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RESEARCH MEMORANDUM

PPELIMIIARY TESTS OF A BURNER FOR
RAM-JET APPLICATTIONS

By Paul ¥W. Huber
SUMMARY .

reliminary tests have been made of a small burner o meet
the requirements for aspplication to supersonic ram Jets. The
principal requirements were taken as: (1) efficient combustion
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, (4) simple construction, and.

(5) light weight.

Tests of & small burner weve carried to sbtream velocities
of nearly 150 feet per soccond snd Tuel rabes such that one-
elghth to one-fourth of the total ailr was involved in combustion.
Cormsrcial propene was selected as the fuel since ite low boiling
point faclilitated vaporization.

Combustion vhich was 80 percent complete zlong with low .
asrodynamic losses was obtained by injecting the fuel evenly,
prior to ignition, and allowing it to mix with the air without
appreciebly disburbing the stream. The pressure drop dus to
frictlonal losses eround the bwrmer and to the adjacent inside
- walls of thoe ram jet is small compared with the pressure Arop

dus to combusbion.

TINTRODUCTICN

There is a need for durners to meet the requirements for

application to high-speed ram jJets, such as the supersonic
ram Jot dsscribed in relference-l. Reference 1 shows tust high
velcoclties in the burning sectlon are declrable in ordsr to kcep
the fuselege slender and so glve lower fuaselage pressure drag.

¢ It follows that frictionsl losses throush the burmer will elso
become impoirtent at the high inteimel velocities. A system for
obtaining efficient combustion when utilizing only a small
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fraction of the tobtel air is slso importent for ram jJets
(reference 1).

The type of burner used in present turbojel units wovld
not be applicable to a high-speed ram Jet becavse of the hich
aerodynamic loseses through the burner unites as a result of twming,
swivling, or pertly blocking the air to obbtaln proper mlixing
and ignition in.a short space. Various burners are now belng
developed for ram jets, but none have been perlfected or suffi-
clently tested to demomsirate their suitability for a supersonic
rem Jjet.

It was the purpose of thie research to design 2 burnsr thatb
would be epplicable Lo s supersonic ram jet. The ultimate goal
of this work was to provide & simple and light bwmnexr which
would glve efficient combuvesbtion with low acrodynanmlc loeses ab
air stream velocities of 300 to 400 feet por mecond at over-all
fuel-air ratios of 1/60 to 1/120. In the present work, waich -
wag of & preliminmry nature, the alr veloclty shead of the burner
wag limited Lo 150 foet per second due tc limitatione of the
tegt facilitles. Additlonal tests should be made at higher stream
velocitlies and et redvcod inlet alr pressures and tomperaturna.

BURNER~-DESIGI CONSIDERATIONS

Selection of fuel.- Consgidereble simplification in burner
dogign may be achlieved 1f = fuel 1s selected which requires no
complicated means of securing vaporization. If a fuel wlth the
proper low bolling point is selected, the partial or complete
vaporizaticn of the fuel might be accomplished at some point In
the airplene or at the skin where a sultsble stagnation air
temperature ig available. An snalysis of skin-friction fuel
evaporators woull be necesgary to determine this possibility.

The fuel could be sbored in flight in & light insuvlated tank

at low temperature and at approximately atmospheiic pressure.

By use of such a method much of the bulky eguipment in the buwrning
alr duct would be eliminsted and a smooth supply of fuel %o the
btirner that would be indepsndent of the bhurner operatlon could be
malintalined.

The fusl selected for these tests was cormoerclal prcpans,
which 18 obtained 1in 1liquid form with a vapor pressure of aboutb
120 pownds per squars inch absolute af 700 F. The fuel haz a
vapor pregsure of 1 atmosphera at -43° .Propane has a heat of
combustion slightly higher than octane (21 750 Btu/lb}, and an
air-fuel ratio of 15.66 is ;




Security Classification of This Report Has Been Cancelled

NACA RM No. LEE0SH

Mixing and efficient combustion.- An important part of any
coembushion process 1s the proper mixing of fuel and air. When
e sgtream of gaseous fuel which has not been mixed with alr is
ignited, there is a strong possibillity that some of the fuel
mey paes through the burmer wilthout being exposed to sufficient
air for combustion. Combustion in en atmosphore lacking in
aufficient oxygen resulis in the formation of free carbon, which
radiates a large amount of heat to the survoundings (as in a
yellow Plame) and pesses through as a waste of avallable energy.
Carbon monoxide alsc is formed, the reaction by which 1t is
Pormed having a low heat of combustion., It is importent for
efficient combustion, therefors, to have all the fuel exposed
to sufficlent air for coambustlon. Greatly dlstvrbing the air
to cbtain this nixing causes wnnecessary losses, go that it is
most lmportant to inject the fuel in such a menmer that it will
become evenly distributed throughout the alr. It might be
necessgary, however, in a final burner design, to arrive at some
compromise betwsen burmer losses and rapid mixing.

