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FLAME-VISTBILITY TESTS WITH INDIVIDUAL EXHAUST STACK3

By L. Richard Turner and Leroy V. Humble

SUMARY

Tests were made on a Wright 1820-G single-cylinder engine to
determine the effect of operatirng variables and the effect of shape
and size of the exhaust stack on the visibility of the exhaust gases
for individuel-stack installations. Estimates of the relative
brightness of the exhaust flames were made by photogrsphic means.

Flame damping was improved by decrease in nczzle-exit area, by
increase in stack length, and by reduction in hydreulic diameter
of the exhaust jets. When the throat section of the nozzle was
lengthened and a bend introduced in this section to prevent view of
the interior of the stack, a large decrease in exhaust visibility
occurred.

A slimulated acceptance test was set up. None of the experi-
mental stacks met the imposed visibility test under all conditions.
The background conditions in these tests were thought to be more
severe than would be obtained in flight. IIntil a quantitative
specification of the limit of flame luminosity or background bright-
ness and uniformity i1s made, the effectiveness of a flame—damping
stack must be determined by flight test. The limitations of photo-
graphic techniques and simulated visibility tests are discussed.

INTRODUCT ION

The use of military aircraft at night in regions defended by
hostile fighters requires that the flame produced by the engine
exhaust be reduced in visibility to the point where the airplane can-
not be detected by its exhaust flame before it can be more easily
detected by other visual means. The present Army and Navy speci-
fications for the limit of range of visibility are set at 30C feet
for airplanes intended for flight over water and at 150 feet for
airplanes intended for flight over land under all conditions of flight
on a dark, moonless night.

Exhaust systems with collector dampers that reduce flame visi-
bility have been built, but they sacrificed the considerable perform-
ance increment made available by use of individual jet stacks. The
flame produced with single-cylinder jet stacks is less bright than




that produced with a collector but, in most cases, the flame lumi-
ncsity is objectionably high. Individual stacks produce useful
thrust because of the high exhaust-gas efflux velocities; making
extreme changes in the stack geomeiry to achieve flame damping is
not desirable; these changss may elther raduce the thrust or involve
a loss in engine powsr, or beth.

Ireliminary tesus with individual stacks showed that considerable
flane darping could be simply achieved, althcough none of the simplest
forms used in the eariiezsi exceriments was entirely satisfactory.

In the pressnt series of t3cts the eff:ct on flame intensity of sev-
eral factors in stacxk design was investigated with the aim of devel-
oping a satisfactory stack design.

These tests were conducted at the Langley 'emorial Aaronautical
Laboratory frem April to Cctober 1942.

MSTHOEG AND TECTS

The only strict test of flame visibility is direct visual obser-
vation, for the eye has a sersiviviiy which depends upon the cocor
and size as well as the intensity of the source in a way that no other
radiation devector does. Heasurencnt of low intensity by vicaal
devices is, unfortunatelv, not very cenvinient and requires extreme
care to obtain reliable objsctive resalts.

Photographic measurement of [lamc intensities. - If flames of
tha sam= color ars to te compar:d, thiir visiols intensity, except
for the effect of cbject size, will vary in thr same way as the photo-
graphic intensity. A photographic method, therefcrz, providas a
means of comparing the psrformance cf exhaust stacks of different
design to determine whether or not a given chang= in design has
result~ad in an improvzment in flame Jamping. The brightness of ihe
flame "end on" could not be measurad photographically b<ucause optical
surfaces ware fouled oy the exhaust-gas jet.

The intcnsity of the flames as obssrved from the side was measursd
by photographing sach tast. flame and a gradsd reforsnce standard of
intensity in frort of a photographically black tackground. All photo-
graphs were taken at a distance of about 3 [est. An Eastman Kodak
Ce. Ektra camesra with an Uktar £ 1.9 lens 50 mm was usesd with Fastman
¥odak Co. Tri-X Aerc 3afety film. WNegativ.s were Adeveloped to high
contrast for 12 minutes in D-19 devclopsr at 70° F.

The ccnstruction of the comparissn light source is shown in fig-
ure 1. The lamp was cperatcd at ccnstant voltag: by use of a r=gu-
lator in ordar tc insure a constant light intensity. The lamp
1luminatss a square piece of opal glass to make a white sarface of




uniform brightness. In front of the glass is a palr of neutral
filters, each consisting of three strips of graded density. The
two filters are crossed to make the source an array of nine squares
of graded-intensity. The series of intensities were measured by
use of a Weston illumination meter; they are listed in the following
table: '

INTENSITY OF THE COMPARISON SOURCE

Brightness, B
Square (millilamberts?) Log B
1 0.505 -0.297
2 .188 - 727
3 .0593 ~1.227
L .0188 -1.727
5 00665 2,177
6 .00210 -2.677
7 .000593 -3-227
8 .000210 ~3.677
9 0000665 ~44.177

30ne millilambert = 10~ lambert. A surface has a
brightness of 1 lambert when 1 lumen of light flux
is diffusely emitted per s:uare centimeter, accord-
ing to Lambert's cosine law. Alternately, a sur-
face that has an apparent brightness of 1 lambert
emits 1/n lumens per sjuare centimeter of surface
normal Lo the direction of observation.

