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RADIATION FROM LABORATORY SCALE JET COMDUSTOR FLAMES a4

Her
b2

E. C. Miller, &, E. Blake, R. M. Schirmsr, G. D, Kittredge, and E, H. Fromm

SUMMARY

Characterictics of the enersy radiated from aircraft ges turbine type
combugtion prucssses were investigated by Thiilips Fetroleum Gompany for the
Navy Bureau of Asromsutics under Contract Nuas 52-132-c, The study was conducted
in Phillipg! Jot Fuel Teat Facility using & 2-inch combustor., Two paraffinic
test fusls, normal hoptans and isooctane, snd twe sromatic test fuels, bsnzene
and tulusue, were selected to obtain & wide rangs in hydrocarben structure. They
were matsred o the combustor at an overall fusl-air ratio of O.0l. Three dif--
ferent test conditions were selected to be representative of ramjst, current
turbojet, &nd future turbsjet powsrplents. Respective cperating pressures wers
40, 150, and 450 in, Hg ebe., lafrared fleme emission and absorption spectra,
from 1 to 15 microns in wevelength, were obtained ct five different locatlons
around the combustor, This was also done without combustion, and without fuel;
to cbbain fuel, and ~ir, sbsorption spectra, Suppiamentary measurements of four
other coubustion clegnliness parameters were also ohtained for corrslation pur~
poses; .e,; combustor metal] temperature, combusito: ,el loss rate, combustor
deposit formation rate, and sxhaust gas smoke density.

Non-luminous flemes ware charactarized b; discontinuous radiation of
melscuiar origin, Luminous fiames wers characterized by a prsdominance of cor—
tinuous, black body typs, radiation, At intermediate values of luminosity tne
discontinuous molscular rmdiamtion was evident, superimposed on the continuovus
radietion, The average transverse emissivity of ths infrared spectral region
for non-lominous flames wes spproximately 0,03; but it increased, with Increas-
ing fleme ‘uminosity, to neerly one,

The tranawsrse: emissivit: of tue fleres increased with incressing
combustor pressurs, but the rate varied wita fael typs., In general, flame
emissivitias of the aromatic fuels, benzene aud tolusne, were higrer than those
of the paraffinic fuels, normel heptane and ’sooctsne, However, absorption by
the smoke in the exhaust column decreasod ¢les Jongitudinal emisrivity of the
two aromati~ fuels with increasing pressure at higher pressures. This corrobo-
rut=3 iuulcstions of even mors extensive raversals in emissivity, previously
obssrved at highnr smoke densities than obtained during this study.
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SUMMARY (continuei)

Energy transfsrred by radiaticn to combustor parts suc us the flame
tube, was an spprecishle portion of the total energy released ir luminous flames.
The radiative powar varied from less than one par cent to greater then ten per
ceut of ths total srergy relsased, depunding upon sxperimsntsl cenditions,

The varietions in combustor mecal temperature, which accompanied
changes in experis nlal conditlons, followed total radiant snergy trends. Waile
the tempereture of the flames remuined essentially constant at 2800 F over a
broad renge of exjerimental conditions, indicating a constant extent of combua-
tion; the combustor flame tube metal temperature varied ovsr a 500 F range, in
direct relation to the emissivity of the flame, In addition, the rate of metal
loss, or burn of:’, from the combustor flame tube, which should be =ome indax of
cumbustor durability, also correlated with flame emissivity &nd ths accompanying
flame tube meta’ temperature.

The umoka forming tendency of the combustion process is imporiant
because 1t governs both flame radiative charscteriatics and transmission prop-
erties. In agreement with flame omissivity trends, the exhaust gus smoke density
increased with increasing combustor pressuce, and was highest far the two aro-
matic fuels, Flame tubs deposit formation rates peaked at the intermediaste pres-
surv, 150 in, Hg abs, and were very low at the highast opervating pressure, 450
in. Hg abs, with sll for— test fuels. 4s concluded during previous studies, this
is teken as an indication of the ignition, and burn off, of deposits from the
hntier flare tube metal walls, rather than a reductlon in the rete of pyrolytic
~orbon foraation at the higher combustor operating :resgure,

Radiative enerygy tranafer from the flame zone to the hydrocarbon fuel
was relatively inefficient due to the non-~coincidence of the absorption spectra
of the a;omized fuel and the emission spectra of tks flame. The rzw fuel sbsorbed
over a gpactral reglon containing only sbout ten per =cz% of the aveilable energy
from luriinous flames, and less from non-luminous flsmus, Despite this ineffi-
clency, the hydrogen wes probably stripped from the carbon chains almost immedi~
ately, since little hydrocarbon as such was preseni. in the flame zone of the
combus:or.

Totel rediation pyrometers must include the i to 5 microa spectral
reglol to give raliable indications o the %otal infrared radiation emitted by
Jet combustor type flames, For low luminosity flamee sapphire optics will give
subsiantially more reliable results tian quartz optics., If pyrometric observa-
tions are made through lonz columns o exhaust gases, :lt mey hs necessary to
take into account the ebsorption due %o the combustion sroducts and smoke,

The emissivity of the carbon dioxide 4 to 5 nuicron “and was asarliy
one over a large range of operstiag conditions and fuel type. Indications ars
thet the intensity of rsedisticn in this spectral region should serve ss a good
index of the flame tempersture, since it would be essent.ially indspendent of
flame luminosiiy and atmospheric absorption, if a narrow band-pass psrometer
weres used,
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BARTLESVIIAE., ORLAHUMA
RADIATION FRGM LABORATORY SUALE JET COMBUSIOR FLAMES
I. INTRODUGTION

During the bimonthly period of July and August, 1956, vwr time «as
devoted largely to analysis and interpretation of the flame radiation program
teat vesulta; which ware obhtained under the preceding Contract. NOas 52-132~c,
Amendment 13.

- Since initiating work with Pniiiips' high pr essure combustor test
facility. it has been observed that among the more prominent effects of oper-
related to increased heat transfer from the combustion zone to surrounding metal
surfaces, Test resuiis discussed in Reference 1 showed combustor flame tube
deposits at such pressures dropping to very low levels, in the face of increased
carbor formation shown by exhaust gas sioke density measurements. However,
accompanying these deposit reductions at high operating pressures werc severe
combustor durability problems, manifested by buckling of the flame tubes, dis-
tortion of the primary air inlet hcles, and burning awzy of metal from the
exposed suriaces,

It was fucther indicated by measurements of combustor flame tube metal
tenperatures that both effects, that is, reduced flame tube denosits and increased
flame tube fajlures, may be reflections of hotter metal surfaces. Since the
flames with all test fuels, whether paraffinic or arcomatic, were brilliantly
iuminous in appearance at pressures abeve ten atmospheres; it was believed that
these higher surface temperatures were the result of more intense fiame rcdiation.
This possibility was explored to a limited extent using a total radiaticn pyrome-
ter (thermopile type) viewiag the flame downsiream from the test combustor. The
results, though somewhat questionable as to precision, tended to support an

cxplanation of both low deposit rates and high metal burmn-off rates on the basie
of flane radiation. .

Thus it was felt that a mcre detailed study of th» characteristics
of the radifant energy emitted from two-inch diameter jet conbustor flames might
bs both wortwhile and timely — in view of industry trends towards relatively
high pressurs retio turbojet powerplants., Work done by two other investigators
(2, 3) has also shown increasing pressure ¢ cause more intense heat transfer
from the flame zone (primary combustion zone) tv the surrovnding metal walls,
using full scale comhustor cans at pressures between one and three atmospheres.
In both cases the much higher radiation intensities from yellow or luminous
flames {contaiming giowing particles of free carbon as indlvidual radiating
centers) compared to that from blue or non-luminous flames was mentioned. It
is. of course, known that the formation of free ~=_ T .. I fl2wmec Iz favares bor
high operating »vressures, Therefore the work covered herein was planned tc
emphagsize realism of the combustion enviromment, particularly with regards to
pressure, with advanced design aircraft powerplants in mind.
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Tt was decided Lo establish whether the usc of Vycor or quarhz windows
to protect total radiation pick-ups from the high combustor pressures and temp-
eratures {as was done for the work of References 1 and 2 respectively) was
permissible from the energy transmission standpoimt. That is, is there appreci-
able radiant energy emitted at wavelengths longer than two or three microns in
the infrared region; beyond which Vyccr and quartz fail to transmit appreciably?
Work discussed in Refsrence L using atmospheric, bunsen burner type flames sug-
gested that this long wave length radiation comprised a large part of the total
radiant ensrgy emitted. The experimental program which evolved hed the chiectives
of deiermiming detailed radiant energy-versus-wavelength relationships by the use
of spectroscopic instrumentation, for fuels spanning a wide range of hydrocarbon
type, at combustor operating conditions représentative of (1) ramjet, (2) current
turbojet and (3) future turhojet powerplants,

I1. TEST PROGRAM

For these studies it was decided to concentratz on pure hydrocarbon
test fuels, to insure that differences in flame radiation produced by gross
differences in hydrocarbon structure would be clearly evident, Table I lists
a mmber of pertinent characteristics of the four fuels selected -- normal
heptane, isooctane, benzene and toluene, All are relatively non-viscous velatile

wducts to minimize, or at least render constant, the effects of liquid atcmi-
zation and vaporization on carbon formation and, .ence, flame radiation,

The basic equipment, that is the test combustor itself and related
auxiliaries, was as described in Reference 1 and, more completely, in Reference
5. In brief, the combustor test facility was built arownd a compressor plant
capable of supplying air at mass flow rates up to 2.5 Ibs/sec and pressures from
4 to 500 in, Hg aba to a battery of elactric resistam > r ‘ers, with which com-
bustor inlet temperatures up %o 1000 F could be attasa:-. o= 17 _se the air
passed to the combuvsior inlet piping shown in Figure ., wiich aiso gives -
location of the test combustor itself and the stations at which the flame radi-
ation measursuisnts were mads. Fuel was ilnbroduced into the combustor by pressure
atomization through a conventional swirl type nozzle, while air for combustion
and cooling entered through holes in the flame tut: an? no.zie holder, These
flame tubas were made from heavy walled (Schedule 4O} .-tainless steel (Type 304)
2-inch pipe to resist distortion and warping in the prescnce of extreme variation

in operating conditions,

The schedule of operating condiiiona choser for this work is showm by
Table 11, Test condition 40 is a comiisstion of low absoiute pressure and hisgh
inlet air velocity representative to some ertent of ramjet type combustion systems
- it was selected as a "base" condition at which all four fuels were expected to
bwn with Wluc, auokilcss flawese Ibu bieweivie seived bu siow wishier dilfercuses
might exiat between iuels in radiant energy solely of the molecular, or ncn-
Juminous. type,

