas turbine engines must be designed to meet both severe
efficiency and fuel consumption requirements as well as advanced durabil ity
targets. These constraints are not easily satisfied at the same time. A
compromise among these conflicting requirements Is not easily developed
during the deslign process because of a dearth of exper Imental data
regarding certain aspects of the engine processes. One component that is
particularly difficult to design Is the combustor !liner. An opt imum
combination of |iner strength and | iner coolant flow must be chosen so that
the |iner can withstand the high radiative |oads generated by soot produced
fn the combustion process. Minimal liner welght and coolant fiow rates are
sought to achleve fuel consumption goals. Proper design of the |iner,
then, requires knowiedge of the soot loading throughout the combustor. The
program goal was to address this probiem by tracking the variation in soot

loading along the center|ine of a generic gas turbine combustor.

Soot loading was measured inside a 12,7-cm dlameter,
six-sheet-metal-louver burner. A single pressure-atomizing injector and
alr swirier were centraliy mounted within the burner's conical dome.
Determination of soot loading along the burner length was achieved by
acquiring measurements first at the exit of the full-length combustor and
then at upstream stations by sequential removal of |lner louvers to shorten
the burner length. Alteration of the flcw fleld approaching and within the
shortened burners was minimized by maintaining a constant |iner pressure
drop achleved by bypassing fiow that would have passed through removed

louvers. In this manner, data were acquired at six combustor stations.

Twe test phases were conducted. First, fuel effects tests were

performed during which data were acquired with four test fuels. Fuel
physica: properties were de-emphasized by using fuel Injectors which

produced highly atomlzed, and hence, rapidly vapor lzing sprays. The burner
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exhaust flow was sampled at the burner centerline to determine soot mass I
concentration and smoke number. The characterlstic particle slze and
number density of the centerline exhaust soot were determined oy an optical
technique which interpreted scattered |ight signals according to Mie
thercy. Optical technlques were also used to measure the transmissivity of
the exhaust flow as well as the local radlation from luminous soot
particles In the exhaust. All data during this phase were acqulired at a
single airflow condltion which simulated high-power operation of a gas
turbine combustor, namely, combustor pressure = 1,3 MPa and Inlet
temperature = 700K. Test fuels were combusted at three fuel-alr ratios,
which were specified to achieved nominal exlt temperatures of 1240K, 1340K,
and 1470K.

The second test phase Involved acqulring simiiar data at a reduced
combustor pressure of 0.8 MPa. Alrflows were flow-parameter scaled to
maintaln the same approach-f!ow Mach number at reduced pressure. Data were
acquirec at three burner lengths with two test fuelis. The combustor R}
approach flow was agaln maintalned Independent of combustor length by
bypassing excess flow ‘o retaln constant |Iner pressure loss. The two test

tfuels were combusted at the same fuel~-a!r ratios Indlcated above.

The particulete concentration data indicated a strong soot oxldation

ey

mechanlsm in the combustor secondary zone. Concentraticn measurements wlth

N

three louvers removed were ot least an order of magnitude higher than those k8
measurec for the fuil-length combustor. Samples collected with shorter
burners were Influenced by the dllution jets of this combustor. The Jets
effectively penetrated to the center!lne and locally diluted the center) ine
regfon. Particulate samples representative of the average loading in the M-
combustor front end, then, were not acquired via the center! ine sampl Ing
technique. Transmissivity and radiation measurements, which were
path-length diagnostics, Indicated signiflcantly higher loading near the
primary zone. These optical dats imply that mass Ioading In tne viclnlty
of the primary zone was even more than one order of magnltude greater than
lcadlng measured In the full=-length combustor exhaust. Secondary-zone
oxldation was also a strong function of the fiow temperature. Although

increased levels of soot were produced at higher fuel-air ratios, higher

ex!t temperatures, assoclated w!ih higher fuel~alr ratio, enhanced soot .




oxldation sc that tull~length combustor ex!t concentrations were |ower at
higher fuzl-alr ratio. The Infliuence of fuel chemlical properties on soot
production was directly related to the fue! smoke polint, where fuels wlth
the highest smoke point demonstrated less propensity to soot. Particulate
concentrations measured at reduced pressure Indicated less soot production
at the lower pressure. The data also Indicate that lower secondary=-zone

oxldation rates may be assoclated with reduced combustor pressure.

Particulate number density and SAE smoke number, which were also
centeri Ine measurements, displayed the previously noted trends. A good
correlation was obtalned between particulate concentration and smoke
number. This agreement Is attributed to the reiatively small size
distribution of the particulates, whose measured character!stic dlameter
varied from 0.25 um Inside the burner to 0.20 um at the burner exit.
Particulate number density and characteristic dlameter were used to
calcul ate particulate volume, which correlated with particulate
concentration. Particulate denslty, calculated from particulate
concentration and particulate volume, was nominally 20 percent that of pure
carbon. This low value for density corroborates the concept that soot
particlulates are chaln-|ike structures composed of tiny particles of pure
carbon,




Optical and Probe Determination of Soot Concentrations

in 2 Model Gas Turbine Combustor

SECTION | - [INTRODUCT ION

Substantial levels of soot are present w!thin gas turbine combustors.
High production rates occur In the dome reglon where zones of high fuel
concentration exist. Coupled wlth the high temperature ir this primary
zone, such high soot levels produce Intense radlative |oads on the
combustor Ilner, elevating Its *emperature and thereby reducing the time to
tallure. The level of soot produced Is not known. A large fract!on of I+
Is oxidlzed In the secondary and tertiary zones of the combustor, producing
soot levels which, by not being visible In the exhaust stream, are
considered acceptable. The actual varlation of soot loading within the gas
turbine combustor has not been documented. Such data could be used to
define the Infiuence of chemical properties on primary zone soot
production, and the effectiveness of the combustor oxidation mechanlsms at
reducing the soot loading upstream of the exl+. Additional Iy, measured
changes In soot particle slze and number density along the combustor length !
woulc alc¢ understanding of basic soot tormation, growth, and oxldation é.

mechan!sms., i,

R previous NASA program (Ref. 1) docum:znted that fue! chemlical
properties can Influence the radlative load on the combustor | iner by
altering soot concentration in the primary zone. In that program, ) 3
well~control led combustor tests were performed with 25 test fuels. Data -
indlcated that the primary Intiuence of changing fuei chemlical properties
was to alter soot produced In the combustor. That is, fuels whlch
dlsplayed a high propensity to soot (l.e., low fuel specification smoke
point) produced high radlative heat |oads and exhaust soot concentrations.
As a consequence, high Ilner temperatures and exhaust smoke numbers were "
Also attalned. While the exhaust soot concentrations were documented In

that program, no measurements were made within the burner.
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The work reported here represents a continuation of the above work.
This program was directed toward documenting the soot loading in a gas
turbine combustor. Optical and probing techniques determlned

characteristic size and number density of soot aggregates, socot mass
corncentravion, and SAE smoke number along the centerline of & generlc
combustor. Optical techniques were also used to measure the tramissivity
and radlance of the exhaust flow. Data were acquired from tests using four
fuels with a significant variation In chemical properties. Tests were
performed at two combustor pressures to document the Influence of this

varlable. Fuel spray characterization studies supplemented the combustion
tests,

This document reports results of this program. Section Il describes
the chemical analysis of the fcur test fuels along with the fue!l spray
characterization effort to determine appropriate fue! Injectors. Sections
I1l and !V describe the combustor, test facility and Instrumentation, and
the test conditions, procedures, and data handl ing, respectively. Results
of the combustion tests are presented and dliscussed !n Section V.

Concluslons and recommendations are |isted In Section Vi,

e *
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SECTION 1l - FUEL CHEMICAL AND SPRAY PROPERTIES

Ir order to determine the effect of fue! chemlical properties on soot
loading within a combustor, tests were conducted with four fuels which
offered a significant range in chemical properties. The four fuels used In
these tests were Jet A, ERBS (Experimental Referee Broad Spec!flcation),
ERBLS~2 (a 60/40 (vol) blend of ERBS and BLS (blending stock)), and XTB
(Xylene Tower Bottoms). Jet A, which Is a high-qual Ity petroleum-derived
fue! produced In accordance with ASTM and USAF speciflications, Is commonly
used In ges turblne englnes. ERBS fuel evolved from a NASA-d]rected q
workshop on alternative hydrocarbon fuels (Ref. 2). Unlike most fue!
specitications, which place upper |imlts on certaln chemlical properties, a
single level (and tolerance) of hydrogen content is specifled for ERBS,
This approach minimizes the chemical property varlaticn of subsequent
Satches of ERBS production. ERBS has become a standard fuel for
NASA-sponsorecd fue!-effects Investigations. XTB Is a speclalty product
consisting of varfous singie-ring aromatic compounds (alkylbenzenes) and
has been used in other fuel effects tests. BLS Is a mixture of X7k and a
gas oll that NASA had obtalned to use for modlfication of fuel properties,
and conteins single~ring and double-ring aromatic compounds. The Jet A and B
XTB tuels were procured by UTRC while the ERBS and BLS fuels were provided -
by NASA. UTRC biended the ERBLS~2 fue! In the following manner. The
volume fraction speciflcations were translated to mass fractions., A
shipping scale was used to welgh the quant!ty of each component, which was N
ther pumped Intc a 1000 ilter mixing tank. The entire batch of the blend i3
was mixed by pumping out of one end of the tank and into the other, v
Circulation time was sufficlient to displace the biend volume at least ten
times., The blended fue! was subsequentiy pumped from the mixing tank Into

drums.,

3 .
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Fuei Analysls -

A sample of each test fuel was analyzed by Southwest Research
Institute In accordance with the properties and procedures Indicated In
Table 1. The results of these analyses are presented In Table 2. The
levels of total aromatics and naphthalenes presented for any fue! were
obtalned from mass spectrometric analysis. All hydrocarbons contalned in
the aromatic fraction of the sample contrlibuted to the "total aromatics"
level, The naphthalene compounds were assumed to Include the acenaphyhene
(CnHZn-14) and acenaphthalene (C H, _,c) hydrocarbons. Volume
traction values for totzl aromatics were determined from the repor ted mass

fraction date and the fcllowling assigned specific gravity values: :
Hydrocarbon Type Specltic Grav|ty
A
normal-paraffins 0.75
cyclo~paraffins 0.81
alky!benzenes 0.87
Indans and tetralins 1.00 ‘
indenes 1.00 l
naphthalenes 1.00 f'
tricyclic aromatics 1.28 ;;
The type of hydrocarbon species In the fuel was Independentiy
determinec from more than one analysis. The mass spectrometric analysis N
(ASTM D2425) separated the fuel Intc twelve classes while the fluorescent 1;€
Indlcator absorption (FIA, ASTM D1139) technique reported only on three
general classes (saturates, olefins, total aromatics). The FiA was
supplemented with the u!travlciet spectrophotometric technique (ASTM 1840) _
to determine naphthalene content. A comparison of the total aromatics and L
naphthalene contents obtained by the two techniques Is shown In Figs. 1 and f
2, respectively. The mass spectrometry and FIA results for aromatics agr e .
well considering the wide range covered and the general acknow | edgement .

that the FIA technique can be Inaccurate for high aromatic levels. The

agreement between naphthalene analyses was not as good for ERBS & ERBLS-2 ‘




fuels. This result Is not surprising as the Uy technique Is strictly i
appllcable to fuels containing only up to 5 percent naphthalene. Both EPHS
& ERBLS-2 contaln considerably higher levels of naphthal ene.

