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E. C. Miller, A. E. Blake, R. X. Schirmer, G. D. Kittredge, and E. F. Fromm

OGmracterictics of the enerfy radiated from aircraft gas turbine type
combustion processes were investigated by Phillips Petroleum Company for the
Navy Bureau of Aeronautics under Contract NUas 52-132-c. The study was conducted
in Phillips' Jot Fuel Test Facility using a 2-inch combustor. Two paraffinic
test -fuels, normal huptane and isooctane, and two aromatic test fuels, benzene
and tvlunwae, were selected to obtain a wide range in hydrocarbon structure. They
were metered to the combustor at an overall fuel-air ratio of 0.01. Three dif-
ferent test conditions were selected to be representative of ramjet, current
turbojet, and future turbojet powerplants. Respective operating pressures were
40, 150, and 450 in. .ug -bs. lafrared flame emission and absorption spectra,
from 1 to 3 5 microns in wavelength, were obtained Lt five different locations
around the combustor. This w.as also done without combustion, and without fuel;
tz cbtain fuel, and cir, absorption spectra. SupDim..-tary measurements of four
other ocrbustion cleanliness parameters were also ohtaninerc for correlation pur-
poses; f..e., combustor metaJ temperature, combusto: .&l loss rate, corbustor
deposit formation rate, and exhaust gas smoke density.

Non-luminous flames were characterized bý discontinuous radiation of
Polecs.er origin. Luminous flames were characterized by a predominance of cor-
tinuous, black body type, radiation. At intermediate values of luminosity the
discont'nuous. rolecular radiation was evident, superimposed on the continuuo
radiatioos. The average transverse emissivity of the infrared spectral region
for non-lminout flames wrs approximately 0.03; but it increased, with increas-
ing flame Wuminosity, to nearly one.

The transversa emissivity of the flaires increased with increasing
combustor pressure, but the rate varied with feel type. In general, flame
emissivities of the aromatic fuels, benzene a'4d toluene, were higher than those
of the paraffinic fuels, normal heptane and tsoowtane. However, absorption by
the smoke in the exlaust column decreasod tLe longitudinal emisriv

4
ty of the

two aromati'c fuels with increasing pressure at higher pressures. This corrobo-
r.*-z .o1cations of even more extensive rrersals in emissivity, previously
observed at higher smoke densities than obtained during this study.

-. ... . .. . . . . . . . . . . . . . . ... . . . . . . . . . . . ..- - (continued)_

This ccpy of this report has been released for privat Information only, vil4 with the

underslfandwv that a y oaer use 0 the subc'ct rmler, in r't'oi or in rarl. by refer-

ence or f::. !]' I i 'y r If tMe 1 C., j ct [I,i .;rs Pc'te; u COmpai;y,
ard vi I ; (4 t';ot c.,,- I fri 1t o' .,I, ; and will i.? lut[her u [,der-

stand - IM ., s 1., ti3 l+epi... J a J ,_ '.- I for hofmdatw. purloses csy
and thart any st: _-.;s'oqs and recomnmei•iJi ,s (c;!tah,."J hIre n s'iall nat be under-
stood or construed bs, in any sense, guaarirecs or warala.es of any method, pro-

duct or de,-ia.



PHILLIPS PETROLIJII COMPANY - RESEARGH DIVISIOI, RU,.ORT 1526-56R
Page iii

§ V~I M X. 1! . (continued)

Inergy tranafsrred by radiaticn to combustor partu suc its the flame
tube, was an apprecishle portion of the total energy released in luminous flames.
The radiative power vitried from less than one per cent to greater than ten per
otait of thb- total i-rarg re.laased, depondilng upon oxpcrimental ccnditions.

The varsations In combustor meicel temperature, which accompanied
ebaniea in wxpwriue' ntal conuiiono, followed total rndlaoif usxrgy T'rends., whi'e
the temperature of the flames remained essentially constant at 2800 F over a
broad range of exysrimental conditions, indicating a constant extent of combus-
tion; the combust~r flame tube mretal temperature varied over 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 combuotor flame tube, which should be some index of
combustor durability, also correlated with flane emissivity and tha accompanying
flame tube metal~ temperature.

The amoka forming tendency of the combustion process is important
because it governs both flame radiative characteriatics and transmission prrnp-
erties. In agreement with flame emissivity trends, the exhaust gbs smoke density
increased with increasing combustor pressure, and was highest fn the two aro-
matic fuels. Flame tube deposit formation rates peaked at the intermediate pres-
suru, 150 In. Hg abs, and were very low at the highast operating pressure, 450
in. Rg abs, with all for- test fuels. As concludied during pre'vious studies, this
is taken as an indication of the ignition, and burn off, of deposits from the
hntter f lafie tube metal walls, rather than a reduct.lon in the rate of pyrolytic
,ýabon formation at. the higher combustor operating -.ýess,1ra.

Radiative enerwv transfer from the flame zone to the hydrocarbon fuel
was relatively inefficient due to the non-coincidence of the absorption epectra
of the a'=iized fuel and the emission spectra of the flame. The revw fuel absorbed
over a epectral region containing only about ten per ýcnt. of the avai~lable energy
from luriinoue flames, and less from non--luminous f].amts. N'~pite thia ineffi-
ciency, the hydrogen was probably stripped from tht' caribon chains almost immedi-
ately, siice little hydrocarbon as such was present int the flame zone of the
combuasor.

T ital radiation pyrometers musat ince.de the :. to 5 microii spectral
regio~a to giTe reliable indications o.:' the total infrared radiation emitted by
jet combustor type flames. For low lumninosity flames sapphire optics will give
subsl,antiall-v more reliable results than quartz optics., If pyrometr..c observa-
tions are made throuih Iona columns o:' exhaust gases. :It~ may b~e necess-ary to
tako into account tht, absorption due lo the combustion *)roducts and smoke.

The emissivity of the carbon dioxide 4. to 5 nt:'oron '.%nd was ;ei!
one over a large range of operating conditions and fuel. type, Indications are
thi-t the intensity of radiation in this spectral region should serve as a good
index of the flame temperature, since it would be essentially independent of
flame luminosity and atmospherl.c absorption, if a narrow band-pass j,,,roseter
were used.

------------------------------ - -- ------ - I - -- - - ---- -- -- -- ----
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RADIATION FrucM LABORATORY SCAIE JET OOMBUSTtt FLtMOM

I. INrRODWCTICW

During the bimonthly period of July and August, 1956, uitr time -ias
devoted largely to analysis and interpretation of the flame radiation program
"A•fflt :,lts whinh w1re nbt.Aned under the preeeding Contvract MOan 52-132-c.
Amendment 13.

Since Initiating work with Phillips' high pi ?ssure combustor test
facility. it has been observed that among the more prominent effects of oper-
ating pressures in thi ran-ge of ten to seventeen atmospheres pressure are several
related to increased heat transfer from the combustion zone to surrounding metal
surfaces. Tent resuiLs dibcussed in Reference 1 showed combustor flame tube
deposits at such pressures dropping to very low levels, in the face of increased
carbon formation shown by exhaust gas smoke density measureA-eents. However,
accompanying these deposit reductions at high operating pressures were severe
combustor durability problems, manifested by buckling of the flame tubes, dis-

"_____ tortion of the primary air inlet holes, and burning vw.ay of metal from the
l exposed surfaoes.

It was furiher indicated by measurements of combustor flame tube metal
temperatures that both effects, that is, reduced flame tube deposits and increased
flame tube failures, may be reflections of hotter metal surfaces. Since the
flames with all test fuels, whether paraffinic or aromatic, were brilliantly
luminous in appearance at pressures above ten atwospheres, it was believed that
these higher surface temperatures were the result of more intense fame rodiation,
This possibility was explored to a limited extent using a total radiation pyrome-
ter (thermopile type) viewing the flame downstream from the test combustor. The
results, though somewhat questionable as to precision, tended to support an
oxpan-tion of both !- deposit rates and hid- metal burn-off rates on the basis

of flase radiation. 4

Th.us it was felt that a mere detailed study of thM characteristics
of the radiant energy emitted frome two-inch diameter jet coi inustor flames might
be both worthwhile and timely - in view of industry trends towards relatively
high -r-:=un-- ratio turbojet powerplants. Work done by two other investigators
(2, 35 has also shown increasing pressure to cause more intense heat transfer
from the flame zone (primary combustion zone) to the surrounding metal walls,
using full scale combustor cans at pressures between one and three atmospheres.
In both cases the much higher radiation intensities from yellow or luminous
ilames (contahiing glowing pari:cLes of free uaiooun as hsinvidual radiating
centers) comared to that from blue or non-luminous flames was mentioned, it
is. of course, known that the formation of fre- 1- 2 .. ' t- A
high operating pressures. Therefore the work covered herein was planned tc
emphasize realism of the combustion enviro.ment, particularly with regards to

pressure, with advanced design aircraft powerplants in mind.
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It was decided to establish whether the use of Vycor or quart, 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 enevrg transilission standpoint. That is, io there appreci-
able radiant energy emitted at wavelengths longer than two or three microns in
the infrared region, beyond which Vycor and quartz fail to transmit appreciably?
Work discussed in Reference 4 using atmospheric, bunoen burner type flames sug-
gested that this long %rve length radiation conkorised a large part of the total
radiant enerpy emitted. The e:meruimental program whInh •'ne ved had the objec+ives
of deLerminfng detailed radiant energr-versus.-wavelength relationships by the use
of spectroscopic instrumentation, for fuels spanning a wide range of hydrocarbon
type, at combustor operating conditions representative of (1) rumjet, (2) current
turbojet and (3) future turbojet powerplants.