Test condition 150 was chosen to simlate the type of commsiion
environment provided by current and earlier turbojet engines of relatively low
pressure ratio at sea Jevel conditione, or by higher pressure ratio engines at
high altitudes. Past obsscvations have shown flames produced ander corditions
such as this from the twe aromatic test fuels to be entirely luminous in appear-
ance, while the two paraffinic test fuels produced semi-luminous flames havirg
toth blue and yellow regions,
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TABLY T B

GHARAGTERISTICS OF IEST FUELS

(Handbook Values for Technical Grade Products)

NADMAY

AVl seiha

HEPTANE ISOOCTANE BENZENE TOLUENE

- ~
——}

Identification Number A239 AL A20 A153
Specific Gravity, 60/60F 0,689 0,692 .08 0,072
ASTM Distillation, F

Initial Boiling Point 203 205 176 230

50 Percent Evaporated 206 207 176 231

ry Point 209 208 177 232
fow Heating Valus, Btu/lb 2,175 19,065 17,259 17,42
Reid Vapor Pressure, 1lbs/sq in 1.62 1,71 3.22 1.03
Iatent Heat of Vaporization, Btu/lb  156.8  132.2 1.86.3 177.3
Surface Tenzion, 80 F, Dvnes/cm 17.7 18.9 26.8 25,9

Kinematic Viscosity, 100 F, cs 0.53 0,63 C.60 0.58
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TABLE IT
SCHEDULE OF UPERATING CUNDE'CLIONS

Test Condition 50 150 450
Combustion System Ramiet Turbojot, Low Turbojct, High
Bovironment Sim:lated Prcssure Ratio Pre:sure Ratio
Combustor Pressure, 40 150 450

ine Iig abs
Combustor Inlct Adir 300 LCO 1,00

Tenperature, F
Combustor Inlet Air 350 100 100

Velocity, £t/sec
Fuel-Air Ratio, 0,010 0.020 0.010

lbs Fuel/lb Air
Hass Air Flow, lbs/sec C.5 D50 1.3¢
Mass Fuel Flow, lbs/hr 19,1 3,0 48,8
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Test condition 450 simulated the type of conditiois sncounterec
with certain current and futurs high rressure ratio turbojets, particularly at
low altitude conditions, However, “it should be mentioned that pressure was the
only variable changed here from condition 150, since a corresponding incresse
in inlet air temperature (desirable for strict realism) vas decided against
bacause of doubts concerning the ability of the potassium bromide windows, through
which th~ ‘lame radiation measurements were taken, to withstand temperatures much
above 400 ¥, Iniet velocity, too, wus constant for both conditions 15C and 450,
A 100 ft./sec velocity was chosen as a reasonably valid compromise between conditions
in older, low pressure ratio engines (60 - 80 ft/sec) ond those typifying newer,
high pressure ratio units (125 ~ 180 ft/sec).

Fuel-air ratio was maintained coustant at the intermediate level of

0,010 for all three testu conditions, facilitating irnterpretation of the radiation
data for conditions 150 and 450 on the basis of pressure alone,

III., EXPERIMENTAL SET-UP

The infrared emission and absorption spectra of {lames within the
leborzatory scale jet combustor were the desired spectroscopic irnformation, These
spectra were to be obtained with the combustor operating under the conditions
described above, The spectroscopic squipment avoilable was a Perkin-Elmer 12B
spectrophotometer converted to a 12C instrument. This conversion consisted of
changing the spectrophctumeter fror d-c operation to a-c operation. The chonge
permitted the use of the more ' :rn a-c amplifyine system usced on nresent day
Perkin-Elmer squipment onG provided & convenient meuns for obtaining both the
emission and absorption spectra of the iismes. The spectrometer vmis mounted on
the laboratory scale jet combustor to form the jet-combustior spectronhotometer,

A echematic diarram of the Jet—combustor spectiophotometer is showm
in Figare 2 —inch diametar flamc tube within Lhe cumbusior test section
had 17L;—-anh diameter air inlet holes through which the spectra were obtained.

To obtain absorption spectra a first imape of the Globar source was projected by
mirror M1 and lens Ll (aperture 3/h-inch) at the center ef the combustor. An
imare of this first image was projected by .ens L2 (aperture 1/2-inch) onto the
51it of the monochromator. - The radiation from the Globar was modulated at 13 cpe
by the iight choppsi O1 wilh chopper G2 set in the open position. 7This modrlated
radiation was dispersed by the monochromator and detected by the thermocouple
receiver, The 13 cycle output from the thermocouple was selectively amplified,
This amplified signal wos synchzonously rectified by breaker points attached vo
the shaft of the chopper (1, The resultlng d-c sipnal, proportlonal to the
amonnat off y.diation ":ll::g CnOLHT LhImmocoupil, weo touurded, 1S, radiation
arising between the choppexr Cl and the thermocouple receiver was rejected unless
it happened to be modulated at 13 cps and had the proper phase, Therefore, the
modulated radiation reaching the thermormmle was derived froe tha C1-%n -
and passed through the fiame in the combustor vermitting ahsarmtion measy =
to be madc, GSoectra were obtained by contimiously varying the wavelensth passed
by the monochromator over the spectral region desired,

t

Emission gpectrc werc obtained by setting Cl in the closed nosition
and modulating the radiation leaving the combustion chamber by means of choer
02, The ampliiied signal fror: the detector was synchronously rectified b breatcer
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points attached to the shalt of C2, 1In this case, only radiation originating
between €1 and €2, in the flame tube, was modulated and was thus recorded, With
this arrangement the emission or absorption epecira could be obtained by activating
the propei chopner and hroclicr points,

The lensesg Ll and L2 were wade of pvotassium bromide with a focal
length of 5.33 inches, The lenses were separated from the combustion chamber by
wlates of potassium bromide one centimeter thick., The plates were sealed by means
of plactic O-rings to fittings abllached to the conbustion chamber. JIn order to
cool tiie potassium bromide plates and to prevent deposition of water, o0il, carbon,
etc_, on the windows, dry air was injected tetweer the window and the combustion

chamber as shown in the diagram,

A. Spectrophotomcter Details

In the interest of safety and operator convenience it was required
%hat the spectrophotometer be operated by means oi controls which were located
outside the test-cell. Therefore, a 25 foot cable wus used betwsen bLhe conbrols
and the equipment located inside the test~cell. Figure 3 ic 2 photograph of the
control, amplifying, and rccording system standing alongsiae the test-cell control
panel, just outside the test-cell,

In Figure 3 the top panel contained the control circuitry for the two
chopper-breaker switen assemblies, scanning drive, and clit drive. The selector
gwiteh at the left switched the amplifier output te ntilize the rectifier breaker
points associated with the particular light chopper being used (i.e., absornption
or emission). It also switched the standard signal voltage through the standard
signal breaker point associated with the light chopper, The left hand toggle
switch energized the Llight chopper motor desires, The center toggle switch position
determined the direction of rotation of the monochromator scanning drive .otor.

The specira were obtained by scanning from short to long wavelength. The 3-position
togole switch on the right controllsd the divecliun of rotation of the monochromator
slit drive mobtor Lo open, close or stop the slit,

The recorder was a slightly modified Minncapclis-Honeywell 10 millivelt
recorder. The panel Immediately above the recorder was the contrel panel for the
Perkin-Flmcr Model 107 amplifier, The panel immediately below the recorder contained,
left to right, the watt-meter neasuring the power consnmed by the Globar source,
the source power switch, the Variac control for the source voltage, the power switcn,
and the a~c line voltage meter, The bottom panel contained the start ard stop push
bution switches for the monochromator scanning moior along with the pen and chart
activation switches., Except for the selector switches and motor reversing switches
lis viie bup pausl oll Lile clrculory ana controls in ripure 3 were standard with
Perkin-Elmer equipment,

Figures 4 through 7 show sarious photorravhic views of the spectro-
nhotometer attached to the rembustor 1est esection, OCther squipmend in Lhe Loeobe-
cell has been obliterated from the background merely to make the photosrranhs
readable,

Figure 4 is an wp-stream view of the combustor run taken fron the
exhaust end, Water-cooled plates, 1, carrring the chopper-breaker asscmblies
and the Globar source wore supported ¢n the combustor test scction by two nicces
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of angle iron, 2, The lens-window holders, 3, projected through the water cooled
plates, Thase lensewirdew holders were supworted from the combustor test sectiom
by nipoles, 4, and gate valves, 5, The dry purge air was injected into the
nipples by the injectors, 6, The spectrophotometer was mounted at a 15 degree
angle to the horizontal to conform with thie flange arrangement on the combustor
test section. The iight chopper and rectifier breaker ussembly used for emission
measurements was enclosed in box 7.

Figure 5 is a view, perpendicular to the combustor run. n< seen through
the observation window in the test-cell control panel, The light chopper, C1,
for obtaining absorption spectra, its associated rcctifier breaker points, and
¢rive motor, 8, wera located on the water cooled plate, 1. The radiation from
WLLILO LG GAUuoi- | lousliag, 7, Was reliélled LY wliior .\u,, 30, dube Lhé ConbusiLor
section through the lenses in the lens—window holder, 3, The optical path was
folded at this point to prevent obstruction of the walk-aisle alongside the com-
bustor run.

