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SUMMARY

Preliminary tests have been made of a small burner to meet
the requiremonts for application to supersonic ram jets. The
principal requirements were taken as: (1) efficient combugtion
in a high-velocity air stream, (2) utilization for combustion
of only a small fraction of the air passing through the unit,
(3) low resistance to air flow, (L) 51mple construction, and

(5) light welght.

Tests of a small burner were carried to stream veloclties
of nearly 150 feet per second and frel rates such that one-
eighth to one-fourth of the total air was involved in combustion.
Commercial propane was selected as the fuel since its low boiling
point facilitated vaporization. v

Combustion which was 80 percent complete along with low
aerodynamic losses was obtained by injecting the fuel evenly,
prior to ignition, and allowing 1t to mix with the alr without
apprecliebly disturbing the stream. The pressure drop due to
frictional lcsses around the burner and to the adjacent inside
walls of the ram jet is small compared with the pressure drop
dve to combugtion.

INTRODUCTION

" There is a need for bwrners to meet the requirements for
application to high-speed ram jets, such as the supersonic.
ram jet described in reference 1. Reference 1 shows that high
velocities in the burning section are desirable in order to keep
the fusclage slender and so give lower fuselage pressure drsg,
It follows that frictional losses throuzh the burner will also
become Importent at the high internal velocities. A system for
obtaining efficlent combustion when vtilizing only a small
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fraction of the totel eir is also imporitant for ram Jets
(reference 1).

The type of burner used in prssent turbojet umits would

not be applicable to a high-speed ram jot becavse of the high
aerodynemlc losces through the bwrner units as a result of turning,

swirling, cr partly dlocking the alr to cbtein proper mixing
and ignition in a short space. Various burners are now being
developed for rem jets, but none have been perfected or suffi-
ciently tested to demonstrate their suitability for a supersonic
ran jet.

It was the purpose of thils research to design a burner that
would be appliceble to a supersonic ram jet. The ultimate goal
of this work was to prcvide a simple and light bwmer which
would give efficient combustion with low aerodymamic losses at
air stream velocities of 300 to 40O feet per second at over-all
fuel-air vatics of 1/60 to l/l“O In the present vork, which
ves of a preliminary natwre, the alr velocity aheed of the bwrmer
was limited to 150 fset per socond due to limitations of the
test facilities. Additional tests should be made at higher stream
velocities and at redvced inlet air pressures and tomperaturss.

BURNER-DECIGN CONSIDERATTIONS

Selection of fuel - Considerable 31mpl*;10atwon in burner
design may be achieved if & fuel 13 selected which requires no
complicated means cf securing vaporization. If a fuel with the
proper lou'boil*ng point is selected, the partial or complete
vaporization of thé Tuel might be aﬂcompliuheu at some point in
the alrplano or at the skin vhere a sultable stagnation asir
temperature is available. An enalysis of skin-friction fuel
evaporators would e necessary to determine this possibility.

The fuel could be stored in flight in a lipght insuvlated tank

at low temperature and at approximately atmospheiic pressure.

By use of such a method much of the bulky eauipment in the dbuwrning
air duct would be elliminated and a smooth supply of fuel to the
burner that woull be indepsndent of the burner operation could be
maintained. -

The fuel selected for uhese tests was commercial propane
which is obtained in liquid form with a vaper prezsure of zbout

120 pounds per square inch abuolute at 70° F. The fuel has a
vapor pregsure of 1 atmospners at - ° 7. Propane has a heat of

combustion slightly higher than octane (21,750 Btu/ld), end an
air-fuel ratio of 15.€5 is stoilchiometric. 7
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Mixing and officient combustion.- An Important part of any
ccmbustion process is the proper nixing of fuel end alr. When
e stream of gesecus fvel which has not been mixed with air is
ignited, there is a strong possibility that some of the fuel
may pass through the burner withiout being exposed to sufficient
aiy for combustion. - Combusticn in en atmosphere lacking in
sufticient oxygen results in the formation of free carbon, which .
radiates a large amount of heat to the suridoundinge (as in a
yellow f;ame) and pesses through as a waste of avallable enersgy.
Carbon monoxide alsc is formed, the reaction by which it is
formed having a low heat of cambuuuion. It is importent for
efficisnt combuation, therefors, tc have all-the ruel exposed
to sufficlent air for combuastion. Creatly disturbing the alr
to cbtain this nixing causes wnnecessery losses, so that 1t 1s
most important tc inject the fuel in such a manner that it will
become evenly dlstridbuted throughout the air. It might be
necessary, however, in a final burner design, to arrive at ecome
compromise between burner losses and rapid mixing

