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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCE MEMORANDUM

TURBOJET COMBUSTOR EFFICIENCY AT HIGH ATLTITUDES

By Walter T. Olson, J. Howard Childs, and
Edmund R. Jonash

SUMMARY

NACA research on the single problem of combustion efficiency of
turboJet engines at high altitudes is discussed. Representative results
of investigations with turbojet combustors are presented to illustrate
the trends obtained with the following categories of variables: (1)
combustor operating verisbles, (2) combustor-design variebles, and (3)
fuel variables.

The data indicated that as the enviromnment of the combustor becomes
one of low pressure sand low temperature at high altitude, low combustion
efficiencies and limited values of cbtainable temperature rise were
encountered, Increased cross-sectlional area of combustor for a given
welght flow of air decreased velocities end facilitated high combustion
efficiency at altitude. For the design of the liner, increased volume
in the flame zone and gradual admission of the eir into the combustion
space were shown to gid.combustion by helping to provide localized fuel-
alr mixtures of correct compositlon that exist sufficiently long for
ignition and combustion to occur. For high combustion efficilency to
occur, all the fuel must be involved in this mamner, and it was shown
that the combustor design, the fuel injection, and the fuel volatility
must be matched if optimum combustion efficiency 1s to be achieved; in
general, combustion efficiency decreased with increased fuel bolling
temperatures. Further, it was shown that fuels of higher flame speed
and/or lower ignition temperatures gave higher combustlon efficiency
when other properties were similar.

INTRODUCTION

The velue of an aircraft propulsion system is measured in terms
of the reliasble delivery of required thrust for & minimum fuel-con-~
sumption rate, engine weight, engine frontal area, and engine cost
for a range of speeds and operating altitudes. For turbojet engines,
these factors impose many requirements on the combustion chamber; the
principal factors are stability and relisbility of operation, high


http://www.abbottaerospace.com/technical-library

Security Classification of Thiswdeporirdes=BeerreCancel led

2 GONID NG+ NACA RM E50I07

combustion efficiency, small volume or size, minimum pressure drop,
minimum welght, a preferred pattern of outlet-temperature distribu~-
tlon, strengbth and durabillty, ease of ignition, ability to utilize a
variety of fuels, and ease of manufacture. Many of these requirements
are in caonflict with one another, such as high combustion efficiency
&8 opposed to minimum combustor size. Although NACA research on
turbojet combustors has necessarily concerned most of these require-
ments, the present report is restricted intentionally to only that
part of research on turbojet combustion that has been concermed with
combustion efficiency at high altitudes, '

It is commonly understood that the effective operating regime of
the turbojet engine is high flight speed and high altitude. Further,
the service requirements of turbojet engines plainly call for effective
operatlon at even higher and higher altitudes. Experience has shown
that, as operating altitudes are progressively increased beyond
25,000 feet, the effects of altitude on combustion efficiency ultimately
result in severe pensltles in thrust and specific fuel consumption.

The problem of maintaining high combustion efficiency is one of the
most important problems of altitude operation.

The research approach to the problem has involved both systematic
investigations of the effect of lndividual varisbles on combustor per-
formance and attempts to relate fundamentel combustion parameters,
such as fuel-spray characteristics, ignition limits, and flame speeds
to the observed combustor performance, Consequently, this report
describes and discusses the individual effects of different variables
on turbojet combustion efficiency. These variables are, for conven-
ience, listed as operational variables (fuel-air ratio, and combustor
inlet-air pressure, temperature, and velocity), design variables, and
fuel variebles, Although the shortcomings of trying to isolate vari-
ables or to apply fundemental date to a total process as complicated as
the combustion process in a high-heat-release burner are recognized,
an appreciation and an understanding of the combustion problem at
altitude have been gained in this way®

The dgte presented are selected from s broad range of studies
with many different combustors and asre believed to be illustrative of
the trends obtained. The date were obtained by operating individual
combustors in Ilnstallations suppllied with air and exhaust services
that permitted control of combustor inlet-air pressures, temperatures,
and flow retes, Typlcael methods are described 1n references 1 and 2.
Certain trends thus obtalned have been verified with full-scale engine
operation in research facilities that simulate altitude conditions.

ORI T v
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TURBOJET COMBUSTOR

The technique that 1s used to cbtained the required combustion in
turbine engines 1is dictated largely by the necessity of establishing a
low~velocity zone having a fuel-air ratio near the stoichiometric
value., The need for such a zone is evident from figures 1l and 2. Fig-
ure 1 (reference 3) shows the inflammability limits of quiescent
gasoline-air mixtures obtained in simple bench-scale laboratory appa-
ratus. For a glven pressure, ignition is possible over only a limited
range of fuel-air ratlos near stoichiometric, end this range decreases
with a decrease in pressure. Below a pressure of 0.7 pound per
square inch, ignition is impossible at any fuel-air ratio. If combus-
tion is to occur at a2ll in a turbine engine, the pressure and the
fuel-air ratio in the burning zone mmst lie wlthin the envelope shown
in figure 1.

Velocity can also make it impossible to obtain combustion if its
values exceed certain limits. In figure 2 velocity is plotted as a
function of fuel-air ratio. The lowest curve (from reference 4) in
the figure shows flame velocitles typical of mixtures of hydrocarbon
fuels and air; if the flow velocity in the fuel-air mixture every-
where exceeds about 2 feet per second, the fleme will be extingulshed.
The upper curve (from reference 5) delineates the limits for combus-
tion of mixtures of vaporized gasoline and air burning downstream of
& perforated plate arranged normal to the flow in a 2-inch-diameter
tube. This perforated plate constitutes a flame shield very similar
to that provided in turbojet combustors. Combustion could be main-
tained st fuel-air ratios and veloclties corresponding to points
lying beneath the upper curve; only at these condlitions did the per-
forated plate provide adequate shielded zones where the velocity and
the fuel-air ratio corresponded to values below the normal flame
speeds shown by the lower curve. If combustion is %o occur in a com-
bustor, the velocities and the fuel-air ratios in the burning zone
should correspond to points lying beneath the upper curve in figure 2.
The shaded area in the figure indicetes the range of over-all fuel-air
ratios and velocities typical of current turbojet combustors. These
values of fuel-air ratio and velocity were computed by methods
described in a subsequent section of this peper and are approximate
average values of these parsmeters within the combustors. It 1ls evi-
dent from figure 2 that the combustor geometry should produce within
the combustion zone fuel-alr ratios that are mmch higher and veloci-
ties that are prefersbly much lower than the approximate average
values lying within the shaded area in figure 2.
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In current turbojet engines the combustors are of two general
types, annular and tubuler, as illustrated in figure 3. In both types
of combustor, the ailr is admitted into the burning zone through per-
forations in a combustor liner; the passage of the air through these
perforations is indicated by the arrows in figure 3. The fuel is
injected ag & liquid spray at the upstream end by means of pressure-~
atomizing nozzles, Most of the alr 1is bypassed around the upstreanm
end of the combustor and admitted farther downsireem; only a fraction
of the total air flow is therefore admitted directly through the per-
forations into the burning zone. This technique produces the low
veloclties shown to be necessary by the data of figure 2. Also, the
injection of all the fuel but only s fraction of the alr into the
burning zone produces the high fuel-alr ratios shown to be necessary
by the data of figures 1 and 2,