II. TEST PROGRAM

For these studies it was decided to concentrate 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 mumber of pertinent characteristics of the four fuels selected - normal
heptane, isooctane, benzene and toluene. All are relatively non-viscous volatile

oducts to minimize, or at least render ronnstant, the effects of liquid atomi-
zation and vaporization on carbon formation and, ience, 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
5S In brief, the combustor test fAcility was built aroi.nd a compressor plant
capable of supplying air at mass flow rates up to 2.5 ]bs/sec and pressures from
4 to 500 in. Hg aba to a battery of electric resistant' h'. oers, with whigh comn-
bustor inlet temperatures up to 1000 F codld be attaj,'., - V se the air
passed to the combustor inlet piping shown in Figure .:, w.1.ch also L. -
location of the test combustor itself and the stations at which the flame radi-
ation measurements were ,a*se. Fuel was id, roduced into the combustor by pressure
atomization throueg a conventional swirl type nozzle, while air for combustion
and cooling entered through holes in the flame tut. an' noz3.c holder. These
flame tubas were made from heav.,y walled (Schedule 40) .stainless steel (Type 304)
2-1--c', pipe to resist distortion and warping in the presonce of extreme variation
In operating conditions.

The schedule of operating condi;ions choseen for this work is shown by
Table II. Test condition 40 is a coatiaatlrn of low absolute pressure and high
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

* iJLA~;th .. ull uztw ait.±t..ts3 S414C LIuI-v WP~.V5ocvvUk tV CInt W!liUtLlOL- dlu.1J10015

might exist between fuels in radiant energy solely of the molecular, or ax-
luminous,. type.

Test condition 150 was chosen to simulate the type of anmyini inn
environment provided by current and earlier turbojet engines of relative3lv low
pressure ratio at sea evel conditions, or by higher pressure ratio entines at
high altitudes. Past oboorations have shown flames produced ander conditionr
such as this from the two aromatic test fuels to be entirely luminous in appear-
ance, while the two paraffinic test fuels produced semi-luminous flames havi-ng
both blue and yellow regions.
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TABLT I,

0HAWO0TiISTIC0 OF TEST FUELS

(Handbook Values for Technical Grade Products)

HEPTANE ISOOCTANE BENZENE TOIL'lE

Identification Number A239 AI A240 A153

Specific Gravity, 60/60F 0.689 0.692 0.84 0.872

ASW! Distillation, F
Initial. Boiling Point 203 205 176 230
50 Percent Evaporated 206 207 176 231
Dry Point 209 208 177 232

low Heating Valurs, Btu/ib 19,175 19,065 17,259 17,425

Reid Vapor Pressure, ibs/sq in 1.69 1.71 3.22 1.03

Latent Heat of Vaporization, Btu/lb 156.8 132.2 186.3 177.3

Surface Tension, 80 F, Dynes/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 II

SCHE1IULX OF uPkHRA'f4G GUND.1TIONS

Test Condition 0__ - __ .- 150 4 _

7hvironment Simulated Prcssure Ratio Presure Ratio

Combustor Pressure, 40 150 450

Combustor Iract Air 3 C. 400 400
Tei•perature, F

Combusto- Inlet Air 350 109 100
Velocity, ft/sec

Fuel-Air Ratio, 0.010 0.00 0.01.0
lbs Fuel/lb Air

Mass Air Flow, lbs/sec 0.53 5(.50 1.36

Mass Fuel Flow, lbs/hr 48..i 8 *8,8
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Test condition 450 sieulated the type of conditiows ancountered
with certain current and fotuiira hi t n'eresure ratio turbojets2 particularly at
low altitude conditions. However, it should be mentioned that pressure .wa:3 the
only variable changed here from condition 150, since a corresponding increase
in inlet air temperature (desirable fnr s+.rict realism) was decided against
because of doubts concerning the ability of the potassium bromide windows, through
which th- flame radiation measurements were taken, to withstand temperatures much
above 400 ?. Inlet velocity, too, was constant for both conditions 150 and 450.
A 100 ft/wec velocity was chosen as a reasonably valid compromise between conditions
in older, low pressure ratio engines (60 - 80 ft/sec) znd those ty-pifying newer,
high pressure ratio units (125 - 180 ft/sea).

Fuel-air ratio was maintained constant at the intexnednhe level of
0.010 for all three test conditions, facilitating interoretation of the radiation
data for conditions 150 and 450 on the basis of pressure alone.

III. EXPEtISteAL SET-UP

The infrared emission and absorption spectra of flames within the
laboratory scale jet combustor were the desired spectroscopic information, These
spectra were to be obtained with the combustor operating under the conditions
described above. The spectroscopic equipment avai-able was a Perkin-Elmer 12B
speotrophotometer converted to a 12C instrument. This conversion consisted of
changing the spectrophctometer frow. d-c operation to a-c operation. The chani-e
permitted the use of the morn :,' rn a-c amplifying used on present ,lay
Perkin-flmer equipment and provided a convenient mncis for obtaining both the
emission and absorption spectra of the ijamcs. The spectrometer 1'res mounted on
the laboratory scale jet cosbustor to fore the jet-combustor spectrophotometer,

A ocheztin d_ earram of the jet-combustor spectrophotometer is shown
in............ .diamctnr Llama tuba withi*th M- :,uutr Lest section

had-Ti;:inch diameter air inlet holes through which the spectra were obtained.
To obtain absorption spectra a first image of the Globar source vas projected by
mirror Ml and lens 1l (aperture 3/4-inch) at the center of the combustor. An
insge of this first imago -was projected by lens 12 (aperture 1/2-inch) onto the
slit of the monoohrornator. -The radiation from the Globar was modulated at 13 ceps
by the-, i`ht chopper C! w*it ohopper 02 set in the open posation. This mod,'lated
radiation was dispersed by the monochromator and detected by the thermocouple
receiver. The 13 cycle output frcm the thermocouple was selectively amplified.
This amplified signal was synchronously rectified by breaker points attached Lo
the shaft of the chopper Cl. The resulting d-c signal, proportional to the

-~..- n. .... - ~ isUfliet. limes, radiatiLon
arising between the chopper Cl and the thermocople receiver was rejected unless
it happened to be modulated at 13 cps and had the proper phase. Therefore, the
modulated radiation reanhinsi the thernn'nsle was derveA fr-v- +r P-1- -f-------
and passed throupgh the flame in the combustor permnittinc ihrnrntion we_,n,,rementr
to be madz. S-pectra were obtained by continuously varying the wavelnen-th passed
by the monochrormator over the spectral region desired,

Ehission spectra wore obtained by setting Cl in the closed nosition
and modulating the radiation leaving the combustion chanber by means of cho ' ,er
02. The amplitied signal fror the detector was synchronously rectified b.- brea'ncr
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points attached to the shaft of C2. in this case, only radiation originating
between 01 and C2, in the flame tube, was modalaled and was thus recorded. With
this arrangement the emission or absorption 9peievra could be obtained by activating
the proper chopper ao- brýzýZiL pubi-ts.

The lenses LI and 12 were made of potassium bromide with a focal
length of 5.33 inches. Te lenses were separated from the combustion chamber by
plates of potassium bromide one centimeter thick, The plates were sealed by means
of plastic 0-rings to fittings atLacued to the coi.bustion chamber. In order to
cool tihe potassium bromide plates and to prevent deposition of water, oil, carbon,
etc., on the windows, dry air was injected betweer the window and the combustion
chamber as shown in the diagram.

A. Soectrophotomctor Details

In the intereot of safety and operator convenience it was required
that the spectrophotometer be operated by means of controls which were located
outside the tent-eellt Phrsfnre a 25 foot caic was _ised betw1een t- uo Lrols

andthe equipment located inside the test-cell. Fijgure 3 is a photograph or the
control, amplifying, and rcuording system standing alongside 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 swtt-Icn assemblies, scanning drive, and clit drive. The selector
switch at the left switched the amplifier output to itilizec the rectifier breaker
points associated with the particular light chopper being used (iep, absorption
or emlislon). 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 light chopper motor desired. The center tog-gle switch position
determined the direction of rotation of the monochrometor scanning drive .aotor-
1Iu speuLra were obtained by scanning from short to long wavelength. The 3-position
tnvule -i..tch an the ri-.-'t s•o.--olcd-' the diieotlsua of rotation of the monochromator
slit drive motor Lo open, close or stop the slit.

