L.

f

NACA RM E50H31

67983

E 50 # 3/

~.

Copy - = r‘

RM E50H31

<

EQ9ERTO

WN ‘gdv) AHVHEIT HO3L

RESEARCH MEMORANDUM |

NACA RESEARCH ON COMBUSTORS FOR AIRCRAFT GAS TURBINES
I - EFFECT OF OPERATING VARIABLES ON
| ’STEADY-STATE PERFORMANCE
By Walter T. Olson and J. Howard Childs

Lewis Flight Propulsion Laboratory
Cleveland, Ohioc

FOR AERONAUTICS

WASHINGTON
October 18, 1950

_: ’r s



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

bz L

TECH LIBRARY KAFB, NM

et
LR
0Lu3k03
NACA RM ESOH31 . ORI i
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

NACA RESEARCH ON COMBUSTORS FOR ATRCRAFT GAS TURBINES
I - EFFECT OF OPERATINGfVAﬁIABLES ON STEADY~STATE PERFORMANCE

By Walter T. Olgon and J. Howard Childs

SUMMARY

Systemetic research on current alrcraft ges-turbine combustors was
conducted to determine and to generalize for this type of combustion
system the effect on performence of operating varisbles, of geometric
or-design variables, and of fuel variables. The effect of operating
variables on steady-state performence of turbojet combustors is pre-
sented; the results described pertain to liguid-fuel turbojet com-
bustors of the type in general use at present and operating on
the fuels for which they were designed - gasoline or kerosene. Trends
depicting the effect of inlet-air pressure, temperature, and velocity
and fuel-air ratlo on performance cherscteristics, such as combustion
efficiency, maximum temperature rise attainable, pressure loss, and
combustor-outlet temperature distribution are described for a mumber of
combustors. These trends are further discussed as they effect signif-
icant changes in the turbojet engine, such as altitude operational lim-
its, specific fuel consumption, thrust, acceleration, and turbine life.

The combustion efficlency decreases 1f combustor-inlet pressure
p or temperature T is decreased,; or if-cambustor velocity V 1is
increesed. The parameter pT/V plotted against combustion efficlency
generalizes a large- amount of combustor deta adequately. Because of
the effects of the combustor-inlet pressure and temperature, combustion
efficlency decreases wilth lncressed altitude or decreased engine speed.

The maximum temperature rise atteinable from a given combustor
also decreases 1f combustor-inlet pressure or temperature 1s decreased,
or if combustor reference veloclty is Increassed. As e result, for any
aircraft gas turbine, at each engine speed an altitude exists above
which the engine will not operate because of a limit in temperature
rise avallable from the combustor. These same factors similarly
impose a limit on the temperature rise avallable for acceleration at
altitudes below the operational 1limit Just described.
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According to examinatlion of data on various combustors, more than
one-half of the usual 4- to 6-percent loss in the combustor of the
inlet total pressure is wsually due to merodynamic dreg in the com-
bustor. '

The average deviation of the combustor-outlet temperature from
the mean is unaffected by lnlet-air conditions as long as combustion
is gtable and vapor lock does not occur in the fuel-injection systen.
The temperature deviation increases with the outlet temperature. Thus
the aversge deviation from the mean combustor-outlet temperature is

" generelly the greatest at high-altitude, full-engine-speed conditions
where both high outlet temperatures and inefficlent and unstable com-~
bustion are encountered.

INTRODUCTICN

The NACA Lewis laboratory is engaged in a program of combustion .
research to aid in achieving the most effective utilization of com-
bustion for flight. This progrem involves fundamental studies
directed at understanding basic combustion processes and systematic
investigations directed at application of combustion processes to
combustors for aircraft engines. The fundamental studies provide
the background information for future developments end aid in the
interpretation and the understanding of combustor resesrch. The
NACA systematic research on aircraft gas-turbine combustors is being
conducted to determine and to generalize for this type of combustion
system the effect on performence of operating variables, of geometric
or design variables, and of fuel variables. It is the intent of this
study to review and to summarize the principal results from NACA
research on current gaes-turbine combustors.

This paper is limited to a discussion of the effect of oper-
ating variables on steady-state combustor performsnce (reference 1).
The effects of design and fuel varilsbles, as well as the transient-
state problems of ignition and acceleration and any anslytical solu-
tion of gas-turbine-combustor performance that proves possible, are
consldered outside the scope of this paper. Basically, the operating
variebles are inlet-air pressure, temperature, velocity, and fuel-air
ratio. The primery performance characterigtics observed ere combus-
tlon efficlency, maximum temperasture rise sttainable, pressure loss,
and combustor-outlet temperature distribution., The trends observed
are further discussed as effects significant to the turbojet engine,
such as altitude operational limits, specific fuel consumption,
thrust, acceleration, and turbine life. Although most of the trends
were observed with turbojet combustors, they should also be directly
epplicable to turbine-propeller combustors.

x
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The date as shown end discussed are selected as representative
of the many data availeble from Investigations that have been con-
ducted with six different can-type combustors, with five different
snnuler combustors, and with numerous modifications to several of
these annulsr combustors. The fuels used in the work reported here
were the fuels for which the combustors were designed; that is,
gasoline- and kerosene-type fuels., The data in this report ere
intended to be illustrative, to indicate the manner in which present
aircreft gas-turbine combustors operate, and to aid research on and
further development of such combustors.

ATRCRAFT GAS-TURBINE COMBUSTOR

The combustor for the aircraft turbine engine must efficiently
convert the chemical energy in fusl and air to thermal energy for
doing useful work. The special regquirementis that an alrcraft turblne
engine be flexible in operation and of light welght and low frontal
area impose certain unigque demands on the aircraft ges-turbine com-
bustor. Not only must the combustor burmn fuel continuously and effi-
cilently, but a large amount of fuel must be burned in = small space
and in = short time. The pressure loss in the combustor must be kept
low in order to avold excessive loss in engine-cycle efficiency; the
distribution of temperature at the combustor outlet must be free of
"hot spots” and be of a pattern to provide maximum turbine blade life;
gtarting end acceleration of the engine must be reliasble; combustion
should not cause carbon deposits or soot; and, of course, the com-
bustion equipment must be lightweight and dursble. With all these
requirements, the combustor must operate over a wide range of condi-
tions. For example, in a typical turbojet combustor, inlet-air
pressure may be as high as 75 pounds per square inch absolute or as
low as 2 pounds per squere inch absolubte; inlet-alr temperature may
very from approximately 400° to -65° F; and air mass flow may vary
over more than a thirtyfold range. Combustor velocities (that is,
reference velocity based on the state of the air at the Iinlet, the air
mass flow, and the meximm cross-sectlonal area of the combustor) are
currently of the order of 30 to 200 feet per second. Weter injection
in the engine for thrust augmentation, as well es climatic conditlons,
imposes wide variations of humidity at the combustor inlet.
Temperature-rise reguirements may very from 50° or 100° to 2000° F or
more, representing theoretical fuel-air ratios of from about 0.00L to
0.025, a range that is clearly outslde the range of inflammabllity
linits determined in static Tests for hydrocarbons end air at &
pressure of 1 atmogphere.
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Early application of combustion to the alrcraft gas turbine was
described by Frank Whittle, British pioneer in jet propulsion, in
1945 (reference 2). The development of a combustor using atomized
spray injection of the fuel 1s attributed by Whittle to the asslst~
ence of Lubbock. Since this initiel discussion by Whittle, Shepherd
(reference 3), Lloyd (reference 4), Watson and Clarke (reference 5),
Mock (reference 6), Nerad (reference 7), and Way (reference 8) have
also described the further development of alrcraft gas-turbine com-
bustors and have discussed their obgervations of the performence of
such combustors.