DESCRTPTION OF BURWNEFR AND THST APPARATUS

A sketch of the cross section of the burner and inner pessage
of the ram Jet is shown as figure 1. The burner consgists of a
circular mixing duct suwrrounded by an annular igniter at the
trailing edge.. The area of the mixzing duct Is ons-eighth the
aree enclosed by the inner passege of the ram jet,, so that amall
Tractions of the total air can be burned and the a*r—*‘ue1 mixbnres
are nearl stolichiometric,

Tests were made of 2 small burner 2% inches in diameter,
1 foot long, located in a tube of constant cross secticn 5 1nches
in diameter and 7 feet long. This tube simuvlated the inner
passage of a ram jet and was mounted at the exit of a centrifugsl
blower which served as the air supply. With this dlower, an air
velocity of abouvt 150 feet per.second was available under conditions
of oporation with maximmm fuel Tlow., A static- and a total-

. 1
pressure tube were ingtalled ?5 inches sheal of the burner, and

gtatic ovifices were'placed ot intervals of L inches aiong the
inner passeze of the rem jet to about burner lengths downstrean
from the burner.

Mixing procsss.- Cne of the main features of the burner tested

iz that the fuel and alr are mixed before ignition. Near the:
lsailng edge of the bwmer gaseous fuel 1s Injected into the air
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stream that passes through the burner. The fuéel is injected at
right angles to the air stream at gage pressures up to 25 pounds
per squere inch throuvgh five holes that are 0.081 inch in Aiameter
and located arcund the inner wall of the burner. The inner
pessage of the burner serves as a mixing duct before ignition
at the trailing edge. Mixing results from diffusion of the high-
pressure jet and also occurs during the time necessary to accel-
erate the jet in the direction of the air stream. In order to
increase further the time and turbtulence available for mixing,
the immer duct is made diverging-converging to as large an area
at the maximum section as space permits without deSurOVing the
outer streamline of the burmer.

) Tnagmuch as the inlet area of the mixing duct is one-cighth
the area of the inner passage of the ram jet, the fuel-air
mixture is twice that of stoichiometric if a stream tube of
ram-Jjet velocity Tills the inlet and if one-fourth the total
air is *o be involvad in combustion. The fuel rates covered in
the tes®s wers those necessary tec involve betwsen one-elghth and
one-fourth the total air in combustion, so that the mixture in -
the mixing duct was always steichiometric or ricker. Vhen the
nmixture leaves tne ourner and is ignited, therefores, turbulent
spreading of the stream tube (mixing with other air) tends to

" keep the mixture near stoichiometric as it becomes lecnexr.

Ignition procesa.- Ths igniter flame is annular arnd surrounds
tihe main frel-air mixture. Air is taken into the igniter annulus
by ram at the lsading edge of the burner through 18 uniformly
spaced holes 1/16 inch in diameter. Fusel is injected into the
igniter annulus through nine holes, 0.012 inch in diameter, which
are located adjacent to the inner ends of the sreviously mentioned
18 holes through which the air enters. Because of the diffusion
of the air entering the igniter amnulus, the velocity through this
vart of the burner is relatively low, vhich allows ample mixing
time for the fuel and air before ignition by the spark that is
provided at the dovmstream outlet of .the annulus in question.

The width of the igniter annulus is 1/2 inch. By surrounding the
main mizture with igniter flame, there is less chance of Tuel
from the inner mixture escaping to the surrownding air without
being ignited. The igniter fuel line was made separately con-
trollable, although this-separation should not be necessary in

a fully developed burner. Calibrations. of 1gniter and main fuel
flcvs,weve obtained as functions of fuel-lins pressures by
placing the burner and the propane tank on a scale and measuring
the decrease in weight per unit time at various fuel-line
pressures. The separated region due to the igniter amnulus
constitutes the in obstruction to smooth air flow past the
burner. This obdtruction is 16 percent of the cross-sectional
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area of the inner passage of the ram Jet. The fuel line ani leading
edge of the burner were shaped in such a way as to cause 2 minimunm
of disturbance in the air stream.