The first essentiel in combustor design, then, is to provide
conditions within the burning zone, which lie wilthin the combustible
range of wvelocities and fuel-air ratios. Thls provision becomes
increasingly difficult as the pressure is lowered as shown by fig-
ure 1, and even with quiescent mixtures absolute pressure limits of
inflemmability exist.

In the turbojet combustor the problem, as previously stated, is
one of maintaining a high combustion efficiency and, in addition, a
high rete of heast release, Because of this requirement of a high
heast-release rate, high velocities must be employed in the combustor;
thermodynemic equilibrium 1s not achieved within the combustor; and
combustion efficlencies below 100 percent are frequently obteined at
sdverse operating conditions. Figure 4 shows & plot of the combustion
efficlencles .obtained with a typlcal turbojet combustor over a range
of simulated flight altitudes and engine rotor speeds. The efficlency
progressively decreases with an increase in altitude and with a decrease
in engine speed. Above the dashed curve, the engine is inoperable
because the combustor cannot supply heat at the required rate to oper-
ate the turbine., The general phenomena esnd trends exhibited in fig-
ure 4 are encountered in all aircraft turbine engines., Figure 5 shows
a plot of combustion efficiency against sltitude for three different
turbojet combustors operating at simulated rsted engline rotor speed.
With each combustor the efficiency is very close to 100 percent at
ses level and decreases at an accelerating rate as altitude is
increased. The general development of turbojet combustors and some
important observations on thelr performance have been described by
Whittle (reference 6), Mock (reference 7), Lloyd (reference 8), Watson
and Clarke (reference 9), Nerad (reference 10), and Way (reference 11).

1416
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EFFECT OF COMBUSTOR OPERATING VARIABLES

The operating veriables that would be expected to affect com-
bustor performance include, of course, the static pressure and tem-
perature of the incoming eir. An additional varisble, the mixture
composition, is expressed herein by the fuel-alr ratio, that is, the
welght retio of the total fuel flow to the total silr flow. Actual
values of the mixture composition vary considersbly throughout the
combustion space and are probebly not directly proportional to the
over-all fuel-air ratio. Inasmuch as this fuel-~air ratlo is the only
measurement of mixture composition available from most experimental
studies, however, 1t must suffice hereln as an index of the mixture .
composltion. Still another important varisble 1s the velocity of flow
of the incoming eir. This velocity is roughly inversely proportional
to the residence time of the fuel-air mixture in the combustion space,
and it 1s also important in determining heat and mass transfer rates.
The velocity of the incoming air is another varieble that varies
markedly in different parts of the combustion space, so it will be
expressed herein by a reference velocity, which is only approximately
proportional te actual values of velocity of the alr enterling the
combustion space. This reference veloclty is the velocity computed
from the total air mass flow rate, the static pressure and temperature
at the combustor inlet, and the meximum cross-sectional area of the
combustor flow passages. It is the velocity that would exigt if the
alr passed through the maximum cross sectlon of the combustor with
a uniform velocity profile and with its denslty unchanged from the
value at the combustor inlet.

Effect of inlet pressure, - The effect of the inlet static pres-
sure on combustion efficiency for constent inlet temperature, constant
reference velocity, and constant fuel-air ratio is shown in figure 6
(reference 1). The efficiency decreases at an accelerating rate as
the inlet pressure decreases. At high values of inlet pressure the
efficiency approaches 100 percent. The dats of figure 6 were obtained
with an ennulaer combustor of early U. S. design; the inlet temperature
was 525° R, the reference velocity was B5 feet per second, and the
fuel-air ratio was 0.014., Although the quantitative values of effi-
ciency apply only for this particular combustor operating &t the
specified conditions, the same general trend of efficliency with vari-
stion in inlet pressure has been obtained with a large number of
liquid~fuel combustors of both the annular and tubular types. If the
combustor design is better or if the constant operating variables of
inlet temperature, reference velocity, and fuel-alr ratio are more
favorable, then the combustion efficiencies will not fall appreciasbly
below 100 percent until pressures well below 10 pounds per square inch

A


http://www.abbottaerospace.com/technical-library

Security Classification of ThiswRepowrtrHess Beensdancebled

6 L ORI s NACA RM ESOIO7

absolute are reached. This fact simply means that for these morse
favorasble condltions the curve of figure 6 hes been displaced toward
lover pressures; the curve will retain its charecteristic shape,
however.

1416

Effect of inlet temperature. - The effect of inlet static tempera-
ture on combustion efficlency for constant inlet pressure, constant
reference velocity, and constant fuel-air ratlo 1s shown 1n figure 7
(from reference 1). A decrease in the inlet temperature has an effect
anzlogous to thaet shown in figure 6 for a decreese in inlet pressure;
that i1s, the efficiency decreases at an accelerating rate as the inlet
temperature decreases. The data of figure 7 were obtained with the
same combustor as the data of figure 6; the constent reference velocity
and fuel-air ratic were the same as for figure 6, and the constant
inlet pressure was 13.4 pounds per square inch gbsolute. Again, the
general trend shown by the curve of figure 7 applies to a large number
of liquid-fuel combustors over wide ranges of the constant opereting
verlables. Data are presented under "Effect of Fuel Variables" which
show the combustor-inlet temperature to have litile effect on the com-~
bustion efficiency of s vapor-fuel combustor for a range of inlet tem-
perature comparable to that of figure 7. Date are als¢o avallable for
one liquld-fuel combustor thatt: show little effect of inlet temperature
for thils range of the varisbles; 1t 1s probable that an effect would be
observed if lower temperatures could be investigated.