The intensity of the exhaust flame was determined by measurement
of photographic densities with a photometer. The photomester is essen-
tially a photoelectric cell upon which light falls from a light source
of constant intensity through a hole in a diaphragm. If a photographic
film is interposed betwsen the source and the cell at the position of
the diaphragm, the density of the film is defined as the logarithm of
the ratio of the photometer deflection with film interposed to that
with the film remcved.

Each photograph was made by a simultaneous exposure of the exhaust
flame and the comparison source on the same film. On each negative
the image of the comparison source provided a series of densities, which
were plotted .against the log of the intensities as measured in the
initial light-source calibration. The relative intensity of the flame
could then be found from the density of a chosen portion of the flame
image by use of the curve. Relative intensities of various flames of
constant spectral distribution are accurately measured by the procedure




described, regardless of the exposure time, if the effect of intermit-
tency of the flame may be noglected. A callbration of the photo~
graphic film 1s shown in flgure 2.

Simulated accqptance—test method of estimatigg flame visibillty, =~
A second method used to estlmete exhaust-: Fleme visibility simulates
flight conditions. The primary purpose of these tests was to indicate
whsther the stacks developed would meet the severe service requirements,
A backgrourd as neerly black as possible was provided for a visual
otservation of the flame at the effective standard dlstance, The
background was bLlscker than the night sky on clear, moonless nights;
herce, the simulated test was believed to be more severe than the
standard test,

In the tests conducted at IMAL, space limitatlons made 1t neces-
sary to view the flames in a mirror., The actuel distance was 277 feet
and the reflection coefficient of the mirror was found to be 0.84; the
effoctive dlstance was therefore 303 feet. A dlagrammatic sketch of
the visibility test setup 1s shown in figure 3,

The flames were viewed end on through a tube € feet long, equipped
with three stops of dull-black paper, each with a l-inch hole at its

center, The tube was 5 Inches square inside, had a 2:-inch-diameter
hole at each end, and was painted dull black inside and outeilde,

(See fig. 4.) A blaok—velveteen backdrop was placed behind the mirror,
All englne parts 1n the fleld of view were palnted black. No external
lights were used 1n the test rocm during vislbillty tests except a small
light located nmear the test object or flame and adjusted to be barely
visitle to the otserver, This light, which could be turned on at will
by the observer, was used to make certaln that, in reporting a given
flame as invielble, the observer was actually looking at the flame and
hed not accldentally moved hils eye to a position from which the flame
cculd not be seen., All tests of this typs were conducted using monoc-
ular vision,

The brightneas of the velveteen backdrop and of the surrounding
fleld was estimated to be less than 1 percent of that of the night sky
on e clear, moonlesa nigit, The backdrop was of sufficlently low
brightness that it vas never visible through the sighting tube even
after prolonged dark adaptation of the observer.

In order to make sure thiat the two obeervers had eyes of normal
seneitlvity to dim lignt sources, they wers tested with the apparatus
and a small, calibrated source. A series of tlack paper mesks were
used to control the 1llumination. to order of presentation of the
test signals was completely random, and & small numter of tests at
each intensity level were made; the results are shown in figure 5.

The fractlon of the times a teat source was visible ic plotted against




the logarithm of the mean illumination at the observer's eye. The
dotted curves of figure S5 were falred through the data: the theoretical
curve for seven quanta of reference 1 was used. When the ordinate

value is 0,5, the absclssa value is 10~5+5 microphot, which corresponds
to the threshold of vision for a dark-adapted eye as given in refer-
ence 2, The phot, a wnit of Illumination - of a surface, is 1 lumen
incldent per square centlimeter of surface,

All flame tests were run on a Wright 1820-G single-cylinde. test
engine, All photographic measurements were made at an engine sjeed of
1500 rpm, at an intake-alr pressure of 30 inches of mercury atsolute,
using Army 100~octane fuel with a hydrogen~carbon ratio of 0.188, A
few qualitative tests were made with isooctane (S-1 reference fuel);
iscoctane with tetraethyl lead up to 8 milliliters per gallon; and
various arcmatic blends, including pure benzol,

RESULTS AWD DISCUSSION
Characteristics of Exhaust Flames

Effect of fuel-alr ratio. - Fhotographs of the so-~called undamped
fleme produced with an unrestricted stack 5 inches lorg, area 4.20 square
inches, are shown in figure 6. The varlable~density mosalic in each
photograph is the camparison source, The three brightest squares were
covered with a metal mask 1ined wlth dull-black paper hocause they were
found to be too bright to be used In an evaluation of intensity of the
flame bases. Since the mosaic end the flame were at the same dlstance
from the camera, ti:e mosalc serves as a scale for estimating the flame
Blze, XEach small square is 2 inches on an edgoe.