The recorder was a slightly modified t-inncapolis-floneywell 10 millivolt
recorder. The panel immediately above the recorder was the control panel for the
PerkinF•lmcr Model 107 amplifier. The panel immediately below the recorder contained,
left to right, the watt-meter Measuring the power consusted by the Globar source,
the source power switch, the Variac control for the source voltage, the power switch,
and the a-c line voltage meter. The bottom panel contained the start and stop push
button switches for the monoolromator scanning motor along with the pen and chart
activation switchs. Eicept for the selector switches and motor reversing switches
ri ýu Lý,j li}a•l1 '4±1 un10 onu risry adnn1 controls in ti-Cre 3 were standard with
Perkin-Elmer equipment.

Figures 4 through 7 show rarious ohotoFranhic views of the snoe-ia-
photometer attached to the conabustor i et section. Other er'Lip-ant ii' ds Lu-L-
cell has been obliterated from the background merelr to make the photographs
readable.

Figure 4 is an up-stream view of the corbustor run taken fron the
exhaust end. Water-cooled plates, 1, carrying the chopper-breaker assonibies
and tis Globar source wore s-upported sn the combustor test soction by two oisces
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of angLe iron, 2. The lens-window holders, 3, projected through the water cooled
plates. These lens-w.indow holders were supported from the combustor test secti.zn
by nipples, 4, and pate valves, 5. The d&y purge air was injected into the
nipples by the injectors, 6. M-e spectrophotometer was mounted at a 15 degree
angle to the horizontal to confore with the flange arrangement on the combustor
test section. The light chopper and rectifier breaker ass"ntly used for emission
measurements was enclosed in box 7.

Figure 5 is a view, perpendicular to the combustor rn, :- seen through
the observation window in the test-cell control panel. Tre lirfit chopper, Ci,
for obtaining absorption spectra, its associated rectifier breaker points, and
drive motor, 8, wora located on the water cooled plate, 1. The radiation from

ýLtL1iG1iV;'.-UCfhL~.~ 9, - £-±±C-ý by dsua±LO 'XI, 13ý, !.~. La I .ý

section through the lenses in the lens-window holder, 3. The optical path was
folded a' this point to prevent obstruction of the walk-aisle alongside the com-
buster ron.

Immediately below the water-cooled plate mny be seen part of the iounting

test section. The other end of the monoohromater was hung from the ceiling by a
Ssling. This permitted the monochrostator to :cl.ove with the combustor test secti.zn,
maintaining proper alignment with the test section and those narts 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 consequent
expansion and distortion of the exhaust system.

Two V oader-floou t counters are v 1lb ie in Figure % Co, nier 1 a n iatpr

the width of the monochromator slit in millimeters. Counter 13 indicated the
rotational position of the waveingth scanning lead screw in units of the standard
Porkin-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 slit
widfth. At the left is the purge nr drying tower, 15, containing 15 pounds of
Drierite,

Figure 7 is a view from above the combustor n~o. The axis of the mono-
chrorator was not perpendicular to the axis of the combustor. This was done in
order to ennserve the radiant energy available at 15 microns by usino the ref rant-
ing edge of the sodium chloride nrism. The monochromator was thermostated at
10c F. This low temperature was possible because the test-cell was adequately
venTila-ted and this work was done during cold weather. Tliu view also shows one
of the two aliglinag plns, 16, inserted into the combustor test section to insure
that the flame tube did not rove with respect to the housing.

B. Combustor Details

A sketch of the flame tube in the conbustor test section is shown in
Figaro u. m7ne transverse spectroscopic observations on the flames were made
through 1/4-inch air inlet holes located diametrically across the tube- The
stations numbered 1, 2, ard 3 indicate the locations used along the axis of the
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flario tubne. Thiese- mss<' 1-1il be uz- a throughout this report Le us'. !mate these
obse~rvation sjta:ticrno Transverse ol f ' ,ýtines Were ailso isadc downstream from the
flame 'iuecsc holes5 in the conteuster a mgs stren.,s at the sitUý -. uu1aijerea !t,
Those, obearva,ýtionr', wers wa three,, in. flange 1", shown in Fit 3 c

Axial observaýtions from the mý]aust ore! coere tdethroeig JSseas..
unbnox in the cnaroest elbow approxixately, 4>ý Inches dlownstream ire U:' nael-io ',a
rTY e s 2tation is decimlated, as station 5. Ain unobstreected aril. view of the ýLiaie

ohtý' 14amned from this s~tation.

The peirpe air ius!3-d it stations I, 2!, and 3 was obtainied J d 01 cthe
flow central throttling valve but after ½,ý' flew rats, liateij LIi-i 0 t

5 
1;

2" ve sefficient pressure drop to 'absitain a positi-r tt-ow ausihr~cg the
,)reiai~r irnjectorc. between t-he )otessnmeI bromide sadeus !'0 ' octoxi;or. Th~s
air a pa~rt of the air metered to the combustor, therefor e, it was included in
the feiel-air ratio, The surge air used at statt-onu 4 and 5 was obtained ahead of
tire orifice plate. Therof ore, it was net a part of the air reterod to the conhbuster
and was act included in the fuel-air ratio,

Bszasaion and absorotion spectra were obtained Lt st',ationsý 1, 2. 3, anld h
but only the emission spectra was obtainable at 5I. All four feels desc-rib~ed in
Table I Were investigjated fur each of these observation nt:ations along the cola-
beater under the three coalitions. specified in Tobls. TI.

TV. DU4FARED SPECTRAL l'Z.SIRIM4NiT

The Infrared spectral data obtained With the soectronheoteme ter are
described below. Th is conssist'x of the raw ltapcetarteeieanat
postecroi.,-aeopeetrophotometric dIata. The fencer Were ob~tained at st.;titno 1, 2,
3, and 4, the latter at station 5. Some of the details, concerned with ebtainin;.
the date, th e rel iab- Iiity. of <aý d, ata, andtottd- M'; Uratxcin tila - ';. to Za-sJ
for:.i are also discussed be.low,

A. 3ýndssion Spectra

-knc short wavelength spectral region, 0.!) to 5.5 :icc-one, ý-as oc~an'
with a constent roonocbromator slit xiddth (useally U.100 xirte. Ta -'x

taking- of data andc maintaj~in reasonable recorder ceflectienoi for eon-J.'emý--Jl
a portion of the long wavelength spectrum, 4 to 12,- 1cro'"- wam 5c-nas -IL
constantly increasing meneebremator s~lit %;-dth,. TL-;, si: U dt vrxice 2
froo 0.22 millimeter at -I microns to 2.0 uil ' !¾--t -.ý,! 1:2. tins( o:ý The- s!4
width we, h&IA l--anb at' 2.0 aýUllirae.Uer: irma J2.-. to 15 *a2ce ,- C i-'
continwuoe~l.-. evened accordingi to the, preacrited schedule Ly eusing syn chronous
meters for driving- the -onoehrorcutor rvelerOIC" t~h seqsn:'i ,_ -:. 11

we:senoe'lxv..:. or s i te. Tlie ;n' a10nj~iee ' F .*'-

Fig-ure 9. The upper curve ilists-at('s the effecat ci a-
£a22.l_!ýýaý, toar rcai2atsaon car-re. The Giobar a-. cc' e a,
comibustor r----:-wL-2 vcttdorte ,ove n .obe" -n-±'

Were coed -In olbt&aning tho Arfcr~rd abeeoritien apectra L~ o cr0"
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Some inconsistencies appesrv ' neta rbp t.n1 n8ti cal nli•nmpnt
diff.•ulties and flampe tube distortion. The stability of the alignment was
impro-iod during the course of taking the data so that all of the data do not
reflect the same degree of reproducibility. In addition te onanges i1 the alitu-
ment reliability some of the data are influenced by the fact that the collection
of fýreign matter on the potassium bromide windows was progressively reduced
during the early part of this work. The deposition problems were overcome by
edequ•ate drying of the purge air and by using the proper start-up pro.-edures.
Since this work was something of a suravey project some accunzcy was s.crlficed in
the interest oi decreasing conductor operating time and of covering a larger num-
ber of combustor conditions and fuels.

Figures 10 through 13 are short wavel.nt;Lh ..i ..saon Spectra Of nor.. al
heptane, isooctane, benzene, and toluene flames, respectively. Figures 11L through
17 are the corresponding long wavelength spectra. The combuator operating condi-
tions, 40, 150, and 450, are indicated on the spectra. These spectra were obtained
at the observation stations 1, 2, 3, and 5 reading fron left to right as labeled
at the top of the figures.