In order to ald in descrlbing the general combustion technique
that has been evolved to meet the requirements of aircraft gas
turbines for the widely variant conditions mentioned in the
"Introduction," several pertinment facts are noted here:

(1) The inflammebility limit of fuel in air may be expected to
set an apparent limit on the combustor that must be overcame. In
figure 1 are shown the inflemmability limits for a 100-octane geso-
line in air and the required operating range for a typical turbojet
combustor with the over-all fuel concentration indicated for the
combugtor. The data show that the over-all fuel-alr ratlo of the com-
bustor is at ell times too lean for combustion. Provision must be
- made in the combustor for the achievement of fuel-air ratios within

the Iinflammability limits. The inflammability limits progressively
narrow as pressure 1ls reduced below about 4 pounds per squere inch,
and below 0,68 pound per square inch absolute no ignition at all is
possible, which indicates an increasingly difficult combustion problem
at low pressures with an esbsolute minimum pressure for combustion
exlisting. Research by other investigators has shown that this minimum
ignition pressure for hydrocarbons in air is nearly independent of
initial temperature of the mixture, at least over the temperature
range -50° to 300° F.

(2) The temperatures required at varilous pressures to cause
gpontansous lgnition of a hexane-alr mixture nsar stoichiometric
proportions are shown in figure 2. This curve is typical of those
found for many hydrocerbons. The temperature required for igniting
the mixture rises appreclably as pressure is decreased, which implies
that efficient combustion will bé more difficult to initieste and to
ralntaein at low pressure. : )

(3) The energy required of an electric spark to ignite & propane-
alr mixture as a functlion of ges velocity at three low pressures is
shown in figure 3. The mixture composition is approximstely that
requiring minimum energy. These data not only demonstrate further
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that it will be increasingly difficult to maintsin contlnuous initl-~
ation of combustlon as pressure is decreased, but also indicate that
the energy needed for ignition increases as the time of exposure of

the combustible charge to the ignition source decresses.

The ignition delays for two fuele added as liquid droplets to air
at & pressure of 1 atmosphere and at various temperatures are shown in
figure 4. If typlcal reference veloclities of current turbojet com-
bustors are considered, & fuel droplet passing straight through the com-
bustor would have about 0.02 second to ignite and to burn completely.
From figures 2 to 4, 1t is. apparent that not only must & high-
temperature zone for the ignition of fuel be malntalned, but provision
must be maede for allowing sufflcilent time for combustion to proceed
to completion.

In figure 5 are shown the uniform flame velocity in a quiescent
mixture of hexane Iin alr &t 1 atmosphere and the velocity required to
blow out a flame of premixed gasoline vapor and alr seated on a plate
punched with 1/4-inch holes to provide 17.2-percent-open area. The
fleme speed of gasoline does not differ appreclably from that of hexane.
Because of the sheltered zomes behind the plate and of turbulence, the
velocities redulred for blow-oubt are much higher than the Ilame
veloclties measured ln gulescent mixtures. Also shown 1In figure S is
the .over-all velocity and fuel-alr-ratio requlrement for the typlcal
turbojet combustor. This figure shows the necessity of having
turbulence and "sheltered" ereas in the combustor to provide time for
the combustion process to proceed to completion. A conslderation of
figures S5 and 1 sgain emphasizes the necessity of providing & zone for
combustion where mixture ratios near stoichiometric will exist.

Figures 1 to 5 are in no way exhaunstive of the fundementals of com-
bustion, but are presented only to show in a generael way the nature of
the combustion problems for the alrcraft gas-turbine engines. In brlef,
Pigures 1 to 5 show that satisfactory combustion requires fuel-alr
ratios in the range nesr stoichiometric, that fuel and alr must reach
pressures and temperatures above definite limiting velues for combustion
to occur, and that sufficient time must be allowed for combustion to be
initiated and completed. From a consideration of typlcal combustor
requirements as imposed by the engine and as noted in figures 1, 2, and
5, 1t is epparent that the over-asll operating conditions for ges-turbine
combustorse do not coincide with the conditions reguisite for combustion
end that a special design technique i1s required if combustion is to
occur &t all.
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The basic gas-turbine-combustor designs that are currently in
general use are shown in figure 6, which illustrates three alter-
netive arrangements of combustor for aircraft gas-turbine engines.

In figures 6(a) end 6(b), several tubular or can-type combustors are
symmetrically arranged around the engine between the compressor and
the turbine, and in figure 6(c) an annular combustor occuples the
seme space, but is obviously & single combustor. The can-type com-
bustor may be either & reverse-flow type (fig. 6(a)) or a straight-
through type (fig. 6(b)); the straight-through type is in more general
use than the reverse-flow type. As the arrows in figure 6 show, air
passes through holes distributed in the wells of a fleame tube, or
liner, that is concentric within the outer cesing of the combustor.
Ordinarily a hydrocarbon fusl such as gasoline or kerosene is admitted
at the upstream end of the combustor. The fuel may be sprayed as an
atomized liguid (atomizing combustor), may be externally vaporized and
admitted, or may be vaporized inside the combustor prior to being mixed
with eir and burned (vaporizing combustors); liquid spray is currently
the most widely used method. The fuel is ignited and burns with the
gir in the upstream end of the combustor, that is, the primary air.
The fuel-zir ratios in this zone of combustion are obviously richer
than the over-all operating fuel-alr ratios (figs. 1 and 5); low
initial velocitles, turbulence, and air-flow reversals in this zone
insure that fresh charge is brought to ignition temperatures (rig. 2),
and provide time for the combustion to be initlated and to occur
(fige. 3 to 5). As the burmed or burning geses pass downstream, more
eir, thet is, the secondary air, enters the flame tube end dilutes and
cools the gases to temperatures tolerable to the turbine. Thus the
requirements for combustion depicted in figures 1 to S are essentially
met. Satisfactory combustion will depend on fulfillment of these con-
ditions and burning of all the fuel before quenching by the combustor
wella and by the secondary-air terminetes combustion. Typical heat-
relesse rates (Btu/{hr)(cu £%)(atm)) of turbojet combustors that have
been developed according to the principles described are about 100 times
thet of & natural-draft gas burner end about 20 times that of the

modern maerine oil-firing burner.

APPARATUS AND INSTRUMENTATION
Apparatus

& diegrem of a typlical apperatus for the investigation of gas-
turbine-combustor performence is shown in figure 7. The combustor is
connected to the leboratory alr-supply and exhaust systems. Both room-
temperature air, with pressures ranging up to 6C pounds per square inch
ebsolute, and refrigerated air, with temperatures ranging down to
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-70° F, ere available. The inlet-air tempersture is regulated by meens
of either an electric or combustion heester. Both atmospheric and alti-
tude exhaust, with pressures ranging down to 4 inches of nercury abso-
lute, are availasble. The air flow and pressure in the combustor are
regulated by remote-controlled velves located upstreem and dowvnstream of
the combustor. '

A calming chamber 1s located upstream of the combustor to give a
uniform velocity distribution in the combustor-inlet duct. The ducts
at the inlet and the outlet of the combustor are fabriceted to simulate
the air passages in the design engine. A primsry cooler, consisting of
DPressure-atomizing spray nozzles that inject water into the exhaust
gaeses, 1s located upstream of the exhaust-regulating valve. A secondary
cooler of similar design is installed farther downstream to further cool
the exhaust gases when they are passed into the altitude-exhaust system.

Observation windows are provided at seversl locations to permit
visual observation of the combustion.

Instrumentation

i
' The principal instrument stetions, as shown in figure 7, are sta-
tion 1 at the combustor inlet, station 2 at the combustor outlet, and
station 3 located some distance downstream of the combustor. At sta-
tion 1 are located lron-constentan thermocouples and pressure probes to
determine the inlet-alr tempersture and totel pressure, respectively.
The thermoccuple Junctions and the pressure probes aere placed at
centers of equal areas in the duct, with one thermocouple Junction and
one pressure probe for approximately 8 square inches of duct aresa.
Also at station 1 are located well static-pressure taps, generslly at
four stations equally spaced about the periphery of the duct, and two
or more stream static-pressure probes.