The fleme had a dull-gray color at fuel-air ratios between 0.116
and 0,1015 (fig. 6). As the mixture was leaned below 0.10l5, an
orange base surrounded by a pale-blue plume appeared, At mixtures
leaner then 0.066 the orange base disappeared and the flame took on &
dull-white appearance with a trace of yellow or blue, In the fuel-
alr range from 0.1015 to 0,063 the pale-blue plume was surroundad by a
feathery edge of a much more intense blue, sometimes called electrilc
blue. The blue flame Lad a maximum intensity at a fuel-air ratio of
atout 0.08. This intense~blue fringe is at present attributed to burn=-
ing on contact with air at the flame boundarlea, because 1t could be
caused to disappsar campletely by increasing the oxhauvsi-Jet veloclity
by means of a reduction of nozzle-exit area. Thls burning is seen in
the photographs as a feathery edge on the flame., As the mixture was
enriched above a fuel-air ratio of 0,11, the color changed from dull gray
to bright red at a fuel-air ratio of approximately 0.125. At this con-
ditlon the flame was esmoky, the engine misfired, and intermittent bright-
blue explosions were seen., Two prints, glven different treatment




in reproduction, are shown for a fuel-alr ratio of 0,1015 to indicate
the varlabllity of the fleme and the extremes of light in the hase,

Effect of fuel camposition, - With fuels having some aromatic
constituents, afterburning occurs at higher fuel-ailr ratios than the
1imiting fuel-air ratio for iscoctame., Wlth 40 percent arcmatics,
hydrogen-carbon ratio of 0.145, afterburning occurs for fuel-air
ratios up to about 0,110, With pure Penzol, hydrogen~carbon ratlo
of 0.084, afterburning occurs fcr fuel-alr ratios up to about 0.130
to 0.140, when the flame becames sooty., These effects occur only
when no flasme damping is attempted, for example, with the stut com-
parison stack., In all tests with fuels contalning aromatics, the
flames at a given numerical fuel-alr ratio had a slightly "leener”
appearance than flames with lsooctane or other fuels with high hydrogen-

Thon ratios. The presence of setraothyl lead in concentrations up
to & m1l1liliters per gallon had no noticeahle effect on the flame char-
acteristicas or intensity.

Effect of ignition and oll consumpiion. - Cutting off one of the
two epark plugs reduced tia intensity of tlie orange glow in the flame
base and increased the tendency to afterburning; the tendency to after-
turning was apparently increased bhecause of an increase in temperature
of the gas. Cutting off ono spark plug also decreased the fuel-air
ratlo at which a red and sooty flame was formed, Placing a large
series resistor In the higa-tension ignition line caused a red,sooty
flame at still lower fuel-air ratios.

The followlng fuel-alr ratlos at walck a red, smciy flame was
Just noticed were measured for a fuel with a hydrogen-carbon ratio of
0.188:

Hvmber of Series reasistor ' Fuel-air
spark plugs (megomms) , ratio
2 0 1 0.125
1 0 } ,120
1 .4 | .,118
1 .15 | .116
1 » 1.8 : 114

Excesslve oil consumptlon may produce a smoky flame at almost
any fuel-alr ratio, The flanme in this case 1s similar to the red,
smoky flome formed wlth very rich mixtures. No quantlitatlive data
have been obtalned on this subject.
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Source of flame light. - The exhaust flame was too dim to make
possible an accurate spectrographic identification of the sources of

~ -~ -~the visible light. . The spectrum of the flame could, however, be

observed by use of a spectroscops. The following conclusions, based
on such observations, are somewhat speculative at present.

The blue light associated with afterburning is supposedly caused
by the combustion of carbon monoxide with oxygen from the atmosphere.
The spectrum consisted cf a nearly continuous band structure in the
blue and violet. The blue light emitted by exhaust gas in the absenc:
of air is also called afterburning in some cases. Afterburning, as
used in this report, refers only to actual combustion of the residual
carbon monoxide and hydrogen.

The red light seen in the sooty flame with very rich mixtures and
with excessive oil consumption is supposedly due to hot carbon aggre-
gates, because the spectrum is continuous in the red.

The nearly white light ssen in the leaner-than-stoichiometric
mixtures seems to be a mixture of the blue light previously mentioned
with some yellow light. Visual spectroscopic examination of this flame
using a broad slit, revealed a ysllow band with a wave length of approzi
mately 0.58 micron; nc red or orange light was apparent. A study of
the reported band syst=ms of diatomic molecules suggests that tinis
band might be due to nitrog=n.

In the fuel-air-ratio range near 0.070, the orange light anpeared
to consist of the y2llow band observed for lean mixtures and an crange-
rcd band near 0.5l micron. The cyanogen spectrum, which has a band
near this wave length, should be observe.l vthenever caroon mcnoxide is
mixed with the active nitroge: that is assumed to cause the yellow
bani. The appearance of the cyanogen spectrum is a delicate spectro-
scoplc test for carbon monoxids. See reference 3,)

In reference 4, activation of nitrogen was reported in explosions
of carbon monoxide and air at high pressure. The flame in these com-
busticns is a bright-orange ceclor and is followed by a persistent red
glow. It is believed that the light in exhaust-flame bases may be
similar to that obtained in these high-pressure explosions.

Some light is undoubtedly emitted by carbon and lead-oxide parti-
cles under all conditions, Chemical analyses of exhaust gas have
shown very little evidence of solid carbon in the gas for fuel-air
ratios lower than 0.110.