Bffect of reference velocity. - The effect of the reference veloclty
on combustion efficiency for constant inlet pressure, constant inlet
temperature, and constant fuel-air ratio is shown in figure 8 (from ref-
erence 1). The efficiency decreases at an accelerating rate as the
reference velocity increases. These data were obtained with the same
combustor as were the data of figures 6 and 7; the constant operating
variables were maintained at the wvalues previously noted for figures 6
end 7. Again, the general trend indicated by the curve of figure 8
applies for a large number of combustors over wide ranges of the con-
stant operating varlables. With some combustors a decrease in effi-
ciency has been observed at low reference velocities; this decrease
may be due to the poor fuel-spray characteristics of the conventional
injection nozzles at the stiendant very low fuel flow rates.

Effect of fuel-air ratio. - The effect of fuel-air ratio on com-
bustion efficiency for constent inlet pressure, constant inlet tem-
perature, and constant reference veloclty is shown In figure 9. Curves
are presented for four different combustors because the general trends
shown by the curves are somewhat different for various combustors
within the range of fuel-alr ratios of interest in current slrcraft
turbine engines. At a fuel-alr ratio of 0.017, the efficiency of

T L e
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combustor D is substantially comstant wlth changes in fuel-air ratio;
the efficlency of combustors E and F decreases with an increase in
fuel-air ratio; and the efficlency of combustor G increases with an
incregse in fuel-air ratio. If the fuel-air ratio for any one of these
combustors 1ls veried through e sufficiently wide range, it is probable
that the efficlency will follow the general trends shown for combus-
tors B and F; that is, at low fuel-air ratios the efficiency will
increase with an increase in fuel-air ratlo, at intermediete fuel-air
retios the efficiency wlll not change appreciably with a change in

fuel-air ratio, and at high fuel-air ratios the efficiency wlll decrease .

with an increase in fuel-alr ratio. The decrease in efficiency at low
fuel-air ratios is due ‘to the poor fuel spray developed at low flow
rates by conventlonal fuel injection nozzles, subsequently discussed
in the section "Effect of Design Variables." The decrease in effi-
ciency at high fuel-air ratios is believed to be due to overenrichment
of the important burning zone at the upstream end of the ccombustor.

The effect of fuel-air ratio is further 1llustrated by the curves
of figure 10 (from reference 1). Temperature rise through the com-
bustor is plotted against fuel-air ratio in figure 10, and dashed lines
of constant combustion efficiency are also indicated. By interpolating
between the dashed lines, the efficlency can be estimated for any
point on the solld combustor-operating curves. The two solid curves
were obtalned with the combustor used to obtaln the data of figures 6
to 8 operating at two different sets of fixed operating variables of
inlet pressure, Inlet temperature, and reference velocity. For operation
along the upper curve, the inlet pressure was 13.4 pounds per square inch
ebsolute, the inlet temperature weas 525° R, and the reference veloclty
was 85 feet per second; for operation along the lower curve, the inlet
pressure was 1l0.7 pounds per square inch absolute and the inlet temper-
ature and reference velocity were the same as for the upper curve.
Inspection of the lower curve shows the general trends previously men-
tioned, that 1s, the efficiency 1s approximately constant at sbout
74 percent in the intermediaste fuel-air ratioc range of 0.0l3 to 0.016,
and the efficiency decreasses at low and at high fuel-ailr ratios. The
seme general trends are also exhibited by the upper curve. The decrease
in efficiency with increase in fuel-air ratio at high values of fuel-
eilr ratio is so pronounced for the lower curve in figure 10 that the
temperature rise actuslly begins to decrease with increase in fuel-air
retio, This phenomenon results in e meximum in the curve of temperature
rise against fuel-air ratio; thet is, there exists & maximum obtainsble
temperature rise (850° F for the lower curve in fig. 10), that cennot
be exceeded with this combustor at these particuler operating condi-
tions. This maximum obtalnable temperature rise is, of course, an
index of the maximum heat release rate that this combustor can aschieve

PN,
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at these conditions. At desired Flight conditions where the maximmum
obtainable combustor temperature rise would be below the value required
for steady-state engine operation, the engine would be 1noperable. It
is this phenomenon that results in the altitude operating limits pre-
viously noted (fig. 4). '

Correlation of effects of inlet pressure, inlet temperature, and
reference velocity. - The effects of the operating variables, inlet
pressure Dy, inlet temperature Tj, end reference veloclty Vy, are
such that a correlation results when the combustion efficliency for a
given combustor operating with a given fuel over a range of ‘these oper-
ating veriebles 1s plotted as a function of the parameter piTi/Vf.

Such correlstions of the experimental data obtained with two turbojet
combustors are shown in figure ll. This correlation was derived by
empiricel methods of data enalysis. Experimental data obtalned with
‘14 turbojet combustors were plotted in this menner, and in all cases
the resulting curve hed the seme characteristic shape. At high values
of the parameter PiTi/Vr combustor performence is satisfactory; ‘the

combustion efficiency is high end is not very sensitive to changes in
operating conditions, as evidenced by the gradual slope of the curves
of figure 11, At low velues of piTi/Vr, however, combustor perform-

ance is unsatisféctory; the efficlency is low and decreases repldly as
pyT;/V,. decreases.’ The parameter p;Ty/V, does not correct for the

effect of fuel-air ratio on efficiency, which accounts for some of the
data scatter in figure 1l. A correlation such as is shown In figure 1l
is very useful because it makes possible & prediction of the combustion
efficlency of a combustor for different operating conditions. Also,
curves such as these aid in comparing the performence of different
combustors from data obtained in unrelated testis.