At gtation 2 are located chromel-alumel thermocouples end pressure
probes to determine the combustor-outlet temperature and total pressure.
The thermocouple Jjunctions and total-pressure probes are placed at
centers of equal areas in the duct, with one thermocomple Junction for
approximately 2 squere inches of duct area and one pressure probe for
approximetely 4 squere inches of duct area. The thermocouples and the
total-pressure probes were constructed in the form of multiple-point
rakes. A diagram of a typical six-point thermocouple reke is shown in
figure 8(a); the insert shows some details of constrmetion. A dlagram
of a typical four-point total-pressure rake is shown in figure 8(D).
Also at station 2 are wall static-pressure taps similar in number and
location to those at station 1.
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Two or more multiple-shielded chromel-alumel thermocouples of the
type shown in figure &(c) are generally inserted through packing glands
et station 3 so that horizontal and verticael traverses can be made to
determine average temperatures and thereby check the readings obtained
at station 2.

The thermocouples are connected through multiple switches to
celibrated self-balancing potentiometers. The fuel flow is metered by
calibrated rotameters. The air flow is metered by a square-edge orifice
installed and celibrated according to A.S.M.E. specifications. The
pressure taps are connected to a bank of mencmeters and these menometers
are photographed to obtain data records.

TECENTIQUES AND PROCEDURES
Methods and Accuracy

The combustor-inlet total pressure and temperature are taken as
the arithmetic mean velues of the individual resdings, which generally
vary less than +3 percent from the mean values at this station. The
combustor-outlet temperature and total pressure are also taken as the
arithmetic mean values of the individual readings at station 2. The
individuel readings at station 2 vary considerably from the mean values,
ag8 will be subsequently dlscussed.

Thermocouple indications are teken as true values of total temper-
ature with no correction for radilation, stagnation, or conduction along
the thermocouple leads. The radiation effects are minimized by insu-
lating the outside of the duct at station 26 thereby causing the duct
wall to attain a temperature only about 100~ F below the mean gas-streem
temperature. Bare-wire thermocouples are used at station 2 because a
large number of readings are necessary to obtain a reasonably relisble
mean value of the combustor-outlet temperature; shislded thermocouples
would give too much blockage of the duct area. The technique is
described and discussed in reference 16. '

The accuracy of the combustor-outlet temperatures obtained from the
bare-wire thermocouple indicetions was checked In three weys, according
to reference 16: (1) Two multiple-shlelded thermocouples of the type
shown in figure 8(c) were placed Just downstream of two of tThe bare-
wire thermocouples at station 2 in a typical combustor. With a mean
gas temperature of 1000° F, the reeadings of both types of thermocouple
fluctuated as much as £50° F with time. Readings of both types of
thermocouple were taken almost simultaneously, and the shielded ‘thermo~
couples agreed with the bere-wire thermocouples within lO F with
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nelther type thermocouple reading consistently higher than the other.
(2) In a typical test rig, comparisons were made between the mean
combustor-outlet temperature obtained from the bare-wire thermocouples
at station 2 and the mean temperature obtained from the traversing
shielded thermocouples at station 3. After correcting for the temper-
ature change due to heat loss through the duct walls between stations
2 eand 3, the mean temperatures at the two stations were found to agree
within 10° F with neither station giving a value consistently higher
than the other. (3) With several combustors, as the combustor-inlet
corditions were made more favorable, the combustion efficiency progres-
sively increased and asymptotically approached 100 percent.

Since reference 16 was written (May, 1948), bare-wire thermocouples
have been compared with thermocouples having radlation shields of
platinum or gold presped around them as developed by the Natlonal
Bureau of Standards. The shielded thermocouples were first installed
immediately downstreesm and then immedistely upstreem of a few unshielded
thermocouples at station 2 in several typical combustors. For most of
the instruments and conditions investigated, the differences in read-
ings between the bare-wire and the pressed-shleld-type thermocouples
were of the order of 2 to 3 percent with the bare thermocouples readling
higher when located on the upstream or flame side of the shielded
thermocouples, and lower when located on the downstream side. The
catalytic action of the platinum shield at temperatures below 1000° F
gave higher recorded temperatures then did the gold shield, but the
effect was less than 2 percent of the temperaturses recorded.

Inesmuch as fluctuations in flow and temperature at any point in
the turbojet-combustor outlet preclude & high degree of accuracy, it
is concluded that the thermometric technique described,.although
probably no more accurate than 2 to 3 percent in many cases, 1s gen-
erally satisfactory for evaluating the altitude performance of com-
bustors, particularly where the trend of performance with primery
variables 1s of concern.

Experimental Procedures

Effect of inlet-air conditions on combustor performance. - For the
investigation of the effect of inlet-alr conditions on combustor per-
formence, combustor-inlet pressure, temperature, and veloclty were
maintained constant at values typicel of altitude operatlon of the com-
bustor in the engine, fuel flow was varied through a wide range, and
date were recorded at various fuel-ailr ratios. One of the three
combustor-inlet parameters (pressure, temperature, or velocity) was then
maintained a2t some new value, the other two parameters were maintained
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at the original values, and the fuel flow was agein altered. This pro-
cedure was continued until each of the inlet-alr conditions had been
varied independently of the others. Combustor-inlet velocliy rather
than alr mags flow was chosen as a parameter because the resldence time
of e given gample of fuel and air in the combustor is more directly '
related to flow velocity than to mass Fflow.

Effect of combustor characterlstics on engine performance. - In
order to facilltate the determinatlon of the effect of combustor oper-
ating chsracteristics on engine performasnce, combustors were investl-
gated at conditions simulating operatlion in the deslgn engines at
various flight conditions. Simulation of the operation of a combustor
in flight requires meintenance of the combustor inlet-alr conditions
and the combustor-temperature rise at the valussg encountered in the
engine at the given flight condition. The required velues for the
inlet~air conditionsg and the temperature rise were obtalned from
engine-performance date compiled in independent wind-tunnel and flight

investigeations.

EFFECT OF INLET-ATR CONDITIONS ON COMBUSTOR PERFORMANCE
Effect on Combustlion Efficlency and Combustor Temperature Rise

The effect of inlet-alr conditions on the performance of an early
U. 3. ennular combustor is shown in figure-8. Although the quantitative
date of figure 9 apply only to the spscific combustor used for the
investigation, many of the general trends and phenomena that will be
discussed are typicel of the many ges-turbine combustors that have been
investigated. The measured values of the mean temperature rise through
the combustor are plotted against the fuel-slr ratlo, and dashed curves
are included for 60, 80, and 100 percent of the theoretical temperature
rise. The theoregical temperature-rise curves are based on an Initial
temperature of 65~ F, the inlet temperature most used in the investl-
gation, The combustion efficlency can be estimated by interpolating
between the dashed curves indicating the percentage of theoretical
temperature rise.

Effect of inlet pressure. - Figure 9(a) shows the effect on com-
bustor performance of altering inlet pressure while mainteining Inlet
temperature and reference veloclity constent. At the highest inlet
pressure, the combustlon efficlency (as obtained by interpolating
between the daeshed lines) was above 95 percent (except at fuel-air
ratios below 0.007, where the fuel spray was poor) and the temperature
rige through the combustor increased with increase in fuel-alr ratio
throughout the range investigated. Operation at fuel-air ratios higher
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than 0.018 was not attempted becanse local oubtlet temperatures exceeded
the safe limits for the instrumentation. At low inlet pressures, the
combustion efficiency was low and the combustor temperature rise passed
through e maximum value with increase of fuel-air ratio within the range
investigated. The data indicate that both the maximum temperature rise
attainable and the fuel-air ratio at which it occurred decreased as the
inlet pressure was decreased. As the fuel-air ratio was increased past
the velue giving the meximum attainable temperature rise, combustion
alweys became unsteady and a rich-limlt blow-out occurrsd. Changes in
the slopes of the combustor operating curves were always accompanied by
changes in the type of operation, as shown by the letters indicating
the various types of unsteady combustion beside the data points on
figure 9. Chenges in the fuel-alr ratlo were, of course, accompanled
by changes in the fuel-injection pressure, and hence in the fuel spray.
The curves of figure 9 show, however, that the combustion efficiency was
not markedly affected by changes in fuel-air ratio except at very high
and at very low values of fuel=-alr ratio.