Damping of Exhaust Flame

Bffect of exhsust—-stack length and nozzle area cn a:'.‘“t.er'bu::'nin%.I -
Both reduction 1n nozzle area and increzse in stack length reduce the
tendency toward afterburning. A series of flame photographs, taken
during the meszsurements of flame-base intensities, are shown in fig-
ures 7 and 8. With an urrestricted stack, srea L.20 square inches,
afterburning occurred with a2ll but the U8-inch stack (see [ig. 7);
vhereas, with a nozzle having &n area of 1,39 square inches, after-
burning occurred only with a very short stack (over-all length of

£ in.)s With the S-inch stack alterburning occurred with all nozzle
sizes hut wss 'much lesgs nrominent for the nczzles smaller than

2.88 squure inches, “iith & total stuck-and-nozzle length of 2V inches,
afterhurnirg ocecurred only with an unrestricted exhaust stack. Thre
unit of bese intensities in fij;ures 6 to 8 is the millilambert.

The extinction of afterhurning with fuels containiag arcmatics
Las not preved to he apprecizihly more difficult than with fuels having
higher hydrogen~cnarbon r=tios, Fith aromztic fusls, the same methods
are effective ard the reductions in nrterturning are more striking.

The effect of exhaust-atack lenpth nnd rozzle area on the inten-
sities of basc sections of Lhe cxterns Ll flame. - The lateral intensity
of the bases of Tlames produced with straight stecks thet end in simple
ccnvergent nozzles wes measured by the jrocedure previously described.
Figure 9 shows the log (tec the brse 1) of the intensity for several
stacks 2nd rozzle zreas ploited againct fuel-zir ratio, Dotz for the
S~inch urrestricted stnck were t~ken over the complete range ot fuel-
air ratic; fer the other stocks it w.s taken at fuel-air ratios of
rryrcximately 0,G6A, 1,08, and O.11. The dota for orly a few of the
stock srrerpgements are shown in figure 9. The curve for the S-inch
unrestricted stnek indieates that the maximum intensity cccurred at
* fuel-air ratio between 0.C7 2nd 0,08, Accordirng to figure 9 the

flame irnteonsity at &« fuel-air ratio of 0.07 w-s 100-75 or 5.6 times that
Py
&t 2 ratio of 0.0, and 102"- or 178 tires thot ot 2 ratio of C.115,

The compurison of the irtensity of the flame at different fuel-sir
rztios is probably not very ccourzte becavse of the change in color of
the flrme with furl-zir rstio ~nd ths variction of the response of the
film to Aiffer=rt colors. 4t any given fuel-nir ratic, hewever, the
exvheusl, flemes feor the different stock nrrangements nre of substantially
the gume coler; therafere, their rel-tive rleme intensities are probably
reenrately given by the velues of the {lome intensities measuredby the
Frocedurs described in this report. The following expedient is used
for comparing the [lzme intensity of the various stack arrangements:

The flame intensities of the unrestricted 5-inch stack nre teken as a
stand~rd of refer:ence £nd the intersities of the othesr stack-and-nozzle
combinaticns are presented in terms of the leogarithm eof the ratio of



the intensitles for the given comblnation to the intensities for the
S5~inch unrestricted stack at ‘the same fuel—air ratio. Figures 10
and 11 show these data. e e e

Both reducticn in nozzle area and increase in stack length reduced
the flame intensity (see figs. 10 and 11). In the rich-mixture range
(fuel-air retio, 0,110), where the reference flame intensity was already
low, the improvement obtained by increasing the stack length or decreas-
ing the nozzle area was small; whereas,. at the other mixbure ratios
where the flame intensity was considerably higher the improvement pro-
vided by the increase in stack length and decrease in nogzle erea was
large. It also appears-that the nozzle was more effective as a flame
damper when used in conjunction with a long stack than with a short
stack.

The general trend of demping of the flame bases suggests that not
all of the damplng was produced by cooling since the heat loss in a
short stack is small, and yet small increases in stack lergth produced
sppreciable decreases in flame-base intensity for constant nozzle size.
Measurements of exhaust-gas jet velocity (references X and 6) have
shown that the mean gas efflux velocity is determined mainly by the
nozzle size and the mass rate of flow of gas at constant fuel-air ratio.
As the stack length is chenged, the only additionnl cooligsz possible
must take place by hent transfer to the exhaust stack or by additicnal
heat transfer in the cylinder. Tests on the cylinder, uscd for the
current tests at the same e.gine speed and boost, showed that no
increase in head temperature was coused by constriction of the exhzust
stack except for the smallest nozzle used, (See fig. 13(b) of refer-
ence 5.) Thus, scme effects other than cooling contribute to the
flome damping provided by long stacks.

The total external flame luminesity (inlensity times extent)
decreased faster than is indicated by the decrements showg in fig-
ures 10 and 11 because the flame size decreased as the stack length
was Iincreased and as the nozzle area was decrensed. Tigures 7 and
8 show the relative sizes of several flames produced with representa-
tive sizes of exhaust stack and nozzle area.

Some large discrepancies are noted in figures 10 and 11. No
attempt has been made to check the measurements because flaming
characteristics were found to be wvariable. It is believed thet oil
consumption probably influences the amount of flame and that other
engine factors, particularly conditions of ignition, have some effect.