Fue! Spray Characterization

Varlations in either chemlcal or physical properties could Infiuance
the burner characteristics. Fue! chemical properties could primarlly
attect the type and concentration of hydrocarbon species within the burner.
For example, hydrogen-def icient fuels might produce greater carbon
concentrations, resulting In higher radiation heat loads (ang subsequently
higher |Iner temperatures). Fue! physlcal properties would primarlly
affect the level of atomization. That is, fuels wlith dlsadvan*ageous
physical properties -- high levels of viscosity or surface tension -- would
tend to form coarse sprays, wlth *hese relatively larger droplets
penetrating deeper into the alrflow and survliving for signlficantiy longer g
time perlods. Clearly the size, location and Intensity of the combustion
zone would respond to such fue! distribution alterations, angd consequent|y
*he combustor characteristics would also change. In crder to Isolate
chemical property Influences, the processes dependent on physical
properties must be minimized. Only by achieving highly-atomized and hence
raplcly-vaporlzlng Sprays can this goal be satisfled.

In principle the flnest leve! of atomlzation possible should be used
to fruly minimize the Influence of fye! physical properties on combustion

efficlency. This extreme however, would have Imposed unacceptabl - demands

<
¢n the test program -- excesslve tue! pressures and/or nozzle substitution }:
for every fue!, for each fuel tlow rate, would have been required. An ;
atomization goa! +that would acceptably minimize the Influence of tuel
physlical properties was sought.

£
The analytical technique of Ba!lal and Lefebvre (Ref. 3) can be usec

to analyze fuel Sprays characterized by a Sauter Mearn Dlameter (SMD). In o
particular, tnis analysis Includes system characteristics that deflne ’
reactior-control led and vaoorization-control | ed operation. Convective heat v

8nd mass transfer ls Included by #ssuming that the droplets do not respond

,{’0 iR O »
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to the turbulent veloclty fiuctuations of the alrflow. A critical SMD can

be Identified (SMDC) with the analysis., Tha+ Is, for SMD < SMDC, fuel
vaporization would n-t control heat release and, hence, combustion
efficlency.

The critical aroplet size +o avold vaporization control In the
combustor used In this exper!ment was def Ined previousiy (Ref. 1). |In
particular, SM}C values were sought that assured rapid vaporlzation
within the combustor primary zone which, based upon the test condltions and
flow splits, had a residence time of approximately 5 ms. Calculations
Indicated that for Jet A fuel, a 20 percent turbulence Intensity, and a
droplet Iifetime half the primary zone res!dence time, SMDC = 52 um,

That Is, a Jet A Sspray with an SMD < 52 um would vaporlize sufficiently fast
SO as not tc limit the heat release r~te., The |eest volatile fue! that was
tested hac distiliation characteristics similar to a No. 2 oll. For the
same conditions as descrlbed above, the crltical diameter was calculated to
be SMDc = 45 ur. Based or thase results a slightly consorvative spray
atomization goal cf MD = 40 + 5 Hm was deflned for the te_+ fuels at the

medien fuel flowrate assoclated with the condition having a fuel/alr ratio
(f/a) of 0.018.

The four test fuels In this exper!ments d'd not exhibit a wide range
I'n physical properties. For example, data acqulired previously (Ref, 1)

with a single frel Injector Indlcate a relatively smal | span of atomlzation
qual lty:

Euel SMD (um)
Jet A 39
XTB 52
ERBS 47
ERB[LS-2 48
Med! an 46.5

However, combustion tests were fo pe performed both at the high=power

condition achleved In the previous program (combustor pressure = 1,3 MPa)




as well as at reduced pressure tévels. In order to assure meeting the

atomization goal at reduced pressure, an Inject

tor characterization s tudy
was performed to gulde selection of Injectors that would achieve the

desired high leveis of spray atomlization at two reducec
0.8 MPa and 0.3 MPa.

alrflow and fuel

pressure levels of
For the same combustor In|et temperature (700K),

tlow rates of 61.5 pct and 23.1 pct of the high power

rates correspond to the two reduced pressure condltions, respectively,

Characterization of the fuel sprays was performed In the UTRC Amblent

located In the Jet Burner Test Stand (JBTS).
The pertinent components used In the present study are shown In Fig. 3.

Fuel Injectors were mounted in the faclllty and connected to the fuel
del lvery system.

Fressure Fue! Spray Faclllty

Jet A fuel was delivered to the InjJectors from an
underground storage tank and metered vie a turbine meter.

Fuel pressure
and temperature were measured at the Injector.

Fuel spray pattern and
droplet distribution were documented as fo! lows.

Radlo Strobolume Itluminated

A high power General

the spray with a 10ms I'1ght pulse,

substantialiy freezing the droplet motion, (Photographic records of the

Spray were obtained on Polarol¢ fl|m to determine the inc|

uded cone angle).
Droplet size dlstriby

tion was measured In a piane 5.4 cm downstream from
the Injector with a Malvern Mode! 3T1800 Particle Size Anaiyzer, This
Instrument is based on Fraunhofer diffraction of a paralle! beam of
monochromatic | Ight by moving or stationary particles. A He-Ne laser beam
traversed the spray dlameter and the diffracted light was
30~element photoelectric detector.

tocal length

sensed on a

The data were acqulred using & 300-mm
collecting lens which permltted detection of droplet sizes
between 6 ard 560 #m. The photocel Is were scanned 200 tim

es (approxlmafely
2.6 sec) to acquire a s+

atisticalily meaningfui average for each data point,
A dedlicated minl~computer stored the diffracted |ight data and

» upon
request, executed an anajiytical

program to Interpret these signals In terms
of a Ros!n~Rammler droplet dlstribution and to calculate a spray Sw.

Simplex pressure atomizing Injectors produced b

y Hago Manufacturing,
Inc. were vused In these tests.

Al'l InJectors produced kol low cone sprays

with a rated Included cone angle of 80 deg. Eight Injectors, lcentifled by

{GPH) de! lvered at a pressure drop of
100 psi¢), were Investigated. Two Injectors (NN=35, and 32) were [n a

nozzle rumber (NN, the volume f|low




range sultable for the high-power condition and three each were for the 0.8
MPa condition (NN=18, 20, and 22) and 0.3 MPa condltior (NN=8, 9, and 10).
Three fuel flowrates were investigated for each nozzle, representing the
rate assoclated with fuel-air ratios of 0.015, 0.018, and 0,022 for each
cond!tion,

The data acquired In tests with the elght nozzles are presented in
Tebie 3 and Fig. 4. Over the flow range Investigated, SMD varled | Inear|y
with fuel flow, a trend consistent with data obtalned previousliy (Ref. 1),
but In confllict with the weaker relationship predicted by standard
atomization correlations. In the prior study, It was concluded that
surface tenslon forces, as represented by the nozzle ex!t Weber number,
could significantiy Influence the atomlization processes. it was
demonsirated that for the very low fuei flows often used In developing the
atomization correlations, this Influence was not Important while for larger
{practical} flows, the Influe.ce was domlnant, These recent datz appear to

again reflect this Influence.

As previcusiy Indicated, the spray produced by the four test fuels Is
simllar. Hence, for a glven pressure condltion, a single nczzle could be
used to achieve acceptably fine atomlization of the four test fuels. WI+h
an atomization goal of SMD = 40 * 5 um at the test conditior cerrespordlng
to f/a = 0.018, the trends presented In Fig. 4 were used to determine a
tue! flow - nozzlie number reiationship at constant SMD (Fig. 5). The flow
rates of Jet A associated wlth the medlizn f/a at each of the three
combustor pressure ievels are Indicated. Since the mean atomlzation level
for the four fuels (presented previously) was 13 pct greater than the Jet A
value, nozzles which produce Jet A sprays with SMD=34 um shouid satlsfy the
atomization goal for all| fuels. Nozzies with NN = 30, 18, and 7 should
produce the desired atomlzation levels at the three pressure conditions,

e
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SECTION 11 - COMBUSTOR, TEST FACILITY, AND INSTRUMENTAT ION

This section of the report describes both the burner, speciflying Its
geometry and performance, and the special ized test tacll ity assembied for

these efforts, A detalled description of the Instrumentation Is also
Inc!uded.

Combustor Description

The test combustor was nearly Identical to the one used prevlously
(Ref. 1), This combustor embodied the features of a gas turtine burner.
That is, the burner was a high heat release device, wlth strong
swirllng-reclrcuia?ing flow structure at the tront end (l.e., primary zone) '
fcl lowec by penetrating jets of alr to gradually reduce the locaj fuel-ailr
ratio, and hence gas temperature, to levels acceptable to a turbine.