"'he short wavelength spectra at positions 1, 2, and 3 were obtained at
a constant slit width, 0.100 millimeter. At position 5 the slit width was 0.070
millimeter. In order to present the spectra on a uniform intensity scale the
information from station 5 was nornslized to a slit width of 0.100 millimeter and
corrections applied for the length of slit illuminated and for the optical aper-
ture of the viewing arrangement. This intensity scale is the same as that used in
Figure 9. The normalization to a 0.100 millimeter slit was mad- by assumjing that
at these slit widths the recorder deflection was proportional to ti-e square of the
slit width. Tire lumped corrections for the lengths of the slit illuminated and
the optical aperture were obtained empirically, as follows.

Since for any one fuel at test conditions 150 and 450 the 4.4, micron
caroon dioxide peak emission at stations 1, 2, 3, does not change greatly, the
pedk .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 essentially complete, thus, the cusissivity is essentially one.
Therefore, for a particular temperature, in this case the same flame, the peak
iLntensity will be constant, 'he same correction factor obtained thusly, 1/3, was
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 amplif:Ler gain and/or slit width used to keep
the reuorder deflection on scale.

No evidence of abnormal radiation patterns, other than extensions of the
ojach 'Uv6U hV'PC Or xidoabiioLi wuieto 1i05d iii huP visiblue reýivLL dcvwl' t 0 0.3 muix~u'o.
Therefore, the spectra were not plotted for wavelengths shorter than 0.9 microns.

The variation in the 4.4 micron peak intensities for the station 1, 2,
and 3, conditions 150 and 450, and the station 5, conuition 150, spectra is
probably a good measure of the reproducibility of the alignment an' other instru-

variations.
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The long -.avcion(,th spectra were scanned At twice the speed used for
the short wavclrngths. Tie sliL schedule shown in Figure 9 was used for all
the long wavelenith spectra. The same factor of 1/3 discuased above for slit
illumination and opt 4 .cal aperture corrections was used in plotting the lon,
wavelength station 5 spectra.. Again the same intensity scale was used in
Figure, 14 through 17 as in Fitnures 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 transcrihed frof, the
recorder chart was normalized to a slit width of 0.100 millimeters. The long wave-
length spectra were obtained with the slit schedule in Figure 9. The effective
lcngth of t monochroizj.au slit illuminated at station 4 was somewhat tTeater
than at stations 1, 2, and 3. However, the data were not corrected for this factor
-ince 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 flame absorption spectra are shown in
Figures 19 and 20, respectively. These spectra were obtained by comparing the
Globar energy curve with a fire in the combustor to the energy with no fire in
the combustor. Tha slit width schedule in Figure 9 was used. The spectra for
stations 1, 2, 3, and 4 are arranged from loft to right, The spectra from.- top
to bottom are for nornal heptane, isooctane, benzene, and toluene. The spectra
for test conditions 40, 150, and 450 are indicated on the individual curves.

It will be noted in Figure 9 that the enerfy distribution was such
that the absorption spectra at wavelengths shorter than one mi'cron9 or longer
than 1t micrrns, meant little because of the small amount 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 strorqg carbon
dioxide- atmospheric absorption, Likewise the absorption in thc 2.6, 6 to 7.5
and 15 micron regions wras influenced by changes in the aster and carbon dioxide
absorption in the optical path outside the flame.

The details of the condition 450 s!oectra where the average per cent
transmission was low, below 30 per cent, were rather meaningless since in some
cases the oignal to noise ratio was less than one. The "noisiness" of the radi-
ation transmitted through the flames apPeeored to increase witl; the average abocrp-
tivity and luminosity. In general, the ener.i transmitted by the condition 40
CInAe wae quite steady, noiso level of the order of one per cent, condition 150
flame, 5 per cent, the condition 450 flame up to 100 per cent. In the case of
emissio n t-he -in w never larger than a fc: per ceit uf Lue signal. These
noise effects are presumably tied up with the turbulence and density of incandes-
cent material in the flame. Flames having a high spectroscopic noise level tere
visually "noisy" with considerable fluctuation in the vi min a f-i f. ....

4 t sua•sLuns i and 2.

Fivure .21 shows the absorption spectra of the four vaporized fuels at
450 in.hes of mercur" corstr 9Cc- cure, as observed at station 2. The raw-, fuel
was injected into the combrrfn'r in exactly the same manner au it w.:as in the flame
studies except there was no flame. The fuel and air floa; rAtes m:ere th:ose used
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for test condition 450. The inlet air tenperiture w.as dripped to 350 F. There
are some doubts about the validity of the.. pzctra in the 2,6t.6 a 3 an-ý! .5o
6.7 micron regions. Those doubts arise because these spectra were obtained
before the deposition of foreign :tatter, particularly eater, on the potassium
bro;mide windows was eliiUnated.

Figure 22 shows the absorption spectra of the wate. gad carbon dioxide
in the complete optical system, combustor included, with 40 and 450 inches of
mercury air pressure in the combustor. These spectra were obtained by comparing
a emooth Globar emission Curve, simulating low water or carbon dioxide absorption,
to the experimental curve. The smoothing was done in those spectral -egions in
which an increase in combustor pressure gave a significant decrease in transmission,
namely, at 1.9, 2.6, 4.3, 6, and 15 microns. It will be noted from these curves
that the approxcimately 20 inches between the potassium bromide plates contained a
large part of the effective atmospheric absorbing materials at. 450 inches of mercury
pressure (15 atmospheres).

V. DiS•uSSION

A. Infrared Spectra

Inspection of Figures 10 through 17 indicates that the experinental
flames may be classified into two groups. One group in which molecular (band)
type radiation predominates and another group in which black body (continuous)
type of radiation predosmiates. Such a grouping agrees with the visual flame
characteristics and the designations non-luminous and luminous, respectively.
if more combustor conditions are subsequently investigated more precise nomen-
clature will be needed. The table below summarizes this information for the
fuels and operating conditionb used in this work.

Test Gondtislujs

Test Fel. 40 150 450

Normal Heptane non-luminous non-luminous luminous
Isooctene
Benzene " luminous1
Toluene it s

In the non-luminous flame spectra, thc molecular bands ceanLred a-t
1.4, 1.9, 2.9, and 7 microns will be recognized as the f£asiliar water vibrational
emission bands. There may be some contiibuLIon .Znnn .abVn dztcxio at 2. 7- .iron:.
Such contribution can be evaluated by studying the spectrum of a carbon monoxide
flame. The band in the 4 to 5 micron region was du= to carbon dioxide vibrational
emission. The carbon dioxide emission in the 15 micron region was not obvious.
.T.. c . . ! -.. .... . . ... .. ... ... r-n d.t a 1are deere bv
the absorption due to water end carbon dinxide and the air path in the optical
train. The absorption at 1.4 and 1.9 microns was due to water, at 2.6 to water
and carbon dioxidv, at F.3 ;.v carboon dioxide, at 6.5 to ;:ator, al'.. at 15 microns
to carbon dioxide. These absorption bands were particularly evident in the station
5 spectra since the radiation traverses about 4ý5 inchce of uxhaust gases and air
at the same pressure "e the combustor,
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In Lhe 9 to 13 micron regien there appeared to be some coherent
structure in the emission curves for both the non-luminoats and luminous flames.
In the light of some atmospheric pressure methane-air flame radiation studies
made by Bell and co-workors (6), these bands may be attributed to wvter emission.
she upper part of Figure 23 is a tracing of Bell's data. Part of these data *.rre
obtained at somewhat higher resolution than used in our study. The detailed
structure shown in the 6 to 15 micron region has been attributed by Bell to water
rotaticavl. emission. Such rotational emisaion arises from two scurces. At flame
temperztiares higher rotational levels are excited than at Ambient temperaturm.t.
Therefore, th: 6 rxtie w&Lcr vibrational band will have extended rotational struc-
ture. Fnrther, the higher level pure rotational lines will extend into this region
from tih'- 20 micron. region.

Superi4posud us this high resolution curve is a dotted curve. This
dotted curve is a visual integration which shows what this curve might look like
at the resolution used in the high preuuqre work. There may be considerable
prejudice in this integration; however, it serves as a ba-'!s for compFrison. The
lowor part of the Figure 23 is a neprnduction of anatural han-air flame spectrum
obtained while preparing the spectrchotome+.-ic oquipi•ent fur the jet combustor
investigation. The resolution mued here is comparable to that used in the jet
combustor work. The monochrosator slit widths used are indicated on the curve.
The naLural gas-air flame was produced in the standard Globar housing that is
norually 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) wae :lccted into the housing from below. The gas was
ignited above the screen.