Effect of inlet temperature. - Similer data showing the effect of
inlet temperature on combustor performence are presented, in figure 9(b).
Comparison of figures 9(a) and 9(b) shows that a decrease in the inlet
temperature produced the same general effects on performance as a
decreese in inlet pressure. In the intermediate fuel-air-ratio range
on Pigure 9(b), dual performance curves were obtained and these curves
are shown by dot-dash lines. This tendency of the combustor to drift
into different modes of operation existed when operating at conditions
giving unsteady combustion. Combustor operation followed the dot-
dash curves only when the fuel flow was graduaslly increased from low
values; sudden changes in the fuel-flow rate would cause the combustor
operation to change to that indicated by the solid curves.

Effect of reference velocity. - The effect of altering reference
velocity 1s shown in figure 9(c). An increase in the inlet velocity
had the same general effects on performance as a decrease in inlet
pressure or temperature.

Correlation. - The independent effects of combugtor-inlet pressure,
temperature, and velocity are such that & correlation results when com-
bustion efficiency is plotted against the parameter piTi/Vr. The

aquantities Py and Ti are the static pressure and the absolute
temperature at the combustor inlet, and Vf is the reference velocity

camputed from the air mass flow, the combustor-inlet-air density, end
the meximum cross-gsectional area of the combustor. Such a correlation
of the experimental data obtained with one annular turbojet combustor
is given in figure 10. For thils particular combustor, the scabter of
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the data points from the curves of figure 10 is within the limits
obtalned in dsy-to-day operation at the same operating conditions. For
other combustors, however, the correlations are not alweys so good as
that shown in figure 10, but the same general curve shape 1is always
obteined. Fuel-alr ratlo is known to affect combustion efficiency in
some combustors; this effect is unaccounted for in the paramester. In
addition, changes 1n combustor design, such as changes in fuel nozzle,
are not in the parameter; however, the correlation 1s useful in pre-~
dicting the efficlency of a glven combustor at different operating con-
ditions or for comparing the performance of different combustors.

Effect on Combustor Pressure Loss

The simplified analysls of combustor pressure loss presented in
reference 1 indicates that the ratio of the totel-pressure loss through
the combustor to the effective dynamic pressure AP/q_e should correlate
as a ptraight-line function of the ratio of the combustor-inlet density
to the combustor-outlet density pl/pz. The complex geometry of most
gas-turbine combustors makes accurate computatlon of the effective
dynemic pressure Impossible end a reference dynamic pressure %y 1ls
therefore used. The straight-line correletion should be obtalned using
Q. if qe bears a fixed ratio to Qe This reference dynamlc pressure

is computed from the formula

2
% = zngéA 2
1 max
whelre
W, mass flow of air through combustor, (1b/sec)
g acceleration due to gravity, (ft/secz)
A, meximm crosstsectional ares of combustor housing, (sq £t)

.A plot of AP/q,r against pl/pz is shown in Figure 11 for dats
cbtained with a typical annular U. S. combustor. A straight-line corre-
lation ie obtalned as predicted from theoretical considerations. The
data scatter in figure 11 may be due to the fact that q does not
have a fixed ratlo to Qe
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The value for AP/qr et a density ratio of approximately 1 is the

value dus to aerodynamic dreg alone. The added pressure loss that
occurs at higher demnsity ratios is due to the momentum chenge of the
geses flowing through the combustor. -

Effect on Combustor-Outlet Temperature Distribution

The degree of nonuniformity of the combustor-outlet temperature
distribution can be expressed by the parameter

IAT1|+|ATZl+lAT3!+. cee | amy
- N
whers
o] nmean devietion of individual thermocouple reedings from average

cambustor-outlet tempersature

ATl difference between tempereture indicated by thermocouple 1 at
station 2 end mean temperature at station 2

N total number of thermocouples at station 2

Values of & obtained with a can-type combustor of British design
are plotted against the combustor temperature rige in figure 12. For
this cambustor, & increases with increase in combustor temperature
rige throughout the range lnvestigated. The data polints on figure 12
include operation at widely different combustor-inlet-air conditions;
the correlation therefore indicates that for the range investigated
wilth this combustor the inlet-air conditions have little effect on B.
Values of the maximum deviation of a single thermocouple reading from
the mean temperature are also shown in figure 12; these values follow
the seme itrend as those for the mean deviastion &, but the curve heas
a greater slope. For meny combustors, the values of &, plotted as’
in figure 12, do not resuwlt in stralght-line correlations. At con-
ditions where unsteady or fluctuating combustion occurs the velues of
& are much higher and do not follow the trends shown in figure 12.
High inlet-alr temperatures sometimes cause vapor lock and resultant
uneven fuel disitribution, which can cause & +to lncrease merkedly.

»
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EFFECT OF COMBUSTOR CHARACTERISTICS ON ENGINE PERFORMANCE

The reletions betwsen the basic operating variables and com-
bustor performance can be used to explain the effect of the operating
characteristics of the combustor on the performence of the turbojet
engine. The altitude, the engine rotationel speed, and the flight
speed determine the gombustor inlet-air conditions end the combustor-
outlet temperature required to run the engine under steady-state con-
ditions. As shown in the preceding section, the combustor performance
in turn depends on the combustor operating conditions.

Altitude Operatlional Limits

Flight and altltude-wind-tunnel investigestions of dlifferent
turbojet engines reveal that these englines heve at sach englne speed an
eltitude ceiling above which the engine cannot operate. This altitude
operational limit 1s imposed by the combustor performence. This impo-
sition is further demonstrated when the combustor alone is set up in a
duct for study, as previously described, and is operated with inlet-air
pressure, temperature, and veloclty malntained at velues reduired to
simvlate engine operation.at perticular altitudes and engine speeds.

By varying the fuel flow 1ln an attempt to obtain the tempereture rise
required for englne operation at each simulated altitude and engine
speed., the region of altltudes and speeds where the redqulred tempera-
ture rise can be obtained 1s separated from the region whers required
temperature rige cannot be obteinsed.

The combustor operating conditions for two typical turbojet engines
et zero flight speed are shown in figure 13. Altitude operational
limits for a typical annular combustor operating under the conditions
gshown in figure 13 for the engine with a compressor pressure ratio of 3
are illustrated in figure 1l4; good sgreement is indicated between the
datae obtained in the altitude-wind-tunnel investigation of the complete
engine and that obtained in the independent combustor investigation.
The operational limitetions at high engine speeds were not obtalned
. in the combustor investigation. The combustor hed fixed orifice fuel

nozzles and operated on AN-F-22 gasoline. As e matter of interest, the
combustor pressure aslong most of the operastional-limit curve of fig-
ure 14 is 5 to 6 pounds per square inch absolute; the absolute limit
to which combustion can be malntained was previously cited as 0.68
pound per square Inch absolute for gasollne.

In order to 1llustrate how the influence of inlet-air conditions
on the meximum temperature rise available from the combustor causes
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altitude operational limits, figures 15 and 16 are presented. Results
are shown in figure 15 for which datas were taken over a range of fuel-
air ratlos with combustor-inlet conditions simulating engine operation
st seven engine speeds at an altitude of 20,000 feet. The measured
values of tempgrature rise through the combustor are plotted sgainst
the fusl-air ratios used to obtain them. The shape of these curves

is, in general, similar to those of figure 9. Curves for 100, 80, and
60 percent of theoretical tempereture rise are shown in figure 15. The
points where the curves surpess the temperature-rise reguirement of the
engine are indicated by symbols that are comnnected by & dotted lins.