A photograph of the combustor s In Fig. 6. The cylindrical burner
‘ was louver-cooled wi+th an nside dlameter of 12.7 cm and a length of 41.1
‘ cm.  The combustor consisted of a dome, constructed from 2 frustrum of o i
90-deg cone, and six conventionai sheet-metal louvers. The domse cool Ing -
8ir was admltted through four rows of equal ly-spaced hojes. Each fouver
was fed by a ring of &qual ly~spaced holes with four of the louvers .
conteining six larger holes to admi+ comdusticn alr to the burner. These ; 3‘
combustion air holes T8preserted the greatest deviation from axisymmetry. .
The number and diameter of all combustor hcles are isted In Table 4. This
burner was created by modityling the hole pattern In a JT12 combustor to
permit cperation over a greater range of test condltions, That is, the
original JT12 was rated for 8 combustor exlt temperature up to 145K, 1

Aiteration of the hole pattern to Increase coolant flow permlts routine yse !
tC exlit temperatures up to 1480k,

A flange on the combustor dome was provided to centraliy mount a fye| !
fnjector-swirier combination, As previously ldentified, pressure atomizing

.
-
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Injectors produced by Hago Manufacturing, Inc. were used (Fig. 7a). Ajj
Injectors produced hollow cone sprays w!th z rated Included cone angle of
80 deg. Nozzle sizes were determined from spray characterlzation data
described In Section H. The alr swirier, which encircled the fuel nozzle,
provided the swir| necessary to assure stable combustor operation. The
swirler enhanced fuel-alr mixing and distribution as well as establ Ished
the reclirculating primary zone flowfleld. The swirler was a commerclal ly
avallable device developed by Pratt and Whitney Alrcraft for the JTi2
combustor (Fig. 7b). An annular clamp ring assured proper positioning and
seal Ing of the injector-swirier combination to the combustor flange.

The airflow pattern iIn this burner was wej | documented In cailbra+ion
tests (Ref. 1), First, a 002 tracer was used to determine the amounts of
alrfiow from all sources which participated In the primary zone. Data from
these tests Indlcated that 19.5 percent of the total alr flow partlc!pated
In the primery zone flowfield (Fig. 8). Hence, the primary zone
equivalence ratio Is 5.1 times the overall equlvalence ratio. Second,
cal Ibration tests were performe3 to define the combustor alrflow
distribution over the entire burner length. The effective area of |iner
holes at each axlal station (1.e., dome, louver cool Ing, combustion alr
holes) was determined as Indicated In Table 5. The alrflow swirler was
calbirated In a separate test. The second column ot Teble 5 Indicates the
cumulative liner alrflow. When used with a fuel Injection rate this
alrflow schedul e permits calculation of the global equivalence ratio at
these combustor axiaj positions.

This burner operated qulite stably In previous tests. Combustion
efficliency wes always greater *han 99.9 percent, the nom!nal combustor ex|t
patfern factor was 0.13, and the nomina] liner pressure drop was 2 percent.
By maintaining the 2 percent |liner pressure drop, combustor operation of
the shortened burners In this program was also stable.

Test Facllity
The exper Imental test program was conducted In the JBTS, which Is a

sel f-contalney facility with four test cells equlpped tor high-pressure
combustion tests, The JBTS provides test cells with control rooms,

10

RS (S




i B
- T WU o S : b
‘: "

assembly areas, automatic dats acqulsition systems, and alr, fuel, and
gaseous nltrogen supply systems, I8

The test program primarlly used hardware residual tc the previous NASA
program (Ref. 1), with some components fabricated for +the needs of this ’
program. The test facil ity consisted of three sections: an alr
preparation section, a test and Instrumentation section, and an exhaust
section (Fig. 9).

Alr was suppl ied to the alr preparation section through the system
depicted In Fig. 10. Two mul ti-staged reciprocating compressors, capable
of pumping a combined flowrate of up to 4.5 kg/s, provided alr at pressures
up to 2.7 MPa. The alrfiow for the combustion tests was heated by an
Indirect-oil-flred Lurner prior to entering the air preparation section;
the typical preheat level was a 420K. The heated alrflow was regul ated In
the test cell and metered by a ventur!, with appropriate measurements of
alr pressure and temperature performed upstream and at the throat of this ’
device. The temperature of the vertur! body was also measured to account
for thermal expansion of the throat diameter. The metered alrflow was
heated further by use of an electrical resistance-tvpe heater. A plenum at
the heater ex!t assured that uniform airflow veloclty and temperature
profiles were dellvered to the test section.

The test section consisted of spacer spool sections, a combustor ‘i
housing, and Instrumentation rings. The spacer spools prov lded necessary j
access to remove the combustor housing. They also provlded support for
arrays of four total pressure probes and four thermocouples to document the )
alrflow approaching the bur.aer, and bosses to route out |lner thermocoupl! es -
and pressure | Ines.

The combustor housing (Fig. 11) was a simple spoo! section fabricated
from commer Ical ly~avallable pipe with an Inside dlameter of 15.2 cri. A 1.3
cm annular gap between the | Iner and housing prov lded adequate backs!de
convective cool ing of the burner louvers. The housing contalned a single .
boss to route fusi to the fue| nozzle. Fittings near the downstream end ¥
permitted Insertion of pltot-static p-obes to measure the |Iner pressure
loss and a bleed port to adjust the pressure loss,
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The combustor attached to a mounting ring via a smal | *lange attached

to the tiner at the burner exit (Fig. 11). Burner al ignment was alded by
cenfering tabs mounted on the dome, The fue! Ilne, which was flexIble to
accommodate the !iner thermal growth, consisted of two sections. An axlal
length incorporated two concentric tubes with fue! de! lvered through the
Inner tube and the outer tube providing an 'nsulating alr gap. A radial
length included a steel brald/teflon tuhe flexIble |1ne, wrapped by a hel ix
of copper tube to provide a water-cooled hea+ shield. In order to make
measurements Inside the burner, shortened combustors were produced by
removing the compiete downstream-most louver and welding a replacement
flange at the new exlt plaie. Replacnent lengths of the concentric tube
fuel line erabled fuel +o be dellvered to the shorter burners. Since the
shortened tiners provided a reduced effective open area (CDA}, less burner
alrflow was required for constant |lrer pressure drop. Reducing combustor
alrflow to match the decreased CDA, however, would have aiterre¢ the
approaching flowfie!e, affecting both the penetration ot jets through the
llrer and the internal tiowfleld, To elIminate this .nfluence, the
combustor total alrflow (l.e., alrfiow approaching the burner) was hejc
constant, with alrfiow greater than tha+ required to matct the full-length
combust s pressure !oss bypassed through orifice plates mounted In the
annular region at the combustor ex!t (Fig. 11). Each plate contalned
équal ly-spaced holes slzed to compensate for the decreased | ner open aresa
of shortened burners. Hole slzing was based on the callbration results
obtalned previousiy (Table 5). Liner pressure drop was determined from
pltot-static tubes piaced In the annulus between tre | Iner and housing and
static tapes instailed In the combustor dome. A remotely adjustable bypass
bleed was avallable to fine tune the tota| bypass to achieve desired | Iner
pressure drop,

This technique of shortening the !liner to make measurements inside the
burner Incurred significantly reduced cost refative to designing and
fabricating elaborate combustor hous'ngs that would have allowed optical
and probe diagnostics to transverse parallel to the combustor center! lne.
That 1s, instead of meving the dlagnostics toward the fuel nozzle, the fuel

nozzle was moved toward the dlagnostics, which remalned fixed. By

exerclsing the Indicated test procedures, the {lowfield between the nozzle




anc measurement planes s not bel leved to have been slgnIficanfly altered
by removal of downstream louvers.

Two Instrumentztion rings, designed and fabricated previousiy (Ref,
1), were mounted to the combustor housling. These rings were speclally
constructed, flange-cooled units (Fig. 11). The particle slzing ring
Proviced optical access for scattered Iight signais. The probe mounting
ring provlded fittings to mount up to three probes. In +his program, a

single probe was utlilzed, with its sampling or!fice located on the rig
center| ine,

The exhaust section consisted of an idapter followed by a water-cool ed
T-section and a backpressure valuye. The T-sectlion provided a 7.6 cm
dlameter vliewport to permit direct observation of the combustor exi+ plane,
A remotely-operated butterfly valve was used to contro! the test-section
pressure. A high-pressure water- quench reduced +the gas temperature

upstrear. of the vaive to ‘ess than 700K to prevent damage to it.

The fue! dellvery system consisted of three subsystems: a startup
fuel subsystem, a test fuel subsystem and a nltrogen purge subsystem. Jet
A was supplied to the test ceil from underground storage tanks by positive
¢l'splacement pumps. This fue!, referred to as Jet A-U, was the startup
fuel used prior to swltching over to the test fuel. Data were acqulred
wIth the combustor cperating on Jet A-U prior to operation on any test fuel
to verity consistant combustor operation. Jet A-U had properties nearijy
Identical to the Jet A test tuel. Drum quantities of the test fuel were
del Ivered by the test fuel subsystem, which was capable of dellvering 4.6
Ilter/min at a pressure of 6 MPa. Twc sojenoic valves, one In each fue]
subsystem, were actuated by a common electrical Circult, A normal | y-open
valve In the Jet A-U system and normaf ly~closed va've in the test fuel
system were switched in unfson to provide a rapld, positive change In fuel.
The nltrogen subsystem was avallabie to purge the fuel nozzie and dei Ivery
Ilnes Inslide the combustor rlg and to cool these components Juring the
setup of the test condltion, The fuel system Is dep!cted as part of Fig.
12,
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Instrumentation

The test facllity was Instrumentsd as described below. The parameters
measured are Indicated In Fig. 12,

Measurements were made to document the alrflow rate, pressure and
temperature approaching the mode! combustor. The alrflow rate was
determined using & ventur! with a 2.285-cm throat dlameter; pressure and
temperature upstream and pressure at the venturl throat were measured. The
distribution of temperature and total pressure a* the test section Inlet
were documented using arrays of four thermocouples and four total pressure
probes. The test-section housing contained two fittings, located 180 deg
apart near the downstream end of the housing (Fig. 11), for mounting
pltot-static probes to document the total and static pressure of the
alrflow proceecing through the annulus. Several thermocouples Instalied In
the adapter section ‘ndicated the combustor exhaust temperature,

The fuel supply conta!ned provislions for acquiring pressure and
temperature measurements necessary to control the flow. Fuel flowrate was
measured with a turbine meter. A mass flowmeter was not required since the
visces!ty variation among the test fuels was small, A dc voltage source,
Interlocked with the fue! swlitchover valves, produced a signal to Identify
data polnts acquired when operating with test fuel,

The combustor |lner was It.strumented with thermocoupl es and Internal
pressure taps. Twelve type K thermocouples were attached along an axlal
l'ine at one angular position of the burner, with another six attached along
@ line on the opposite side of I+. In the twelve thermocouple array, two
were placed on each of the six louvers, with one thermocoupte opposite the
edge of the inner flim slot lip and the second approximately 2.5 cm farther
downstream., The slx thermocouple array contained one sensor on each louver
&t the second axlal position. Two static pressure taps were attached to
the first ouver to provide a measurement of burner static pressure, which
was used to determiise and monitor the | Iner pressure loss for the dlfferent

burner iengths. The twelve thermocouple array and one pressure |ine are

visible In the photograph contained In Fig. 6.