Explanation of effects of inlet pressure, inlet temperature, and
reference velocity. - No explanation has heretofore been given for the
varistion of combustion efficiency with changes in the operating var-
isbles, inlet pressure, inlet temperature, and reference velocity. As
previously indicated, if sufficient residence time were allowed the
fuel-alr mixture in the combustor, then thermodynamic equilibrium
would be attained and the efficiency would always be very close %o
100 percent provided combustion occurred at all. (Combustion would
not occur in a very thin f£ilm of the combustible mixture in close
proximity to the cold walls of the combustor liner, which would result
in some slight loss in efficiency.) The marked decrease in efficiency
at adverse operating conditions occurs because the conversion proc-
esses, which liberate as sensible enthalpy the chemical energy con-
tained in the fuel, are too slow., These conversion processes include

a

1416
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veporization of the liquid fuel, mixing of the fuel and air, ignition,
and oxidation of the fuel to the finsl products of combustion. The
combustion can be visualized as a competition between these conversion
processes and the guenching that occurs when the reacting mixture is
swept out of the burning zone and diluted with cold air and when the
mixture comes in contact with the relatively cool walls of the com-
bustor liner. Because of the cbvious complexity of the over-all
process, no exact theoretical treatment is possible. If the rate of
any one of the conversion processes 1s substantially less than the
rates of the others, however, this one process will govern the over-
all rate and hence will determine the combustion efficiency. As one
possible explenation for the loss in combustion efficiency, a theo-
retical anslysis was made with the simplifying assumption that the
chemical reaction (the oxidation of the fuel) constitutes an over-all
rate-determining step in the chain of conversion processes. This
analysis served to predict the correlation effected by the parem-

eter PiTi/Vr end also predicted the shape of the curves of figure 1l.

Thus the effects on combustion efficiency of the inlet pressure, inlet
temperature, and refersnce velocity may be the result of their effect
on the rate of the chemical reaction. These variables affect the
collision frequency of the reacting molecules and also determine the
residence time of the reacting mixture within the combustor.

Summery of effect of operating varisbles. - The combustion effi-
clency of turbojet combustors decreases at an accelerating rate with
& decrease in the combustor-inlet pressure or tempersture and with an
increase in the combustor reference velocity; combustion efficiency
can be correlated with these varilisbles as a function of the parameter
Piiifvr' The effect of fuel-air ratio on combustion efficiency is

largely dependent upon the atomization characteristics of the fuel-
Injection system, and as such will be discussed more completely in a
subsequent section of this paper.

EFFECT OF DESIGN VARIABLES

The general trends discussed in the preceding section are essen-~
tially the same for the various turbojet combustors. The absolute
velues of efficlency and obtainable temperature rise for given oper-
ating conditions vary, however, with the combustor design. Good
design must favor the conversion processes of combustion over the
combustion-terminating processes. The significant design factors
for high combustion efficiency would be apparent if the exact con-
tribution of sach process to combustor performance were known. Such,
however, is not the case. Further, compromises to meet the many
combustor requirements as enumerated in the "Introduction" must be
included in any design.
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Several design variables have been investigated by the NACA for
their effect on combustion efficlency and obteinable temperature rise.
They are combustor size end shape; total open area, distribution,
size, end shape of air-admission holes in the wells of the combustor
liner; and fuel-inJection methods. An examinetion of the trends
observed with these variables. assists in understanding the pert
played by each of the individual processes thet contribute to combus-
tlon efficlency.

Combustor size., - Concerning combustor size, the combustor must
have a sufficiently high heat release rate to meet the power require-
ments of the engine. This requirement introduces the immediate
question of whether combustor volume is the single limiting factor in
altitude operation, Partly to answer this question, & simple diffu-
sion flame of propane in air was burned at reduced pressures (fig. 12)
end the volume required to effect a given rate of heat release per
unit time determined from photographic measurements of the reaction
zone volume (reference 12). The volume in cubic inches required to
release 1000 Btu per hour, computed in thls way, 1s plotted against
pressure in figure 13. Al pressures above 120 millimeters, the
reaction zone of the flame was too thin to allow estimates to be made
of 1ts volume, although the curve extrapolates reasonebly well to =a
value corresponding to 7 X 108 Btu per hour per cublc foot at 1 atmos-
phere, & velue cited in reference 10 and besed on an estimate of flame
thickness for a flame propagating in & tube at a known rate.

Also shown in figure 13 1s ‘the volume available for the same heat
release rate in a turboJjet combustor at the design fuel flow rates and
assuming 100-percent combustion efficiency. It is noted that the com-
bugtor affords sufficient volume for the flame slone, although the
volume required increases from less than 1 percent of that availabls
to 5 percent of the combustor at about 60,000 feet for the combustor
heat release rates currently used.

In another experiment, & wick lemp was substituted for the propane
fleme (reference 12) in similar apparatus and the entire apparatus was
immersed in a calorimeter so that combustion efficiency could be meas-
ured. The results are shown in figure 14 and are compared with the
same turbojet combustor. The diffusion flame burned at 100-percent
efficiency down to the blow-out limit, Apparently a flame will burn
efficiently at pressures much lower than those now being used if given
the right enviromment in the combustor.

A further consideration of combustor size may be made by examining

the reference wvelocity. Figure 15 shows the effect on combustion effi-
clency as the air-flow rate through a unit cross-sectionsl area of a

1416


http://www.abbottaerospace.com/technical-library

Security Classification of ThiswRepowrtrHes Beensdancebled

9T¥L

NACA RM E50I07 e ) 11

typical combustor is increased. The trend is simllar to that previously
discussed for figure 8. The combustor-inlet conditions are 15 pounds
per squere inch and 620° R. This combination of inlet-air pressure and
temperature represents & turbojet engine with a 4:1 compression ratio
operating at full rotatlonsl speed at 500 miles per hour at an altitude
of 40,000 feet., The curves representing constant combustion efficiency
show a regular decrease in efficiency as reference veloclty is increased.
Operation of this combustor at efficlencles of 90 percent or greater,
over a reasonable temperature range, is achleved at alr flows less than
those indicated by the 90-percent curve., A similar plot for four dif-
ferent combustors but with only the 90-percent combustion efficiency
curve is shown in figure 16, Combustor M was used in the preceding figure.
Combustor J was limited at high air flows by blow~out. At low air flows
or low fuel Plows (low temperature rise), J was limited by decreasing
combustion efficiency because. this combustor, unlike the other three,
had g fixed-orifice fuel nozzle. An exemination of these and similer
data for other, different combustor designs indicates that a reasonable
design figure for combustion in the 90- to 100-percent efficiency range
for the inlet conditions shown is 5 pounds of eir per second per square
foot of meximum cross-sectional area of combustor. These inlet condi-
tions correspond to & reference velocity of about 75 feet per second.
Similar data at other altitude operating conditions, such as the higher
pressure and tempersture of 25 pounds per square inch absolute and

710° R and at the lower pressure and temperature of 10 pounds per

square inch absolute and 550° R, also indicate a good design velocity
at altitude to be about 75 feet per second. This velocity is indicated
with present combustor designs. Use of smaller dimensions for the max-
imum combustor cross-sectional area, or higher velocities, may be
expected to Increase the difflculty of achieving high combustion effi-
ciency et altitude.