Inmediately below the water-cooled plate may be seen part of the mounting
bracket, 11, used to rigidly attach one end of the monochromator to the cunbustor
test section. The other end of the monochromator was hung from the ceiling by a
sling., This permitted the monochrumator io move with the combustor test sectisn,
maintaining proper aligmment with the test section and those parts of the spectro-
photometer attached to it. With changes in operating conditions, motion of the
combustor run was significant, due to changes in temperature and consequert
expansion and distortion of the exhaust system.

Two Veedsr~Root counters are v .Ilble in Figure 5. Coumier 12 indicated
the wldth of the monochromator slit in millimeters. Counter 13 indicated the
ratational position of the waveisngth scanning lead screw in units of the standard
Perkin-Elmer wavelength drum, These counters permitted reading the slit width and
wavelength drum position through the control panel observation window without
ertering the test cell,

Figure 6 is a view looking downstream along the combustor run, This
view shows the gear train, 14, and motor for controlling the monochromator siit
witth, At the left is the purge asr drring tower, 15, containing 15 pounds of
Drierite,

Figure 7 is a view from above the combustor run, The axis of the mono-
chromator was not perpendicular to the axis of the combiistor., This was done in
order to consarve the radiant energy available at 15 microns by using the refract-—
ing edgs of the sodium chloride nrism, The monochromator was thermostated at
100 F, This low temperature was nossible because the test-cell was adequately
ventilated and this work was done during cold weatiter, This view also shows one
of the two aligning pins, 16, lnserted into the combustor test section to insure
that the flame tube did not :ove with respect to the housing.

B. Combustor Details

A sketch of the flame tube in the combustor test section is shown in
Figure 8, The transverse speciroscopic observations on the flames were made
through 1/4~inch air inlet holes located diametrically across the tube. The
stations numbered 1, 2, and 3 indicate the locations used along the axis of the
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flame tuve, These :vabers will be used throughout this report Lo «esignate these
observation stubions, Transverse ¢ oo v»vtions were olso made dovwnstrean from the
flame uenc holes in the combustor c.lwust pas strema at the stalio.. meTed
These observabtions were made throur nolus in flange 17V showm in Yiio-c Z,

Axial observations from bhe d.aust ond werc :ade througy: et .
windor in the ciioust elbow aporox;mutc_L/ 4% inches downstream fro e Qane
This station is designated as stabtion 5. An unobstructed axial wview of the [lume
wis obdtadned from this station,

The purge air used at stations I, 7, and 3 wes obbained ¢he d of the
{loww-control throttling valve but cfter the flow rote mebering orilicr Hlnte,

T-is ~ve sufficient pressure drop to maintain a positive flow cf air through the
osurge air injectors between the sotassium bromide -icdovs ond the gombusior, This
@ir was a nart of the air metered to the combustor, therefere, it was included in
the Muel-sir ratio, The nurge air used at stations 4 and 5 was obtained uhead of
the orifice plates Therefore, it was not a part of the air metered to the comhustor
and wae 7ot included in the fuel-air ratio,

Gixlssion and absorntion spectra were obtained ot shations 1, 2, 3, 2nd A
but only the emission spcctra was obtainable at 5. All four fuels descrited in
Table I were investipated for each of these observation stations along the come
bustor under the three conditions specified in Tabl: II,

IV, INFRARED SPECTRAL ME.SURIMENT S

The infrared spectral data obbained with the spectronhotometer are
described Lelow, This consiche of the raw lotesrsi;mcespectrophutonetric and
posteroismespectrophotometric date, The fomer were obtained at stuetions 1, 2,
5, and 4, the latter at station 5, Some of the debails concerned with obtainip.
the data, the reliabilifer of the data, and nwbhods of vodusiar tiw - ba to wudd
for: are also discussed below,

A.  Emission Spectra

ihe short wavelen;th speetral region, 0,9 to 5.5 :icrons, a5 sCam:..
with a constant monochromator slit idth (usually 0,100 illiwtecs). To xn
taking of data and maintain reasonable recorder qe:lcctlcm. for non-Jiuminous ..
a portion of the long wavelength spectrum, 4 to 12,7 ricrons, was st
constuntly increasing monochrometor slit wicth. The slip width veried liled
from 0,22 millimeter a2t 4 'r\icrons to 2.0 I3Vt s on 12,5 wierous, The st
width wne held conslant gl 2,0 willimcbers 1ror 14,5 o 15 nicrons, Tuo olit o
cortinmous)r opened according to the prescribed schedule by using synchronous
motors for driving the ,..‘mcchron* bor vaveler th armanine menhewt-

Lire MONCELIU. 0L 31TS. avh scncdule [y Sy
Firure 5, The upper curve illustrates the effect of t : N
fopdlilar Giovar racistion curve, The Globar wis cpere.ad an - 1

combustor « Loelur dosa abuve,  The sume « Lrion”
were used ovbaining the infr.r»d atsorntion spectra vo ° GO e
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Some inconsistencies appearad . thw sneetva dne to optical alifnment

diffzculties and rlams tube distortion. The stabllity of the alignmert was
improved during the course of taking the data so that all of the data do not
reflect the same degree of reproducibility. In addition tc changes in the align-
ment reliability some of the data are influenced by the fact that the collection
of foreipn matter on the potassium bromide windows was progressively reduced
during the early part of this work, The deposition problems were overcome by
2dequate drying of the purge air and by using the proper start-up pro:zedures,
Since this work was something of a survey project some accuricy was sacrificed in
the interest of decreasing combustor operating time and of covering a larger nume
ber of combustor conditions and fuels,

-Figures 10 through 13 are shori wavelenpih emission spectic of normal
heptane, isooctans, benzene, and toluene flames, respectively. Figures 14 through
17 are the corresponding long wavelength spectra, The combustor opervating condi-
tions, 40, 150, and 450, are indicated on the spectra. Thesc svectra were obtained
at the observation statious 1, 2, 3, and 5 reading from left to right as labeled
2t the top of the figures,

The short wavelength spectra at positions 1, 2, and 3 were obtained at
a constant slit width, 0,100 millimeter, At positien 5 the slit width was 0.C70
millimeter, In order to present the spectra on a uniform intensity scale the
information from station 5 was normnlized to 2 slit width of ¢,100 millimeter and
corrections applied for the length of slit illuminatced and for the optical aper-
ture of the viewing arrangement, This intensity acale iz the same as that used in
Figure 9, The normalization to a 0,100 millimeter slit was mac. by assuming that
at these slit widths the recorder deflection was proportional to the square of the
slit width., The jumped corrections for the lengths of the slit illuminated and
the optical aperture were obtained empirically, as follows,

Since for any one fuel a2t test conditions 150 and 450 the 4.4 micron
carbon dioxide peak emission at stations 1, 2, 3, does not change greatly, the
peak intensity for station 5 was assumed to be the same, This assumption is based
on the observation that the transverse absorption of the flames at this peak
wavelength is cssentially complete, thus, the aaissivity is essentially onc.
Therefore, for a particular temperature, in this case the same flame, the peak
intensity will be constant, The same correction factor obteined “husly, 1/3, vas
used on all the station 5 data. Except for this 1/3 factor applied to the station
5 data the data were transcribed directly from the recorder traces taking into
consideration only the changes in amplifier gain and/or slit width used to keep
the revorder deflection on scale,

No evidence of abnormal radiation patterns, other than extensions of the
black Ludy Lype of radlatlon, were nobed in Lite vioivie roplon Guwn bu Ue) miciuilos
Therefore, the spectra were not plotted for wavelengths shorter than 0.9 microns.

The variation in the 4.4 micron peak intensities fer the station 1, 2,
and 3, conditions 150 and 450, and the station 5, conaition 150, spectra is
probably a good measure of the reproducibility of the aljignment. ana other instru-
h3 s |
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The long wavclengtll spectra were scanned st twice the gpeed used for
the chert wavelongths. The slil schedule shown in Fifure Y was used for all
the long wavelen;th spectra, The same factor of 1/3 discussed above for slit
illumination <nd optical aperture corrections was used in plotting the lom
wavelength station 5 spectrc, Again the same intensity scale was used in
Figures 14 through 17 as in Figures 9 through 13.

The short wavelength emission spectra at station 4 were obtained with
slit widths of 0,100 and 0.140 millimeters, The information transcribad from the
recordsr chart was normalized to a slit width of 0.100 millimcters, The long wave-
lengtii spectra were obtainsd with the slit schedule in Figure 9, The effective
lenghh of the monochromator siit iliuminated at station 4 was somewhat greater
than at stations 1, 2, and 3. However, the data were not corrected for this factor
since the intensity of radiation was so low, The emission spectra for station 4

are shown in Figure 18,

B, Absorption Spectra

The short and long wavelength ITlame absorption spectra cre shown in
Figures 19 and 20, respectively., These spectra werc obtained by comparing the
Globar energy curve with a fire in the combustor to the enerpy with no fire in
the combustor, Ths slit width schedule in Figure 9 was used, The spectra Tor
stations 1, 2, 3, and 4 are arranged from 1laft to rirht. The spectra frou top
to bottom are for nommal heptane, isooctane, benzene, and toluene., The spectra
for test conditions L0, 150, and 450 are indicated on the individual curves,

It will be noted in Figure 9 that the energy distribution was such
that the absorption spectra at wavelengths shorter than one nicron, or longer
than 1L microns, meant little because of the small cmount of energy available.
Likewise the absorption on the short wavelength side of the 4.4 micron carbon
dioxide absorption band was somewhat indeterminate because of the strons carbon
dioxide atmospheric absorption, Tikewise the absorpticn in Lhe 2,6, 6 to 7.5
and 15 microu regions was influenced by changes in the water and carbon dioxide
absorption in the optical path outside the flame,

The details of the condition 450 snectra where the average per cent
transmission was low, below 30 per cent, werc rather meaningless since in some
cages the signal to noilse ratio was less than one, The "noisiness" of the rodi-
ation transmitted through the flames appesred to increase witi: the average abscrp-
tivity and luminosity. In general, the enersy transmitted Ly the condition 40
Mame was quite steady, ncisc lovel of thlie order of one ner cent, condition 150
flame, 5 per cent, the condition 450 flame up to 100 per cent. In the case of
emission tha nnisa wne never loarger Lhan o fov per coub of Lhie signal, These
noise effects are presumably tied up with the turbulence and density of incandes-
cent material in the flame, Flames having 2 high spectroscopic noise level i:ere
visually "noisy" with considerable fluctuation in the vienal dntarcity  nowtion
Jmaly &b svavions 1 and 2,

Fipure 21 shows the absorption spectra of the four vaporized fuels at
450 inches of mercury cortustsr svels as observed at station 2, The raw fucl
was injscted into the combvnrstor in exactly the same mammer as it was in the flame
studies except there was no flame, The fuel and air flow reotes ere those used
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for tsst condition 450, The inlet air temperature was drupped to 350 ¥. There
are some doubts aboub Lhe validity of thesc spoebra in the 2.4 te 3 ~and 5.5 fo
6.7 micron reglons. Those doubts arise becauss these spectra were obtained
before the deposition of forelgn matter, particularly water, on the potassium
bromide windows was oliminated.