Soot particle size and concentration (number

denslity) were determined
from the scattered I igh+

emanating from a 15 mm

sample volume !ocated 7
cm downstream of the combustor exl+t center| ine.

The scattered-|ight
slgnals were Interpreted according to Mie theory

technique has been detailed by several
critical assessment of

of light scattering. This
authors (Refs. 4, 5, and 6) vith a
Its accuracy glven by Bonczyk (Ref. 7). In brlef,
cts the Intensity of l'ight scattered oy particulates as a

function of the scatter!ing particle properties, scatterin
incldent Intensity:

this theory pred!

g geometry and the

P=K* 1o xNxg

where: I = light Intensity scatterec by particles

K = constant includlng scattering sol id angle
lo = lIncicent light Intensity

N = particulete nunber density

¢ =

complex scattering function

The scattering tfunction, ¢,

Is dependent upon the size parameter, x,
the scattering angle, 6,

and the complex refractive Index, n:

¢= (X:QJ n)

where; x = mD/T, D = particle dlameter

wavelength of scattereq light

~
1

@ Is also responsive to the polarlization of the Iight. Strictly, this

description !s accurate only for spherlical particles of uniform slze. The

extenslons of the theory to permit definltion of polydispersions resul+

In
greater analytical and experimental complexity,

For combustion




appl lcations, where the particulate shape is non-spherical, I+ Is
difficult to determine a!| +he parameters of the polydisperslon,
Therefore, for such applications, It is common to assume a monopdisperse
particulate s!ze distribution. This approximation (and the accompany Ing
assumption of spherical particles) Iimlts the accuracy of slze and
concentration determinations.

The evaluation of particulate size and number density rel led upon the
angular disymmetry of the scattered |ight. From the above description, for
a fixed oolarlzation of the light (chosen to be perpendicular to the

scattering plare), the ratio of l'ight intensity at two d!fferent angles, #1
and 62 lIs:

i(61)/1(62) = (D,081,n)/ (D,82,n)

This retio Is a function of D alone for given values of the compl ex
refractive index and scattering angles. in this program, values of 81 = 45
deg and 62 = 135 deg were used; the scatterec |ight had a waveiength of
514.5 nm. The dependence of the ratio of scattered ilight on D is deplcted
I'n Fig. 13 for two values of n. Note that the thecry permits size
determination for D < 0.3 m#m; for iarger diameters, the ratio Is
multivaiuved and unambiguous size determination cannot be made. The

proper velue for the complex Index of refraction of the combustor exhaust
particles was not knowr; *+he value I''ke!y depended on the chemlca!
composition of the particulates. The two values used to generate the
Curves In Fig. 13 were obtalned from measurements elther on graphite or or
soot from an acetylene flame. For the val id range of diameter
determination, the uncertalnty Introduced by these two n values was not
great, however. The valus for graphite (r = 1.94 - 0,661) was used In the
dsta reduction. Once D had been determined, the particulate number
density, N, was calcuiated from the scattered |ight intencity measured a+t
61 and the known geometry of the scattering setup.

Tne particle slzing apparatus assembied for this program ls shown In

Figs. 14 and 15. The incident I'ight was preduced by an argon-lon {aser
with an output power leve| of approximately 1w at & vavelength of 514.5 nm.
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The polarization of the cutput beam was rotated to be perpendicular ¢ the
scattering-plane. The beam, which was chopped at a frequency of 2008 Hz,
was directed through a recess sapphire window and across the combustor
exhaust., Two scattered light detector assemb| fes were rigldly attached to
the test duct, one at 45 deg and one at 135 deg from forward scattering.
The fabrication tolerances of the assembly mountings were specifled to
assure precise al ignment of them. During Instaliation of this apparatus it
was observed that beams from two He~Ne al ignment |asers Intersected on

the test duct centeriine. Each detector assembiy contalned a sapphire
window, a polarizing disk, a narrow-pass fllter (centered at 514.5 nm) and
a fast |lnear focused (EM| type 980/B) photomuitip! ier tube (PMT). The
sclld angle of the scattered iight was defIned by two 3.1 mm dia appertures
(separated by a distance of 20.0 ¢m) Jocated along the detector centeri lne.
The output fror each PMT was Input to a lock-in ampl 1fler which was
referencec¢ to +the chopper frequency. This setup enhanced the
signal-to-no!se ratio by provicding an output vcltage proportional to the
difference between the iaser-stimul ated scattered t1ght and any random
t1ght which might have been detected.

The [aser peam path also contalned a focusing ters. Combustor
shakedown tests conducted without a lens In the previous program (Ref, {)
indicated substantial beanm diameter growth at the alignment window. That
I's, the 1.3-mm dlameter |aser beam had grown to fii| the 12-mm dlameter
exIt port, This growth was attributed to "thermal blooming™ which occurs
as light passes *hrough gases which possess large temperature gradlents.
The thermal gracdlents produce gradients in the Index of refraction which
result In a2 lens~1|lke expansion of the ray. it was suspected that the
bloom!ing occurred In the wlndow recesses where cool nitrogen purge flow ang
hot ~ombustion gases were unavoidably mixed. The lens focused the |aser
beam on the test duct centeriino to minlmize this prob!lem,

In addltion to the scattering dlagnostics, transmission measurements
of the laser source l1ght used for the scatter Ing measurements were
enalyzed. This setup Is deplcted In Fig. 16 which shows the placement of a
detector tc sense the transmitted | Ight. Data were acquired both with and
wilthout combustion to determine the absorption of the leser besm as It

traversec¢ the combusting flow. In these measurements a neutral densl|ty
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tllter was used to reduce the signal level fo within detector |imits. A
lock=!n amplifier referenced the detector signal to the chopper located on
the laser side of the test rig. Radiance measurements were also made by
blocking the Iaser source and Inserting a chopper In front of the detector
(Fig. 16); the fllter was withdrawn to Increase detector sensitivity, The
devlices were driven by pneumatic cyllinders actuated from the control room,
The detector, sensitive only to visible and near IR radlation, sensed
radiation generated by the luminous soot particles cnly.

Combustor exhaust products were probed near the combustor exit to
determine gaseous emlission levels, smoke emisslion levels, and soot mass
loading., A sampl Ing probe was positioned to locate [+s Inlet orifice on
the rig center!ine approximately 8 mm downstream of the scattering sample
volume (Fig. 11). The probe had a 1.3-cm CO with a 3.7-mm sampl Ing port
(Fig. 17). The probe body was water-cooled to assure |ts survival In the
high heat locad condition created with shortened burners. The outside of
the sample tube In the probe was coated with 0.3-mm thick ceramlc to reduce
heat exchange between the sample and coolart and, hence, to avoid luw lccal
sample temperatures that could promote condensation, Nitrogen diluent
coulc be added to the sample near the probe tip +o quench the oxlidation
processes and reduce the sample dew point. The sample temperature measured
at the probe exit was used to determine when nitrogen dllution wes
required. If tne sample temperature measured with the shortened burners
was significantly larger (more than 80K) than that meazsured w!th the
tuli-length burner, dlluent was added to deter soct cxidation in the

sempl ing system.

Particulate laden fiows were extracted through the probe. The sample
vas divided and passed through two heat exchangers, as shown In Fig. 12,
before enter!ng transfer 1ines to pess out of the test cell. Heat
exchangers were required to recduce the sample temperature below 400K in
order 1o ensure that the teflon coating over the transfer |line Interlor
did not melt. Separate transfer | Ines and samp! Ing systems for the smoke
and soot measurements were determined to be necessary during shakedown
tests. The flowrates and sampling times to acqulire mass samples were much
greater than the fiowrates prescrlibed by SAE ARP 1179 for measur ng smoke

number. The amount of soot collected In a typlcal smoke semple was
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calculated tc be fess than one percent of a typlcal soct mass sample. )
During tests where both measuremente were made wlth the same Transfer iire,

soot, which tended to adhere to the transfer line walls, woulc randomly

break loose. This effect, which was a neg! iglble perturbation on inass v
samples obtained over extended sempl ing perlods et hlgh fiowrates, had a

significant Influence on smoke number measuremenvs. Consequentiy, to

overcome the erratic smoke number results that were belng acqulred, a

separate transfer (ine and fl|ter system was dedicated to smoke number

sampl Ing. Repeatable smoke riumber measurements were gathered with the

dedicated system.

