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GRAPHIC ANATLYSIS OF AMERTCAN AND BRITISH AXTAL-FLOW TURBOJET

ENGINE PERFORMANCE TRENDS (CURRENT AND FUTURE)

By Richard S. Cesaro and Jameg Iazar

SUMMARY

This report presents & complletion of static sea-level data on
existing or designed Americen and British axisl-Plow turbojet engines in
terms of baslc engine peremeters svch as thrust and alr flow. In the
data presented, changes in the over-all engine performance wilth time are
examined ae well as the relatlon of the various engine pa.ra.meters to
each other. The following conclusions agre made:

(1)

(2)

(3)

(4)

(5)

Thrust: Static sea-level thrust is being increased

at the rate of 4000 pounds per year. The afterburner

has increased static sea-level thrust between 45 to 55 per-
cent. A conslderasble nmumber of engines exist in the

same thrust class at any one time.

Air flow: The alr-flow handling ability of the conven-
tional exisel-flow compressor, while steadlly improving s
is gpproaching & point of diminishing returns. To pro-
gress to higher alr-flow handling rates, applicetion of
the transonic prineiple to compressor deslign 1s Indicated.

Pressure ratio: A general trend of Ilncreasing pressure
ratio with time 1s indicated.

Specific fuel consumption: A general trend of decreasing
specific fuel consumptlon at sea-level static conditions
is Indicated, largely as a result of the trend toward
increasing compressor pressure ratio.

Weight and dismeter: A general trend of decreased
englne welght with time is indicated. Englne dlameters
remain essentially constant (between 40 to 45 in.) in
the time period of 1950-1955. Beyond 1955, engine
diameter 1s expected to increase (because the air-flow
handling =2bility of the compressor ies approaching a
1limit) to a value of approximately 60 inches by 1961 in
order to keep up with the thrust-lncreasse trend.
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INTRODUCTION .

The development of the gas-turbine engine since ite introduction by
Commodore Whittle a little more than 10 years ago has progressed at a
tremendous rete in comparison with other aireraft power plants. In this
relgtively short period of growth, an ever incressing amount of englne
performence data has been accumulsted. These data have not previcusly
been complled in convenlent form for snalysls and study from the stand-
point of viewlng possible performance trends and over-all engine
developnment.
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This report presents a compllation of date on existing or designed
Americen and British axlal-flow turbojet engines in terms of basic
engine parameters such as thrust per unit of engine frontal aresa, air
flow per unit of engine frontal ares, and specific fuel consumpiion.

The date, as presented, provide Informetion that will assilst In engine
epelyses, reveal certaln operstionel requirements for research test
facilities, and reveal areas in the engline development program requiring
further emphesis. In the deta presented, changes in the over-all engine
performance with time are exsmined, as well as the relastion of the
various engine paremeters to each other.

In ‘the figures presented, current and future engines are included.
For current engines, the most recent operationel date avalleble are .
used. For future engines, the data are besed on the performance speci-~
fications of the manufacturer. Since these speclificetions are changed
during the production and design of the engines, dlscrepancies may exist
between the date presented herein and other tabulations of this informsa-
tion. These differences wlill not be sufficlent to affect the general
trends presented. A "peper" engine, which represents axiel-flow turbo-~
Jet performence discussed by the Militery Services for 1961, is included.
The time perlod covered in thls report is from 1848 to 1861l. Of this
perlod, dats on British engines are not available after 1952.

The data presented herein have beenr compiled with the cooperation
end gssistance of the Research and Development Board, the United States
Air Force, and the Buresu of Aeronamutlcs, Department of the Navy. Data
presented are current as of May 1, 1951l.

PRESENTATION OF DATA

In order to illustrate performence trends, figures are presented
indicating variations with time and with one another of thrust, air flow,
fuel consumption, thrust per unit of engine frontal area, alr flow per -
unit of engine frontal area, and other performance data for pea-level
gtatic conditions. By plotting these parameters against time (based on
completion of 150-hr qualification test) and against one another, .
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trende sre indicated. In each case, the time used In plotiing is the
date the engine has pessed the 150-hour test or the date the manufacturer
estimates the engine will paess the 150-hour test.