Design of primary zone. - A most important design consideration
for stable end efficient combustion is, of course, the primary com-
bustion zone, where that portion of the air that is to burn the fuel
should be admixed. This zone is where low velocities and reverse
flows afford sufficient residence time for initiation of flame and
"piloting", as has been shown in visual studies (reference 11),

Some important design conslderations for the primery zone appear
in figure 17, where combustion efficiency at simulated full engine
speed 1is plotted agelnst grades of altitude. The four combustors
were of the annular type and were designed to fit into the same
housing, Xach of the sketches represents an element of surface from
the combustor liner and contains one of the longitudinal rows of air
edmission holes. Also shown are longltudinel cross-sectlonal views
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of the upstream end of the combustor liner, showing the fuel nozzles and
the relative size of the combustion zones. Combustors N, O, end P were
of the double ennuler type; that is, each of these combustors had two
concentric annular combustion zones. Combustor Q was a single-annulus
combustor. Combustors N and O were alike in all respects except that
combustor O had wider combustion zones. Combustor O exhibits higher
combustion efficiency at all altitudes than combustor N. Combustor Q
differed from combustors N end O in two respects; first it had one
large combustion zone rather then two smell ones; and second, it had
long narrow slots in the liner rather than circular holes. Combustor Q
surpasses combustors N and O in efficiency at all altitudes. The
principal reason for the better performence of combustor Q 1s believed
to be the difference in the width of the combustion zone rather than
the difference in shape in the liner perforations. This reason is
concluded from dats obtalned in another investigation carried out with
a combustor similsr to combustor Q. In this combustor, the liner per-
forations were changed from circular holes to long, nerrow slots with-
out modifying the width of the combustion zone, end no substantial
improvement in combustion efficiency was noted., Thus, comparison of
the efficiencies for combustors N, 0, and @ shows the progressive
Improvement in combustion resulting from a progressive increase in

the width of ‘the upstream end of the combustor liner. Possible rea-
sons for this improvement are that: (1) A smaller portion of the fuel
spray impinges on the wall; (2) lower local velocities are provided;
(3) a larger quantity of material burns in the low-velocity region of
the combustor; and (4) quenching of chemicael reactions by the cold
walls is reduced. In this latter connection, it is significant to
recall figure 13 in which the volume of a diffusion flame is shown to
incresse as pressure decreases.

The altitude operating limits for these combustors are designated
by a symbol at the end of each curve. It is seen that these limits
are in the same order as the efficiencies,

Comparilson of the combustion efficiencies and operating limits of
combustors O and P shows the effect of changing the distribution of
open area along the length of the combustor liner. These two com-
bustors were identical in all respects except for thls distribution of
the open area. It is seen that a distribution of open ares that allows
less air into the upstream end or burning zone combustor P, is to be
preferred over the area distribution shown for combustor O.

In order to determine the criteria for optimum size and distri-
bution of the openings 1n the liner wsll, systemetic investigations
were mede in seversal, different anmuler turbojet combustors both of
proprietary manufacture and of NACA design, Some results from one of
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" these studies are presented in figure 18 as representative of the find-

ings. The combustion efficiencies of four different configurations of
an snnular combustor ere compered at each of four different opereting
conditions. Again the sketches in the lower part of the figure show
an element of surface from the combustor liner; the smaller holes are
at the fuel-nozzle end. The total open area of the holes in the com-
bustor liners is indlicated. The combustors with smaller holes have
higher pressure loss, of course. It is noted that combustor U is
better than combustor S of like open ares but different air dlstribu-~
tion, and, similarly, combustor T surpasses R. Also, combustors U
and T are generslly superior to both R and S, thus clearly indicating
the Importance of the distribution of the secondary air. It is slso
noted that the effect of increasing the pressure drop was to increese
combustion efficiency; combustor S has higher efficiencies than R, U
higher than T; this trend with pressure drop is not universally found,
however.

This and other research have indicated that for good esltitude
limits and combustion efficiencies with combustors of the genersl
type described, the first 20 to 25 percent of the open area in the
liner wall should be gradually achieved over a distance of ebout 8 to
10 inches or more from the upstream end of the liner; thls may be
one-half or more of the length of masny combustors. This gradual
admission of air aids in essuring that over a range of fuel flows,
especially at low fuel flows such as at high sltitude, correct mixtures
for combustion will exist in the upstream end of the combustor.

Pressure loss, as such, in the combustor for the purpose of gen-
erating turbulence and mixing appears to be subordinete in importance
to0 the factors Jjust discussed as long as reasonable values of pres-
sure loss are maintailned. Pressure loss of 10 times a reference
dynamic pressure based on inlet-air density and weight flow and the
nmeximum cross-sectlonal area of the combustor 1s suggested as & rea-
sonable velue. It is how the pressure loss is used, that is, how
and where the air is directed in the combustor, that is importent.