The importent result -of these tests is that the flame-base inten-~
sity and the tendency toward afterburning were reduced by the use of
longer stacks and restricted nozzles. As will be shown later, a
similar nozzle effect may be achieved by the use of nozzles. having
a small hydreulic mean diemeter.
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Use of a berd to reduce the Intonsity of 1ight from within stack, -
Tke maximum total 1lignt Tiux from an exaaust fiame is always seen when
looking directly into the end of the exhaust stack, Not only is light
from the extermal plume effectlve, but also light from the long column
of gloving gas inslde the stack and possibly light from glowing metal
surfecos in the exhaust system,

Wnen the glow in the gao at the base of the external flamo 1s
reduced in intensity by a norzle at the end of the stack, the glow of
the gas in thke ataclk ic noct similarly damped; gas at high pressvre glows
quite brightly., It is bellieved that tne glow of the gas inside the
stack is made brighter 1f the stetic pressure of the gas 1s appreclably
v8lsed by tho presence of the nozzle, For the nozzles that had a
short, ccnetant-area throat section, the bright-orange glow of the gas
decrecsed just bhefore the gas reached tho throat to about the sams
interaity cs that ¢f tie cxiernal flame dases.

The light oml*ted in the giack avpeared to be ldentlcal with the
light omiited in the ortsrral fleme bases. It ves reddish for extremely
r+ich mixtures, whon tie flame wao sooty, oirange for fuel-air ratlos
ficm 9.075 to 0.100, and a dijlute yrellow whito or btlus white for fuel-
alr ratlos fr-m 0,000 to ¢,0CC.

The vislbility of exi.aat flamos caused by light emitted from
ingide the etack may 6 rodaccd by placing a berd in the stack to hide
Trom view pait of tho o83 coluwn and e glowling motal surfaces, Because
of the lcwer liminosily of the ¢re ia tho throat of the nozzls, a more
offective damping cf the flame wlthiln tho stack can be ucrievad by
lengtiening tis nozzls throat and placing a bend in this soction, By
thiz meano tro ontiro Ligh-pressuro veglon of the stack 1s hldden, A
fow stackc with long menb tiwroats woro tested, Tho becnds wore obasrved
to approciably roduce tho intensity of tho lignt lssulng from within the
stack bvut had no great offoct on the light intonsity of the external
plumo,

Effoct cf nozzlo hyd.adic diameter on flemwe _intcngity. - Consid-

oraticns of dyn.mlzs simil aa;ty avzgested that, if “tho hyd“auixc diemcter
of tho flame Jote was rodvcod, tko longth of flamo would likowlse be
roducud with a reduztilon in f+ane visibillty, A stack was ccnstructod
of 51 tubes that provided a totul cxit area of 3.2 squaro inchos; oach
of thesv tubecs wes 3 inchcs in longth., (Seo fig. 12.) Tho flamo of
this stack was comparod witlh that of a 20-1inch stack, which had the samo
total surfaco areca and tho pumo nozzle area. The flame from the
"porcupino” stack was mruch dimmecr snd shortor than that cn the 20-inch
stack, elthough thoro was a tondency toword intermittont afterburning
wilth tho porcupine stack owing to pocr cooling, Ths tubes were red hot
whore thoy ontorud the hoado: and, although tho tomporaturo docreased
towz~d tho discharge ond of tho tubes, they were still sufficiontly
hot to start c-mbustion of tho oxhaust gasos. (The aftorburning was




nearly eliminated by increasing the tube lengths to 6 in.) The
improvement is, therefcre, entirely due to a reduction in the hydraulic
diameter of the jets.

The time that the exhaust gases were contained within the exhanst
stack might have been an importent factor, because more of the radi-
ating particles associated with approach to equilibrium of the gases
would be contained within the exhaust stack for the longer time. The
factor of time favored the 20-inch stack; its effect is apparently small
however, compared with the effect of hydraulic diameter of the Jets
because the hydraulic diameter controlled the flame intensity. The
porcupine nozzle almost completely eliminated the orange flame base in
the rich-mixture range. Photographs of the two porcuplne nozzles are
shown in figures 12 and 13; the flames produced by these nozzles are
shown in figure 1l. Afterburning with the 3-inch tubes and the lack
of afterburning for the 6-inch tubes for Army 100-octane fuel and a
blend of LO percent aromatics with &0 percent Army 100-octane fuel are
observable.

Qualitative tests with flattened nczzles, such as those shown in
figure 13, confirmed the importance of small hydraulic diameter for an
effective flame damper.

Effect of cooling on exhaust-flame luminosity. -~ A stack 20 inches
long was equipped with a wmater jacket 18 inches long and tested with
and without water cocling. Without cooling, the stack was a bright
red, but only a slight reductiocn in f'lame-base intensity was noted
with water cooling. A slight reduction in the tendency to afterburning
was also noted with water cooling, but the difference was unimpressive.
No further tests on the effect of cooling were conducted. The cooling
achievable with the small amount of heat-transfer aresa of the conven-
tional short stack would probably not produce an appreciable reduction
of the flame visibility, although cooling with extremely large amounts
of heat-transfer area will certainly prevent flaming and gas glow.