It will be seen on inspection that the details of this low resolution
spectrum correlate very well with the dotted curve above. Further, these details
cutrespond to those noted in the 9 to .3 micron region of the jet combustor flame
speatra. In the station 5, condition 450, spectra the sense of some of these
details is reversed. This arises since with the long column of exhaust gases in
th .. t.... • • ihU absorption due to tbe exhaust gases predominates over the
emitsion. It should be possible to determine whether the increass in emission
from 10 to 13 microns is due to water, carbon dioxide, or stripped carbon chain
emission by studying the spectra of hydrogen and carbon monoxide flames in atmos-
pheric pressure busuers.

One characteristic of a moleOular flame emission, band is that the'wave-"
length distribution does not .orrespond to that of the atmospheric absorptionl
A large pert of the emitted radifation appears at longer wavelengths than the At-
ikzýo;-,ric absorption bands. This may be explained by the fact that the emitting
gas 1s at a higher temperature than tie atmospheric absorbing gas. At ele-iated
týc•arturaz LL. i•v.laAiou of jte en-rgy states of the molecules is different
from that at lower temperatures. The wavelengths of the emission or absorption
,.esulting r-u transitions betwen the higher nenr& states will not coincide

exactly tith the transitions between the two lnw,?-t 3tates. This situation arizeu
!_ i gen.ral. the . z' ;s ;o han'r-nl_ usbiilazor rather then a har-

monic one. The eorrcsp.'adence between the moleculer flane eminnliu -- vwlength
distribution.2 and the flame abeor-ption distribution can be seen by inspection of
Figures 10 throvgh 20v -Since the an'-harmonisity should increase at higher enur•v
states the flame absorption and emission bands should broaden toward longer wave-
lenSths as the flame temperature is increased. This effect is also evident
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if the atncspherio absorption of carbon dioxide a'" 4.3 microns in the station 1,
2, 4nd 3 emission spectra is compared with t1e hot exhaust gas absorption in the
station 5 emission spectra. Also a comparison of the flame absorption spectra
at stations 1, 2, and 3 with the cooler 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 molecular radiation. In the cases of intermediate luminosity molecular
radiation peaks are superimpnn-d on the continuous background. The absorption

aur.- -.-- th-t1--th r.-ia---------------- c-----'- emis-n-he------it i

higher than the background. As the luminosity of the flame, increases, as evidenced
by the increased intensity of the continuous radiation, the molecular bands become
leas pronounced. it will be noted that, for those flames where the average absorp-
tion is nearly complete the continuous radiation at 4.4 microns is no more intense
than the molecular radiation under less lu-m-nous conditions. Therefore, for the
central portion of this band the emissivity is essentially one in the two inch
dinnnter combustor at prasezres above 150 inches of mercury. That is, the radi-
&t+An ntrn.4f.v y.+. ehia wuevelenat. h enual to that of a black body operating at
the temperature of the flame.

The emissivity of tUe flames seem to be somerwhat less or the average
in the 8 to 14 micron 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 there is little or nc cxhaust
smoke due to burning of the carbon formed in the flame zone.

B. Black-Bodv Considerations

In order to study the relationship between the continuous flame radiption
in luminous flames and black body radiation the Globar emission was compared with
a theoretical black body operating at the same temperature as the Globar. It was
necessary to take into account the dispersion of thu monochromator, the effective
all'.0 L~q LM~rwi co.L"..V 44.4 C-1- the.JU. £fl uzi1 LT

an approximate comparison. The dispersion data ware obtained from the wavelength
calibration of our monochromatcr. The emissivity of the Globar and the variation
of effective slit width with wavelength were taken from information published by
Bell (6). No account was taken of the variation in thermocouple blackness with
wavelength of radiation striking it or linearity of thermocouple response.

Figure 24 is a comparison of the short wavelength exxperizntel Olobar
radiation curve with a theoretical 1600 K Globar. The temperature of the Globar
wae measured by means of an optical pyrowetar. The theortic curve wee obtained
by calcula,;ing the 1600 K black body radiant energy distribution by Planck's
vquaUlvi. EA .j -,1 5(eQ" , f,/A L.,\,j ,id U £'edlali. Uuoi par~ uuii- aeau
per unit increment of wavelength, X , T is the absolute temperature, Cl and C2
are constants, end e is the Napierian base. This theoretical black hod3 curve
was then subjected to.khe dispersion curve of the monochromator by means o H'.e
relation -= k 1. IX 1" is the intensity of radiation as measured oy -ha
n-t.-.rnnhn u.nt n.ni a nnrmoalnin-- factor and Ik is the dispersion at wave
length A in terms of the aonochrom•otr wavelength0U.rum scale readings, a. ahe
curve thus obtained was further modified to take into accotunt the emissivity of
the Globar and the variation in effective slit width. Because of the variation
in effective slit width the recorded intensity I,\ is related to I0 by relation-

Ihip If= IS (Be/B)2 , Be and 8 are the effective and geometrical ilit widths,
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reapoctively, which are relotnd by Se = S - 1-7A . The effect of variation of
lens focal length with wavelength wae nrA taken into account. The slit width
used was the standard Figure 9 slit width, 0.100 millimeters. The normalization
factor used will be discussed in connection with Figure 25. The agreement between
the experimental and theoretical Globar curves is sufficiently close to warrant
the comparison between the conainuous flame emission and theoretical black body
radiation curves.

Figure 25 shows the relationship between the station 5, condition 450,
Figure 13, toluene flame emission and the thaorot•aal black )'.e.__v radiation curves
for 1800 K and 2000 K. Both of the black body curves have been normalized to the
same peak intensity. In this case, the same corrections were applied to the black
body curvaes as were applied for the theoretical curve in Figure 2-1 except that the
geometrical slit width here is 0.07 millimeters. The normalization factors used
for the 2200, 1800, and 1600 K (Figure 24.) theorettcal curves wbc. in the ratio of
0.47, 1, and 0.38, respectivAly. The factor of nearly three between the 1800 and
1600 K curves is in large measure due to the losses of radiati-.. :encountered i,
the im.aging of the Globar in the flame tube and inaccuracies in focusing the final
infrared image at the slit of the monochromator.

Except for the spectral regions where the exhaust gas and atmospheric
absorptions are evident the toluene flame emission curve agrees quite well with
the 1800 K theoretical curve. This indicates that at wavelengths shorter than 6
microns the continuous radiation is indeed very nearly black body in character.

The deviation between the theoretical 1800 K and the station 5 toluene
flame emission spectrum at wavelengths shorter than about one micron is probably
due in part to smoke absorption. Tbare appears to be little change in the intensi-
ties at wavelengths greater than one micron with large changes in exhaust smoke
concentration although the risible radiation w"s almost complotely obliterated
in some cases at station 5 by the 28 inch column of smoke. Also under conditions
nf high emissivity the intensity of the radiation at stations 1 and 2, with no
smoke between tre riame and uueoSxS-,• Is...... • 'lth the ot+•÷nn 5 Intensitv.
This indicates that the smoke as such in the exhaust had little influence on the
amount of infrared radiation from the toluene flame reaching an observer at
station 5.

However, examination of the Vigure 12, station 5, benzene spectra shows
gteater infrared radiation absorption by the smoke. In this case the condition
150 spectrum at wavelengtha greater than 2.5 microns has nhntbt the same shape as
the condition 450 spectrum, but the latter curve falls below the condition 150
curve at wavelengths less than 2.5 microns. This reduction In radiation intensity
due to smoke increases as the wavelength decreases. The greater reduction in
radiation inenalL over a broader .... el.ngth 1..nd in the case of benzene probably
is associated with the amount and kind of smoke,

o. Flame Temperature

The shape of the dispersion function of the sodium chloride prism
monochromator changes ths shape of the fam-11jr, l.near in wavelength, blank
body energy distribution. The small dispersion in the two to four micron region
peaks the radiation curve very sharply. If the linear in wavelength radiation
intensity peak occurs at wavelengths less than three microns the prism dispersed
intensity peak is at longer wavelengths. The displacement of the prism peak
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toward longer wavelengths increases with aecrease in the wavelength of the linear
in wavnalngth intenaity yuuk, i.a., at higher temperatures. At i800 K the prism
intensity peak shifts about 0.1 micron for a chanve In te.peraturo of about 300 K.
The sbape and peak wavelength of the continuous radiation for the luminous flames,
as well as the 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. Further, the luminous material in the flame appears to be at the
;same temperature as the carbon dioxA.ide gas in the flame.

Inspection of the spectra Indicates that the length of the primary
combustion aone for the two aromatic 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 oonditiin 150. This. couplad with the higher emir-
sivity of the two aromatic flames, and the consequent cooling by radiation loss
may well account for the apparent constancy of temperature although the heat re-
lease for the two aromatic fuels is about 10 per cent less than for the two peref-
finic fuels. In addition, benzene and toluene flames are cooler- wnen compared to
normal heptane and isocatane flames due to their increased carbon formation.