Figure 22 shows the absorption spectra of the water and carbon dioxide
in the complete optical system, sombustor included, with 4O and 450 inches of
mercury air pressure in the combustor. Thesc spectra were obtained by comparing -
a amooth Globar emisgsion ¢urve, simulating low water or carbon dioxide absorption,
to the experimental curve, The smoothing was dune in those spectral wepions in
which an incraase in combustor pressure gave a significant decrease in transmission,
namely, at 1.9, 2.6, 43, b, and 15 mierons, It will be noted from these curves
that the approximately 20 inches between the potassium bromide plates contained a
large part of the affective atmospheric absorbing materials at 450 inches of mercury
pressure {15 atmospheres),

A, Infrared Spectra

Inspection of Figures 10 through 17 indicates that the cxperimental
flames may be classified into two groups. One group in which moletular (band)
type radiation predominates and another proup in which ®lack body (continuous)
type of radlation predominates, Such a grouping agrees with the visual flame
characteristics and the designations non-luminous and luminous, respectively.
1f more combustor conditions are subsequently investigated more precise nomsii—
clature will be needed, The table below summarizes this information for the .
fuels and operating conditions used in this work.

Test Gonditivn

'ngt Fual L0 150 450 .
Normal Heptane non-luminous non-luminous luminous
Isooctane " " "
Benzene " luminous "
Toluene n " i -

In the noneluminous flams spscira, the melecular tands cenlered st
l.h, 1.9, 2.9, and 7 microns will be recognized as the fawiliar water vibrational
emission bands. There may be some conbrivuiivn from casbun Jioxids at 2,9 micro
Such contribution can be evaluated by studying the spectrum of a carbon monoxide
flome, The band in the 4 to 5 micron region was dus to carbun dioxide vibrationa
emission., The carbon dioxide smission in the 15 micron region was not obvious.
Tha charma of thasa vibmational amdseian hands was influarned £a a larse deerce bv

4
the absorption due to water and carbon dioxide and the air path in the optical
train., The cbsorption at l«4 and 1.9 microns was due to water, at 2,6 to water
and carbon dloxide, «i 4.3 Lo carbon dioxids, at 6.5 to water, and a2t 15 microns

to carbon dioxide, These absorption bands were particularly cvident in the station
5 spectra since the radiation traverses aboul .45 inchcs of <=xhaust pases and air

at the same pressure as the combustor,
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Iu the 9 i~ 13 micron regicn there appeared to be soms cchersni
structure in the emission curves for both the non~-luminous and luwminous flames.
In the light of some atmospheric pressure methane-alr flame radiation studies
made by Bell and co-workers (&) » these bands may be atiributed to water emission,
the upper part of Figure 23 is a tracing of Bellls data, Part of these dats syrere
cbtained at semswhat higher resolution than used in our study., The detailed
structure shown in the 6 to 15 micron region has been atiributed by Bell to water
retaticnnl emission., Such rotational emission arises from two scurces, AL flame
temperatureas higher rotational levels are excited than at ambient temperatures.
Tharsfors, the £ mitcun waber vibrational band will have extended rotational struc-
ture, Further, the higher lsvel pure rotational lines will extend into this region
from ths 20 micron region.

Superimzposed un this hipgh resolution curve is a dotted curve, This
dotted curve is s visual integration which shows what this cvrve might lock like
at the resolution used in tho high pressure work, There may be considerable
prejudice in this integration; however, it serves as a baris for comparison., The
lowor part of the Figure 23 is a reproducticon of o natural pas-air {lame spectruwem
obtained while preparving the spectrcshotomatcic oquipment {ur the jet combustor
investigation. The resolution -wied here is comparable to that used in the jet
combustor work. The monochrorastor slit widbths used are indicated on the curve,
The natural gas-air flame was produced in the standard Globar housing that is
norrally used on a laboratory Perkin-Elmer spectrophotometer. A screen was
placed just below the opening in the side of the Globar housing and natural gas
(96 per cent hydrocarbon) wag imjecisd into the housing from bslow. The gas was
ignited above the screen,

It will ba seen on inspection that the details of this low resclution
spectrum correlate very well with the dotted curve asbove, Further, thess details
currespond to those noted in the § to 13 micron region of the Jet combustor flame
speatra. In the stetion 5, condition 450, specira the sense of some of these
details is reverssd. Tids arlses since with ¢he long coluwin of exhaust spases in
ths optical pubis Liw absorption due to the exhaust gases predominates over the
emission, It should bo possible to determins whether the increass in emission
from 10 to 13 micronms is due to weter, carbon dioxide, or stripped carbton chain
emission by studying the spactrs of hydrogen end carbon monoxide flames in atmos-
pheric pressure buruers,

. -
Ono characteristic of a molecular flame emissicn band is thet the®wave-
length distribution does not :orvespond to that of the atmospheric absorpbiony
A large pert of the emitted radietion sppears at longer wavelengths than the af-
mosy Forie sbsorpticn bands. This msy te explained by the fact that the enjitiing
gas 18 at a higher tempersture than tin atmospheric absorbing gas. At elaratad
torporabires biw populnbion of the energy states of the molecules is different
from that at lower tempersturss, The wavelengths of the emisslon cr abgorption
resulting f.om transitions batween the higher spergy states will not coincide
exactly with the transitions between the twa lowest states, This situation arises
batansa. 4in gemeral  ths 2oleiuls 15 an snbarronic vseiliacor rathey then a her-

mohic one. The cerwsspuadence betweea the moleculsr flame ewlssion wavelsagih
distributica énd the flawe asbsorption distribution can be seen by inspection of
Figures 10 through 20. Since the an-harmonisity should increase at higher energy
states the flame sbsorption and emission bands should broaden *oward longer wave-
lengths as the fleme temperature is incrTeased. This effect 1s also evident
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if the atmespheric absorption of csrbon dioxide a” 4,3 microns ln ths station 1,
2, ond 3 emission spscira is comparsd =ith the hot exhaust gas absorption in the
station 5 emimsion spectra., Alsc a comparison of ths flame absorption spectra

at statiens 1, 2, and 3 with ths coocler station 4 absorption and the atmospheric
absorption shows the same type broadening of the absorption band with temperature,

The spectra of the non-luminous flames show a small background of
continuous radiation while in the luminous flame spectra the continuous radiation
obscures molocular radiation, In the cages of intermediate luminosity moleculsr
radiation pesks are superimpn-sd on the continuous background. The absorption

survas ghow that in tha e ziona of strone molecular gmisasion the ")‘““"‘,)*.';!.?it—}’ is

SUrVeS Halw Lam SRS OL Slrdng ular

higher than the backgronnd. As the luminosity of the flame increases, as evidenced
by the incressed intensity of the continuous radiation, the molecular bands become
less pronowncsd. It will be noted that, for those flames where the average absorp~
tion is nearly complete the continuous radiation et 4.4 microns is no more intense
then the molecular radiation under less luminous conditions, Therefore, for the
central portion of this band the emissivity is essentlally one 1n the two inch
d4ismster combustor &t prassuras above 150 inches of mercury. That 1s, the radi-
ation intensity at this wawelength 1s equal io that of a black body opersting at
ths temperature of the flame,

The emissivity of the flames seem to be scmezhat less or the average
in the 8 to 14 mioron region than it is in the 2,5 micron region, This may be a
function of the particle size of the incandescent material present in the flame,
particularly in those luminous flames in which thera is little or nc cxhaust
smoke dus to burning of the carbon formed in the flame zone,

B, Bleck-Body Conaiderations

In order to study the relationship botwsen the continuous flame radistiom .
in luminous flames and blsck body radistion the Globar emission was compared with
& theorstical black body operating at the sams temperature as the Globar. It was
necegsary to take into account the dinperaion of the monochromator. the ezrective
LIt widlh of the wonRLCLTOmaLUN and Lhv Guissivity of Lhe GlOLGT in Ordsi Lo maKe
an approximate comparison, The diapersion data were obtained from the wavelength
calibration of our monochromater, The emlssivity of the Globar snd tho varilation
of effective slit width with wawelength were tszken from information published by
Bell (6)., Ho acoount was taken of the variation in thermocouple blackness with
wavelength of radiation striking it or linearity of thermocouple response.