Effect of external obstacles on afterburning. - An obstacle that
extends into a high-velocity jet may -induce af terburning in a rangs of
fuel-air ratios where afterburning might ordinarily occur only if the
Jet separated from the obstacle in such a way that air waz entrained.
Tests with a round tube 1/} inch in diameter showed that the reduction
in tube temperature effected by cooling the tube with water had some
effect on-'the tendency to afterburning. Photographs of the flame
with and without the 1/L4~inch tube in place are shown in figure 15.
(The vertical break in the flame near ths tip is the shadow of a rod
used to support the test rod.) Afterburning is evidencedlby the
larger plume formed to the right of the smell break. A 1E-inch stream-

line strut, when symmetrically placed, caused afterburning on both
sldes, Just beyond the maximum thickness. With a sufficiently large
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angle of attack, afterburning occurrcd only on thz2 upper, or lifting,
surfece. A 20-percent-thick, 1> -inch-chord strut, sherpened sym—
metrically fore and aft, 1id not cause afterburning except at high
angles of attack.

Introducing a2 olunt obstruction into the jet causcd the intensity
of ths orongs or ysllow glow in tho gas to incrzasec in the region of
compression at the stagnation point or in any subscquent compression
woves. The firat compression glow may bz seen in figure 165. An
orznge glow may also bo produced by an obstacle in the gas strean
beyond the visible llane. In this casc, aftsrbarning was not induced,

The fact that afterburning m.y be easily induced in high-spced
jets mokes it clecr that afterburning is not sugpressed by cocling the
gntir: gos strzam, Inst=ad; ths manner of mixing tne :xhaust gas with
air is of orincipal importancs.

Suggasted 4 .sign of [lano-dom-ing exhaust svacks., - Th2 results

of the acemmlIctid evidince ind.cctr that a [lam.- L.aping stack should
have a fa2irly scort, unconstrictcd pipe, pwrhans 8 or 10 inches long.
This saction chould b3 coanzci.d by a smooth trinsition with a section
of rzduced ar.a of 2s srall a hydraulic mean diomzter 2s can be afforde.
when the limits of st-ck Zrea and snnoz nrs considersd. A series of
¢nd3s or lips to direcs the gos toszrd the rear should be provided and
sheped in such 2 way thht it is i.ocssibls 1o sou into the uncoastricte
scebion of th: stack. The gas j-t saould not come in contact with
proj:ctiocns from the airplone,

This tyo: of slack d-:sign first oroildiaces dzmping of thr gas flow
15 the gas passas into the rostrict-d section of the nipe or the see-
tion of small kydranlic meon Jizmet.r. Tke bmnd ir the damping sce-
tion wrevsnts th. brightly giowing gns in th: stzcih trom being seun.
The lip or extended throat then hides or c¢lininctzs the cxternal bluish
plum:, Following cnginezsring practicy of duct dosign, the radii of
curvature of the throat or mny extormzl lip should be roughly four or
mor: times the radial depth of tha tiroat.

The nozzle s.ction of the stack is dzsigncsd to obtain high jet
thrust consisiunt with no appreciable loss in engine powur.

Th: e4h118t stack, as cescribed, moy not satisfy the present
cxbrem:1y scver: s.rvico roquiremsnt. Additionz] design fectures
may be regquirzd to hidc thz rvsidual column of glowing gas in the
stack and to hide the estermal plume, This result mcy be accom-
plishad by a duct surroun<ing the plumc through which sufficient air
is rassed to reduce the final temperaturs of the mixture oi exhaust
gas and air b2low the ignition point.
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Sample flame-damping st s»acks. - Three sample stacks were built
on the basis of the experience gzined in this research and are shown
in figure 16. Stack A consists of a header smoothly faired lnto
four, tubes having an internal diameter of 1.009 inches sach. The
total exit area of the tubes is 3.20 square inches, Stack B is simi-
lar in design to stack A except that one flattened tube is used in
place of the four round tubes, The exit area is also 3.20 zquare
inchas,. The area of the stack ahead of the constriction is 4.20 square
inches, Stack C is similar to stack B except that the exlt area 1s
2.50 square inches.

Flames produced with the two types of sample stack, at about
0.080 fuel-air ratio, are shown in figure 17. The photograph shows
some afterburning with the large-area "paddle" stack. An extension
of 9 inches in unconstricted-stack length very nearly eliminated this
effect, as shown in Ffigure 17(c).

The flame from the four-tube stack at 0,11 fuel-air ratio was so
faint that the plantographic lmage with 3-minute exposure could be seen
only by looking through the film at a very oblique angle.

Simulated acceptance tests of flame visibllity. - The three sample
stacks and the foliowing series of other stack types were tested with
the simulated acceptance test setup diagrammed in figure 5:

(a) Straight stack, 14 inches long, exit area 4.20 gquare inches
(b) Straight stack, 14 inches long, exit area 2.24 square inches

(¢) Porcupine stack with 6-inch tubes, preceded by 9 inches of
straight stack

(d) Multiple-flat-tube nozzle, exit arca 3.20 square inches,
total stack length 20 inches, cooled with a cempressed-air
blast and uncooled, The nczzle is shovm in figure 13.

Results of the tests are summarized in Cigures 1R, 19, and 20,
In all tests the observer reported whether hc saw each test flame,
In figures 18 and 19 the results of each test are individually shown.
In figure 20 the average number of times that all flames within a
range of 0.005 fuel-air ratlio were se2n is plotted against the fuel-
alr ratio at the middle of the range, The nunber of tests in cach
range is indicated on this figure.