1L has been pointed out (7, 8), that the intensity of the 4.4 micron
carbon dioxide emission would be a good measure of the flame temperatures. Inthe case of the jet combustor it appears that the residence time within the pri-
mary combustion 3one is sufficient to establish an apparent thermal equilibrium
btteen the incandescent particles and the gas molecules. Within the primary

combustion zone of the turbulent flames observed hero pý:bably in excess of 106

collisions eccur per molecule. With a -isonable degree of interaction, on
collision, between translation and vibrational excitation some degree of equi-
librium between translational and vibrational temperatures may be expected.

Since the emissivity of the carbon dioxide radiation is essentially
one for the two inch combustor at pressures above 150 inches of mercury and would
approach one at lower pressures in larger scale combustors, the intensity of th-
carbon dioxlde 4.4 micron radiation shoula serve as a good radiation thermometer.
it ... ld b- af...•tad by thi i..Jvt3iL of the ilame ann the temperature of the
combustor walls seen through the flame. By making the measurement at. a wavelength
slightly longer than the atmospheric absorption band the measurement would be
indc.-p'da--t Cf tb- .•e•,l .. il path leagths, Since the emission band broadens
toward longer wavelengths with increase in temperature and the intensity increases
as a power greater than one with tne temperature, the relatj-e accuracy of such a
pyrometer rshould increase with increased temperature. Since the incandescent par-
ticlia appear to be in thermal equilibrium with the gas it would be reasonable to
expect the carbon dioxide molecules to be noearly in thermal equilibriu,, with other

..... r,.'Cez tho, -vx.Uotui.i hip uetween the intensity of
the 4.4 micron emission (emissivity of one) and temperature. The intensity scale
as •ll as the dispersion and slit width corrections are the stme as those used
in the 1800 K theoretical curve in Figure 25.

D. Total Radiation Measurement

The total radiant energy per unit area per ,nit time, E, emitted by a
blaC•Aody is the area under Planck's radiation intensity versus wavelength curve.
E = E. dA ; where Al and X2 define the wavelength interval being considered.
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If IX is t'-h radiation intensity at wavelength A as seen by the spectrophotumeter

uegle-ctinl diapeseloU, aiZfactivo al1it veidtl, etC,; then TA =1 n
E k / •,2 IX d \ The infrared spectrum is usually obtained at constant slit

width but uith a dispersion which is a function of wavelength. Therefo.e, the
spectrophotometric spectrum of the black body will not look like the usual Planck's
curve.*

Taking dispersion into asuoant but assuming a uniformly black receiver
and a .onstn.,t effentive slit width, the intensity. Ik . at wavelength X will 1'•
recorded by the spectrophotometer as I', , i\ 4. " is the dispersion in

terms of . velsz•th .e end th5.spectrometer drum scale, a. Rewriting in terms of
the drum scal3 Ii - IA - Ix - describes the incensity which will be recorded
by the qectrophotomater at ums reading s. Changing variables from )h to s by
d d = ds and changing the limits of integration from A1 end , 2 to the corr:s-
pond ing a, and 82

,=/ i k ds ds J -II

61 a

Thus except for sesond order corrections due to chang, in effective slit width as
a function of wavelength [Se = f( X)) and variation in blackness of the detector
with wavelength ISensitivity = f( X)] it is valid to integrate the- srectrum as
obtained from the mpectrophotometer to obtain the total energy.

At a temperature of 1800 K about 90 per cent of the rdilation 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 K. Therefore. in studying the total radiant energy from luminous flames
the uncertainty induced by ignoring radiation of wavelengths grealter than about
five microns will not seriously prejudice our risults. In the discussions that
follow all energy intagrationa are over the range 0.87 to 5.8 microns. The
uncertainty introducei in the case of the non-luminous flames is somewhat larger.
The uncertinty of the trends deduced from the data is probably no larger than
that due to lack of reproducibility of both flame conditions and instrument
alignment.

Another source of error is the contribution of energy by the flame
tube which is measured as flaw radiation. In Figure 25 the 700 K curve shows
the scale of the contribution to be expected from ths flame tube if the area of
the flame tube observed by the spectrophotometer is the same as the area of the
flame obsecved. In the case of non-luminous flames this may become a sizable
prti .. f.th. total radiation at wavelengths shorter than 5.8 microns,

Cnnsiedring the non-luminous flame spectra in Figures 10 through 13
the continuous radiatlIon present may be approximately synthesizea irom tnto ou a
and lO K eurves of Figure 25. Uakin. such a synthesis visually and transcrihing
the results in graphical form gives the data shown in Figure 27. This is a plot
of the per cent of radiation in the 0.8 to 5.8 micron region due tý' nolecular
radiation of carb-n dioxide and water together with the continuous radiation due
to the flame tube walls (700 :) and the isc-nmiscent material in the flame
(1100 K) versus obsorration •.tation along the flame tube, for the four fuels.
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The curves are labeled as to the sources of the --adijtlon (C02 , H0, #e, and C)
and the aombustor operating conditions (40 and 150). Fe and C represent the
contributions due to the flame tube and the incandescent matertal, respc'ctively.

The above flame tube contribution is included in the total radiant
energy in the data chowu In Figures 28 and 29. Further, no correctionn, qA
applied for effective slit width, receiver blackness, esmoken or atranspheric
absorption.

Frovi tbit Stenfan-BoI~twee-n-relationship, ET =6d T4 , th-- to'tall radiatioa9
ET, emitted by an 1800 X black body is 19.55 Btu per square foot per hour. The
area under the 1800 K curve of Figure 25 was integrated and the resulting area
set equal to the 19.55 Btu. Using this infQrmation the integrated area obtained
from tho axperlmental flame curves were theng' converted to Btu's per squara foot
per hour and plotted as such in Figures 28 aid 29.

Figure 28 shows the variation of iadiation intensity with position
along tivj axis of the combustor for individual fuels at the thrne tA•tt preee-ies;-
The data are for observation stations 1, 2, 3, and 4.

• Pigxre 29 shows the variation of radiation intensity with fuel type at
test conditions 40, 150, and 450 for observation stations 1, 2, 3, and 5. Corrob-

orating the earlier observations presented in Reference 1, it should be noted
that the total radiation intensity at station 5 decreased for the two aromatic
fuels when the combustor pressure was raised from 150 to 45o inches of mercury.
This effect was most pronounced for benzene. This probably can be attributed to
the smoke in the exhaust gases between the flame and station 5.

The 
4
nft-mration in Figure 30 is of a more speclative nature. We

assumed that the dergity and character of the flame would not be changed in going
to larger more pruotloal sized combustors. The scaling factors used were 3X for
diameter and 2X for length of the primary combustion zone. Finure 30 then shows
for a nypoth•e•lcal six-inch combustor the radiation intensity variation with fuel
type at comparable operating conditions for various positions around the flame
corresponding to stations 1, 2, 3, and 5 ik the laboratory scale combustor. The
stationl 5 situation indicates the radiation intensity to which a turbojet engine
turbine nozzle might, be exposed. These data ware further simplified by assuming
that the paraffinic fuels, normal heptane and isooctane, were nearly alike and
that the two aromatic fuels, benzene and toluene, were nearly alike.

These extrapolations indicate that at low pressure and high velocity,
test condition 40, them= apiuro to be little signiricant variation with fuel
type. At intermediate preasou•e with reduced velocity, test condition 150, there
7tr-c_ ntd Iff.rncGn; in tI..i.1 _4, ýný ewltýed by paraiiinic and
aromatic flames as seen from stations 1, 2, and 5 (nozzle). At high pressure
with velocity the same, test condition 450, there appears to be less change in
radiation intensity with fuel type. At station 3 the differences between the
two fuel tvs ware .not .- ......

In making instrumental eeasurements of total radiant energy by means of
a total radiation pyroneter using a black detector thc transmission charancl;Wrtics
of a combustor window material are important. If the radiation is limited to wave-
lengthn less than 2.5 microns by tho use of iPyrnx or Vycor window material, then
the amount of radiation measured may give little indication of the umount of radi-
ation present. The transmission spectrum of a typical Vyccr combustor window is
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shown In Figtur 31. For 1800 X fluc= tho •-ttio of tho atount of rAdiation
measured to the totul will vary from a few per c-nt (about 2) to about 60 per
cent depending upon the luminosity of tha flame. The emissivity of the continu-
nis radiation in a two-inch burner varies ol -- wide limits from 0.01 to essentially
one. In tha ann-luminous flame only a smal- kmrnertagA a÷ the . oleou1iFi radiatioenn
for small scale flames lies at wavelengths less than 2.5 microns.

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

shorter than this 5.5 microns. Thns, based on the combustor spectral data shown
her;, if ob_,,ervations of flame radiation are made through sapphire windows the
data should give fairly reliable indications of the total amount of radiation
present. However, if the observations are to be made through long columns of ex-
haust gases the absorption of the smoke mu3t be taken into account. The trans-
wission spectruQ of typical sapphire ind quartz oombue,3tor windows are shown in
Figure 31.