Ourlng shakedown tests, soot samples were acqulred using four
different filters -~ two paper fllters and two Fluoropore teflon fliters. . ‘
Gne of the paper filters wes Watman No. 4, the membrane specifled for SAE
smoke number determination. This material had I'nsufficlent filtration
efficlency as Indicated by significant scot stalns that were col lected on -
the second of two stacked fllters. The other paper fllter, Miliipore HA,
hao sufficlent efficlency but suffered form the problem of ail paper
filters -- it absorbed water form tne gtmosphere. Subsequent welghings of
‘ new fliters Indicated an Increasing tare beceuse of this tendency. Rather
then drylng the paper fliters before and after sampl ing to overcome the
water absorption prob!em, teflon membrane fliters, which are hydrophoblc, .
vere Investigated. These filters, with a nomlnal pore size of 0.5 m, have i -
demonstrated a flltration efficlenc of greater than 99 percent for
particles down to 0.03 um (Ref. 8). This performance arises from the
fibrous structure of the flliter which Is apparentiy formed from 0.2 um

tibers. Both Millipore Type FA and FH fllters were Investigated. The - 7;}
tormer, which had a polyethylene backing, was unacceptable because the ?*‘
backing melted In the heated fllter holder. The Type FH collected samples
efficlently and was used successtul ly throughout the program.

Though the concern of water absorption by the fllters was el iminated !

ty using teflon fliters, tic potential for water absorption by the
collected soct also needed tc be addressed. To determ!ne whether water
absorption by the soot was a problem, several of the acqulired samples were
weighed Immed!ately before and after drying the samples In an oven. The
weights agreed to within 10'2mg Indicating that water absorption by the
soot was Insignificant,
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SECTION IV - TEST COND!ITIONS, PROCEDURES,
DATA ACQUISITION AND REDUCT 10N

Soot loading in the burner was documented In terms of three varliabies:
fuel chemical properties, fuel-alr ratic, and combustor pressure. Soot
loading was documented for six different combustor lengths. This section
of the report detalls the test conditions and procedures for setting up and
conducting tests as well as for acquiring data.

Test Conditions and Procedures

Two phases of combustor tests were performed: fuel-effects tests and
pressure-effects tests. The fuel-effects tests determined the Influence of
fusl chemical properties on soot loading. A single alrflow condition,
simulating high~power operation of a gas turbine englne, was used for the
fuel effects tests. The approach alrfiow pressure, temperature and
flowrate for this condition, designated Test Condlition 1 in Teble 6, were
Iderntical to those used previousiy (Ref. 1), These parameters were
Independent of combustor length, Bypass flow, set by the open area In the
mounting ring, was adjusted to achieve a relatively constant | Iner pressure
drop for all burner lengths, Soot loadlng was documented for four test
fuels: Jet A, ERBS, ERBLS-2, and XTB. Each fuel was tested at three
fiowrates that produced full-length combustor ldeal exhayst temperatures of
approximately 1240k, 1340K, and 1470K. These three temperatures were the
Ideal temperature levels associsted with combusting Jet A at fuel-alr
ratios of 0.015, 0.018, and 0.022, respectively. The flowrates for the
other three fuels required to achleve the same ex!t temperatures were
slightiy different. Required tlowrates for 8ach fuel were determired from
thermochemical caicu!ations using chemical properties Identified by the
fuel analysie, A i1sting of these fuel-alr ratios Is contalned In Table 6.

Tests were performed at a reduced combustor pressuring of 0.8 MPa to

document the Inf|uence of combustor pressure on scot loading. The same

'niet temperature of 700K was used with the mass flow decreased In




proportion to the pressure reduction, I.e., the Mach number of the approeach o
flow was held constant., This condition ts denoted as Test Condition 2 In
Teble 6. The cembustor approach flow was agaln Independent of burner

éach of the three burner lengths investigated at recuced pressure. Two
fuels, Jet A and ERBLS-2, were combusted at redyced pressure with each

injected at fiowrates required to achleye the same ful l-combustor ldeal
ex!t temperatures noted above,

Shakedown tests were conducted to Inltially check out combustor
operation and Instrumentation systems. Also during these tests, sampl ing
times (nominally 10 min.) and flowrates (nominally 0,087 sm3/mln) vere
estab! Ished to gather a satisfactory sample for the mass ccncentration ¢
measurements., A minimum of 1 mg of semple was sought so that the sample
weight could accurately be dlscerned from the ncminal 50 mg tare welghts
of the teflon fijters, As soct loading Increased with shortened burners,
these sampling times, which were the primary determinant of test duration, !
were reduced to mininize fuei usage.

Startup procedures were standard for each test day. The deta
acquisition system was set up with pressure franducer ang ?hermocouple
references checked, flowmeter and analyzer outputs 2eroced, and slignal
ampl 1flers calltrated, If optical data were to be acqulired, the |aser was §
2l Igned ang al mirror, window, ang fllter surfaces vere cleaned, .
Appropr!ate JBTS support systems were activated and purge flcss were
establ ished through the sample probes, ducts providing optical access, and ‘
fue! gelivery llne., Alrf|ow from the 2.7 MPa faclllty sy~tem was Inltiated - by
and heated by both indirect-fired ang electrical neaters, After alr .
temperature Increased to dpproximately 730K, the backpressure valye was
closed to ralse the pressure to approximately 1 MpPa. The tuel purge was
then terminated and Jet A fuel, supp!ied from 8 large underground tank at
the JETS, was slowly Introduced. (This fue! Is termed Jet A-U)., A+ these i
conditions, the fue| Ignlited spontanecusiy at a mirimal flow, avelding a '
Sudden increase In burner pressure. The fue| tlowrate was Increased ang
the airf|ow parameters (pressure, temperature, floxrate) were adjusted to
desired setpolnts. Probe purge flows were terminated and the exheust gas '
temperatures observed to confirm staple s5teady~-state conditions had been
establ ished.
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Performance at each burner length were tnitially investigated with Jet I
A-U. Detalled data, Includling pressures, temperatures, soot samples, smoke
samples, and gés emlission analysls for selected burner lengths, were
acquired at Test Condition | for all three fuel-alr ratiocs, The data were
acquired to document the burner performance as weil as to establ Ish a smal |
- data base for referencing the combustor operation.

Measurements with the test fuels were Initiated by acquliring data with
Jet A~U at a ¢/a = 0.013. Compar ison of these data with the Inltial gata
set alded In verifying that the burner performance remalned constant. The
fuel supply was $hen sw Itched to operation on a test fue!. Swlitchover was
accompl Ished by the simultaneoys activation of solenoid values which
provided fcr an uninterrupted flow of fuel sc *hat the burner never
extinguished. The test fuel was fed from two drums, each contalnlng
approximately 190 |!ters of fuel, to provide enough fue! Yo achlieve +he
relative long test time required to acqulre soot samples. Upon completion N/
of measurements wlth the test fuei, the fuel Supply was swltched back to
Jet A~U in a similar manner. Data were again gathered at f/a = 0.018
before terminating the test to¢ ensure that combustor performance had not
changed. Testing was conducted In this manner with the four test fuels at
the high oressure condition for each burner length to establish the effect
of fuel chemical fFroperties on soot loading. Upon completion of
fue!-effects testing with & given burner conflguration, elther simijar b
tests were conducted at reduced pressure, or the burner was shortened ang
simllar tests performecd with the shortened burner. For the

reduced-pressure tests, the fuel rczzle was replaced with the approprlate

~« [N
nozzle deflred for the 0.8 MPa pressure cordition durlng spray evaluation .1Q;
tests. Each of the reduced-pressure tests was agalin Initiated with Jet A-U
to ensure consistant burner performance before gathering data with Jet A
and ERBS test fuels.

4

Data were not gathered at the 0.3 MPa pressure. Ourlc-g tests at 0.8 )

MPa, the soot loading was quite fow at certaln condltions 30 that .
determination of fuel effects wa&s ditflcult. Since soot concentration at a

lower combustor pressure would have been fuyrther reduced, the benef|ts of ’

testing at .8 MPa were minimal,
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For a given fuel, fuel-alir ratic, and combustor prescure, dats were
acquired In the following manner. With airflow and fuel flow parameters
properiy set, the probe flow was del ./ered a through the soot sampl ing
system (but bypassing the filter) at a rate equivalent to the sampl ing
rate. The coolant flow through the heat exchanger was also adjusted as
necessary tc maintain sample flow temperature below 400K at the transfer
'ine entrance. The sample temperature at the probe exlt was observed, and
quench flow added with the shorter burners It this temperature was
significantiy higher than that measured wl!th the fuli-length burner. With
the sample flow proper!y condltioned, a minimum of three mass samples were
acquired on prewelghed tefion fllters., Since the sampling times to acquire
the mass loading were were relatively long, three smoke samples and three
data scans were normally acqulred durlng each of the mass sampling perlods.
Mass samples were welghed and smoke numbers were calculated from the smoke
sampies Immedlately after acquisition. These data were checked for
conslstency, with more samples gatherec If any sample welghts differed more
than approximately 20 percent of the mean. For test conditions where
optical date were acqulired, the laser beam was passed through the combustor
exhaust to permlt scattering and transmisslvity data to be acqulired with
the data system for most of the date scans. Several data scans, however,
were acquired with the |aser beam blocked In order to acquire radlation
data.

After completion of a test sequence, the burner was shut down In the
following manner. Purge gas was reestabl Ished through the sampl ing probes
to avolc Ingestion of unburned fuel. Fuel fiow was terminated and the fue!
I ines Immediately purged. All systems were secured If tests planned for
the day were completed. Otherwlse, the test fuel was changed and the Jet

A-U/ test fuel sequence described esbove was executed aga'n,

Datas Acquisition and Reductlon

The complete set of test data was recorded by mears of an automatic

dats acquisition system which stored the Information on magnetic tape for

subsequent computer processing. The data system acceptec dats on up to
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25 channels, 10 provided wlth signal conditioners, and the remainder
compatiblie with precond!+ioned Input signals, The system was capable of
controlilng and accepting date from submultiplexers such as pressure and
thermocouple scanning switches. The date channels were scanned
sequential ly at 2 rate of 12 channels per second and whenever a
submultiplexer was connected to a channetl, all ports were sampled before
preceeding to the next channel. An analog-to-digltal converter diglitized
the data and an Increrental magnetic tape recorder stored !t for subsequent
computer processing. The format of the tape was structured for
compatibility with the UTRC UNIVAC 1110 digltal computer.