SYMBOLS -

A cross-sectional area, square feet
» 84U

°p specifié heat of air at constant pressure, foot-pounds:
per slug per °r :

gpecific heat of air-propane mirxture at constent pressure

c
Pr and average temperature of stations 1 and 3, foot-pounds
/per slug por °r :

~

F fraction of tofal air theoretically Burnéd with propane

Heat added
Unit mass » foot-pounds per slug

P pressure, pounds per square fcot absolute
Ap =P - Py

. \
a dynamic pressure, pounds per squars foot (%p\?}

td

gas constant, foot-pounds per élug pe£ OF
T teméerature, OF ebsolute

v veldcity, ieet per second

o} dénéity, siugs per cubic foot

Subscriphs:

1 éntéﬁing'air

s exit air to which no heat has been addsd

3 exit alr to which heat has been added
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ANALYSTE

Corbustion efTlciency as a funct*on of static-pressure
gradisnt.- in cvder to evaluate the eificiency of combustion,
th° stavic-pregsure drop acroes the fleme was measured and compared

7ith the theoretical pressvre drcd to te expected for complete

combustion. This methed can be justified by the following unalysis:
It ig agsured thet a mixtre of air and pronans enters a constant-
arsa duct at etmospheric conditions and that an amouat of energy
equal to the heat of combustion of the propane is added to the
stream vniformly without fricticnal loss. The assumption that a
fuel-alr mixburs rather then eir enters the duct, as is the actual
case, is mede to eimplify the calculations. The error in mass

nurodveed by this assumpiion is not large, for at the
Tusl-eir ratio necessary to involve onc-fourth the air

. : ]
in cembustion, the rmass of fuel injected is only 15 percent of

the totzl mass. <Thenge of ¢ vith temperature is included in

Pr

the calcuwiationa. Calculations are based on compressible-Tluid
theory &z fcellowe:

{ Heat added )
{ without ) 3
) frictional loss §

The energy eguation ia
Cp, (‘I‘3 - Tl) + %(va? - v12> = i (1)
_L “—

Simltenecus solution of eguation (1) wuth the equaticns of state,
continuity, ani counservation of momentum will yield for Ap/ql

c. . c ’
fove (1 1° Py “Po.
WT‘ T "5 : + 2L 1+ + 2a5§;~

q.l/' _f R 3
2 - . ‘ m ) .
-—3 (:I + CpTll) = 0 L (2)
Vi ;
A plot of 4pfgy as a function of the fractipn of total

air theorctically involved in combustion with propane, as given
by equation (2) is gnown in figure 2. The calculations are

based on an initial velocity of 100 feet per second and an initial
temperature of 550 F absolute, since the initial conditions in

N
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the burner tests were near these values. It can be seen from
figure 2 that for this range of fractions of total air burned,

at the initial conditions given, Ap/ql is a linear function

of the heat added. Comparison of a measured pressure drop with
the calculated pressure drop is then a measure of the completensess
of combustion. :

Effect of nonuniform addition of heat.- In order to Getermine
the effect of nonuniform addition of heat to the stream, pressure
drops were also calculated for this case. It was assumed that .
heat is added without chemical reaction to one of two air streams
contained in a constant-area duct, that no mixing or exchange of
heat takes place between the two streams, and that the static
pressures of the two streems are equal at any point. The
enalysis is made for compressible fluid flow.

—_—
y Heat added without
frictional loss
At . .

Since the duct is of constant cross section,
A + At = A + A3 , -(3)
The adiabatic relation for a stream to which no heat has been
added is .
., cp/R I R S
2

'The energy equation for a stream to whlch no heat has been'
added . 1is ‘ 4 .

(n-hrsﬁ -n)]_, ()
The equation of conservation of momentum for the whole duct is

(A + Al') (P + MV1?) = Aﬂ(Pz + paV2?) + A (:p3 + pav 2) (65
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The ‘équetions of coht..nvﬁy 'be'aween ‘ghations:1 an¥.2 :and. bo’cveen 1
and 3, along with.tiie. -equations of.: state fo“ stations 2 arrl 3, a¥e
also uged and f“om the omginal assmnption p3 “is e:ma.l to P
If Ty is assumed to be Imowm, a ct<3lu'biors can be obtained by
‘combining all the eﬂv.at ong except eque atton (&) into one expréssion

“with p, end Tso aa 1u’xk.rmun WHen: #hisg ﬁf’p"‘eSSlOﬂ ig solved -
simultaneounsly with egtiation (M “the’ follcnng eqvatlon is
obtained:

\/

4 N .
" | = i
]
3.2 | B vl
(a4 ") Ut g f= . ~ ek;
n 1 l- ‘t
o 2t i
\ 20-,’1'“ il - (?i / E+Vl’
y . "‘Ol 4
- .
rA ety
+ N Ay + ALY - AV L S
5/7 ‘ 2 -

Pq / /2(; 1. - .I_JL /;1 +V1"

= . -p 2

2 -\/ o\

v - -
3 ] -
pq A
.-i + . - .
o
<3,
2z
P
H D

L .