Pigure 24 is a comparison of the short wavelsngth sxporimentsl Globar
radiation curve with a theoretical 1600 X Globar. The temperatm-e of the Globar
was messursd by means of an optical pyrometer. The th ;ica ve was obtained
by calculauing the 1600 K ’black bod;r radiant energy dlstribution by FPlanck's
equaiiun b, =54 A Se"2/2T o 1), E). is the radleni euergy por uail srca
per unit increment of wavelongih, A\ , T is the absolute tempersiure, Gy and Cp
ars constants, end e ig the Napierian base, This theoretical hlack body cnrve
was then subjected to khe dispersion curve of the monochromstor by means of *he

relation Iy = k Ly . 1A 18 the intensity of radiation as measured by wh=
apactrophotomsiar, b 2 normalizing factor and -‘—l— is the dispersicn at weve~
length A in terms of the monochromator wavelength “Grum scale readings, a. Ths
curve thus obtained wes further modified to tezke into account the emicsivity of
the Globar and the variation in offective salit width, Becauss of the variation
in effectivse 3lit width the recorded intensity I, is related to I‘i by relation=
ship I, = I)\ {8a/8)°. Se &nd 8 are the slffective and geometrical slit widths,
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respoctively, which ars releted by Se = 8 - 1.7 A . The effect of variastion of
lens focel length with wavelength wac not taken into account, The slit width
used was the stendard Figure 9 slit width, 0,100 mlllimeters. The normalization
factor used will be discuased in connection with Figure 25, The agreemsnt batween
the experimental and theorstical Globar curves is sufficiently close to warrant
the comparizon between the convimuous flame emission and theoratical black body
radiation curves.

Figure 25 shows the relationship between the station 5, condition 450,
Figure 13, toluene flame emission and ths ithscrotical bleck body radiation curves
for 1800 K and 2000 K, Both of the black body curves have been normslized to the
same peak lntensity. In this case, the aame corrections wsre applied to the black
body ocurwss as were applied for the theoreticsl curvs in Figure 2. except that thes
gecmetrical slit width here is 0,07 millimeters. The normalization factors used
for the 2200, 1800, and 1600 K (Figure 24} theoretsical curves wesy in the ratioc of
0447, 1, ond 0,38, respectivaly. The facior of nearly thres between the 1800 and
1600 K curves is in large measure dus to the losses of radiativi. sncountered in
the imaging of the Globar in the flame tubs ané inaccuracies in focusing the final
infrared image at the slit of the monochromator,

Except for the speciral reglons where the exhanst gas and atmospheric
abgorptions are evident the toluene flame emission curve agrees quite well with
the 1800 X theoretical curve, This indicates that at wavelengths shorter than 6
microns the continuous radiation is indeed very nearly black hody in character,

The deviation between the theoretical 1800 K and the station 5 toluene
flame emisslon spectrum at wavelengths shorter than about one micron is probauly
due in part to smoke absorption. Thsre appears to be little change in the intensi-
ties at wavelengths greater than one micron with large changes in exhaust smoke
concantration although the visible radiation wus almost complotely cbliterated
in some cases at station 5 by the 28 inch column of smoke., Also under conditions
of high emissivity the intensily of the radiation at stations 1 and 2, with no
smoke between the rlame and vbsorver, is Somparcklc with the atstion 5 intensitv.
This indicates that the smoke as such in fhe exhaust had little influsnce on the
amount of infrared radiation from the toluene flame reaching an observer at
station 5.

However, exmmination of the “igure 12, station 5, benzene spectra shows
gteater infrared radiation absorption by the smoke., In this case the condition
150 spsctrum at wavelsngths grsatsr than 2,5 microns haz abont the sazg shape as
the condifion 450 spectrum, but the latter curve falls below the condition 150
curve at wavelsngihs lsos then 2.5 micreons. This reduction in radistion intensity
due tn smoke Increases as ths wavelength decresses. The greater reduction in
radiation inlensity ovor & broader wavelangth hand in the case of benzene probably
is associated with the amount and kind of smoke.

C. Flame Temperature

The shapes of the dispersion function of the sodium chlzoride prism
monochromator changes ths shepe of the familiar, linear in wevelength, black
body energy distribution, The small dispersion in the two to four micron region
peaka the radiation curve very sharply. If the linear in wavelength radiation
intensity pesk occurs at wavelengths less than three microns the prism dispersed
intensity peak is at longer wevelsngths., The displacemen: of the prism peak
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toward longer wavelengths increases with decrease in the wavelength of the linsar
in wavalength intensiiy poak, 1.0., st higher temperatures. &1 1800 K the prism
intensity peak shifts about 0,1 micron for a change In temperaturs of about 300 K.
The share and peak wavelength of the continuous radiation for the luminous flames,
as well as thoe intensity n the four to five micron region for all flames at
conditions 150 and 450, indicates that the temperatures are nearly the same for
all the flames, Furthar, the luminous materisl in the flame appears to be at the
asme tomperature as the carbon diuxide gas in the flame.

Inspection of the spactra indicates that the length of the primary
cembustion asone for ihe two aromastic fuels is less than for the two paraffinic
fuels, This is shown primarily by the change of the station 3 radiation from
luminous to non~luminous at sonditisn 150, This. coupled with the higher emin-
sivity of the two aromatic flames, and the consequent cooling by radiation loss
msy well account for ths anparent constancy of temperature although the heat re-
leass for the two aromatic fuels is-about 10 per cent less than f'or the two paraf-
finie fuels. In addition, benzene and toluene flames ara coole; wnsn comparad to
normal heptane and isocctane flames due to their increased carbon formation.

It hus been pointed out (7, 8), that the intensity of the 4.4 micron
carbon dioxide smission would be & good measure of the fleme temperatures. In
the case of the jet combustor it appears that the residence time within the pri-
mary combustion sone is sufficient to establish an apparent thermal equilibrium
boinesn the incandescent particles and the gas molecules, Within the primary 6
combustion zomes of the turbulent flames observed here pr-obably in excess of 1G
collisions accur per molecule. With & reasonable degree of interaction, on
coliision, between translation and vibrational excitation some degree of equi-
librium betwesn trenslational and vibrational temperatures may be expected.

Sincs the emissivity of the carbon dioxide radiation is essentially
one for the two inch combustor at prsssures above 150 inches of mercury and would
approach one at lower pressures in larger scale combustors, the intensity of the
Carbon aioxids 4.4 micron radiation should serve as & good radletion thermometer.
I% would bs wmalfectsd by thw lumjausily of the Iiame anda the temperature of thae
combustor walls sesn through the flame. By making the measurement at & wavolength
clightly longer than the atmosphieric absorption band the measurement wowld be
irdependant of ihe z2zlesnal opbical path lengths, Since the emisslon band broadeng
toward longer wavelengths with increase in temperature and the intensity increases
48 & powsr greater than one with tae temperature, the relati-e accuracy of such a
pyrometer should increase with incressed temperature., Since the incandescent par-
ticlss appsar to be in thermal equilibrium with the gas it would be reasonable to
expect the carbon dioxide moleculeg to bs nearly in thermal equilibriva with other
gages 3n the flazs,

Pirove 3% cheons the Vooiwlival weluticaship vetween the intensity of
the 4.4 micron emission (emissivity of one) and temperature., The intensity scale
as wall as the dispersion and siit widsh corrections are the sems as those used
in the 1800 K theoretical curve in Figura 25.

D. Total Radistion Measurement

The total radiant energy per unit area per unit time, E, emitted by a
blac AEody is the arsa under Planck's radiation intensity versus wavelength curve,
E= Ey dA . whire Aj and A\ define the wavelength interval being considered.

AL



REPORT 1526-.56R

PHILLIPS PETROLEUNM COMPANY

RESEARCH DIVISION

PAGE 4}

| T T - 15
/
B -110
I 4s
/
4000 K 1,500 2,000
T l T L H L T e
i, 00U F 2,000 3,000 4,000
TEMPERATURE
FIGURE 26

RADIATION INTENSITY AT 4.4 MICRONS VS TEMPERATURE

0.100 MM SLIT WIDTH

INTENSITY,

RADIATION



Research Division Report 1526~50R
Page 42

If I; is ths radiatien intenaity at wavelength A &s seen by the spectrophotometer
uegieciing dispessionm, sifoctlve slit width, stlc.; then Iy = 15, and
G k]
E=1/k \ "2 I, d . The infrared spectrum is wsuelly obiained at constant =lit |
L " i
width but with a dispersion which is a funciion of wavelength. Therefciw, the ‘
spectrophotometric spsctrum of the black body will not look like the usual Planckis

curve.

Taking dispersion into scvoant but assuwing & uniformly black receiver
and a conatant affactive slit width, the intensity, Ih . at wavelength A will b::

recorded by the spectrophotometer as I'y = Iy ds - is the dispersion in
terms of . .velssgth )\ end t:?pectrometsr drum scaie, s. Rewrliting in terms of

the drum scals Ig = I\ = I, $- describes tha invensity which will be rscorded
by the &octrophotomter at drim reading s. Changing variables from M\ %o s by
8

dX = ds and changing the limits of integration from Ay end A 2 to the corres-
ponding s; and s,
2 . 2
=1k | 15-39;:'%;"- ds-l/k/ It ds.
81 Sl :

Thua except for second order correctjions dus to changs 1In effsctive slit width as
a function of wavelength [Se = £ )\)] and variation in blackness of ths detector
with wavelength [Sensit.’wity = ()] it is valid to integrate *he srectrum as
cbtained from ths mpectrophotometer to obtain the tuntal energy.

At a temperature of 1800 K about YO per cent of the rediation emitted
by a black body will be emitted at wavelengths shorter than five microns. This
percentage drops to about 85 per cent at 1600 K and rises to more than 95 per cent
at 2500 X. Therefore, in studying the total radlant energy from luminous flames
the uncertairty induced by ignoring radiation of wavelengths greaver than about
five microns will not seriously prejudice our rssulta., In the discussions that
Tollow all energy integrations are over the range 0.87 to 5.8 microns. The
uncertainty introduccd in the case of the ron-luminous flames is somewhat larger.
The uncertaiaty of the treads deduced from the data is probably no larger then
that due to lack of reproducibility of both flame conditions and instrumsnt
alignmeat,

Another source of error is t%w contributicn of snergy by the flame
tube whichk is measured as flams radiation. In Figure 25 the 70C K curve shows
the scale of tha contribution to be expscted {rom ths flame tube if the area of
the flame tube obssrved by the specirophotometer is the sams as the area of the
flame obsesved. In the case of nou-lwuminous flames this may becoma a sizable
portisn of tha total radiation at wavelengths shorter thun 5.2 microns.