At the intermediate simulated engine speeds, blow-out occurred before
the temperature rise reached the engine requirement. Because a change
of fuel flow in an engine is necessarily accompanied by changes in air
flowv and combustor-inlet pressure and temperature, thess curves are not
truly representative of combustor operation in an engine. The fuel flow
could not be slowly adjusted in an engine to the values corresponding
to the peeks of the curves without the other operating variables having
chenged.

The temperature-rise requirement of the engine for normsl opsration
at various engine speeds zt an altlitude of 20,000 feet is shown in fig-
ure 16. Values of the meximum temperature rise attainable with vaerious
simulated engine speeds at this altitude (taken from the peaks of the
curves in fig. 15) are connected by a dotted line. The resulting curve
falls below the tempersture-rise requirement curve between engine speeds
of 38 and 68 percent rated rpm. The nonoperational range for the engine
thergfore exists between 38 and 68 percent rpm at an altitude of
20,000 feet and this conclusion le substantiated by figure 14.

Combustor-iniet pressures, temperature, and velocitles exlsting in
the engine at an altitude of 20,000 feet at wvarlous rotatlonal speeds
are also shown in figure 16. At engine speeds below 38 percent rated
rpm, combustor-inlet pressure and temperature are low, but the inlet
veloclty 1s very low; and although the low pressure and temperabtiire
heve an adverse effect on combustion, the very low veloclty has a
favorable effect on combustion that more than compensates for this
adversity, and the combustor cen deliver a temperaiure rise In excess
of thet reguired. As the engine is accelerated to higher englne speeds,
the combustor-inlet pressure and temperature increase. At the same
time, however, the velocity incresses very reapldly and this change has
a detrimental effect on combustion thet more than counterbalances the
beneficial changes 1n the pressure and the temperature, as is evidenced
by the decrease in the temperature rise obtainable until the combustor
ceases to meet the engine requirements when a speed of 30 percent rpm
is resached.
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As the simulated engine speed is increased through the nonoper-
ational region, the inlet pressure and tempersture increase &t accel-
erating rates, whereas the reference velocity increases at a decel~
erating rate with incresse in simuleted engine speed. At a simulated
speed of about 60 percent rated rpm, the favorable effects of inlet
pressure snd temperature become large enough to oftset the adverse
effect of the inlet velocity, and the temperature rise attainable
begins to increase wlth simuleted engine speed. At engine speeds
of 68 percent rated rpm and greater, the temperature rise attainable
is equal to or greater than the temperature rise required and the
combustor is in the satisfactory operating range.

The effect on altitude operationsl limite of increasing the com-
pressor pressure ratio without chenging mess flow is shown in fig-
ure 17 for & typlcal turbojet combustor. Thils change increages the
combustor-inlet pressure and temperature and reduces combustor
reference velocity. Figure 13 shows the combustor operating conditions
for both compressor pressure ratios, as wsed for figure 17.

The altitude operational limits of two turbojet engines of recent
design es determined in altitude-wind-tunnel investigations of the )
complete englnes are given in Ffigure 18(a). The minlmum speeds shown
are esteblished as the lowest speed at which an engine can be opereted
without encountering combugtion blow-out, the minimum engine speed from
which it is possible to accelerate without encountering limiting
turbine temperature, or the minimm idling speed recommended by the
engline menufacturer. The maximum speeds shown are the speeds at which
limiting turbine-outlet temperatures are encountered. The effect of
flight Mach mumber on operating limits is 1llustrated by figure 18(=a).
For example, in the case of engine 1, the minimum speed below "rglative
altitude" of about 5 and at the lowest flight Mach number wag the menu-
facturer's recommended idling speed; however, the minimum speeds at the
higher flight Mach numbers were esteblished by combustlon blow-out.
Above the sltitude where the abrupt change in minimm speed occurred,
increases in Flight Mach number haed the opposite effect on minimum
speed for both engines. In this region, increasing flight Mach nwmber
increased the operational limits for both engines.

Altitude-operationsal limits for a variety of turbojet englnes as
determined from combustor resesrch are shown In figure 18(b). Because
results for different englines are plotted in flgure 18(b), the inlet-
alr conditions for one combustor are not necessarily directly compar-
able to the inlet-air conditions for any other combustor. The dopted
portion of the curve for combustor B was estimated, inasmuch as the
laboratory air facilities were unable to duplicate the combustor-inlet
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conditions at the simulated altitude. Figure 18(b) is intended only to
show thet all turbojet combustors encounter eltltude operational limits.
The shapes of the several curves are simllar, .

Temperatures Avallaeble for Acceleration

The amount by which the combustor tempsrature rise attainable with
slow fuel-flow adjustment exceeds the temperature rise regquired for
nonsaccelerating engine operation is an approximate index of the availl-
able acceleration in that it is the maximum temperature rise available
for acceleration. As previously noted, such deta are not truly repre-
sentative of engine performasnce because air flow and combustor pressure
and inlet temperature elsoc change as fuel flow 1is changed. The same
discussion that explains the reeson for sltitude operational limits
applies to the temperabture rise avalleble for acceleration.

In figure 19 is shown a curve where a combustor temperature rise
thet is 100° F above the velue required for nonasccelerating engine con-
ditions can be obtained, indicating thet energy corresponding to at
least a 100° F change in temperature is avallable for altitudes and
engine speeds below this curve. Below the next curve there are 250° F
or more available for acceleration, and below the lowest curve thers
are 500° F or more available. The deta used to illustrate this per-
formance characteristic are for the combustor and the engine having a
compressor pressure ratio of 4 used for figure 17.

This performsnce characteristic is illustrated for a can-type
combustor in figure 20. Figure 20 shows how much temperature rise in
excess of that regquired for steady-state operatlon can be obtained at
any simulated engine speed. The sea-level curve and the high-engine-
speed portion of the curve for 30,000 feet, which are ghown with no
data points, are imposed by the temperature-rise limitation stated by
the menufecturer for the engine used. The portions of the curves at
30,000 feet shown by deta points for a slow throttle-opening time
and for a 3-second opening time represent actnal temperature-rise
limitations imposed by the combustor. These limitations are frequently
blow-out. Again, these data are simply illustrative because, with an
actual engine, -engine speed would not remain fixed as the throttle is
opened; whereas in the combustor research for figure 20 the simulated
engine speed was unchanged while establishling each temperature-rise
limit. The data do show one of the difficulties encountered in trying
to accelerate an engine at high sltitude by raplidly Iincreasing the
fuel flow.
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Specific Fuel Consumption

Combugtion efficlency. - In figure 9 ls shown the effect of inlet-
alr pressure, temperature, and velocity on combustion efficiency for
ranges of fuel-air ratio. Transleted into terms of eltltude and engine
gpeed, it is apparent that combustion efflciencies should be a maximum
at low altitude and high engine speed where combustor-inlet pressure
end temperature are g maximum and should decreese as altitude is
increased or as engine speed 1z decreased. The varlation of combustion
efficlency with altitude and engine speed for the combustor of the
engine with a compressor pressure ratic of 4 of figures 13 end 17
is shown in figure 21; this performence is typical of other combustors.
The varletion of combustion efficiency with altitude for several com-
bustors at engine speeds of 100 and 80 percent of normal rated speed
is given in figure 22. Trends, but not absolute velues, of combustor=-
inlet-alir conditions as a function of altitude are comparable esmong
the curves in figure 22 lnasmuch as each englne hass an approximate
compressor pressure ratio of 4 at full speed. Combustors B and C had
duplex-type fuel nozzles; the other combustors had fixed-orifice hollow-

spray cone fuel nozzles.