The engine performance for a 1961 "paper" engine, included in all
principal figures, has been estimeted by the Panel on Alreraft Propul-
elve Systems, Committee on Aerodynamics, Research and Development Board.
The deta cover engines 1n the following stages:

1. Design study engines; dste points indicated by a circle (©)

2. Development englnes; dats points indicated by a square (O)

3. Production engines; data polnts indicated by a diamond (<)

For design study englnes, date are based on menufacturers' estimated
engine performence. For development and production engines, data are
based on results achleved in engine test-stand operation. Engines with
afterburners are indicated by "pips" on the symbols (o, O, and < ).
The informstion on a few of the design study ergines ls incomplete as
far as detalled performence dsta are concerned, since the design has not
progressed to a point where the omitted information is aveilasble; accord-
ingly, not all of the engines are plotted in all figures presented.
Theoretical performance curves determined from engine cycle analysis are
plotted on some of the principal plote. Component efficiencles ny,, 7.,
and 17y wused in the cycle analysis, together wilth other paremeters and
symbols used throughout this report, are defined and evaluated in the
eppendix. Americen englnes ere ildentified by open points. BEritish
engines are identlified by solid polnts.

It has been found, for the bulk of engines considered in this
report, that the performance data given for an engine in the design stage
do not apprecisbly change in going through the development and productlon
stages. There 1s a time spacing of approximately 3-;'- years between the

design and the beginning of production of any given engine. During this
time period, basic components of the engine can and do change in order
that its final performance may be 1n general agreement with the orlginal
design estimate. Moreover, slight changes in engine performance and time
of engine completion will not apprecisbly change the trends of the
curves. This fact 1s brought out 1n the seversl figures presented in the
report where the trend of the curve is maintained when engine data from
the three stages are plotted. This result also permits the plotting of
basic engine perameters with time and against one another, providing an
insight of engine performance in the future.

The performance data contalned herein do not ineclude seversl
importent design details and operasting 1imits associated wilth the
individual engines. For example, design of englnes for supersonic
flight at sea level requires strengthening of engine structure over that

g - .
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required for subsonlc filght. On a welght basis, then, the supersonic .
engine shows up at a dlsesdventage when compared to the subsonic engine.

Further, results presented are for sea-level statlc conditions and, as

such, may not truly reflect the over-all utility or value of specific

engines. Accordingly, slthough engine date trends can be compared, the

reeder is cautioned agalnet meking specific ergine comperisons indiceting

one engine to bhe superior to another, pearticularly when the differences

in engine performence are marginal.
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RESULTS AND DISCUSSION

The varlstlon of static sea-level thrust as a function of time is
shown In figure 1. An spproximaste linear relationshlp 1s indicated, with
sea-level static thrust being increazsed at the rate of spproximstely
4000 pounds per year. It ls indicated thet at any one time period up to
ayproximately 1953, s conslderable number of engines exist in the same
approximate thrust class.

For present-day engines, the use of an afterburner increases static
sea-level thrust approximetely 45 to 50 percent as shdwn in figure 2.
More then half of the Amerilcen enginee included in this report are
equlpped wlth afterburners., No informetlion is available on afterburners
for British engines. In addition to increasing stetic sea-~level thrust, .
the afterburner at supersonic speeds affords 200 to 300 percent thrust
increase over the nonsugmented-thrust engine. For the time period of
afterburner operation, this, in effect, reduces engine weight by approx-
imately 60 percent over what would be required to achleve the same
thrust without the use of the afterburmer. There is a similer reduction
in engine frontel area for the same comparison. The afterburnerfs dis-
adventages, when not in use, are, largely, increase in basic engine
welght, incresse in englne frontel area, 2 to 3 percent loss in static
sea-level thrust, and 2 to 3 percent incresse in specific fuel consump-
tion. The thrust loss and increase in fuel consumption are attributed,
largely, to flow losses through the afterburner. When in operationm,
the only significant disadventage of the afterburner is the large in-
crease in fuel consumption,

The thrust increases indicated in figure 1 are principally a result
of a linear increase in alr flow with time, as shown in figure 3. The air
flow 1s increassed each year approximately 75 pounds per second as indi-
cated in figure 3.