Considaring tha non-iuminous 1lams spectra in Figures 10 through 13
the continuous radiation present may be approximately synthesized trom thu 700 &
and 1800 K curves of Figurs 25. Makini such a synthesis visually and transeribing
the resuvlts in graphical form gives the data shown in Fizuwre 27, This is a plot
of the per cent of radiation in the 0.8 to 5.3 micron region dus to molecular
radiation of carbon dioxide and water together with the continnous radiation due
tc the tlame tube wulls (700 X} and the inczndescent material in the flame
{2300 K) verswus obscrvation siation along the flame tubs for the four fuele.



PAGE 43

SIAVYNOS SNCIEVA A QILNBIYINOD ADUIANI LNVIQWY

(o] ©
Y oo

12 3HNoI4
NOLLV.AS NOLLYLS
s € z 3 S € z !
T X T Tow -2 T T LA ]
v
3
— 0%1-34 «O¥y-34
TN -
—o2
7 3051-€0D ~Or=0<H
o 051-0%H

NN L
/.. a¥-20> N

ININIOL INVLI00ST ~

¥~ 01202

o

HOMYIOWY A0 AN3IDH3d

/\\. 33 dge

t ]
-0t
e <or-o¥

A/en_-mou _ B |
N—————e 0¥-203

INIENID T .
INVLJIF TVWHON ~ ov-205

WSS L0 3IY MOISIAIG HZ¥VISIN N
ANVAWOD NN3ICAHLId SdIT UK




e xe e — A e gt ey i g+ o e nn e n o

Ressarch Division Report 1525-56R
lage 44

The curves ars lsbelad as to the sources of the radistion (COp, HzU, we, and G
and ihe combustor operating conditions {40 and 150)., Fe and C represent the
contributions due to the flame tube and the incandsscsnt materisl, respectively.

The above flame tube contribution is included in the total radiant
energy in the dsta showu ic Figures 28 and 29, Further, no corrections ara
applied for sffective slit widih, receiver blackness, smoka, or atnnspheric
abrorption.

Fron tbe Stafan-Boltzmann yeletionship, Ee = ¢ T4, ths total
Ep, emitted by an 1800 K black body is 19.55 Btu per square foot psr hour., The
area undsr the 1800 K curve of Fiqure 25 was integrated and the resulting area
set equal to ths 19.55 Btu, Using tihis informavion the integrated area ohtained
from tho axpsrimental flame curves were then: crnverted to Btu's per squars foot
par hour and plotted as such in Figures 28 and 29,

Fa
Figure 28 shows the variation of Fadiastion intensity with position
along thn axis of the combustor for individusl fusls at tha thras tast prassures,
The date sre for observation stations 1, 2, 3, and 4.

Blgure 29 shows the varilstion of radiation intensity with fuel type at
teat conditions 40, 150, and 450 for obesrvation stations 1, 2, 3, and 5. Corrobe
orating the earlier observations presented in Reference 1, it should be noted
that tlhe total radiation intensity &t station 5 decreased for the two sromstic
fuals when the combustor pressure was raised from 150 to 45U inches of mercury,
This effect was most pronounced for benzene. This probably can be attributed to
the smoke in the exhaust guses bstween the flame and station 5.

The information in FPigure 30 is of a more speculative natwre. Ws
assumed that the dersity and churacter of the flame would not be changed in going
to larger more praciicsl sized combustors, The scaling factors used were JX for
diameter ard 2X for length of the primary combustion zone. Figure 30 then shows
ior a hypothetical six-inch combustor the radiation iutensity variation with fuel
jype at comparehle crerating conditions for various positions around the flame
corresponding to statiems 1, 2, 3, and 5 ir the laboratory scale combustor. The
station 5 situwation indicates the radistion intensity to which a turbojet engine
turbine nozzle might be expused. Thess data ware further simplified by assuming
that the paraffinje fuels, rormsl heptane end isooctane, were nearly alike and
that the two aromatic fusls, benzene and toluene, wers nearly alike.

These extrapolations indicate that at low pressure and high velocity,
test condition 40, there appears (o be little significant variation, with fuel
typs. At intermediate proscuve with reduced velocity, test conditiom 150, there
wars oigrificant SQi000T6n0os in Liw iadlanl ouwergy emitied by paraifinic and
aromatic flames as seen from stations 1, 2, and 5 (nozzle). At high pressurs
with velocity the ssme, test condition 450, there appears tc be less change in
radiation intensity with fuel typs. At station 3 the diflarences between the

two fusl types were not large for any onsvating conditicn,

In making instrumental seusuromenis of total radiant energy by means of
a total radiastion pyromater using a black detector the transmission cheracterlstics
of 8 combustor window maisrial are important. If ihe radiation is limited to wave-
lsngthis less than 2,5 microns by ths use of Fyrex or Vycor window material, then
the amount of radiation measured mey give 1little indication of the umount of radi-
ation present. The transmission spectrum of a typical Vyccr combustor window is
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ghown in Flgure 31, For 1800 X flums tho 2uitio of the amcunt of =zodiation
measured to the totel will vary from a few per csnt (about 2) to about 60 per

cant depend.ng upon the luminosity of ths flsme. Tha emissivity of the continue
ous radistion in a two-inoh burnsr vasriss o'-~ wide limits from 0.0l to sssentially
one, In the uon-luminous flame only a smal. ,aranartagm of tha moleculsar radiation
for small scale flemes lies at wavelengths less than 2.5 microns.

48 pointed out previously sbout 90 per cent of the continunous radiation
from an 1800 K black body is at wavelengths shorter than 5.5 microns. Probably

ey - - s Tl weddnddan Cwnam e b < i o3 vinassed hanr wowwaTawmsdh
75 per tsnt of ths molscular radiation from the two-inch combustor has wavslengths

shorter than this 5.5 microna. Thus, based on the combustor spectral dats shomn
hera, if obssrvations of flame radiatlion are made through sapphire windows the
data should give fairly relisble indications of ths total amount of radiation
present, However, if the observations ers to be made through long columns of ex=
hauat gases the absorption of the smoke must bs taken into account. The trans-
mission swpsctrum of typleal sapphirse and quartz eombustor windows are shown ln
Figure 31.

ten microns by using caleium fluoride windows. This would include about 98 per
cent of tho 18CU K continuous radiation. a curresponding larger proportion of the
molecular radiation would be included. However, the guin in the lurger fraction
of snergy obtained would probably not offset the advantuges of using the mors
rugged sapphire rather than the soft and somewhat frugile calcium fluoride.

B. Combustion Procass

In the infrared absorption spectra of the experimental flames, Figure
i9, the absorp*icn due to carbon-hydrogen stretching vibretion at 3.4 microns
appears irregularly and is not strong compered tc the raw fusl absorption in
Figure 21. The 3.4 micron absorption is recognized only at test conditions 40

0, Further, it appears most frequently at stations i1 and 2, This suggests
woantariss 2hs coghuestion guie Ui Lydrogen is lmwediaiely siripped Irom

the carbon chains by molecular collision or radiation abscrpiicn {vibrational
sexcitation),

A comparison of the radiation spectra of the experimental flames uand
the absorption spectra of the fuels indicates that ths radiative transfer of
energ; from the flame to the fuel is a somawhut inefficient process, This is
particularly evident in non-luminous [lames whesre ths molscular radiation bunds
of tls flsme do not coincide with the absorpiion bsnds of the fusl. I the lumi~
nous situation the fusl sbaorbs over spectral rsgions containing about 10 per
cent of the avallable energy. This is the resuit ef the nigh intensity of the

SOBLInUGUS Tadiabica lu W .4 wicioin Veglilnm.
VI, SUPPLEMERTARY MEASUREMENTS OF COMBUSTION CLE:NILINESS

Previous studies {Refersncs 1) have indicatsd a possible correlation
betwean the intensity of flame radiation and

) combuster metal tempsrature,

) combustor metal loss rate,

) combustor deposit formation rate, and
}

(1
(
{
( azhaust gas smoks density.

2
3
4
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These combustor performence variubles sre apparently interrclated by pyrolytic
carbon formation, and thsrsfore have been groupsd under combustion cleanlipa««
To further investigate this preziss supplomeatary measuress:nis wers made of thess
four parameters in conjunction with the principal flame radiation investigation,
using the seuwa four test tuels described in Teble I and three test conditions
detailed in Tsble II.

A. Combustor Metal Temperature

Combustor metal temperature has bsan measured in past studies by welding
chromel-alumel thermocouples to the outer surface of the flams tubs. Because of
convective and conductive heat transfer this technique does not presant a {rue
pioture of the flame tube innsr surface tempsrsturc. It was also uncatisractory
because of the poor durability of the thermocouples and the difficulity in assam
bling such combustor test ssctions., Therefore, the flame tube and its related
outer stesl housing were modified for this test program, Ten adjusteble immersio:,
cloced-end, 1/16-inch diamster, Ceramo, chromsl-alumel thsrmocouples were insertod
through fittings in the combustor wall which were aligned with holes in the flame
tuba an that their temparaturs sensing tips fitted snugly cnd were flush with the
flame tube inner surface. The locations of the thermccouples, which were in twe
rowa on opposite sides elong the uxis of the combustor flame tube, are indicets?
in Figure 32, Subsequent testing has suggested thav flame tuue distortion, “result-
ing in blow-by cooling of thermocouples, muy have produced indicated temperasturs
too low by several hundred degress F.

The detailed flame tube inner surfuce temperature data obtulued :z.o
presented in Table III., To more clearly show the effect of the ©*~s» combustor
opsruting conditions, the averaged data are plotted separately for each of the
four test fuelas in Figure 33, These plots allow interpolation of flame tube inner
surface temperature at the locations surveyed for flame radistion., The combustor
motal temperature data thus obtained are plotted in Figure 34 > faciliiate come
parison with Figure 29,

Comparison of the combustor metal temparstiwe duia i1n Figure 34 with
the total fleme radiant energy data in Figure 29 shows that a general correlaticn
does erist bstween these two variubles.

The data illustrate quite cleerly that increases in flame tube inner
surface terosrature usually accompany increased combustor operating pressurs.