DESCRIPTION OF BURNER AND TEST APPARATUS

A gketch of the cross section of the burner and inmer passege
of the ram Jet ig eghown as figure 1. The burner consists of s
circular mixing duct surrounded by an ennular igniter at the
tralling edge. The arsa of the mixing duct ls one-eighth the
area enclosed by the Inner passage of the ram Jet, so that small
fractions of the total eilr can be burned end the alr-fuel mixtures
are nearly stoichiometric.

Tests were made of a small burner 2% inches in diameter,
1 foot long, located in a tube of constant cross section 5 inches
in dismeter and 7 feet long. Thls tube simvlated the immer
passage of & ram Jet and was mounted &t the exit of a centrifugsal
blower which served asg the air supply. With this blower, an air
veloclty of about 150 feet per second was available umder conditions
of opoeration with maximum fuel flow. A static~ and a total-

pressure tube were installed 2% inchog ahead of 'bhe-burner, end

static orifices were placed at intervals of 4 inches aiong the
imner passage of the ram Jet to about 5 burner lengths downastream
from the burmer.

Mixing process.- Cne of the main features of the burnsr tested

is that the fuel and air are mixed before ignition. HNear the
leading edge of the burner gaseous fuel is injected into the air
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stream that passes through the burner. The fuel is injected at
right angles to the ailr stream at gage pressures up to 25 pounds
psr sguere inch through five holes thet are 0.081 inch in Alameter
end located around the immer wall of the burner. The inner
passage of the burmer serves as a mixing duct before 1gnition

at the trailing edge. Mixing results franm diffusion of the high-
pressure Jet and also cccurs during the time necessery to accel-
erate the Jet In the direction of the air stream. In order to
inorease further the time ani turbulence available for mixing,
the inner duct is made diverging-converging to as large an area
at the maximum section as space permits without destroying the
outer streamline of the bwrmer. e

Inasmuch as the inlet area of the mixing duct is one-elghth
the area of the imner pessgage of the ram Jet, the fuel-air
mixbure is twice that of shoichlometric if a sgtream tube of
rap- ot velocity fills the inlet end if che-fourth the total
air ie to be involved in combustion. The fuel rates covered in
the teats were those necessary to involvae betveen one-eighth and
one~fourxrtn tho total eilr in combustion, so thet the mixture in
the mixing dust was alwmys stoichiometric or rictar. When the
mixture leaves the burner and is ignited, therefore, turbulent
spreading of the etream tube (mixing with other air) tends to
keep the mixture near stoichiometric as it becomes leamer.

Tenition process.- The ilgniter flame is annuler and surrounds
the main fuel-eir mixture. Alr is taken into the Igniter amnulus
by ram et the leading edge of the burner: through 18 uniformly
spaced holes 1/16 inch in Glameter. Fuel is injected into the
igniter anmnulus through nine holes, 0.012 inch In dismeter, which
are located adjacent to the immer ends of the I evlously mentioned
18 holes through which the alr enters. Because of the diffusion
nf the air entering the igniter ammulus, the velocity through this -~
part of the burner. is relatively low, which allows ample mixing
time for the fuel.and alr before ignition by the spark that is
provided at the dowmstream outlet of.the_asnnmulus in question.

The width of the igniter annuius is 1/2 inch. By surrounding the
main mixbure with igniter flame, thers i8 less chence of fuel
from the inner mixture escaping to the sur“01ndin¢ alr without
being ignited. The igniter fuel line was made separately con-
trollabls, although this-separation should not be necessary in

a Tully developed burner. Calibrations of igniter end main fuel
Tlows were obtalned as functions of fuel-line pressures by
placing the burner and the propane tank on a scale end measuring
the decrease in weight per unit time at various fuel-line
pressures. The separated region duec to the ignlter amnulus
congtitutes the main obstruction to smooth alr flow past ths
burner. This obetruction 1s 16 percent of ‘the cross-sectional
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area of the immer passage of the vem jet. The fuel line and leading
edge of the burner were shaped in such & way as to cause a minimum
of digturbance in the alr stream.