The data show that the combustlon efficlency of each of the several
combugtors decresses regularly and appreclably as altitude is increased.
When figures 21 end 22(a) are compared with figure 22(b), combustion
efficlency is seen to decreage with a decrease in engine speed. As
expected, the decrsase in combustor-inlet-air pressure and the decrease
in combustor-inlet-air temperature as altitude 1s increased or engine
spsed is reduced cause lower combustion efficiency. The lower fuel
flows that are required at high altitudes and at reduced engine speeds
are achieved by reducing fusl-inJjection pressure. This reduction neces-
sarlly alters the charscteristics of the fuel spreay and thus may affect
the combustion. Even the two combustors having duplex~type fuel
nozzles, combustors B and C, however, dlsplay performasnce characteristics
closely similer to the other combustors (fig. 22). The effect of fuel
injection on combustion efficiency will not be discussed in detall in

this paper. _

Vieual observations revesl that as altitude 1s increesed at a fixed
engine speed, the appearance of the combustion changes regularly from
a steady yellow fleme, to & white flame tinged with blue, to a blue
fleme tinged with white and flickering at rapid frequency, to a derker
blue flame that flickers at lower frequencies and wlth greater ampli-
tude, and finelly to a pulsating blue flame that mey suddenly and
unexpectedly become extinguished. Similar observations are made as
engine speed is regulerly reduced at a fixed moderate or high altitude.
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These regular changes In the appearance of combustlion ere, of course,
accompenied by & regular decresse in combustion efficlency umtil the
altitude opsrational limit is reached. Thus a progressive depreci~
ation of the combustor performance occurs as altitude is increased or

as engins speed is decreased. Quantitative significance is not attached
to the color of the flemes. )

The implication of any decrease in combustion efficiency to the
performance of the engine is obvious; if thrust is masintained, the
specific fuel consumption of the engine will vary inversely as the
combustion efficiency. Obviously, the use of higher compressor pres-
sure ratios will aid the combustion process. A given combustor should
operate at least as well at 60,000 feet with a compressor pressure ratio
of 8 as it does at 45,000 feet with a compressor pressure ratio of 4.

Pressure loss_in combustor. - As discussed under "Effect of Inlet-
Air Conditions on Combustor Performance,"” the loss in static pressure
by the geses flowing through the combustor consists of the pressure
drop due to aerodynsmic draeg end the pressure drop required to accel-
erate the fluid from its inlet velocity to the outlet veloclity.
Although the total-pressure loss correlates best as a functlon of the
ratio of combustor-inlet density to combustor-outlet density when
expressed in terms of an inlet dynemic pressure for the combustor, 1t
is more meaningful for engine performance to express the pressure loss
in terms of the percentage of the total pressure at the combustor inlet.

Combustor pressure logs reduces the cycle efficlency of the gas-
turbine power plant; in an exact analysis the combustor pressure loss
is deducted from the pressure achieved by the compressor. In figure 23
are shown the effect of combustor total-pressure loss on the thrust and
specific fuel consumption of two typical turbojet engines, one with a
compressor pressure ratio of 6 and one with a compressor pressure ratlo
of 4, for a flight Mach number of 0.656 at sea-level' altitude with a
turbine-inlet tempersture of 1500° F. The thrust and the specific fuel
consumption are shown as a ratio to the thrust and fuel consumption with
no combustor pressure loss. These particular curves are intended To
illustrate the order of magnitude of the effect of combustor pressure
loss on engine performance. A more generalized treatment ls found in
reference 17. Typical pressure-loss ratios are of the order of 0.04 %o
0.06 for combustors of current design. A 3- to 4-percent decrease in
thrust and e 3- to S-percent increase in fuel consumption from the ldeal
are therefore attributed to pressure loss in the combustor. Needless to
say, this pressure loss cannot be eliminated. Examination of extensive
date indicates that more than one-helf of the total-pressure loss ls
ususlly due to asrodynamic dreg rather than momentum. The loss dus to
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gerodynenic drag incresses with any change in englne-operating con-
ditions that increases the combustor-inlet dynamic pressure. The

monentum loss increases dlrectly with any increase of the btemperature
ratio across the combustor.

A chart is presented In reference 18 from which the totel~pressure-
loss ratio together with the pressure-loss ratio due to drag and the
nomentum-pressure-loss ratio comprising it can be estimated for known
values of the combustér-inlet weight flow, temperature, and pressure,
and the combustor-cutlet temperature. :

Temperature Distribution

Stress conslderaticns of the turbine blading, especlally on the
rotor, detexrmine the optimum distribution of gae temperatures at the
combustor outlet. Usuelly this optlmum temperature pattern has itemper-
atures increasing radially from turbine-blede root to tlp, and tempera-
tures uniform circumferentially. Deviations from an optimum outlet-
temperature distribution -either shorten the turbine blade life or
necessitate operating the gas-turbine engine at low temperature and
thus at low power, or at low power and at low efficlency. The effect
of combustor design on temperature profile will not be discussed in
detail in this paper. Ordinerily the combustor inlet-air conditions of
pressure, temperature, and velocity do not affect the ontlet-temperature
distribution unless these conditions are made so unfevorable for com-
bustion that unsteady burning ls encountered. It is shown in the
section "Effect of Inlet-Air Conditions on Combustor Performance” that
the nonuniformity of the combustor-outlet temperature distribution may
be expected 1o increase as combustor temperature rise is increased.
The deta in teble T show that the effects of altitude and engine speed
on outlet-temperature distribution for two enmular combustors are aboub
ag expected; in general, the mean temperature deviation from the average
combustor-outlet temperature increases with increase in engine rotor
speed and. increase in altitude. Mean temperature devietion increases
at engine speeds requiring high combustor temperature rise and is
greatest at the high-engine-speed, high-eltitude condition where not
only a high combustor temperature rise exists, but combustor perform-
ance is deprecilated to low efficlency and to unsteady burning because
of* the high-altltude comndition.

Effect of Water in Inlet Air

Investigations were conducted on a single can-type combustor to
determine the maximum quantity of water that could be injected into
or upstream of the combustor without reducing the attainsble )
combustor-outlet temperature below the value required for engine
operation. At each altitude investigated, water was sprayed into the

adONEEDENETAL,
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inlet-eir duct at a point 62 inches upstream of the combustor until
the combustor-outlet temperature required for full-speed engine oper-
ation without water inJjection at that altitude could not be achieved
regardless of fuel flow., These data are shown in figure 24 as the
ratios to air mass flow of water flow, fuel flow, and total liquid
flow at the limiting liquid-flow conditions. Air flow, pressure,

and temperature at the combustor inlet were maintained at the same
values during the water-injection Investigetions as specified for
combustor operation without water addition. Also shown in figure 24
are the points at sea level where water added at the inlet of a full-
scale engine with the same combustors was noted as interfering with
the combustion process and causing afterburning through the turbine.

At least below altitudes of 5000 or 10,000 feet, even the very
heaviest rains recorded at ground stations do not add sufficlent water
content to the combustor-inlet alr to impair the combustion proocess.

CONCLUDING REMARKS

Several general statements can be made about the relatlions between
the operating varlables and the steady-state performance of combustors
for aircraft ges turbines. These statements are baesed on the accumm-
lated resulis of systematlic research with e number of different com-
bustors wherein factors such as inlet-air pressure, temperature, and
velocity and fuel-air ratio are independently varied and the effect
on performance characterlstios noted. The primary difficulty in such
research is that 1t is virtuelly impossible to vary operating param-
eters Independently wlthout affecting one or more significant factors
in the combustor; for example, in varylng fuel-alr ratio, elther air
flow or fuel-injJectlon pressure must necesserlly also be varied. At
present these parameters have not been generallzed to & combustor
equation in a totally satisfactory manner although research of this
type 1s in progress. Nevertheless, the general trends observed should
prove useful for further research and development and provide insight
into the effect of combustion on turbine-engine performence. Research
on problems of design, fuels, and the transient phenomena of ignition
and acceleratlon have helped to develop the concepts and understanding
of the combustion processes in the turbine englne, but these investi-
gations are outslde the scope of the present paper.
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CONCLUSIONS

1. The following conclusions pertain to aircraft gas-turbine com-
bustors of the liquid-fuel type in general use at present and operating
with the fuels for which they were designed - gasoline or kerosene:

() The combustion efficiency and the meximm obtaineble tempera-
ture rise decrease if: (1) the combustor-inlet pressure is decreased, -
(2) the combustor-inlet temperature is decreased, or (3) the combustor
reference velocity 1s increased. A usefwl correlatlon usually results
when the combustion efficlency is plotted againsgt the product of inletb
presgure and temperature divided by & reference velocilty.