#hile the hydrocarbcn structurs of the test fuels showsd littls ainfluence
upon flame tubs inner surface temperature at the lowast combustor operating pres-
surs, ths primsry combustion zone ran up to several hundrsd dsgress hotter with
the twe aromatic fuels at the intermediate pressure operating coaditicn, 150,

This corrreiltes with the higher emissivi-y and shorier flame lengihs shown 15
Figure 28 at tis intermediate pressure with these aromatic fuels, It is interest-
irg tc wols that at the highest pressure opsrating condition, 450, thess differences
in combustor motal temverature diminish aguin. This probably is the result. at
soms locations .« ghLown in Figure 33, o7 a decrease in metal temperature with the
two aromstie fusls, 4 comparable decresse ir radistion intensity was algo obszarved
with the two aromatlic leat fuels at swatlion 5 in Figure 29, which is in agreement
with the preliminary observations presented in Refarsance 1, 1In tus latter case,
where operating conditions were oven more conducive to pyrolytic carbon formation,
the decrease in rsdistion intensity cbtained with the aromatic test fuel, bsnuzene,
was of sufficient maguitude to result in an actual reverssl; with the paraffinic
test fusls, normal heptane and iscocuare, producing higher radiastion intansities.



FAGE 3}

SNOILVI0T 3TdNODCWHIHL O9NIMOHS HOLSNEWOD 40 WYHOVIQ

€€ 3HNoI4
NI T304
S3T0H HiVv Ol 3ALLYI3Y
F¥NL IAVIL NI STIINODOWYHIH.
P

. 40 SNOILVY3O0T 3LON3IQ SH3LL3M
(3did S5 g
HON! € O'HOS) ! ' “ _ “

wﬁmwp‘_ﬁ L7777 \\\\\%&

14 /B /71177417 -/ 7. 7 — ,ﬂ\\_a‘
_‘I _ o _ o o _ ) o i o ° _ o RS
. o (<] © [« 0, ) c
wonanw (0,3 O .0 O 5 O .8 O ¥
H2ivMm - ! © o o "io s le o ‘o
© ode oY% o

=i .._m oo o

L o
- i !..\Mv lo AUO o Oo o Oo -
| | o . o ) o ) o o ! o
\777072. L7 &.m.llxﬁmﬁ 7 1 Xz R\égl.\\\\\

R 2,

S-S i3OG WOISEAID KO dv Iy
ANVAWOD WARVCHLId Sl 7R

o
ry

o



| Lt il r .
Rimed Services Tgcngacgi Informtio Aoens
‘E‘IGUMENT!’SERWCE CENTER

KNOTT BUILNGEE DAVYOR 2 puio

{
FOR .

Q2 OF ¢

<

MICRO-CARD
CONTROL ONLY

-

KR“TSSL‘D FOR ANY PURPOSE GI‘HER THAM IN CONNECTION WITR A DEFINKTELY RELATED
GOVERNMENT PROCUREMENT OPERATION, THE U. . GOVERNMENT THERERY INCT'aS

NO RESPONSIBILITY, NOR ANY ODLIGATION WHATSOEVED: AN THE FACT THAT THE
GOVERNMBNI MAY HAVE FORMULATED FURNISHED, OR IN ANY WAY SUPPLIED THE

SAID DRAWINGS, SSECIFICATIONS, OF GrHEHR DATA IS NOT TC BE REGARDED BY
IMPLICATION OR OTHE‘!WISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY QTHER
PEasow OR CORPORATION, OR CONVEYING ANY RIGHTS GR PERMISSION TO MANUFACTURE,

USE OR SELL ANY PPTEN’I‘ED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.

"UNCLASSIFIED



W50

=3

TEMPS ATIRY:

1t A

A

¥

150

COMEUSTOR

TANS L[IX

FUEL TYFE ANI OPERATING CONDITIONS OK

SSousla

Prc” 02 !

g

et Conditior {See Table I}
Thergacousls Iocation (See Fig. 32}

Report 1526-546F

Page 52

8 | BEE Bt [ | e o B 9% BB 2ge 3R
g |sgg eop p | oup e | B0 9P B BEE SR
o | g ege | ede s B | AR AR E g8 338 B
o |goe ege | g% e | s gse e | osE R P
3 |5 9 p | g% SRR R | BN BER B | GER S
4 i evp ofp [ | od wga | e sep | BEE MR
| o5s S55 B | ogE aE9 P | 99R G R | S AR

J 4 sdp 99 p | oo 899 | fgE SR | A9 B P
{ gep pEc [ | 6ep R R | 35K YR | PR IME
sge S | 8RG8 F | 650 &0 B | BO% P E

y 9 oo e p | vep Gp B | AOR 2GR | TR IWE
J | 955 % | BEE S | GOR GHR ) AR P
y |59 espp | s ssp B | 3% AP | B MR
y | % s | adf B3R B | GGR RGP | R GEE
o | oom 39 p | ege sep | R9R ASR B [ NG R E

e % % & )
¥ b : bl P Ey g 5?
g £k £ ik L iOEE
3 § 4 % D
g 3 P2 i i iz
4 |
‘-’15
o 3 .
£ g ©
é'g‘ 2 g g
:"fis g & 2




PAGE %2

dOLSNENOD HNOIV NO!'LISOd SA
SIUNLYEIANIL 38Nl 3Invd

€€ 3JuNOI4
1371n0 SIHONI-HIONIT 38NLi IAV-i4 NERTY
5 L g £ I 8 L G 2 I
[ele] 4 . Y T 13 T T T T T T T T T ‘
-4 - s’ -
oY 9\\.\\.\.9\_\\.\1 1 ! 1 i _\.\.\ ! X 1
B - i ) \Q\\__. e — o — l...l..“ 7
£ oog j 4 p oy = - i
5 Y .\.iyr:..ul_ﬂ\»n\/\.\r\l 1T oGl e m | | .
4 - O5b /\ ~~ L ogv ; ‘ ‘ B
c - . _ ]
= 3N3NT0L ANV..500ST
OONn 1 ] ] L ] Il ) 1 L I 1
u, ‘
W ocv T T T _ T T T — T T _ T I T
o N
m _ b o — | o .
T _ , 1 L — |
> ' o H
= .I|J|||.\\,.,\\ ) 1 !
m ’ ov \ | _ H i 3 \\#.\.\0’ ‘sll.l..‘l —fm i
moos - “ _ L Op e ._ .
= L 0Gl e— z//:d, _ . I —_ .L\\n.\\\_\ ]
7 \ _ . — 0St~ J -
| osv M /\\M\A«/ _/ N B e m 1
. 3N3ZNIE NOILVLS } SNVIdH T/WHON zc_._.ﬁm 1
0021 t— L L 1 i 1 — 1 !

VSIS LNO4 Y

NOISIAIG HOUVISIY

ANVINOD WNETI0813d SdITUHG

P e tac efninay TUMOL



FAGE 5¢

TOLUENE

4 ‘3¥Nivy3adELl 38nL 3INVIS

NDITION

NORMAL. HEPTANE

M

PZ7777) BENZENE

LR

ISOOCTANE

[ fo) o [o] o o
& Q c 2 ol o
o + W L <
[ RICEERXRRY %Y
........".".«.".“&x.m"“.
SNSRNNAN N
y,yv.ary?‘yi
[0 AR IERIHR
S
- o ™ SRS
z 4 2
o o Q
= = =
<« < <
= - -~
v 0 n

wIS-9LS) LdGa3Y

NOISTAIO HOAV333Y
ANYdWOD ®N3I0¥L3E SAITHG

;

iy

CONDITION

ST

T

FLAME TUBE TEMPERATURE VS COPERATING CO



Resmarch Divis:cit anyaxt 1606 5AR
rage 5%

Methods for reducing ine higher primary combustion zone wall temperatw
obtained with similar nromatic fuels uwre suggested by the appuarsnt independence ¢
the flame tube inner surface temperuture with respect to fuel typa following tae
first major injecticn of secondary quench air, sas indicated by the thermccougles
E~E!, Unification of combustor design to increusse the chunnels for conductive
heat transfer and orginizstion of flow patierns for contrcl of convective leat
trangfer are indic~ated; however, simple irclation of the primary combustion zons
wall by radiation shielding would be of considsrable bsnafiy,

B. Combuator Metal Ioss Rate

4 moasurntent of combustor durabilitv was ohisinel £yom the differvencs

in eleansd flame tube weight ocefore and &lter testing. The Type 304 sizinlsss
stesl flame tubes ware thoroughly cleansd of all deposits and scale by wire brush
ing. Rates of mrial loss were estebllished by rurning one hcur endurence typs tes-

Table IV presants the datas obteined on combustor matal loge rats, us
wall as that cn combustor deposit formstjon rats and exhsast gas smoke dansity;
tecause these threes supplemswiary meusurements were all made ¢-weurrently. No
attenpt was made to obtain Gata at the low pressure tect condition. 40, bscause
orevione siudles have shown nagligible metul loss, deposits and smoke st such com
bustor orereting conditions, The flame tube metal loss dainu obtainsd &t the twc
higher pressurss, while maintaining other operating verisbles constunt, sre plotts
for all four test fuels in Figure 35,

Theso data show that increusing the combustor pressure increused the
flame tube metal loss rate. This is compatible with the observed racreuse in
radiant snergy from the flame und higher flame tube inner surfuce temperatures
previously noted, These dutu confirm previous indications of intensificstion of
combusitor durability problems at high pressure and temperuture condiiions for
combustion,

The effect of the hydrocarbon structure of the test fuels on combustor
metal logs rates are as would ba sxpoctsd fvow the iallerencss observed in totunl
ilame radiant energy. Spscificslly, the paraffins, iscoctans snd normal heptaue:
produced lowsr ratas of [lame tube metal loss than the arcmatics, toluens snd
benzens, Recent work (9) hus shown that relief from thie thermul srrosion cun