Fuel injection. - If satisfectory combustion requires the exist
ence of localized fuel-alr ratios that are at or near stoichiometric
in the primsry zone for all combinations of engine speed and alti-
tude, then the marmer in which the fuel 1s admitted to the combustor
can be expected to be fully as important as the menmer in which air
is admitted. Important variables are the configuration of the spray
because it influences distribution end mixing of the fuel, and
injection pressure because it affects drop-size distribution as well
as the distribution and mixing of the fuel.
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The influence of fusel-spray configuration on combustion efficiency
is illustrated in figure 19, which shows the combustion efficiency of a
tubuler combustor plotted against fuel flow rate for two types of spray
nozzle using kerosene-type fuel (reference 13). The data for the lower
curve were obtained with a hollow-cone fixed-orifice-type fuel nozzle.
A loss in efficilency accompanies the collapse of the spray cone at low
fuel flows with this nozzle. The data for the upper curve were obtalned
with a conventional nozzle to which had been added a smasll divergent
section at the exit of the fuel orifice. At low rates of fuel flow, the
fuel appears to follow the divergent cone and forms a wide angle spray
as shown in figure 19. The combustion efficiencies obtained with the
modified nozzle clearly indicate that large improvements in combustion
efficiency can be achieved by the use of a nozzle that maintains a
preferred fuel-spray configuration, especially et low fuel flows such
ag are encountered at high altitude.

The effects of fuel-injection pressure on combustor performsnce
have been studied by using fuel nozzles of different rated caspacities
(reted at 100 lb/sq in, fuel pressure) in order to vary the injection
pressure. Some of the trends are 1llustrated in figure 20, a plot of
combustion efficiency against combustor temperature rise for an annular
combustor operated on gasoline at fixed inlet-air conditions. The
opereting conditions were deliberstely selected to give marginal oper-
ation for this combustor. The date indicate that the 3-gallon-per-
hour nozzle gave the highest combustion efficiency at low values of
temperature rise, with the 7.5-gallon-per-hour and the 10.5-gallon-
per~hour nozzles giving higher combustion efficiencles at higher values
of temperature rise. The higher the injection pressure, the lower
were the temperature-rise limits encountered, however. This trend is
further illustrated in figure 21 where the date of figure 20 with
results for additional fuel nozzles included are plotted as combustion
efficiency against scombustor temperature rise for different values of
fuel-injection pressure differential., From these and other similer

date it mey be concluded that at severe opersting conditions increased

fuel-injection pressure alds combustion efficiency at low fuel flows;
but that it is possible to atomize the fuel too well and to reach a
condition where additionsl fuel gives no additionsal heat release in

the combugstor. The combustor was designed for gasoline end 10.5-gallon-
per-hour nozzles. Apparently the fine atomization and rapid veporize-
tion with the smell nozzles caused a fuel-ailr mixture in the primary
zone that was too rich to burn at higher fuel flows.

An attempt was made to study the individual effects on combustor

performsnce of fuel atomization, vaporization, and distribution in
another investigation. In this research a tubular combustor was

SR v oy
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operated with two fuels, JP-1 (a kerosene-type fuel) and gaseous pro-
pane, Comparison between the performance of the fuels isolated the
effects of atomlzation and vaporization. The third function, mixing,
was studied by injecting the propane as a single low-velocity stream
along the longitudinal axis of the combustor, and as meny high velocity
streams distributed unliformly across the upstreeam end of the combustor,
Some of the results of this research are indiceted in figures 22 and
23, In figure 22, a plot of combustion efficiency against combustor
inlet-air temperature for the three injection schemes, it is seen that
combustion efficiency with propane is less affected by a decrease in
inlet tempersture. This result maey be because the temperature effects
on atomization and vaporization rates are not present. In figure 23,
the curves line up in the ssme order when pressure is the vearisble as
they did when temperature was the variable in the preceding figure.

The multiport injJection of propene consistently gave the highest effi-
clencies, indicating the importance of mixing of fuel and air as well
as the importance of eliminsting etomization and veporization. The
effect of deoreased pressure and temperature on combustion efficiency
with propane and the multiport inJection may also be contrasted to

the trends in figures 8 and 7. From evidence of this type, it has
been concluded that when the functions of atomization and veporization
are eliminsted and when mixing is good, combustion efficlencies are
much less influenced by the decreased inlet pressures and temperatures
corresponding to high-altitude operation. Figure 14 also indicetes
that this should be so with regard to pressure. Thus the date obtained
further indicate the necessity of controlling the local fuel-air ratio
in the primary zone of the combustor. It was also apparent in this
research that not all the depreciaiion in combustion efficiency at
altitude could be ascribeéd solely to the fuel-preparation processes.

From the research on fuel injJection completed, it is concluded
thet it 1s necessary that the characteristics of the fuel sprsy should
not vary too widely over all operating condltions. This conclusion is
a corollery to the concept that the fixed geometry of the liner is
intended to provide graduasl admission of alr so that correct mixtures
can be established in the upstream, or low-velocity end of the com-
bustor at any operating condition. A fuel nozzle that will maintain
satisfactory injectlion pressures over a wide range of fuel flows is
indicated from the studies.

EFFECT OF FUEL VARIABLES

The preceding discussion has indicated the need of adequate con-
trol, at all conditions of operation, of the fuel-alr mixture in the
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combustion zone. It has been shown that the design of the turbojet
combustor has been directed toward such control by proper choice of the T
air adnission and fuel-injection-system design, If it i1s assumed that
‘the combustion process occurs in the vapor phase, a final control of
the fuel-air mixiture must depend on the vaporization properties of the
fuel. Further, the combustion process itself, even at optimum fuel-air
mixture conditions, would be expected to be influenced by certain com-
bustion characteristics relating to the composition of the fuel, such
as fleme speed or ignition tempersature.

1416

At conditions favorsble for combustion it has been seen that com-
bustor efficilency may be relatively insemsitive to changes in operation
and design varlables; similerly, under such conditions, satisfactory
combustor efficiency mey be obteined with fuels of widely varying
properties. At adverse conditions of operation, however, there are
significant effects of fuel properties on combustor efficiency. Three
typicel hydrocerbon-fuel mixtures, varying both in volatility and in
composition, are shown in the following teble:

Fuel Bolling Composition
range (percent by volume)

(°r) . 'Aromatiés Paraffins, cycloparaffins

Aviation gasoline | 104-328 14 86 .
(AN-F-28) : o _ ST
Kerosene type 314-480 .11 89 ’ ]
(AN-F-32) .
Diesel oil 384-664 18 81