(b) As predicted from theoretical considerations, the ratio of the *
total -pressure drop through the combustor to a reference dynamlic pres-
sure correlates as & straight~line function of the ratio of the inlet~-
alr density to the outlet-gas density with pressure drop increasing as
the density ratio incresases.

(¢) The average deviatlon from the mean combustor-ocutlet tempera-
ture 1ls unaffected by Inlet-alr conditions except in certain combustors
where these condltions cause pronounced unsteady burning or partial
vaporization of the fuel within the Injection system.

2. At a given flight speed, engine sypeed, and altlitude, the com-
bination of combustor inlet-eir pressure, tempersature, and velocity,
and the outlet temperature required determine the combustor performence.
Thus, from the observations described, the effect of combustor perform-
ance on engine performance ls nobted as follows:

(a) FPor any ailrcraft turbine englne, at each engine speed an
altitude exlets above which the engine will not operate because of a
limit in tempersture rise available from the combuator.

(b) The same factors that impose an altitude operational limit
impose a limit on the temperature rise aveilable for acceleratlon at
altitudes near the operational limit.

(¢) Combustion efficiency decreases wilth increesing altitude end
decreesling engine speed. .

(4) Exemination of extensive date on combustors of ourrent design
indicates that pressure lose in the combustor to the extent of 4 to
6 percent of the combustor-inlet total pressure is usual, reducing the
thrust of a typical turbojet engine by 3 to 4 percent and lncreasing
the fuel consumption by 3 to 5 percent for full-speed operation at
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see level. More than one-half of the pressure loss is usuelly caused
by aerodynamic drasg in the combustor.

(e) The average deviation from the mean combustor-outlet tempera-
ture is generally the greatest at high-altitude, full-engine-speed
conditions where high outlet temperatures and depreciated combustion
are encountered.

(f) Even the heaviest rainfall recorded at ground stations does
not add enough water to the inlet alr to impair the performence of
the combustor, .

Lewis Flight Propulsion Leborsatory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.

REFERENCES

l. Childs, J. Howard, McCefferty, Richard J., and Surine, Oakley .:
Effect of Combustor-Inlet Conditlons on Performance of en Annular
Turbojet Combustor. NACA Rep. 881, 1947. (Formerly NACA TN 1357.)

2. Whittle, F.: The Early History of the Whittle Jet-Propulsicn Gas
Turbine - I. The Aeroplane, vol. LXIX, no. 1795, Oct. 19, 1945,
pp. 445-448, 451-452; Part II, vol. IXIX, no. 1787, Nov. 2,
1945, pp. 503-507; Part III, vol. IXIX, no. 1798, Nov. 9., 1945,
pp. 543-5486.

3. Shepherd, D. G.: Combustion in the Gas Turbine. The Engineer
(London), vol. 181, no. 4706, March 22, 1946, pp. 268-269;
cont., vol. 181, no. 4707, March 29, 1946, pp. 300-301.

4. Lloyd, Peter: Combustion in the Gas Turbine. War Emergency
Issue No. 12 pub. by Inst. Mech. Eng. (London), 1945.
(Reprinted in U.S. by A.S.M.E., Jan. 1947, pp. 462-472.)

5. Watson, E. A., and Clarke, J. S.: Combustion and Combustion
Equipment for Aero Ges Turbilnes. Jour. Inst. Fuel, vol. XXI,
no. 116, Oct. 1947, pp. 2-34.

6. Mock, Frenk C.: Engineering Development of the Jet Engine and
Ges Turbine Burner. SAE Jour. (Trens.), vol. 54, no. 5, May
1946, pp. 218-227.

7. Nerad, A. J.: Some Aspects of Turbojet Combustion. Aero. Eng.
ReV., 'VOl. 8, D.O. 12, IbCQ 1949, pp- 24-26, 88.

AR


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

24 CONFIDENTIATA NACA RM ESOH3L

8. Way, Stewart: Problems in the Development of Turbo-Jet Combustion
Chembers. Sci. Paper No. 1421, Westinghouse Res. Labe. (East
Pittsburgh, Pa.), March 8, 1949,

g. Jones, G. W., and Spolan, I.: Inflemmability of Gasoline Vapor-
Alr Mixtures at Low Pressures. R.I. 3966, Bur. Mines, Oct.
1946,

10. Townend, D. T. A., Cohen, L. L., and Mandlekar, M. R.: The
Influence of Pressure on the Spontaneous Ignition of Inflammable
Gag-Air Mixtures. III - Hexsne~- and Isobutane-Alr Mixtures.
Proc. Roy. Soc. London, vol. CXLVI, no. A856, ser. A, Aug. 1,
1934, pp. 113-129.

1l. Swett, Clyde C., Jr.: Speark Ignition of Flowing Geses. I -
Energles to Ignite Propane - Air Mixtures in Pressure Range of
2 to 4 Inches Mercury Absolute. NACA RM E9EL7, 1949.

12. Foord, F. A.: Spontaneous Ignition Temperatures of Fuels. Jour.
Inst. Petroleum Tech. (London), vol. 18, no. 105, 1932, pp. 533-547.

13. Sortman, Charles W., Beatty, Harold A., and Heron, S. D.: Spon-
taneous Ignition of Hydrocerboms. Zones of Nonignition. Ina.
and Eng. Chem. (Ind. ed.), vol. 32, no. 3, March 1941, pp. 357-
360.

14. Reynolds, Thaine W., and Ebersole, Earl R.: Effect of Hydrocarbon
Pype and Chain Length on Uniform Fleme Movement in Quiescent
Fuel-Alr Mixtures. NACA TN 1609, 1948.

15. Haddock, Gordon W., end Childs, J. Howard: Preliminary Investi-
gation of Combustion in Flowing Ges with Varlous Turbulence
Promoters. NACA RM E8COZ, 1948.

16. Olson, Walter T., and Bernerdo, Everett: Temperature Measure-
ments and Combustion Efficiency in Combustors for Gas-Turbine
Engines. Trans. ASME, vol. 70, no. 4, May 1948, pp. 329-333;
discussion, pp. 333-334.

17. Pinkel, Benjamin, and Karp, Irving M.: A Thermodynamic Study of
the TurboJjet Engine. NACA Rep. 891, 1947. (Formerly NACA

ARR E6E14.)

18. Pinkel, I. Irving, end Shames, Harold: Analysis of Jet-Propulsion-
Engine Combustion-Chamber Pressure Losses. NACA Rep. 880, 1947.
(Formerly NACA TN 1180.)