In the test with straight stacks and nogzzles (fig. 18), most of
the responses, except in tests at very high fuel-air ratios, were defii-
nite; considerable hesitancy in giving responscs was experienced in
tests with the other stacks. Flames produced with the straight stack,
and particularly those with the 2.24-square-inch nozzle, were reportesd
to have color,




In the czse of the norcupine-type nozzle and the multiple-flat-
tube nozzle, a red glow, attributed to the hot met~l, was usually seen.
Cooling the multiple-flat~tube nozzle vith a compressed-air blast
somewhat reduced the visibility. The porcupine stack could not be
appreciably cooled.

These tests indicate thot ths straight stock, 14 inches long, is
unsatisfactory with either nozzle. Use of the porcupine-type or the
multiple-flat-tube nozzle somewhat reduces the luminosity of the flame,
but the combined visibility of the fl-me snd hot metal of the stack is
excessive oxcept at very rich mixtures.

The domping achieved with the larger exit arca, prddle-tyne stack
(fig. 19) appears to be insufficient. As was previosusly stoted, some
afterburning occurred with this steck. The visibility of flame with
the paddle stack of smaller exit areca seems to be satisfactory for fuel-
air ratios higher then about 0.085. It is seen in figure 16 that the
unconstricted s2ction with tha larger exit area is vory short; this
feature may be partly resoonsilble for the poorer performance of this
stack.

The visibility of flame with the four-tubs stuck (fig. 20) at an
engine speed of 1500 rpm sppears to be sztisfactory for all fuel--ir
rztios highsr than ~bout 0.065. At 2000 rpm the visibility appears
to be satisfrctory for fuel-uzir ratios higher than about 0.085.

In gzneral, the .auping of flme wes least successful for low
fuel-air ratios. Feximunm visibility of the exhaust flame from the
four-tuba stack occurs at a fuel-air ratio of (.060, whercas maximum
£flame~base intensity with ne iflame dumping is upparcntly founl at a
fuel-air ratio of about 0,07C. (Se:. fig. 9.) Fortunately, the
maximun visibility. of the darpsd flaoe necars 2t 2 fuel-air ratio
ordinarily used only for cruising at low cutnuts.

On ths basis of these tests it camot be concluded thnt the flame
frem any stack comoletely fulfilled the servico requirecment of invisi-
bility under all conditions. In gencral, ¢ngines will bz orerated
2t higher outiuts than the t:st conditions uscd, end the flames from
several cylinders will be discharged within a small arsa, The light
Flux from all flomes visiblas in one direction tunds to determine the
range of visibility. On thi: octher hand, tl@ tust conditions used are
known to p-. mor- severe tinan required to meet the desired limits for
aireraft flying over wator,

SENSRAL PROBL#NS ASSCCTATED WITH EXHAUST-FLALE VISIBILITY

The principal difficulties involved in setting up laboratory
tests of exhaust~flame visibility are those assoclated with the visual
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function. The relative sensitivity of the human eye to light of
diffsrent wave lengths depends on the intensity of the light and on
the level of adaptation of the eye. No simple objective method of
photometry that takes this second phenomenon into account is known.
Use of subjective methods to estimate flame visibility, therefore,
seems necessary.

In the process of seeing a small source, the eye or the brain
tends to integrate the light received within a fairly large, solid
angle. For subtended angles up to about 1° of are, this accumulation
is nearly complete for faint sources. Light just outside the limits
of this arc will also contribute to the visibility of the light within
this arc, but the effect of this outside flux decreases as ths angular
distance of the light from the limits of the arc increases. Thus,
the distance from which the exhaust is visible depends not only on the
intensity of the individual plumes but also on the number of plumes
that are visible at one time and the distance between them.

The quantity of 1light required for visibility of an exhaust flame
depends upon the surrounding illuminatien. Very little data on the
way in which the quantity varies with backgrnund illumination f~r con-
tinuously exposed sources are available. If background illumiration
is used in A simulated test, thke background must be considerably larger
than the light in order that it not be confused with the test light.

Since the sensitivity of the eye is much greater for indirect
vision than for direct vision, the nbserver must allow his eye to roam
cr must have a small fixation light provided near the edge of the sur-
rcunding field. With such a fixation light, means of occulting the
t25t source or flame for several seconds at a time must be provided
since objects viawed at a fixed spot in the periphery of the eye tend
to disappear if viewed for a long period of time.

The accuracy of a single visual test may be very poor. It has
been shown in reference 1 that, becauss of the quantum structure of
light, methods of probapility must be used to determine the chance of
receiving a sufficient signal in a short flash. Whether this varia-
bility of the stimulus need be taken into account in visual phenomena
with continuous exposures is not known. Tests reported in refer-
ences 7 and 8 'showed that the distribution of response for threshold
tests using continuous exposures was the same as the distribution

using short flashes. This result suggests that the same effect appears
in all tests.