Aviation gasoline represents & typical reciproceting engine fuel, which
has been used in some turbojet engines; kerosene, an early turbojet
engine fuel; and Diesel oil, the less-volatile components of petroleun,
which could be utilized in turbojet engines. The combustion-efficiency
performance of the three fuels iIn an annular combustor 1s shown in fig-
ure 24, These date illustrate the typical trend of combustion effi-
ciency with simulated-flight altitude, which has been observed with
meny fuels in many different combustors. The actual values of combus-
tion efficiency would, of course, depend upon the design factors and
upon the operating conditions. The data indicate that the combustion
efficiencies of these fuels tend to converge, near 100-percent combus-
tion efficiency. As altitude is increased, the combustion efficiencles
beglin to decrease rapidly, and significant dlfferences in combustion
efficiency among the fuels are observed. It appears that the least -
volatile fuel, Diesel oil, burns with the lowest couwbustion efficiency, -
and the most volatile fuel, eviatlon gasoline, burns with the highest A
combustion efficiency. In other words, the fuel used affects the '
corbustion efficiency at altitude,

SONMOMETAL:" " .
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The trend of combustion efficiency with fuel volatility noted in
Tigure 24 has been observed in other combustor types. Tests with
several fuels in a single tubular combustor et adverse operating con-
ditions (inlet-air pressure, 6 Ib/sq in. abs.; inlet-alr tempera-
ture, 75° F; reference velocity, 111 ft/sec) indiceted & linear rela-
tion between combustion efficiency and volumetric average boiling tem-
perature, as shown in figure 25, (from reference 14). The combustion
efficiency decreased with an increase in volumetric average boiling
temperature. The effect of one additional fuel property, composition,
is also indicated in this figure; the aromatic-type fuels, benzene
and Xylene, gave lower combustion efficiencies than did the other types
of hydrocsrbon of the same volatility.

The effect of hydrocarbon composition on combustion efficiency has
been further investigated in another tubular combustor with pure
hydrocarbons. Figure 26 presents combustion-efficiency data for four
pure pareffinic hydrocarbons tested over a wide range of reference
velocities at adverse conditions of combustor inlet-alr pressure
(7 1b/sq in. abs.) and inlet-air temperature (40° F). The first two
fuels, n-heptane and isooctane, have identlical boiling temperatures
end hence vary only in hydrocarbon structure, representing a straight-
chain pareffin and a branched-chain paraffin, respectively. The
n-hexane and 2,3-dimethylbutane have almost equivelent boiling tem-
peratures end vary, similerly, in structure, again representing a
straight-chain and a branched-chein paraffinic hydrocarbon, respec-
tively. In both cases the straight-chain paraffin operated with higher
combustion efficiencies than did the branched-chain paraffin.

Two fuel characteristics, either or both of which may account
for the effect of fuel structure on combustion efficiency, are
indicated in figure 26: fundamental flame velocity (reference 4)
and spontaneous ignition temperature. Comparisons of the fun-
damental flame speeds of these fuels indicate that higher combustion
efficiencies are observed with fuels having higher flame velocities.
These same fuels also have the lower spontaneous ignition tempera-
tures, however, thus the reletive importance of the two fuel char-
acteristics in determining the combustion-efficiency performance of
a fuel cannot be ascertained from these data. Current research is
being directed toward the correlation of these and other fuel char-
acteristics with combustor performance,

The trends that have been determined can be applied to many com-
bustors and many combustor operating conditions. Exceptions do exist,
however, and the relative combustion efficiencies of fuels are fre-
quently altered by a different choice of combustor design or oper-
ating condition., As an 11lustretion, there is plotted in figure 27

T
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the variation of combustion efficiency with combustor temperature rise
for two fuels, gasoline and Diesel oil, and two combustor inlet-air
temperatures. With a combustor inlet-air temperature of 240C F, the
more volatile gasoline gave higher combustion efficlenciles throughout
the renge of combustor tempereture rise. When the inlet-alr tempera-
ture was reduced to 150° ¥, however, the gasoline gave a meximum com~
bustion efficiency at a temperature rise of about 1200° F. As the
fuel-flow rate to the combustor was increased in an attempt to obtain
higher values of combustor temperature rise, a rapid decrease in the
combustion efficlency of gasoline occurred. This decrease was fol-
lowed by a marked reduction in obteinable temperature rise, and
finelly, by fleme blow-out. The occurrence of limiting values of
combustor temperature rige, accompanied by decreases in combustion
efficiency, has been attributed to the presence of over-rich fuel-air
mixtures in the primery combustlion zone. This condition will be
encountered then at the high fuel-flow rate accompanying high tempera-
ture rise operation and with a more volatile fuel (fig. 27(a),
gasoline).

A similar explenatlion has been gpplied to trends of combustion
efficiency with varying fuel-injection-nozzle characteristics, as pre-
viously discussed. Date illustreting the variation of combustion effi-
clency with combustor temperature rise for two fuels, gasoline and
Diesel oll, are compared for coperation with two different fuel-
injection systems (3.0 and 10.5-gal/hr nozzles) in figure 28. With the
larger fuel-inJjection nozzles, higher combustion efficlency perform-
ance wes obtained with the more volatile fuel, gasoline. With the
smeller nozzle, however, the over-rich mixture conditions, provided by
the improved stomlzation characteristics, resulted im better perform-
ance with the less volatile fuel, Diesel oil, It should be noted,
however, that even the improved combustion efficiency of Diesel oil
with the smaller nozzles did not quite equal the improved combustion
efficiency of gesoline with the larger nozzles, indicating thet opti-
mum fuel-injection conditions will not necessarily eliminate the
effect of fuel properties on combustion efficiency.

It should not be inferred from the preceding discussion that
volatility and bydrocarbon composition, or structure, are the only
fuel varilables that may have an effect on combustion efficlency in a
turboJet combustor. The effects of these particuler variables have
been investigated more intemsively (referemce 14). Other variables
such as viscosity and surface tension mey also affect the combustion
efficiency, for example, by affecting the fuel-atomization
characteristics. ’

SONPTINNGRL T, . rrvern
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It may be concluded that certaln fuel properities significently
affect the combustion efficiency of & combustor at adverse conditions
of operation. The trends that have been determined indicate that:
(1) Combustion efficiency increases with an increase in fuel vola-
t1lity; (2) lower combustion efficlencies are observed with aromatic-
type fuels than with other hydrocarbon-type fuels; and (3) straight-
chein paraffins operate with higher combustion efficiencies than do
branched~chain paraffins. Considerations of fuel availgbility and of
other turbojet performance factors obviously requlre certain com-
promlses to obtain the optimum combination of fuel and combustor
design.