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

[1:8

€6eT

NACA RM ESOH3L

Sonm——

TABLE I
MEAN TEMPERATURE DEVIATION AT VARIOUS FLIGHT CONDITIONS
Altitude Engine speed Meen temperature deviation
(£t) |(percent rated rpm)| at combustor outlet, °F

Combustor 1 Combustor 2

35,000 33 128 -——

42 118 188

67 - 162

92 165 -——-

100 200 -—-

40,000 33 -—— 215

42 -—- 197

50 182 -

. 87 205 158

g2 201 -—

100 202 ———

45,000 33 -——- 224

42 -— 196

50 153 199

58 115 188

67 211 164

83 230 ~——-

g2 240 255

100 248 ——

50,000 67 225 180

75 247 -———

83 245 -

92 281 293

100 275 -—

55,000 67 -—- 195

75 171 -——

92 304 345

100 355 -

60,000 75 . - 255

83 --- 308

92 -——- 335

100 425 -

25
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i operating conditiona required by typical turbojet combustor. Data from referepce 9.
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Figure 2. - Spontaneous ignition temperature as functlon of

pressure for l.8-percent hexane in alr (stoichiometric,
2.2 percent). Data from reference 10.
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Figure 3. - Effect of ges veloclty and pressure on energy required
for ignition of propame-alr mixture. Fuel-air ratio, 0.0835;
spark duration, approximately 800 to 800 microseconds; electrods
dimensions: diemeter, 3/16 inch; gep, 1/4 inch. Data from refer-
ence 1ll.
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Figure 4. - Ignition delays of droplete (approximately 0.1-in. diam.) of kerosspe and haptans in Il.ir at pres-
. ayre of 1 atmosphere.
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(2) Reverse-flow can~type.
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(p) Straight-through cen~-type.

(¢) Annular-type.

Typlocal arrangements of combustors for alrcraft g

SN

g-turbine engines.
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Pigure 7. - Diagram of typical apparatus for investigation of gaa-tmrbine combustor performance.
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(a) Sixz-point thermocouple raks.
Figme 8. ~ Typioal ingtrwmentation used in gas-turbine-combusbor investigations,
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(b) Four-point total-pressure rake.

Figure 8, - Contlnmed, Typleal Instrmmentation uwsed in gag-turbine-combustor
investigations.
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(c) Multiple~shleldsd thermocouple.

Figure B. - Conoluied., Typlcal lnstrumentatlon used in gas-turbine~combustor
Investigations.
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Mean temperature rige through combustor, °F

" Inlet static Alr
pressure weight flow
14001~ - (1b/sq in. abs.) (1b/sec)
[o] 16.1 ' 11.48 .
— o 14.7 10.48 ; 17
a 13.4 _ , 9.55 -
1200 ¥ 12.0 8.56 i
Lo 10.7 7.64 100-percent theoretical | .~
A Rapld flickering at base of flame temperature rise ~ | B
B Temperature fluctuations at combustor . A ] P
outlet : : P o/ -~ g, DI
1000 C Noisy vibration of combustor and adjacent : a4 ) e -
. ducting - A 4 1 >
D Combination of B end C e I X
I Combination of A and B —= /m% > '&—
+ S8evere 2 ¥ 4D _DLDto
7 ]
800 - 8light / P - ] 4
(Absence of letter designation Py / 7 ' . 4+
beside date point indicates Z _ ’/ L -
« that no noticeable resone.nce-/ 3 = <
occurred. ) Py - 3 L~
600 ot B -
i > 2~ Bl |~ I 80-percent theorstical
/v P t?mperature rise
b - " 80-percent theoretical
4%_ temperature rise
200
_‘:SACA.J—-“
1 1

.001 .003 L0057 L0007 .009 .01l .03 ,015 017 ,019
Fuel-alr ratlo :

(a) Effect of altering combustor-inlet static pressure. TInlet temperature, 66° F; reference
velooity, 85.1 feet per second.

B"igure 9. - Veriation of mean temperature rise through combustor with fuel-air ratio for combustor=-
inlet conditions independently asltered from values typical of those encountered in altitude opera-
tion of a gas~turbine engine.
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temperature welight flow
1400} (°r) (1b/sec)
(o] 178 7.95 '
|- O 128 8.64 »
A [:5 9.55 7
v 45 10.00 . 7
1200 o 17 10.58 -
& < -8 11.18 P < ot
- - A Rapid flickering at base of flame - =
B B Temperature fluctuations at combustor|lO0O0-percent theoretical [~ E: B+B
3 outlet temperature rise | N //
1 - et
# 1000- ¢ Noisy vibration of combustor and ad- | > = =
g Jacent ducting - 4 B-/ g
3 | D Combination of B and C N 7
§ E Combination of A and B P ] BO-percent theoretical
800 + gﬂgﬁ% P A~ pl temperature rise
é (Absence of letter designation beside |~ |4 _L& D~ 5
2 | date point indicates that no noticer ! AZ§ ~ A Y
ot able resonance occurred.)j | <z/ - |
R — - —Alternate path combustor opera- T L BE c Dr /"
g 600 tion may follow 7‘{ C o jl/f ‘e S
- al— -
. ] - B %-/, -~
g' A ]
g % / 7 ’} 60-~percent theoretical
$ ‘| A4 ‘temperature rise
- d JB%
i .
=
NACA
L 2
.007 008 011 013 .015 017 .019
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(b} Effect of altering combustor-inlet temperaturs. Inlet static pressure, 13.4 pounds per
squere inch absclute; reference velocity, 86.4 feet per seoond.

Figure 9. - Continued. Variation of mean temperature rise through combustor with fuel-air retio
for combustor-inlet conditions independently altered from values typical of those encountered
in altitude operation of a gas-turbine engine.
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rean temperature rise through combustor, oF
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(c) Ei‘feot of altering combustor reference velocity. Inlet temperatwure, 58° F; inlet statio
pressure, 13.4 pounds per square inch absolute. -

Figure 9. = Conc‘Luded. Verjation of mean tempersture rise through combustor with fuel-air ratio
for combustor-inlet. conditlons independently altered from values typlcel of those encountepred
in altitude overztiion of & ges-turbine engine.
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Retio of total-pressure drop across combustor to

reference dynamic pressure

20
(o]
L
18 5 P
"
ﬂ//
0 ol
16 o0 P -
o
o /,/"(D ]
Y o o°
0o o/ﬁc>oo (’JU il
1 o%lgO
&
P
’/’,/" o
120/,/
T
10 |
1.0 1.4 1.8 2.2 2.6 3.0 3.4

Ratio of combustor-inlet-air density to combustor-outlet-gee density

Figure 11. - Pressure losaes In gas-turblne combustor.
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Figure 12. - Combustor-outlet -temperature uniformity expressed by
deviations of point readings of outlet temperature from the mean

combustor-outlet temperature.
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Figure 13. - Inlet-air conditions and required outlet temperatures
for combustor of two typical.turbojet engines. Zeru flight
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Figure 13. - Continued. 3Inlet-air conditions and required ocutlet
temperatures for combustor of two typicel turbojet engines. Zero
Ilight apeed.
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Figure 13. - Continued. Inlet-air conditions and required
outlet temperatures for combustor of two typical turbo-
Jet enginea. Zero flight speed.
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Figure 14. - Altitude operational limits of combustor under condli-
tlons simulating static operation of engine with compressor pres-
sure ratio of 3. Fuel, AN-F-22.
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Figure 18. - Concluded. Altitude operational limits.
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Figure 19. - Avallable acceleration of turbojet engine as indicated by
difference between maximum tempereture rise attainable from combustor
and temperature rise required for nonaccelerating engine operation.
Compressor pressure ratio, 4; flight speed, O; fuel, AN-F-28.
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Figure 21. - Combustion efficiencies of typlcal turbojet combustor at various
simuleted flight conditions. Compressor pressure ratlo, 4; flight apeed, O;
fuel, AN-F-28. . -
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Figure 22. - Variation of combustion eﬂiciup.cy with altitude for several turbojet engines as determined from
combustor research at simmlated conditions for zero flight spesd.
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Figure 23. - Effect of combustor total-pressure loss expressed as fraction of -

total pressure at combustor inlet on thrust and fuel consumption of typical

turbojet engine.
ses level; turbine-inlet temperature, 15C0° F.

100-percent rated rpm; flight Mach mumber, O.656; sltituwde,
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Figure 24. - Maximum permissible water in inlet of turboJet comdustor operading at conditions simulating
100-percent rated engine speed and zero flight speed. Water sprayed 62 inoches upetreem of combustor
in inlet duct.

NACA-Lacgley - 10-18-50 - 426


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