The data system nagnetic tape was reduced by use of an existing
computer program. Th.s code appl les the appropriate cal Ibration factors to
each signal to provice englneering units for pressures and temperatures for
calculation of paraneters of Interest. Among those se:ected for this
program were: alrflow rate, fuel massflow rate, combustor reference
velocity, fuei-air ratio from metered flows, particulate slze and number
density (using look-up tables generatec by a code for Mie-scattered light),
and ideal combustion temperatures for the overall combustor. Averages of
pressures and temperatures which characterized the iniet airflow or
combustor exhaust were also calculated. The output from this data
reduction code was a Summary Table which dispiayed all measured and
calculated parameters for every date point. This Table was reviewed for

spurlous measurements (e.g., open thermocouples) with hand-recorded date

Input It available. Also, Items not acqulred by the date system (e.g., SAE
smoke number) were entered Into the Summary Table.




SECTION V - RESULTS

Particulate Concentration and Smoke Number

Metered samp'es from a probe positioned 7 cm downstresm of the
combustor exit certer!ine were fl|tered to determine soot mass loadlngs,
The date are presented as particle ccncentrations (PC) at standard
conditions, mg of soot per standard cublc meter of samp!e. Figures 18-21
show the concentrations as a tunction of normalized combustor length for
the four fue!s that were burned. Each data point represents an average of
3 to 5 samples. Data are shown for the full-length combustor ¢1/L = 1.0)
and flve {ength reductions correspond!ng to the sequentia! removal of five
louvers.

The scot |oading generally Increased with the removal of each of the
first three louvers. Concentrations measured with three louvers removed
(I/L = 0.554) are an order of magnitude [arger than those gathere) with the
fulil-length combustor. This trend Indicates that significant scot
oxldaticn cccurred In the secondary zone. Soot masses gathered with the
tive-lcuver combustor operating at the high fuel/alr ratic with all four
fuels (and at all three tuel/alr ratios with Jet A) are not appreciabiy
cltferent from the full-length results. Evidently |Itile soot oxidation
occurred rear the combustor ex!t for these condltions,

Concentra+tions measured wlith the two shortest burners do not fol low
the trenc of Increasing soot loadling Inside the combustor, With the
exception or date gathered with the one-louver combustor (/L =0.27) at the
highest tuel-alr ratio, concentrations are comparable with level s measured
wlth three louvers on the burner. However, these levels are no* considered
to be representative of the overall soot concentration in the combustor
front end. This combustor utilizes a diffuslion flame In the primary zone
focated upstream of alr Jjets admitted In the first fouver. Soot productiun
In such a diffusion ¢|ame apparertiy Invclves fuel pyrolysis fol lowed very
quickly by nucleation and growth near the fiame front (Ref. 9). Soot
tevels should peak ir the vicinlty of the production sites In the primary
zone ancd then decrease due to oxidation in the combustor secondary zone.

This trend was Indlcated by case-mounted radlometer measurements irn the




previous program (Ref. 1). Since all measurements In this exper iment were 1.
obtained downstream of the primary zcne, soot concentrations were expected 3

to increase as the combustor was shortenec for all conflguraticns tested.

The low concentrations measured with short burners can be explalined by
recogrizing that the flow fle!d in the front end cf a practical combustor
tends to be nonuniform. Calculations using the nominal |liner pressure drop
ot 17 KPa iIndicate that the combustion alr Jets penetrating through the
louvers will reach the combustor center!ine. The center!ine reglon weculd
be diluted by the jets and exhibit lower soot concentrations. In addition,
the dlffus!on filame, which to!lows the fuel spray, tends to be spac'ally
nonuniform within a transverse plane and could reinforce +te
nonunlformities created by the dilution Jets near the combustor center!lne.
The sampi Ing probe was located near the burner ex!t plane on the centerl ine .
and !t appears that +the flow field was not fully mixed at this point.
One-point measurements at the centerline, then, probabiy were not

representetive of the average fiow conditior In the combustor front end. ¢

In order tc gain more Insight concerning the fiow fleld In the
combustor front end, gas samples were obtalned In conjunction with soot
samples for the two short burners. With the combustor burning Jet A tfuel,
a pcrrion of the sample from the the probe was removed upstream of the soot ‘
tilter location and analyzed to determine carbon monoxide, carbon dlox!de, ?
Oxygen, and Yotal nitric oxide concentrations. The carbon dlox!de and ’
oxygen data were used to separately calculate the |ocal centerl|ine fuel-air ‘
ratio (f/a). As shown In Fig. 22, the two emission measurements indicate :
nearly the same f/a. These fuel-alr ratios, however, are considerabiy
lower than the flagged symbols, which represent the expected average f/a at 3.
those axla! positions based on the flow splits ldentifled In combustor
alrtlow calibrations (Ref. 1). This t/a comparison indicates that the
centerline region was diluted and contalned below-average pearticle
concentrations. Center!ine soot measurements with the two shortest burner

7
lengths, then, cannrot be viewed as belng representative of soot levels In )
those measurement p!lanes. .

Optical dlagnostics aiso indlicate that socot mass ioadings were highest .

in the combustor primary-zone reglon. Transmlsslon measurements of 11e
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laser source |lght toth with and wlthout combustion were usec to determine
the combusting stream spectral emissivity (€) at the |lIght source

wavelength (1) according *o:

where Ry = measured radlance elther w!thout (w/0) or with {w) combustor
operation. The emissivities for Jet A and XTB tuels, dlsplayed In Flg. 23,
increase w!th decreasing combustor length. This path-length measurement,
then, Indicates that soot loading was highest in the burner primary zorne
(1/L < 0.3) and then decreased vie oxidation through the remaining burner

length.

Radiation measurements were aiso made with a rarrow-angle detector
sensitive only to visible and near IR radlatlon. The detector, then,
sensed only radlation generated along a combustor dlameter by luminous soot
particies. The measured Jetector output Is shown In Fig. 24 for operation
with Jet A and XTB fuels. Radlatlon levels, though quite low with the
longer combustor lengths, increase slightly with the two-louver
confliguration and Increase sign!ficantly with one |ouver on the burner.
Though higher temperatures at the one-louver combustor ex!t contributed to
the Increased radlation, temperature effects cannot account for atl of the
Increase. For example, the average exlit temperature for the one-louver
configuration would have to be 2.8 times that ot the two~lcuver burner to
account for the Increased detector output at the lowest f/a. Usling the
cal Ibrated air splits, the calculated average temperature increase 's only
a factor of 1.25. The radlation measurements, then, also indicate hlgher

soot joading In the vicinlty of the primary zone.

The optical dlagnostics also show that soot production increased wlth
Increasing f/a. For example, the radlaticn levels (Fig. 24) Increasc with

higher f/a ratios for the one-louver combustor. Since the primary-zone

equivalence ratios are greater than unity for all three f/a ratios, the




temperatures in the diffusion flame structure are nearly the same for the
three cases. Soot located near the primary zone radlates at nearly the
same temperature and, thererore, the Increased radietion can be attr!buted
to higher soot production. Radlatlion detected by radiometers mounted in
the combustor dome during the prevlcus program (Ref. 1) also Increased wl+h
increasing f/a, Indicative cf higher soot loading at higher f/a. This
trend Is expected because higher f/a was achieved by Increasing fue! flow
while maintaining constant alr:|ow. Higher fue! concentration In the
primary zone jed to Increaced soot production.

The effect of temperature on soot oxldation can be seen In Figs.
18-21. Particulate concentrations for the three~louver burner are
comparable for the three f/a ratlos. With the longer burners, however, the
concentrations decrease with increasing f/a. This trend Is directly
attributable to higher combustor exlt temperatures, assoc!ated wlth higher
f/a, promoting soot oxidation. Thus, even though more soot was produced In
the primary zone at the higher f/a ratics, higher temperatures (n the N/
secondary zone enhanced particle burnout to overcome the Increased
production,

Particulate concentration distributions obtalned with the four test
tuels burned at f/a = 0.018, shown In Fig. 25, Indicate the effect of fue!
chemical properties on soo+ formation and oxidation. Since soot
measurements with the one-louver combustor are not belleved to be
representative of the loading In the dome reglon, soot production rates for
the four fuels cannot be deduced from those data. Although soot oxldation
occurrec upstream of the three-iouver burner measurement location, data K
from the longer burners Indicate that oxldation rates for the four fuels ‘N
&re simllar. A ranking of the fuels relative to soot production can be
made, then, using the data gathered with the three-louver combustor, A
general ranking in increasing order of scot production is Jet A, ERBS,

ERBLS-2, and XTB. This ranking Is corsistant with the correlation developed -
fr the previous program (Ref. 1) where radlation levels In the dome region ’
were found +o be Inverseiy proportionai with fuel smoke polnt,

Particulate concentrations assoclatea w!th burning Jet A and ERBLS-2

at a reducec combustor pressure of 0.8 MPa (Figures 18 and 20) are g




- TN T <R s T T

generally lower. The change in particulate concentration due to the

pressure reduction is shown In Fig. 26. The data are expressed In terms of

the change In concentration normal 1zed by the concentration measured at the

higher pressure. Date for the three-louver combustor (I/L = 0.554) show

lower soot loadings at lower pressure for al! three fuel-air ratios,

Though soot oxidation occurred Inside this combustor upstream of the

sampl Ing location, these data Indicate that less soot was produced at the

lower combustor pressure. This trend Is logical since the reactants are

less concentrated at the soot production site for |ower pressuce. Wlith

longer burners, the effect of lower pressure Is not as strong.