A messursmant. of tio rute 57 foimation of combustor deposits wus cbtainec
trom tha difference in flame tube weigihit befor: and after cleaning. The Type 204
stainless steel flame tubes were weighed following cne hour sndurance type tasts,
and then thoroughly cleaned of zll deposits and scaele by sire brushing for rsweigh-
ing. The substantial verictions in fuel flow rute  =hown i Table 11 10T ULh
diiferent operating conditions, were compennuted for by sressnting the dsts ur oy
fuel weight ratic basis; thel is, in terms of the weight of deposit formed pe:
unit weight of fusl burned.
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TABLE 1V

Pege 56

FECT OF FUEL TYPE AND OPERATING PRESSURE ON METAL LOSS, DEPOSITS »ND SHOKES

Combustor  Exhaust
Metal Gas
Combustor Deposit Loss Smoke
Test Fusls Test Conditions Formation Rate Rale Density
) Percent
{See Tabla I}  (See Table I1I)  mg/hr mg/kg Fuel mg/br __ Black
Normal Heptana 150 270 6.2 320 1
250 920 8.6 2240 7
Isooctane 150 95 2.4 115 7
450 790 T 990 21
450 1100 10,2 1140 13
Benzene 150 1330 33.5 2190 23
150 960 24,2 3110 -
450 1500 14.0 4150 60
Tol usite 150 L850 120.5 110G 15
450 1090 10,2 2850 55
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the coucurr;ntly measured data on combustor denosit formation rate are prosented
in Table IV, The flame tube deposit formution rate datu obtuined at the two
higher pressures are piotted for all four test fuels in Figure 36,

Az peinted out in the rreceding section on combustor metul loss ruie,

Previous studies of combustor deposits (1) have indicated that devo-
sition rate generally peals at a moderats combustor operating pressure, falling
between 100 and 200 inches of mercury. The present dats appeet to verify such
an optimum pressure for combustcr deposit formation rate, The reduction in carbon-
aceous deposits as combustor operating p. sssure exceeds five atmosphores has been
attributed to their ignition and burn-ofif trom the hoi flume tube metal surfuces,
rather than from lessened pyrolytic carbon formation, This is compuatible with the
grester [lame radiani energy, increased Mwuwe tubs innst surface te Torature, and
increused metal loss rate already dicouseed.

‘the effect of the hydrocarbon structure of the test fuels on combustor
deposit formation rate wers as would be axpecied, when deposits were obtained;
that 1s, less deposits were produced by the paraffins, isooctsne and normal hep-
tane, than the aromatics, toluene znd benzene. However, the most imporiant
observation was the continued indication that regardless of fuel hydrocurbon
structure the combustor problems airectly connected with carbon deposition were
associated with only a limited combustor operating regime. This suggests that
restrictions on fuel hydrocarbon type, which sre dictated by combustor carbon
deposition problems, simply reflect temporary combustor dasign and/or metallurg-
ical limitations,.

D. Exhaust Gas Smoke Density

4 measurement of the amount of pyrolytic carbon in the combusiocr
exhaust was obtained by filtering & consi=ant stream of this gas throuvgh a strip
of paper. This was accomplished by employing vne E. K. Von Brend continuously
rcecording gus sampler, connected through a sampling chamber tc¢ s 1,/16-inch diame-
ter totsl pressure Lype sampling probe. The sampling chamber was vented to the
atmosphere, The smcke traces on the filter paper were assigned reflectometor
raadings with the aid of a Welch Densichron, which are a percer cage of the blacke-
ness of a standerd reference plaie compared te = Clean while Jillel papei.

As pointed out in the preceding section on combustor metal loss rate,
the concurrently measured data on exhaust guas smoke density are presented in
Teble IV, Ths exheust gzs smokr density data obtulned at the two higher pres-
sures are piotied for alil :cvur test fuels in Figure 2T

denzity =tcompunied inersesed gomhnetar ammhnr nressure . 'l‘h1<: ia in acresment

dencit cmpanie
with previous studies (1) which have indicated that increasing pressure probably
promotes the formation of pyrolytic carbon by decreasing tae rate of diffusion

and mixing of the fuel and air. 4 relstionship between the intensity of radian
energy from a flame and the concontration of bluck body rudiators, of wh .ch smoke
aensny 18 &n J.nuex, 13 1ndicated, The difference 1n Lhe wAL atomaiLiv, & LU 740
micren, sistlon 5 specira (Flgues 12 and 12) indicate thet there may be & d1fferenca
in the benzene and tcluene smoke other than the amount pregent.

While the density of exhaust smoke has not as yet been considered an
operational limitation, its control may be desired for othrr reusons, Compensu-
tion for the decreased rate of micro-mixing accompanying incressed charge density
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IL has long bsen recognized that the various hydrocarbon type fuels
differ in their tendsoucy to smoke. The effect of hydrocarbon structure on ex.
haust zos5 smoke density 1s as expected for the da*a obtuined, with less smoke
produced by the psr~ffins, isooctene and normsl heptane, than the sromatics,
benzens and Loiusie. However, under the severe combustor operating conditions
which favor the formation of substantial quantiies of pyrolytic carbon, little
rellef can be expected from restrictions on fuel hydrocarbon type.

VII. GCONCLUSIONS

The following are short restetements of what are believed to be the
significant findings of this work, They are relative to the imboratory scale
jet combustor used, uuder the particular vaperimentsl conditions of this study.

(1) Non-luminous flames wsre chsracterized by dascontinuous radiatior.
i.e., band emisajon of mclecular origin. The emissivity in these molecular bands
approached one only in the carbon dioxide, 4 to 5 micron. bend. The averags
trargverse emigsivity, of the infrared spectral region frcu 1 to 12 microns in
wavelength, was aspproximately 0.02.

(?) Luminous flames were che.racterized by & predomirarce of continusus
radiation, which wss black body in neture. For intermediate valuzs of luminosity
the discontinuous molecular rediation was evident, superingused cn the continuous
black body radiation. Tho transverse emissivity of the contun  =s radistion
variad from a few hundredths to nesrlv one, depanding upon exper. s gl condltions.

(3) In general, the emissivity of both tine ncn-luminous and luwn.. s
flumes incrsused with combustur prossure.

(4) The emissivity of the flames varied with fuel type when burnzd
under constant combustor operating conditions, In gererai. the emissivitins of
the two aromatic fuels, benzane and toluene, appesred tc be higher than t?at ut
tha two paraffinic fuels, nermal hentune and igeocctaonc. This diifci-uds ue-

creased at the highest combustor opereting pressuro, 450 in. Hg sbs.

(5) In luminous flames, the h2at transferr-d by radiatioh 1o comlust.®
flame tubes, etc., wes an apsreclable portion of the tetal eneryy relessed. The
radietive poa~r veried from less than cne ver cent tc _reater than ten per Cert

of the total energy relessed, depending upon fuel type snd operating conditions,

(6) GCombustor flame tube metal temdelatur. . (Lift.ased with rnoc2asin
combustor pressure (with decreasin: combuster i-lst -=locisy: o @ othe nesifruds

increcsed flame emissivity, ’

s O

(7) The effects of fuel type or [lame tiuhe zete] '-aperature aere
negligible at the low prassurs {iir in. Hz sls.} high velocity (250 fpe) cond
tion. 4t the iwc higher pressurss (150 and 450 in., Hg abs.: &rd lowcr velocity
1-J0 fps), the two aromutic fuels produced higher retal temperatures. 8gTes1rs

with totsl radietion trends.
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{8} Flame tube metal burn-off rates, at the tws higner prsssures,
1 ~roased with metal temperature. ietal losses increwsed with pressure, and
highest for benzene.

(9) Smoks, as such, had little to do with the radistive energy
transfer through short columns, i.e.,, the absorption of infraved radistion by
smoke was small, However, smoke forming tendsncy 1g important in that it
governs the luminosity of the flame, and thus tho radiative characteristics
of the flame.

(10) Exhaust gas smoke density increased with pressure, and was
highest for the ‘wo sromatic fuels. This indicates & direct relationship be~
tween pyrolytic csrbon formation and radilant energy transfer in high pressurs
jet combustor flames,

(11) Flame tube deposit formation rstes were highest at the inter-
mediate pressure (150 in. Hg abs), with toluene producing the most deposits.
At the highest presswr: (450 in. Hg ebs) deposits were low with all fuels
tested,

(12) Plame ®noisinsss" {fluctustions of rudistion intensity and
transmission properties) was a direct function of ths carbon forming tendency
of the flame,

{13) The tempersturs of the flames studied here (fuel-air ratic 0.01)
remained essentially constant over & lsrge range of combistor operating condi-
tions and fuel types. The temperature was in the neighberhood of 1800 K (2800 F)
for the particular conditions of this study,.

(14) 'The emissivity of the carbon dioxide 4 to 5 micron molecular
emission was nearly one over a largs range of operating conditions and fuel
typss. This indicates that the intensity of radiation in this spectral rsgion
is & good indication of the flame temperature and 1s essentially independent of
the luminosity of the flame.

(15) The temperatures of the luminous material in ihn flame and the
carbon dioxide gas appear to be very nearly the same.

(16) Narrcr band-pass pyrometers adjusted for, say, the 4.4 micron
region should serve as good flame thermometers if the flame cross section is
sufficiently large (i.c., at least two inches thick).

(17) The molecular emissicn and absorption bands will broaden toward
long wavslengths with increase in gss temperetures, making nerrow band-pass
pyrometry independent of atmospheric aLsorption. In addition, &s & conseguence
of more materisl being present, the intensity of emission (i.e., emissivity)
and abgorption will increass with pressure at these longer wavelengihs.

(18) ™ote) readiztion pycumeisrs must include the 1 to 5 micron spectral
region to give relisble indications of the total infrared rediasticn emitted by the
flame. Window material for such pyrometry is impertent. Sepphire windows will
give substantially more reliable results thsn quartz without iarge luminssity
and smoke correctiona.

(19) Little hydrocerton as such was sresent in the flame zone,
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(20) Radiutive energy transfar from the flame zore to the hydrccarbon
fuel was relatively jnefficient due to *the non-coincidence of ths absorption
aspectira of the fusl and the emission epactrs ~ the flame., This wss more pro-
souncel it v eess of vme~Liwinous flaues thar in luminous {lames.
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