‘The amo.nt of heat that has been added can be found after
the solution of eguation (7) ‘OJ finding the value of V3 2nd th
stagnation value of T;. This method was vuefl to reduce the
number cf eguations. A plot of Ap/ql ag & function of the
fraction of the totul air involwved in rO‘l'bust:.cu ig shown in
figure 3 for cases where the heat is confined to various fractions
cf the total duct. The lower curve is extended with dashes to
icate that, because of the extremely high final temperatures

involved, values of ¢, 1in this region are douvbtful. It is
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unlikely that this excessive amount of heat would remain confined
to this small part of the duct for an appireciable length of time

in this bwning problem. Figure 3 cannot, of course, be used to

© provide a quantitative picture, because it is for an idealized case.
This figure shows, however, that the full pressure drop due to the
combustion process will not be realized unless the heat is
distribvted uniformly. :

RESULTS AND DISCUSSION

Evaluation of results.- In all the tests of the burner with
its vavious modifications, the combustion and results were studied
maeinly by couparison of measured pressure drops with the theo-
retical pressure drops to be expected when combustion is complets
and the heat is distributed uniformly. The addition of heat
couwld be stuvlied over the complete length of the flame by studying
the progressive gtatic-pressure drop. A typical measured
pressure distributicn is shown in figure L.

Results obtained with original burner.- The first burner
tested was of the same inner and outer diameter as that showm
in figure 1, wes 6 inches long, and the mixing duct had no
divergence. Igniter fuel was injected -in the same manner as in
figure 1, but the main fuel was injected in a downstrean
direction through a fuel nozzle located 2 inches upstream from
the leading edge of the burner. The pressure drops measuvred.
indicated that the combustion was about 45 percent complete at
an Initial velocity of 150 feet per second at various fuel rates,
although the flame was blue and very gmooth. The igniter flome
was about & inches long. Movement of the main fuvel nozzle
either upstream or downstream produced. an adverse effect on
combustion, but in every case combustion became more nearly
.ccmplete as the velocity was lowered.

Modifications of original burner.- Burnérs of the original-
burner type were then tested with igniter annuli 1/4 inch and
3/8 inch wide. Data could not be obtained at the higher velocities -
above 100 feet per second - with these smaller igniters as the
ignition was intermittent. The visible igniter flame extended
about 1 to 2 inches bsyond the trailing edge. These tests
‘indicated that mixing was not savisfactory, inasmuch as the
completeness of combustion increased as the velocity was lowered,

end that the longer igniter flame obtained with the %uinch-wiée

annulus was needed for steady ignition.
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Final burner design.- The burner shown in figure 1 was
tested first with the main fuel nozzle used with originsl burner
and then with the injection system shown in figure 1. Com-
bustion vas abovt 10 percent more complete with the fuel-
injection syctem shown, although both configurations gave com-
bustions much more neerly compnlete then thoss of the nrevious
burriers tested. This improvement 1s attributed to rore
satisfactory mixing.

The pressure drops measured during the tests of the bwrner
shown in figvre 1 at velocities of 100 to 130 feet per second
are plotted in figure 2. It can be seen that the combusticn
with this burner is about 80 percent complete vhen the pressure-
drop method of comparison is used. The pressure drop used in
calculating the completeness of combustion was the pressure
drop measured during burning minus the pressure drop measured
at the same velocity with no buning. The latter presgsure drop

Ap
dy .
with the pressure drop dne to combuqtion, bu*‘the ravorable
error that wonld be obtained when the burmer and wall fricticn
are not consgidered was avoided., A check on the compos¢tlon of
the exhaust gas as well as the unburned fuel vresent was obtained
by a gas analyzer based on the Orsat principle.. Thres samples
were taken simulteneously across the inner vassage of the rem
iet at the point vhere ‘the final static pressure was measured.
The average of these three analyses shoved that 84 percent of

the fuel was burned. Exhaust-gas samples, however, might not
have been accurate, even in these comparatively IOW»thpﬂrature'
burner tests, becauwse of surface combustion 2% tle sunpling-
tube walls.