Concentrations measured at the two lower fuel-
lower pressure, with

alr ratios are reduced at
the more signliflcant reduction at the lowest f/a. At
the highest f/a, however, elther the reduction of soot

wlth lower pressure
Is small or an

Increased concentration was measured at lower pressure. Th
implication of these data Is that although less soot was produced at lowe
pressure, as indicated by the date at I/L =
the higher fuel-al

e

r
0.554, the oxl!dation rates at
r ratios were also appreclably reduced resulting In
similar concentrations at the fulI-length combustor exit for the two
pressure conditions. The scatter in the high-f/a data for the longer

burners Is assoclated wlth attempting to ascertaln a pressure effect at

rather low scot loading conditions, The uncertalnty In the concentraticn

measurements at these low soot loadings Is equivalent to a signlficant

portion of the sample. For example, PC for Jet A at f/a = 0.022, /L

=0.834, and Pz = 1.3 MPa Is 0.49 mg/sm3 vhereas at P, = 0.8 MPa PC Is

0.73 mg/sm3 + The measurement uncertalnty at tnese
approximately + 0.15 mg/sm3.

loadngs Is

Most of the difference In loadlng, then,
could be due to measurement uncertalnty,

In conjuncticn wlith gathering particulate concentr ation data, SAE
smoke number data were acquired as prescrlbed by SAE ARP 1179,
shown for the four test fuels In Figures., 27 - 30.

Dats are

Val Id smoke samples
were not acqulired with the full-length burner because of leaks In the
sampl ing system for those tests.

Data from the previous program (Ref. 1)

are shown for that conflguration. Some smoke samples were gathered while

burning Jet A fuel with the one-louver combustor.
smoke numbers close to 100,

These samples yielded
Since this technique has low resolution at
high smoke number (SN) and the cther more sooting fueis woulcd have prov !ded




éven darker deposits on the filter, detalled smoke samples were no+
ecquirec with the one-louver combustor.

The SN date foliow trends similar to those noted with the PC data. SN
increesed as the combustor was shortened except when the first |ouver was
removed. SN's for the flve and six-louver burners are nearly the same.
SN's gathered wlth the two-louver combustor aga!n are not representative
due to dilution of the combustion products near the center|ine by the
dilution jets and nonuniformities In the fiame pattern. SN varles
inversely with f/a for the loriger burrers but Is nearly constant for the
three fue!-alr ratios with the three-louver burner. The effect of fuel
chemical properties and the effect of reduced pressure,as shown In Figs. 31
and 32, respectively, are also similar to the observations developed
concerning the PC date.

Smoke number !s a common and a reiatively easily acquired measurement g’
to document turbine englne exhaust smoke. A smoke humber, however, does
not reflect any of the physical properties of soot. A correlation between
PC and SN would allc determination of soot mass loading from SN data. For
this reason, the correistion of PC and SN data from this experiment was
quantified viea a regression analysls. Fig. 33 deplcts the varlation of
particulate concentration with smoke number. The data polints represent af |
test conditions: four fuels, three fuel-air retios, and two combustor -
pressures. The relationship determined from the regression analysis, shown
In Fig. 33, is;

PC = 0177 sN'*234 | R? - 9.9 K

(100 - sN)0-360
)
where R Is the correlation coefficient. This tormul ztion correctly )
models the asymptotes of the PC/SN relationship. As SN decreases to zero, -
PC must also approach zerc. Similarly, at high soot loadings, PC must '
approach infinlty as SN approsches 100. Thus, the function has an "g» .

shape in Fig. 33. The high value of the square of the correlation

coefficlient indlcates that this eéxpression is an excellent f!1t to the data.



Champagne (Ref. 1C) has also looked at the refationship between scot
loading and smoke number using date gathered by C. Stamforth from +he
exhaust of a J79 turbojet engine. A correlation of Stamforth's initial

date was very poor, Assuming that varlations In carbon particulate size

Ccaused the poor correlation, data were gathered using a two~staged particle

separator. The divislon of particle diameter was estimated at one micron.
A good correiation with smoke number was obtained using only the small
particie weights. This correlatior Is shown as the midd|e curve In Flg.

33. Stamforth concluded that the large particies, which accounted for zero

to 50 percent of +the total carbon welght, added |ittie to the smoke number

values. The actual particle concentrations for a glven smoke number, then,
were assumed to be anywhere from zern to 100 percent greater than the smal|

particle concentrations. This upper |imit ls Indlcated by the upper curve
'n Fig. 33.

A mair concluslon fror Champagne's work is that the correlation

between SN and oC wil| depend on parficle size. Mje scattering data, which
will be shown below, Indicate that the particle dlameter In thisg experiment

only verled from 0.2 Yo 0.25 micron for ali test conditions, This
relatively uniform particle slze strongly ccntributed to the good
correlation of the data from this experliment, The difference between
Stamforth's correlation and that from this work can probably be attributed
to the presence of smalier particies in thig exper Iment,

Particuizte Size and Number Density

A characteristic size and number density of the soo+ exlting the

burner on Its center!Ine were determined from light scattering
measurements. Number density date gathered for the test fuels Is shown In
Fig. 34 - 37, Dats obtalned during the previous program are aiso shown
and agree reasonably weil wl!+h results from this test. Differences are
indicative of the uncertalinty assocliated with this measurement,
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Trends descrited previously concerning the soot lovadlng and smoke
number data are evident. The lowest number density at the exit of the ful|
combustor was measured at the highest f/a. This agatn points out the
vigorcus oxldation mechanism in the burner secondary zone. Number
densities assoclated with the three-louver combustor are less affected by
t/a and are higher than those measured wlth the full-iength combustor.
Number densities calculated for the two~-louver combustor are lower than
those obtalned with the three-louver burner due to the nonuniformities
described previously. Limited data taken with the one-|ouver combustor
operating with Jet A fuel at f/a = 0.018 show @ drastically reduced number
density. Evidently the high particle concentrations In this region,
Indicated by the emlssivity and radlation data (Figures 23 and 24),
scattered the laser beam resulting In significantly reduced porer at the
probe volume. The scattered slignal from the probe volume, then, was also
reduced ylelding abnormaiiy iow number density. Number dersity as a
function of fuel type is displayed In Fig. 38 for f/a = 0.018. As
Indicated by the soot and smoke measurements, number density responded to

fuel chemical properites, Increasing for fuels wlith decreased smoke point,

Limlted number density data were acquired with Jet A and ERBLS-2Z fue!s
at reduced combustor pressure (Figures 34 and 36). As expected, number
density Is !ower at reduced pressure. Reductions witt Jet A, however, are
dlsproporticnetely larger than reductions observed with soct loading ang
smoke numter at this pressure condltion. An expianation for these ;ow

number densities has not been estabi ished,

Particle slze, as determ!ned from scattering reasurements, [3 shown In
Fig. 39. Based on Ret. 11, combustor soot particles are mature
agglomerates of large numbers of primary soot spheroids. These dlameters
are assumed to be representative of the size distribution of the
egglomerates. It must be recognized, aowever, that slnce l'ight scattering
slgnals are greatest for large particles, these diameters are biased toward
the larger particles of the dlstribution, These data show that particle
size Is Invarlant w!th respect to fuel chemical propertlies and combustor
pressure. Using Jet A data as the reference, particie dlameter Is

approximately 0.25 um for the three shorter burners. The relative




constancy In particle slze Immediately downstream of the primary zone
Indicates that the spheroids agg!omerated quickly. The average particle
dlameter ev!dently decreased between the thirc and fourth louvers and then
remained constant, Particle diameter for the full-length burner is
approximately 0.21 um. Thls size, which Is neariy Identical with the
particle size determined In the prevlous program, is apparently much

smal ler than that measured by Stamforth, where a signiflcant portion of +the
sample consisted of particulates larger than one micron. The correlation
between scot loading and smoke number In this exper iment (Fig. 33), then,
shoul¢ and does fali below Stamforth's correlation.

Number density and particle size can be used to calculate the vol ume
fraction occupied by the soot particles. In order to correlate thls volume
‘raction with the particulate mass concentrations previously presented,
however, the volume fraction must be calculated for standard cond!tions.
Temperature at the probe voiume |s required to perform this calcuiatlion.
This temperature was not measured during the test prograr because of the
high ex!t temperatures that were produced as the combustor was reduced In
length. The emission data gathered with the two~ louver combustor (1/L =
0.413 In Fig. 22) wes used to calcuiats temperatures for that
conflguration. Temperatures at the ex!t of the tull=length burner were
calculated based on the measured overall fuel and alr flows. Temperature
was assumed to decrease |inearly between these two points. The resul tant
correlation obtained with this temperature distribution !s shown In Flg.
40. W!th the exception of the low-pressure data gathered with Jet A fuel,
concentration and voiume fraction correlate well. A reasonably good
representation of the dats (not including The low-pressure Jet A data) was

generatec vie a regressicn analyslis.

The ratio of particulate concentration to particulate volume fraction
Is particle density. The denslity distribution obtalned from the data shown
in Fig. 40 s contained In Flg. 41, The data indicate that the aver age
particle density only decreased slightly as the particles moved through the
combustor. That the particle denslty tended not to change can also be
deduced from the exprussion developed In the regression anaiysis (Fig, 40)

of detea fram all combustor lengths., The exponant In that expression Is

close to unity Indlcating that concentration lg nearly proportional to

.. #d
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volume fraction and, hence, that density does not change significantly over
the range of test conditions. The value of +he particle density s lower i
than that for solid carbon, which is approximately 2 g/cm3. The lower .f
particle density Is consistant wlth the concept that the particies are

agglomerates of smaller solid spherolds. The particle density will always

be less than 2 g/cm3 because of the space between spherlods and will be a

function of the type of chalin-Ilke structure createc durling the

agglomeration process. Samples collected by Wyatt et. al. (Ref. 12)

downstream of a disk-stabilized flame also contalined particulates with )
densities lower than that of carbon by a factor of 32 to 5. Note that the
low-pressure Jet A results yleld particie densities 5 to 7 times that
calculated for the high-pressure tests. Since the particle diameter for
the two pressure condltions Is nearly the same, these data Impiy that these
agglomerates were more tightly packed at |ow pressure. There are

apparently no physical arguments that can be used to expialn this tendency.