CONCLUDING REMARKS

In conclusion, the research dste reviewed herein have shown that
as the environment of the combustor hecomes one of low pressure and
low temperature at high altitude, low combustion efficlencies and
limited wvalues of obtainable temperabture rise are encountered. Sys-
tematic research on combustors and fuels and comparison of the results
with results from basic studies have led to at least a qualltative
understanding of . what is required for successful combustor perform-
ence, The necessary criteria for achieving stabillity of operation and
high combustion efficiency over & wlde range of operating conditions
are: (1) that localized Puel ard air mixtures having fuel-air ratios
at or near stolchiometric values exist somewhere in the combustor;

(2) that these localized mixtures of correct composition exist suffi-
ciently long for ignition and combustion to occur; and (3) that all
the fuel entering the combustor be involved in just this manner.

With regard to the operating enviromment of the combustor, the
trend to higher-pressure~ratio gas-turbine engires should aid in
promoting good combustion efficiency at high altitude. ILower com-
bustor inlet-air velocities can be achieved by more complete use of
the space avalleble on the engine or its instellation. This reduction
in velocity is an attempt to increase residence time of the fuel and

could also be achieved by longer combustors. Some other design features
that aid in establishing the criteria previously described include a wide

upstream end, or primary zone, gradusl admission of the primary air,
and variable-flow fuel nozzles. It has been observed that it is
necessary to match the combustor design, the fuel nozzles, and the
fuel to insure satisfactory fuel-alr ratios in the primary zone at
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all operating conditions. IFuels that burn faster or ignite at lower
temperatures or both should alleviate the combustion-efficiency
problem, although appreciable changes in this regard may Jeopardize
the fuel-supply problem,

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio,
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(a} Tubular combustor.

{(b) Annular combustor.

Figure 3. - Cutaway drawings of turbojet engines showing the combustors.
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Figure 4, - Combustion efficiencies and altitude
operating limits -of a turbojet combustor at various
simulated flight conditions.
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Figure 5. -~ Effect of simulated flight altitude on combustion efficiency
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Figure 7. - Effect of combustor inlet static temperature
on combustion efficiency at constant inlet static
pressure (13.4 Ib/sq in.)}, constant reference velocity
(85 ft/sec), and constant fyel-air ratio (0.014).
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Figure 8. - Effect of combustor reference velocity
on combustion efficiency at constant inlet static
pressure (13.4 Ib/sq in.), constant inlet static
temperature (525° R), and constant fuel-air ratio
(0.014).
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efficiency of four turbojet combustors at constant
inlet pressure, constant inlet temperature, and
constant reference velocity.
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Figure (0. - Effect of fuel-air ratio on temperature rise through combustor
at constant inlet pressure (13.4 and {0.7 Ib/sq in.}, constant inlet
temperature (526° R), and constant reference velocity (85 ft/sec).
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Figure 1i. ~ Correlation of combustion efflclencies at different operating conditions.
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Figure Il. - Concluded. Correlation of combustion efficiencies at different
operating conditions.
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Figure 12. - Diffusion flame apparatus.
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Figure 13. - Effect of pressure on volume required by diffusion flame to

release 1000 Btu per hour and corresponding volume available irn a turbojet
combustor at design fuel flow rates.
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Figure 14. - Effect of pressure on combustion efficiencies of a diffusion flame

and a turbojet combustor.

91%1

9

LOTOSHE Wd VOVN


http://www.abbottaerospace.com/technical-library

Security Classification of This "Repori-Basrweer Carcel led

oF

COMBUSTOR TEMPERATURE
RISE,

2000 -

1500 |-

.| GOMBUSTION
1000} EFFICIENGY 98] 195 90\ \80
(PERCENT) .
900+

L
0 2 4 6 8 10 12

" 1410

1 I 1 1 1

AIR FLOW, (LB/SEC)/SQ FT

Figure 16. - Effect of air flow per maximum cross-sectional
area on combustion efficiency of a turbojet combustor. Inlet-
air pressure, Ib pounds per square inch; temperature, 620° R.
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Figure 17. - Effect of design of primary zone on combustion
efficiency of a turbojet combustor at full engine speed.
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Figure 19, - Effect of fuel-spray configuration on combustion efficiency of
turbojet combustor. Inlet-mir pressure, 6.1 pounds per square inch; tem-
perature, 900 F; air weight flow, 0.457 pound per second.
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Figure 20. - Effect of capacity of fuel-injection nozzles on combustion,

efficiency of a turbojet combustor.
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Figure 21. - Effect of fuel-injection pressure on combustion
efficiency of a turbojet-combustor.
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Figure 22. - Effect of inlet-air temperature on combustion efficiency for gaseous
and liquid fuels in a turbojet combustor. Inlet-air pressure, |5 pounds per
square inch; temperature rise, 12000 F; reference velocity, 80 feet per second.
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Figure 23. - Effect of inlet-air pressure on combustion efficiency for
gaseous and liquid fuels in a turbojet combustor. |Inlet-air tempera-
ture, 160° F; reference velocity, 80 feet per second; temperature
rise, 1200° F.
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Figure 24. - Variation of combustion efficiency with altitude
for three fuels in an annular combustor at 88-percent rated

engine speed.
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Figure 25. - Effect of volumetric average boiling point of fuels on combustion efficiency at
mean temperature rise of 1050° F through tubular combustor. Inlet-air pressure, 8 pounds
per square inch; temperature, 75° F; reference velocity, 11| feet per second.
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Figure 26. - Variation of combusticn efficiency of four pure
hydrocarbon fuels with reference velocity in a tubular
combustor. Combustor Pnlet-air pressure, 7 poupds per
square inch; temperature, 40° F,
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Figure 27. - Relative combustion efficiency of two fuels in annular combustor at
two combustor inlet-air temperatures. Combustion imleti-air pressure, 9.2 pounds
per square inch; reference velocity, 200 feet per second.
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Figure 28. - Relative combustion efficiency
of two fuels and two fuel-injection
nozzles in annular combustor. Combustor
inlet-air pressure, 9.2 pounds per square
inch; temperature, 240° F; reference

« velocity, 200 feet per second.
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