SYMBOLS

R, T

1

A cross-sectlonal area, square feet

gpecific heat of alr at constant pressure, foot-pormds
per slug pexr °F

P specific heat of air-propane mixture at constent pressure
- and average temperature of stationes 1 and 3, foot-poundis
per slug per O_F

F  fraction of totel air theoretically burned with propane

Heat added : ,
Toit mess  ? foot-pounds per slug

P Pressure, pounds per square foot absolube
Ap =P, - Py
dynamic pressure, pounds per squere foot (-—pv-? }

q
R~ gas constant, foot-pounis per slug per °F

-3

temperature, °F absolute
¥ velocity, Teet per second
# density, slugs per cubic foot
Subscripts:
1 entering air
' B exit alr to vhich no heat has been added

3 exit alr to which heat has heen added
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ANATYSTIS

Combustion efficlency as a function of static-pressire
gradleat.~ In order to evaluate the efficiency of combustlon,
the statlic-pressure drop across the flame wag moasured and compared
with the theoretlcal pressvre drop to bs expected for camplete
combugtion. This method can be Justified by the following unalysis:
It ip asgurmed thet a mixtre of alr and provans enters a constant-
area duct at atmospheric conditions and that an amownt of energy
equal to the heat of combustion of the propane is added to the
gtream vnifoimly without frictional loss. e agswmptlon that a
fuel-air mixture rather than air enters the duct, as is the actual
cage, I1s msde to gimplify the calculations. The error in mass
flow introfuced by this assumption is not large, for at the
maximw fusl-eir ratlo necessary to involve one-fourth the air

in ccmbuetion, the mass of fusl injected 1s only 1% percent of
the total mass. Changes of éPT with temperature is included in

the calculationg. Calculstions are based on compressible-Tluld
theory as fellows:

Heat added
without 3
frictional loss )

The energy equation is .
2 2
Cps (T3 - T1>+ %{va - v_l) = H (1)

Simulteneous solution of equation (1) with the equations of state,
continuity, end conservation of momentum will yield for Ap/q;

: . . C .
Aﬁf 1 1% . °pp  “pp o e B3
a; \F 2R T UTRRTR Rg

1 3 3
. | .

- = (7 + opgy) =0 3 (2)
1

A plot of Ap/q1 as a function of the fraction of totel
air theoretically involved in combustion with propane, as given
by equation (2), is shown 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
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the burner tests wers near these values. It can be seen from
figure 2 that for this range of fractions of total air buwrmed,

at the initial conditions given, Ap/q: 1s a linear function

of the heat added. Comparison of a measured pressure drop with
the calculated pressure drop la then a measure of the completeness
of combustion.

~1

Effect of nonuniform addition of heat.- In order to determins
the effect of nonuniform addition of heat to the strsam, pressure
drops were also calculated for this case. It was assumed that
heat 1s added without chemical reaction to ons of two alr stresms
contained in a consbtent-arsa duct, that no mixing or exchange of
heat tekes place between the two streams, and that the static
preggures of the two streams are equal at any point. The
aenalysis is mede for compressible fluld flow.

Ay 2

1 e -
. { Heat added without
frictionel loss
Ayt .

Since the duct ims of constant cross section,
A + AT = Ay + Ag (3)

The sdiabatlic relation for a stream to which no heat has been

added is
G
Tl P;

The energy equation for a stream to which no heat has been
added is

op(Ts - T2) = 2.7 - 7) ()

' The equation of congervation of momentum for the whole duct i1s

(A + A1) (P + ;aV3®) = Ax(po + paVa2) + As(Ps + p3V32) (6)

&fg
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The equations of conbtinuiity between statlons 1 ani 2 and between 1
and 3, along wlth the equations of state for stations 2 andi 3, are
elso. used and from the original sssmmption p; is equal to ps.

If Ta 1s assumed to be known, a sclutlon can be cbtained by
combining all the equations except equeticn (L) into one expresseion
with p, end Ty aes unxnowns. When thls sxpression lg solvec
simulteneously with equeticn (4), the following equation is

obtained:
-
3/7 3/ 2
A:_Vl(gz’) / 2cpTl E' @—%—) / +Vy
T 1
. 1+
o e
| /2o5% FH (3;3-‘-) e ® RT"@% /
~
L Jd ] i | B

——

\/

=
+
F
/Tf\
£
o>
i
P

~ - =
by - -AllzvigTs L
<3, " ’
s B
P AV
SERTE A Ayt - SAL
1
\NB /7 r
1 ) 247 - .
P2 2c, Ty -1 - {22 /7| & vy 2 (7
Py < P

The amownt of heat .that has been sdded can be foumd after
the solution of equation (7) by finding the value of V3 and the
stagration value of T3, This nethod was used to reduce the
number of equations. A plot of Ap/ql ag a fungtion of the
fraction of the.total air Involved in combustion is shown in
figure 3 for cases where the heat is confined to various fractlons
of the total duct. The lower curve is extended wlth dashes to
indicate that, because of the extremely high final temperatures
involved, values of ¢4 1In this region are doubtful. It is
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unlikely thet this excessive amount of heat would remain confined
to this small part of the duct for an appreciable lengbh of time

in thls burning problem. Figure 3 camnot, of course, be used to
provide a quaentitative plcture, because it is for an ideallzed case.
This figure shows, however, that the full pressure drop due to the
combustlion process will not be realized unless the heat is
digbributed uniformly.