The number of small spherolds In the agglomerates of this experiment
can be estimated. Bonczyk and Sanglovenni (Ref. 11) determined from
photomicrographs of typlical socot samples that the average spherold dlameter
is approximately 209 A. These smal | particles can be assumed to be sol!d
carbon with a density of 2 g/cm3. For an average agglomerate density of

0.4 g/cm3 and dlameter of 0.2 um, the average number of spheroids per ‘
H .

agglomerate Is 200. !
1
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SECTION VI = CONCLUSIONS AND RECOMMENDATIONS

Based upon data acquired In the combustion test prograr, the followling
concluslons have been made:

1. The soot oxlidation mechanism In a gas turbine combustor
secondary zone ls very vigorous and strongly dependent on the combustion
product temperature. Oxication rates do not depend strongly on fuel type.

2, Soot particulate size distribution decreases from a

characteristic diameter of 0.25 m to 0.20 m as the soot particulates
oxidlze.

3. Soct mass loading and SAE smoke number correlate well for gas
turbine combustors that produce small particulates.

4. Soot particulate denslty Is approximately 20 percert that of pure
carbon., This lower density is consistent with the concept that the
particulates are chalnm|ike structures composed of small particles of pure
carbon.

5. Combustor pressure affects soot production, with more soot

produced at higher pressure. Combustor pressure may also affect soot
oxidation rates.

6. Fuels with & higher smoke point produce ,ess soot in a Ggas
turbine combustor,

7. Soot loading near the primary 20re of a yas turbine combustor Is

three-dimensional due to the combustion Jets passing through the louvers,

't Is recommerdea that the fo!lowing Investigations be conducted to

address the follow!ing technology needs as Indicated In this program:
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1. A phenomenological mode! of soot production and consumption In a [
gas turbine combustor needs be developed and evaluated. As chemical and :
fluld mechanical processes together controi soot production, hoth
influences must be included. Data are required to evaluate the model.

2, Devel opment of fundamental mechanisms and models of soct

production from aviation type fuels.

3. Quantitative evaiuation of pressure Influence on soot
production.
4, Data to identify fuel chemical property influences associated

with the use of alr~-blast fuei injectors in gas turbine combustors.
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TABLE 1 - FUEL ANALYS IS METHODS

Eroperty Method
Hydrogen (wt pct) ASTM D 3178
Fiash polnt, tag closed (k) D 56
Distillation (vo! pct at T [kK]) D 86
Freeze point (K) D 2386
Smoke polnt (mm) D 1322
Specific gravity (at 289K) D 1298
Viscoslty at 293 (cst) D 445
Viscoslty at 253k {cst) D 445
Net heat of combustion {MJ/kg) D 240
Mercaptan syl fur (wt pct) D 3227
Total sulfur (wt pct) D 2622
Nitrogen (wt pct) Antek ChemIluminescence
Saturates (vo| pct) D 1319
Olefins (vol pct) D 1319
Aromatic (vol pct) D 1319
Naphthalenes (vol pct) D 1840
Mass spectrometry for hydrocarbon Types (wt pct) D 2425
Surface tensjon (dyne/cm) Tensiometer
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TABLE 2 -

Speclfic Gravity at 289K
Flash Point (K)

Freeze Polnt (K)

Smoke Polnt (mm)

Net Ht of Combustion (MJ/kg)
Viscosity at 253K (cst)
Viscoslty at 293K (cst)
Surface Tenslen (dynes/cm)

C (wt pct)

H (wt pct) -4
Mercaptan Sul fur (107% wt pct)
Total Sul fur (wt pct)
Nitrogen ( g/m )
Saturates (vol pct)
Oleflins (vol pct)
Aromatics {vol pct)
Naphthalenes (wt pcr) - UV
Aromatics (vol pct) HC-Mass 3pec
Naphthalenes (wt pct)

HC-F A

Fuel Anaiyses

Jdet A ERBS
0.8165 0.8388
319 326
226.5 243
20.3 12.7
42.88 42 .48
5.39 5.69
2.02 2.07
26.3 27 .1
86.04 87.02
13.70 12.84
<5 <5
0.06 0.12
7 81
78.1 67.2
1.7 1.4
20.2 31.4
Z2.44 1€.34
22.0 29.9
1.68 11.71

ERBLS-2
0.8612

316
247

10.3
41.86
5.00
1.89
27.6
87.85
11.76
<5
0.11
75
47.7
1.3
51.0
17.41
47.5
22.97

Hydrocarbon Type by Mass Spectrometry (wt pct)

Total Saturates
Paraffins
Moncyclo Paraffins
Dicyclo Paraffins
Tricyclo Faraftfins

Tota! Aromatics
Aky | Benzene
Indanes
Indenes
C10 Napthalene
C11+ Napthalenes
Acenanapthenes
Acenanapthal enes
Tricylic Aromatic
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3141
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0.8751
315
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7.4
40.78
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0.95
28.50
80.30
10.24
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0
0
100
0.43
100
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i

Vol
Off¢

438
452
456
463
466
473
479
486
492
500
509
521

£33

e T

TABLE 2 - Fuel Analyses

(continued)

Distiilation (K)

446

457
462
465
467
473
479
486
493
502
514
537
563

41

424
437
442
448
452
462
47%
486
499
514
530
556
580

e gy
AW ;-» »

430
432
433
434
434
435
435
436
437
439
439
442
445

-

I
By,




TABLE 3 - Nozzle Characterization

B S

Nez
No. 4 1
Fue! Flowrate (kg/hr)
37 73 82 100 118 133 162

8 28/77

9 35/78

10 44/78

18 42/82 30/80 6/77

20 53/80 42/80 16/79

22 67/75 53/76 31/74

32 57/81 42/82  9/77 ;‘

75 71/78  56/76  23/74 i




Dome

Louver

Louver

Louver

Louver

Louver

Louver

N

TABLE 4 - Combustor Open Area Distribution

Cool Ing
{4 rings)

Cool Ing
Combustion

Cool Ing
Combustion

Cool Ing
Combustion

Cool Ing

Cool ing
Combustion

Cool Ing

60
60
60
60

Area Distribution -
Number Diameter (mm) Area (cm®) _

1.78
1.47
1.47
1.09

4,09
96
7.13

.96
13

~N

A3

~

1.48




TABLE 5 - Liner Effec*ive Area Distribution

Percent of Total

Section Effective Area (ca) with Swirler) ,

Swirter 3.0 8.2
Dome Cool Ing 3.0 1€.3
Louver 1 Cool Ing 2.5 23 .1
Combustion 4.6 35.6
Louver 2 Cool ing 2.5 42.4
4.6 54.9
Louver 3 Co2!ling 2.4 61.4
Combustion 4.5 73.7

Louver 4 Cool Ing 2.6 80.7 -

R/
Louver 5 Cool Ing 1.2 84.0
Combustion 4.6 86.5
Louver 6 Cool ing 1.3 100.0

Tota! Liner with Swirler 36.8 100.0




TABLE 6

AlrFlow and FuelFiow Conditions

Alrfiow Cond!tions

Mass Flow Approach Pressure
Condition (kg/s) (MPa)
1. High Power 1.82 1.3
2. Reduced Pressure 1.45 0.8

Fuel-Air Ratios

ExIt
Temperature Fuel
\
{K) Jet A ERES ERELS-2
1240 0.0150 0153 .0153
1340 0.0180 .0182 .0184
1470 0.r220 .0223 0224

Approach Temp.
(K)

700
700

.0156
.0188
.0230
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Fig. 38 Average particle diameter at combustor exit
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Fig. 40. Relationship between particulate concentration and particulate volume
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Fig. 41 Particle density at combustor exit

. 85-9-29_24
V- ’;2
. o




S v; v ﬁx"w? W COWRNE . WA L T g D TR IRCRSET W  F TNY F TWR GgT w1V T TR g !"‘\W i

@

1. Report No. 2. Government Accessi No. 3 ooy -
NASA CR-175030 ‘on Ne scipient’s Catalog No.

4.. Title and Subtitie . . 5. R Da
"Optical and Probe Determination of Soot Concentrations Jg%ﬁary, 1986
in a Model Gas Turbine Combustor"

6. Performing Organization Code

7 b?l‘nhxr-(s) Eckerle 8. Performing Orgenization Report No.
T. J. Rosfjord UTRC R85-956760-21

10. Work Unit No.

] Ped.ormmg Organization Nafne and Address
United Technologies Research Center

Silver Lane 11. Contract or Grant No.
tast Hartford, Connecticut 06108 NAS3-24223
13. Type of Report and Period Covered
12 Sponsoring Agency Name and Addres: s
NASA Lewis Research Center Contractor Final Report
21000 Brookpark Road 14. Sponsoring Agency Code

Cleveland, OH 44135

15, Supplementary Notes
Program Manager - J. Biaglow

16 Abstrart

An experimental program was conducted at UTRC to track the variation
In soot loading along the centerline of a generic gas turbine combustor,
The burner was a 12.7-cm die cylindrical device consisting of six
sheet-metal louvers. Determination of soot toading along the burner length
was achleved by acquiring measurements first at the ex!t of the full-length
combustor and then at upstream stations by sequential removal of |iner
louvers to shorten the burner length. Alteration of the flow fleld
approaching and within the shortened burners was minimized by bypassing
flow that would have passed through removed louvers In order to maintaln a
constant |Iner pressure drop. The burner exhaust flow was sampled at the
burner canter|ine to determine soot mass concentration and smnke number.
Characteristic particie size and number density, transmissivity of the
exhaust flow, and local radla*lon from luminous soot particles In the
exhaust were determined by optica! techniques. Four test fuels were burned
at three fuel-air ratios to determline fusl chemical property and flow
temperature Infiuences. Data were alsc acquired at two combustor
pressures. Particulate concentration data Indicated a strong oxidation
mechanism In the combustor secondary zone, though the oxidation was
significantiy affected by flow tempeature. Soot production was directly
related to fuel smoke polnt. Less soot production and lower secondary-zone
oxidation rates were observed at reduced combustor pressure.

17 Key Words (Suggested by Author(s)) 18 Distribution Statement
Gas Turbine Combustors

Soot Concentration
Fuel-Effects

Unclassified - Unlimited

19 Security Classif (of this report) 20 Security Classif. (of this page) 21 No. of Pages 22 Price’
Unclassified Unclassified

* For sare by the National Techmical Information Service Springtield Vuginia 22151

NASA-C.148 (Rey 6.71,