There would be sane advantage to extanding the limiting wavelengths to
ten microns by using calcium fluoride windows. This would include about 98 per
cent of tha 18WLO K continuous radiation. A corresponding larger proportion of the

_ molecular radiation would be included. However, the gain in the larger fraction
of energy obtained would probably not offset the advantages of using the more
rugged sapphire rather than the soft and somewhat fragile calcium fluoride.

3. Combustion Process

In the infrared absorption spectra of the experimental flames, Figure
'9, the absorption due to carbon-hydrogen stretching vibration at 3.4 microna
appears irregularly and is not strong compared to the raw fuel absorption in
Figure 21. The 3.4 micron absorption is recognized only at test conditions 40
and 150. Further, it appears most frequently at stations i and 2. This suggests

* -. . .- ~ ".~~t.n anauh - q16 m~ its iazd.LueiY stripped from
the carbon chains by molecular collision or radiation absorption (vlbr.tional
excitation).

A comparison of the radiation spectra of the experimental flames and
the absorption spectra of the fuels indicates that th, radiative transfer of
energ; from the flame to the fuel is a somewbut ineff:tcient process. This is
particularly evident in non-luminous flaes where the molecular radiation bands
of the flame do not coincide with the absorption bands of" Lhe fuel. In the luimi-
nous situation the f,-! abserbh -.orr spcctral regions containing about i0 per
cent of the available energy. This is the result of the nigh intensity of the
CJOntlnuoz Z.•tiatJ In 'h" ,flc, ).4$ I C6 14.

VI. SUPPlZeiNTART MEaSURIAZNTS OF COMBIUSTION ClL.NLINESS

Previous studies (Reference 1) have indicated a possible correlation
between the intensity of flame radiation and

(1) combustor metal temperature,
(2) combustor metal, loss rate,
(3) combustor deposit formation rate, and
(4) exhaust gas smoke density.
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These uombustor performance variables are apparently interrelated by pyroj5tic
caurbon formation, and thaerfore have been grouped under combustion cleanlitr-•
To further investigate this preis6 .,.:?pnmsntary msasure,.,n*.a v:erc made of thesm
four parameters in conjunctJon with the principal flame radiation investigation,
using the same four test fuels described in Table I and three test conditions
detailed in Table II.

A. Gombustor Metal Temperature

Combustor metal temperature has been measured in past studies by welding
chromel-alumai thermocouples to the outer surface or the flame tube. because of
convective and conductive heat transfer this technique does not present+ a true
picture of the flame tube inner surface temparatur. It was also uncatiasfactory
because of the poor durability of the thermocouples and the difficulty in a5sGM-
bling such combustor test sections. Therefore, the flame tube and its related
outer steel housing were modified for this test program. Ten adjustable iemnersioi.s
clooed-end, 1/16-inch diametar, Coramo, chroml-alumel thermocouples were inserted
through fittings in the combustor wall which were aligned with holes in the flame
tube so th+,-t their tereratue se.....- +.----- fittd s--- -- er1 flush wih+ the
flame tube inner surface. The locations of the thermocouples, which were in tyc'
rows on opposite sides along the axis of the combustor flame tube, are indicat-o'
in Figure 32. Subsequent testing has suggested thas flame t-ue distortion, "'czult-
ing in blow-by cooling of thermocouples, may have produced indicated temperature
too low by several hundred degrees F.

The detailed f)ame tube inner surface tompeiature data obtained
presented in Table III. To more clearly show the effect of the t'- - combastor
operating conditions, the averaged data are plotted separately for each of the
four test fels in Figure 33. These plots allow interpolation of flame tube inner
surface temperature at the locations surveyed for flame radiation. The combuqtor
metal temperature data thus obtained are plotted in Figure 34 - facilitate com-
parison vyith Figure 29.

Comparison of the combustor mezal temperatac uaaua in rigure J4 ,itrl
the +otal flame radiant energy data in Figure 29 shows that a general correlation
does e:ist between these two variublcon

The data illustrate quite clearly that increases in flame tube inner
surface temperature usually accompany increased combustor operating pressure.

nhile the hydrocarbcn structure of the test fuele zhowed little Influence
upon flame tube inner surface temperature at the lowAest combustor operating pres-
sure, the primary combustion zone ran up to several hundred degrees hotter with
the two aromatic fuels at the intermediate pressure operating Cýnaditc'n, 150.
"ibis corre.'etes with the higher eaissivimy and shorter Llame Lengths snown in

Figure 213 at th6 intermediate pressure with these aromatic fuels, It is inter-est-
irg tc •. that at the highest pressure operating condition, 450, these differences
in combustor metal temCerature diminish again. This probably is the result, at
some locations _q shown in Figure 33, of a decrease in metal temperature with the
tw.o aromatic fuels. A comparable decreae;e in radiation Intensity was also obsetived
with the two aromatic .eet fUels at s';ation 5 in Figure 29, which is in agreement
with the preliminary obuervatonos presnented in Reference_ 1, In cae latter case,
where operating conditions were even more conducive to pyrolytic carbon formation,
the decrease in radiation intensity obtained with the aromatic test fuel, benzene,
was of sufficient magiAtude to result in an actual reversal, with the paraffinic
test fuels, normal heptane and isc'cane, producing higher radiation intensities.
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Methods for reducing ine high-r poimary combustion cý.one wall temprratui
obtained with similar aromatic fuels are suggested by the apparent independence c
the flame tube inner sarface temperature with respect to funl type following toe
first major injection of secondary quench air, as indicated by the tnermocoujles
E-El. Unification of combustor design to Jncrease the channels for conductive
hbat transfer and organization of floe patterns for control of convective heat
transfer are tndi.ated; however, simple inclation of the primary combustion zone
wall by radiation shi.elding would be of coasiderable bene5ftt.

B. Combustor Metal .oss Rate

A mmasurosiert of combustor durabilitv whA ohtan.Ž fr=o the difftrenes
in cleansd flame tiba weight oefore and after testing. The Type 304 ctalnless
steel flame tubes were thoroughly cleaned of all deposits and scale by wire brush
ing. Rates of metal loss were established by runrning one hour endr.=ance type tes,

Table IV presents the data obtained on comebustor met.l loss rats, as
well as that rn combustor dapoit foremtlon rate and exhaist gas smoke d-nsity,
because these, three supplem-7tary measurements were all made c-necurrently. No
attempt was made to ootain data at the low pressure test condition. 401. bcause
orevions rtudies have shown negligible metal loss, deposits and smoke at such Com
bustor operating conditions. The flame tube metal loss dJar obtaInend & the twu
higher pressures, while maintaining other operating variables constnt., are plotf
for all four test fuels in Figure 35.

These data show -hat increasing the combustor pressure increased the
flame tube metal loss rate. This is compatible wih the observed increase in
radiant energy from the flame and higher flame tube inner surface temp-eratures
previously noted. These data confirm previous indicetions of Intenslfication of
combustor durability problems at high pressure and temperature condi Aons for
combustion.

Ti6 effect of the hydrocarbon structure of the tedt fuels on combustor
metal loss rates are as would be expectsed fjo. the adjlerences Obser'-ed in total
flame radiant energy. Specifically. the paraffins, isooctans and normal Oept.LiO
produced lower rates of flame tube metal loss than the aromatics, toluene and
benzene. Recent work (9) baa shown that relief fro,, then +h-rmal Crroslon c,;n
be obtained by the choice of more resistant alloys, in addition to th- above Indl-
cated selection of fuel hydrocarbon type,
C. ombu-ator ; sit ?'amation Rate

A measurement t-+. r+- t f foj,•ion f comoustor deposits was cbtbinec
from tha differ-enc in flame tube weight befov. and after cleaning. The Type 304
stAenless steel flame tubes were weighed fo]I om:ing one hour endurance type tests.
and then thoroughly cleaned of 1l1 deposits and scale by &tre brushKng for r-.eogh
Tng. The substantial variAtions in fuel fln- o e.chcuO i, Table Il lo t ne
-!eZsny operating conditions` were comnonzated for b:, :je-sentbng tfha dsit u-r U
fuel weight. ratio basis; that is, in terms of the iweight of deposit formed ri
unit weight of fuel burned.
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TABLE IV

EFFECT OF FUEL TYPE AND OPEFATING PRESSURE ON METAL LOSS._DEPOSITS -__D SMOKE

Combustor Exhaust
Metal Gas

Combustor Deposit Loss Smoke
Test Fuels Test Conditions Formation Rate RHta ens i

Percent
(ee Tabij_ 1, aTqýp m g/n g g ue3 1sg/b Black

Normal Heptane 150 270 6.8 320 1

150 920 8.6 2240 7

Isooctane 150 95

450 790 7.4 990 21.