RESULTS AND DISCUSSION

Evaluation of results.- In 8ll the tests of the burner with
its various modifications, the combustion and results wore studied
naeinly by comparison of measursd 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
could be studied over the camplete length of the flame by studying
the progressive static-pressure drop. A typlcal measured
pressure distribution is shown in figure k.

Resulte obtained with original burner.- The first burmer
tested was of the same inner and outer dlameter as that shown
in figure 1, was 6 inches long, and the mixing duct had no
divergence. Igniter fusl wes injected in the same manner as in

v figure 1, but the main fuel was injected in a downstream
direction through a fuel nozzle located 2 inches upstresam from
the leading edge of the burner. The pressure drops measured
indicated that the combustion was e&bout 45 percent complete at
an initial wvelocity of 150 feet per second at various fuel rates,
although the flame was blus and very smooth. The ignlter flame
was about 4 inches long. Movement of the main fuel nozzle
either upstream or downstream produced an adverse effect on
combustion, but in every case combustlon became more nearly
complete as the veloclity was lowsred.

Modifications of original burmer.- Burners of the original-

burner type were then tested with igniter amnuli 1/k inch and
3/8 inch wide. Data could not be obbained at the higher velocities -
above 100 fest per second - with these emaller igniters as the
ignition was intermittent. The vieible igniter flame extended
about 1 to 2 inches beyond the tralling edge. These tests
indicated that mixing was not satisfactory, Inasmuch as the
completeness of combustlion increased as the velccity was lowered,

' snd that the longer igniter flams obtalined with the %hinch-wiée

amulus was needed for steady ignition.
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Final burner design.- The burnsr shown in figure 1 was
tegted first with the main fusel nozzle used with originul burner
and then wlth the injectlon system shown In figure 1. Com-
bustion was abouvi 10 psrcent more complete with the fueli-
injection system shown, elthough both configurations gave com-
bustions much more nearly complete then those of the previous
burners tested. This improvement is abbtributed to more
gatisfactory mixing.

The pressure drops measured during the tests of the bhurner
shown In figure 1 at veloclties of 100 to 130 feet per second
are plotted in figure 2. It can be seen that the combustion
with this burner is about 30 percent complete when the pressure-
drop method of comparison is used. The pressure drop ussed in
calculating the completeness of combustion was the pressure
drop measured during burning minus the pressure drop measured
at the same velocity with no bwuning. The latter pressure drcp

due to burner and wall frictlon was emall(% = 0.7-9 in comparison

2L
with the pressure drop due to combustion, but the favorable

error that woiuld be obbtained when the burner end wall friction
are not consldered was avoided., A check on the composition of
the exhaust gas as well as the unburned fiel present was obtained
by a gas analyzer based on the Orsat principle.. Three samples
were taken simulianecusly across the inner passage of the ram
et at the point vhere the final stallc 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 becn accurate, even in these comparatively low-tempsrature
burner tests, because of surface combustion at the sampling-
tube walls. -

The flames were observed through & small window located a
fow inches downstream from the burner and vere blue over the
complete range of velocitles and fuel rates measured. This
blueness, however, is not necessarily a criterion of the best
comhustion efficlency. The ignlter fleme 'extended from the tralling
edge of the burner to about & or 5 inches downstream, and the
maein flame extended from the trailing edge to about 3 or & burner
lengths downstream, Burning was smooth wlth only small pressure
fluctuations, end the main mixture could be ignited at any of
the velocities and fuel rates tested. The temperaturs of the
atmogphere was sufficient for vaporization of the fuel 1n these
testy without the aid of a separate fuel vaporizsr.
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CONCLUDING REMARKS

Preliminasry tests of a small ram-jet burner have besen made
and tests of this burner indicate efficient combustion character-
istics (combustion was 80 percent complete) and low asercdynemic
losaes at the conditions tested. The fact that the measured
combustion was so nearly complete 1s due mainly to the method
of fuel injection and to mixing of fuel and air before ignition.
The presswre drop due to frictlionel losses at the burner and
at the inner passage of the rem Jet is small, since the air is
not greatly disturbed to obtain mixing and ignition.

It is believed that an investigation of the characteristics
of the burner should be mede at sileam veloclities highar then
150 feet per second, after which any desirable modificstions
couwld be lncorporated. A larger buimer should then be tested
at the desired high velocitles and reduced inlet alr pressuies and
temperatures for application to a ram-jet airplane.

Langley Memorial Aeiomautical Laboratory
National Advisory Commititee for Aeronsutics
Langley Field, Va.
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