due to burner and wall friction was emall Q.’-L) in comparison

The flames were observed through a small window located a
few Inches downstream from the burner and vere blue over the
complete rangs of velocities and fvel rates measuresd. This
blucness, hcwever, is not necessarily a criterion of the best
combustion efTiciency. The igniter fleme extended from the trailing
edge of the burner to about 4 or 5 inches downstream, and the
main flame extended from the trailing edge to about 3 or % burner
lengths dovnstream. BurnLng ves smooth with only small pressure
fluctuaticns, snd the main mixture could be ignited at any of
the velocities and fuel rates tested. The temperature of the
atmosphere was sufficient for vaporization of the fuel in these
teats without the a2id of a separate fuel veporizer.
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CONCLUDING REMARKS

Preliminary tests of & small ram-jet burner have been maile
and tests of this dwrner indicate efficient combustion character-
igtics (combustion was 80 percent complete) and low aerodynemic
losses et the conditions tested. The fact that the measuvred
combustion was so nearly complete is due maa.nl" to the method
of fuel injection and to mixinz of fuel and air before ignition.
The pressure drop due te frictional lossee at the burner and
at the inner passage of the ram Jet is small, since the &ir 1is
not greatly disturbed to obtain mixing and i t*od.

It is hell eved that an investigation of the characteristics
of the burner should be mede at stréam velocities higher than
150 fest per second, after vhich any desirable mcldifications
couwld be incorporated. A larger bwrmer should then be tested
at the desired high velocities and reduced inlet air pressuvres and

temperatures for application to a ran-jiet airplane.

Langley Memorial Aeronautical Laboratory
National Advisory Cormititee for Levonautics
Langley Field, Va.

REFFRENCE

1. Ellis, Macon C , Jr., and Brown, Clinton E.: Analysis of
Supergonic T am—J et Perfov-mancq and Wind-Tuwnnel Tests of
a Possgible oupewsonlc Ram-Jet Ai rplane Model. NACA ACR
Yo. L5L12, 1gk6



Fig. 1

*Joudanq 36f-wed TOPOR =-°T oInITd

SOILNYNOY3V 404 IILLINWOD
AYOSIAQY TVYNOILVN

ASOTA juoad | SUIT TenJ
. Uygsp - eu en
3ef mwex Jo wwawnwm
eZseseevd aeuul ﬁ _
9) o Y
_" ews1J JI03TuUl3T I0J i

_ A uojf8ea Jaye-pee(q 3onp
|

_ \ wcﬁ::\

| Ar .\ \ . |
| i .
. ¥ L1ddus
S gl e ATy~
-H L}
= : St
H — 0T f———tuz = ot r

1T9Us _
Jd649Nn0 Jeudng rl 2

ey

owupmo>
USTH

NACA RM No. L6KO08b
—
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Calculated pressure drops for complete combustioh
O— — — Measured pressure drops

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

(o} .05 .10 .15 .20 : .25 «30 .35

Fraction of total alr theoretically involved in
combustion with propane

Figure 2,- Comparison of measured pressure drops across ram-jet burner
with pressure drops calculated for complete combustlion. Initilal
veloclty, approximately 100 feet per second; initial temperature,
approximately 550° F absolute.

6 v - T —— = T
— — — —Values of c¢p in doubt in this reglon

5 Heat added uniformly -

/

4 /
g ~ / Heat added to one-half the pasasage
o

-
4+
—
-
|
-
2 /
’ Heat added to one-fourth the passage
1 P
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
o]
0 .05 .10 .15 .20 .25 .30 .35
Fraction of total air theoretically involved in
combustion with propane L

Flgure 3.~ Comparison of calculated pressure drops across constant-area
duct to whlch heat has been added uniformly eand nonuniformly. Ini-
tial velocity, approximately 100 feet per second; initlal temperature,
apnroximately 550° F absolute,



Fig. 4

NACA RM No. L6KO08b

06

*8T°0 = J ‘puocoes aed 3eeJ 03T ‘L£3300Te6a 18137UIl
*eqny uor3snqwod Juor® UOTINQTJIFSTP oanssedd peanssew T[eOTdLJ -*% eanBT4d

*ut ‘eqny peEY-{8303 WOJJ WEOJIJEUMOD ©OUBLSQ

o8 0L 09 0S o¥ 0¢ 03 01 bv

i .
SOILNYNOYIV ¥04 33LLINKOD _ _ °

>.~_Om_>ﬂ< ._<zo:.<z_ _ |
38f wsx Jo eoFesswd .NoccHI.\

4

*]

\.J\ 8

Y
©

\ 01
1 1 ol

¢dv

ouI

ToyooTs JO

NACA - Langley Field, Va.



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16