450 1100 10.2 1:u1O 13

Benzene 150 1330 33.5 2190 23

150 960 24.2 3110 -

450 1500 14.0 4150 60

•rf .. ,0 . - 1 l 5,1 5

450 1090 1-0.2 2850 55
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Apinted :4tit !t t.ap rrAedinr section on comrbustor metal loss rate,

the concurrently measured data on combustor deposit formation rate are presented
in Table IV. The flame tube deposit formation rate data obtoined at the two
higher pressures are plotted for all four test fuels in Figure 36.

Previous studies of combustor deposits (1) have indicated that dearo-
sition rate generally peaks at a moderate combustor operating pressure, falling
between 100 and 200 inches of mercury. The present data appee- to verify such
an optimum pressure for combustor deposit formation rate. The reduction in carbon-
aceous deposits as combustor operating p; a.ssure exceeds fi.ve atmospheres has been
attributed to their lgnition and burn-oft from the hot flame tube metal surfaces,
rather than from lessened pyrolytic carbon formation. This is compatible with the
greater flame vadiantL aenag, inr-jeeu fue tube-a inn6r surface t- •orature. and
increased metal loss rate already discussed.

The effect of the hydrocarbon structure of the test fuels on combustor
deposit formation rate were as would be expected, when deposits were obtained;
that is, less deposits were produced by the 'araffins, isooctane and normal hep-
tane, than the aromatics, toluene ond benzene. however, the most important
observation was the continued indication tnat regardless of fuel hydrocarbon
structure the combustor problems airectly connected with carbon deposition were

'S associated with only a limited combustor operating regime. This suggests that
restrictions on fuel hydrocarbon type, which are dictated by combustor carbon
deposition problems, simply reflect temporary combustor design and/or metallurg-
ical limitations.

D. Exhaust Gas Smoke Density

A measurement of the amount of pyrolytic carbon in the combustor
exhaust was obtained by filtering a const-int stream of this gas through a strip
of paper. This was accomplished by employing the E. K. Von Brand continuously
rocording gas sampler, connected through a samplin6 chamber tc a l,116-Inch diame-
ter total pressuxr Lype sampling probe. The sampling chamber was vented to the
atmosphere. The smoke traces on the filter paper were assigned ref!entumetor
readings with the aid of a Welch Densichron, which are a perces cage of the black--
ness of a standard reference plaLe compared tu a Ol- iediL• tz

As pointed out in the preceding section on combustor metal loss rate)
the concurrently measured data on exhaust gas smoke density are presented in
Table IV. Thz exha°ust gas smokc density data obtained at th,+ two higher pres-
sures are plotted for all tour test fuels in Figure -7.

The data illustrate quite clearly t..at increases in exhaust gas smoke

L7 !=p-A.ic l..,An-e,.+anas inc rcacrn- 'hig ia in tarnpempnt

with previous studies (1) which have inlicated that increasing pressure probably
promotes the formation of pyrolytic carbon by decreasing tne rate of diffusion
and mixing of the fuel end air. A relationship between the Intensity of radiant
energy from a flame and the concentration of black body r•aiators, of wh.ch smoke
oensniy is an index, is indicated. The difference iiL ir.e LwuC a, ujita;,u, -. 4U .

micron," :cbatLiun 5 speutra (Flgurn 12 and d2 J-1 t thbt there saay h, .el a iff r- ri~ce
in the benzene and toluene smoke other than the amount present.

While the density of exhaust smoke has not as yet been considered an
operational limitation, its control way be desired for oth-r reasons. compens!"
tion for the decreased rate of micro-mixing accompanying increased charge density
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Cal ;Uwug~l -.. .. .. B.. for 'f Jm' fuci.
and air. Pre=;-per-i --i'n ; .- , +vpr. • tc

tility with increased pressure, i-epresents one design approach + l .... . uel
preparation to more effective'mixing°

It has long been recognized that the various hydrocarbon type fucls
differ in their tendeiiey to smoke. The effect of hydrocarbon structure on ex
haust gos 8moke density is as expected foi the data obtained, with less smoke
produced by the pb'ýPflns, isooctane and normal heptane, than the aromsatics,

onz... and %•iuuae. However, under the severe combustor operating conditions
which favor the formation of substantial quantities of pyrolytic carbon, little
relief can be expected from restrictions on fuel hydrocarbon type.

VII. CONCLUSIONS

The following are short restatements of what are believed to be the
significant findings of this work. They are relative to the laboratory scale
jet combustor used, uiider the particulax uoperimental conditions of this study.

(1) Non-luminous flames were characterized by discontinuous radiation.
i.e., band emission of mcleculai origin. The emissivity in these molecular bands
approached one only in the carbon dioxide, 4 to 5 micron, band. The average
transverse emissivwty, of the infrared spectral region frc:r i to, 15 microns in
wavelength, was approximately 0.03.

(2) Luminous flames were chracter-zed by a predor:.neere- of continuous
radiation, which was black body in natui.e. For irt;;rmediate valueS nf luminoslty
the discontinuous molecular radiation was evident, supeiir roned an tho continuous
black body radiation. Tho transverse emissivity of the ccnt-c ;n radlbtion
varied from a few hundredths to nearly one, depending upon expexz - i couditions.

(3) In general, the emissivity of both the cn-niLusmnous and lue..l s
-iaeuoa iurceaoed with coimbustur prossura.

(4) The emissivity of the flames varied with fuel type when burn-d
under constant combustor operating conditiong. In general> the emsisPvitieS of
the two aromatic fuels, benzene and toluene, appeaxed tc be higher than that ýA

creased at the highest combustor operating pressuro, LSC " i. Hg sbs.

(5) In luminous flames, the heat transferr-a by radisti;or to cora..
flame tubes, etc., was an appreclable portion rf the total (rncrg; cel,,I-s'-eJ, Thit
radiative poN-r varied from less than one pnr coot tU -roater than ten !3er Cent
of the total energy released, depending upon fuei type and operatln. ronditions.

(6) Combustor flame tube wetal tewu.•,ta;<j ii• ,•uid •i•t, *:.e,.s]ig
nombiefnr nre-11,e (b+th deccrcr in, cob•.st-r t ' .

increased flame emissivity.

(7) The effects c! fuel type on flame tub,'. :: '..,rat1tC N
negligible at the low pressure (.u in. Hg "l'. d high "el>' (ie f.s .
tion. At the .wc higher pressures (150 and 450 in. Hg abs., and lowcr vc2 unity
(-X0 fps), the two aromatic fuels produced higher ,etal te:nu'eratures. agre'TiP
with total radiation trends.
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{8) Flame tube metal burn-.off rates, at the twz higher pressures,
n "reased with metal temperature. •Aetal losses increased with pressure, and

highest for benzene.

(9) Smoke, as such, had little to do with the radiative energy
transfer through short columns, i.e., the absorption of infrar:ed radiation by
smoke was small. However, smoke forming tendancy is important in that it
governs the luminosity of the flame, and thus the radiative characteristics
of the flame.

(10) Exhaust gas smoke density increased with pressure, and was
highest for the two aromatic fuels. This indicates a direct relationship be-
tween pyrolytic carbon formation and radiant energy transfer in high pressure
jet combustor flames.

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

(12) Flame "noisiness" (fluctuations of radiation intensity and
transmission properties) was a direct function of the carbon forming tendency
of the flame.

(13) The temperature of the flames studied here (fuel-air ratic 0.01)
remained essentially constant over a large range of combustor operating condi-
tions and fuel types. The temperature was in the neighborhood 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 large range of operating conditions and fuel
types. This indicates that the intensity of radiation in this spectral region
is a good indication of the flame temperature and is essentially independent of
the luminosity of the flame.

(15) The teinperatures of the luminous material in thei flame znd the
carbon dioxide gas appear to be very nearly the same.

(16) Narr-w 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.e., at least two inches thick).

(17) The molecular emission and aboiytion bands will broaden tosarl
long wavelengths with increase in gas temperatures, making narrow band-DaSq
pyrometry independent of atmospheric Abbauipion. in addition, as a consequence
of more material being present, the intensity of emission (i.e., emissivity)
and absorption will increase with pressure at these longer wavelengths.

(18) Tnte1 r-dlatio ý ,yivmeirs muet include the I to 5 mltron seectral
region to give reliable indications of the tota) infrared radiation enitted hy the
flame. Window material for such pyrometry is infiortant. Sapphire windows 1ill
give substantially more reliable results than quartz without large lumdno.ity
and smoke corrections.

(19) Little hydrocarbon as such was present in the flame zone.
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(20) Radiative energy trensfer from the flame zOnr to the hydrocarbon
fuel was relatively inefficient due to the non-coincidence of the absorptlon
sPectra of the fuel and the emission qepctra - t

he flame. This was more pro-
nounc,. 1- -- oLý:, 0f I•n-.Llifnous flanie• tbsn !n luminous flames.
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