The root-mean-square error in the range of visibility of an exhaust
flame, corresponding to the results of references 7 and 8, is about
15 percent. It seems possible and the tests shown in figures 18 and
19 indicate that exhaust flames may occasionally be seen at much greater
than average range.
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In the setting up of a simulated test system, or in the evalua-
tion of the data obtalned, account must be taken of the fact that
the minimum perceptible light Intensity is from 20 to 40 percent
lower for blnocular vision tian for monocunlar vislon. At very low
levels of illumiration, the value reported in reference 7 is 40 per-
cent. This éifference corresponds to a differsnce in range between
monocular anl binocular vislon of about 20 percent.

Same reperts from present *theeters of action suggest that only
flames bright enoug: to apgear colored can leed to the detectlion of
en ernemy airplane. If so, tke arsa of accumulation will be same hat
mmaller than previously Indlcatved and the presence of adlacert fl.ames
will be slighily less troutlesoms. In an) case, the design of cu
exhaust~atack insteliation that will permit an observer to look
directly into as few stacks as poasible from one position is desirable,

If interest in simulated flams-vislbllity tests continues, a
standard value of limiting glare luminoszity or a gtandard velue of
background Internsity should te specified, Tntil such objective spoci-
fications ave set up, a test in actval Ilight provides the only sure
means of Judglng the accoptability of a rviame-damping stack.

CCNCLUSICRS

Or. the taale of these tests, tie following conclusions have been
drawn; '

1. With nc damping, light emiited ty afterburning of exhaust
gasos dischargsd from Indilvidual stacks was hrightest at a fuol-alr
ratlo of atout 0.04., The intensity of tle orange lightv near the
stack exit was rreatest at a frel-alr ratio of 0,070,

2. Arcrmasic constituents in fuels increased the tendency toward
efterburning when ro dewping was atierpted, Reduction of afier-
burring to an acceptabtle level of intensity was only sllghtly more
difficult with eromatic fuels than with nonaromatic fuels.

3. Excessive oll comnsumptlcon mny cause a red, sooty exhaust
flame,

4, A decrease in the murber of operatlng spark plugs or the
introduction of & large serles reslstor In the ignition line increased
the tendency toward aftsrburning and night cavse rlich mixtures to burm
with a red, sooty exiaust flame,

5. An increase in exhaust-stack length reduced exhaust-flame
vigibillty,
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6. Reductlions 1n exhaust-nogzzle area reduced exhaust-~flame
vislbility., Thils effect wes greater with long stacks than with
short onses,

7. Reduction of the hydraulic mean dlemeter of the flame
decreased the exhaust~flame visibility,

8, Water Jacketling an 18~inch length of a 20-inch stack had
only a small effect on flame vielbility,

9. An obstacle in the luminous part of the flame may produce
afterburning that would otherwise be absent.

10. The glow of exhaust gas inside an exhaust stack was not
appreclably reduced 1n Intensity by the use of longer stacks or
constricted nozzles when the entire gas column wes visible, This
glow was most easlly reduced bty providing an optical screen., This
screen could be provided by placing sultable bends in the nozzle
throat or by adding external lips.

Alrcraft Englne Research Laboratory,
Natlonal Advisory Committee for Aeronautics,
Cleveland, Chilo,
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Figure 6. - Undamped flame of the 1820-G engine.
Fuel, leoded; fuel-air ratio, variable;
hydrogen-carbon ratio, 0.189.
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Figure 7. - The effect of pipe length on exhaust flame for two nozzle areas.
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Figure 8. - The effect of nozzle area on exhaust flaome for two stock lengths.

Nozzle areo Fuel=-air Base intensity Exposure

(sq in.) ratio (millilamberts) (sec)
A 4.20 0.0792 0.0155 2
B 3.20 .0799 0141 2
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3 1.39 . 0800 . 0081 2
F 4.20 . 0804 . 0036 5
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/ 2.24 . 07594 .00076 30
J 1.39 .0796 . 00065 15
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Figure 12. - The 3-inch porcupine
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NACA Fig. 14

(o) The 3-inch porcupine nozzle. Stack length, 15 inches;
fuel, Army 100 octone; fuel-air rotio, 0.0799;
exposure, 15 seconds. .

(b) The 6-inch porcupine nozzle. Fuel, Army 100 octane;
fuel-air ratio, 0.0799; exposure, 15 seconds.

NACA
C- 16065
10-21-46

(c) The 6-inch porcupine nozzle. Fuel, mixture of 60 percent
100 octane aond 40 percent aromatics,; fuel-air ratio,
0.0809; exposure, 15 seconds.

Figure 14. - Flames from porcupine stacks.
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NACA Fig. 15
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Figure 15. - |gnition of an exhoust-gas jet by a l/4-inch
rod. Engine, Wright 1820-G; fuel-air ratio,
0.074,; exposure, 15 seconds.
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Figure 16, - Sample flame-damping stacks A, B8, and C.
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NACA Fig. 17

(o) Four-tube stock. Fuel-oir ratio, 0.0789; exposure, 30 second

(b) Sample stock B. Fuel-air rotio, 0.0801; exposure, 15 seconds.

NACA
C- 16066
10-21-46

(c) Somple stock B with odded unconstricted staock 9 inches long.
Fuel-oir rotio, 0.0778; exposure, 15 seconds.

Figure 17. - Flames from sample stacks.
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Fraoction of times flome visible
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