With the combined informstion presented In figures 1, 2, and 3,
regearch test-fecllity requirements for axlal-flow turbolet engines, in v
terms of static sea-level thrust and alr flow at any time wlthin the
time period covered (1948-1961), can be approximated.
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It is of interest now to examine the factore related to the ailr-
flow increasses indicsted for the turbojet engines presented. An increase
in static sea-level engine air flow is due to an 1lncrease in air flow per
unit of engine frontal area (increase in air flow per unit of compressor
frontal area), or an increase in engine frontal srea (diameter), or &
combinetion of both. The theoretical relastionship between sir-handling
capaclty of the compressor, effective compressor-inlet Mach number, and
compresaor hub-tip ratio 1s ghown in figure 4. The ares in this case 1s
the flow aree at the compresgor inlet, The bulk of the engines con-
sidered have compressor hub-tlp ratios in the range from 0.5 to 0.6 with
a Pew advanced englines as low s 0.45. With effective compressor-inlet
Mach number in the range from 0.4 to 0.8, air flow handling capacities
of the order of 20 to 35 pounds per second per square foot of compressor
frontal ares are obtalned, the higher value belng indlicated for advanced

engines,

In order to progress to values of mass flow beyond eapproximately
35 pounds per second per square foot of compressor frontal area to take
edvantege of the theoretical potential increases availsble (of the order
of 40 percent as indicated 1n fig. 4) in mass-flow handling capacity, a
transition from the conventional subsonic axial-flow compressor to &
transonic type compressor 1s requlred. In any case, to attaln values
of hub-tip ratios of 0.3 and effective inlet Mach numbers of 0.7 reguires
application of the transonic principle. Further increases in effective
compressor-inlet Mach numbers beyond 0.7 or decreases below hub-tip ratio
of 0.3 will yield small gains in sir flow per unit of compressor (engine)
frontal srea even after the practicel problems are solved. (See Pig. 4.)
None of the American or Britilsh engines presented in thils report is
equipped with & transonic compressor. If alir flows of 36 to 40 pdunds
per second per square foot of compressor frontel area are realized in
the future, then alr flows of 30 to 35 pounds per second per square foot
of engine frontal areas will be obtained after engine compressor-casing
thickness ie taken into conslderation.

For the 1961 "paper" engine, the value of air flow per unit of
engine frontel area will, of course, depend upon the stmste of development
of the compressor. The velues mentioned gbove, If attalned by 1961, will
result in an engine dlameter of zpproximately 60 to 85 1lnches to obtain
the 55,000 pounds of thrust estimsted for the 1961 engine. For the pur-~
poses of plotting the 1961 "paper" engine in all principal performance
charts, a value of air flow per unit of engine frontal area of 35 pounds
per second per squere foot was chosen for this engine, resulting in an
engine diameter of gpproximately 60 inches.

Plots of alr flow per unit of engine frontal area and engine diam-
eter as functions of time are presented in figures 5 and 6, respectively.
From these curvesg, it appears that in the period of 1950 to 1955 the
ma jor portion of the increase in alr flow wlll be due to the lncrease in

3
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alr flow per unit of engine frontal area; the dlameter of most of the -
englines Iin this period will remsin essentlelly constant. After this

period, however, the rate of increase in elr flow per unit of engine

frontal ares may be expected to diminish or reach a wvalue beyond which

further increases willl be difficult and lmpracticel, whereupon the major

portion of increase in gir flow will be accomplished by increasing

engine dlameter.

The engine thrust per unit of engine frontal area F/A is plotted
segalnst time In figure 7. This curve ls of the same form as the curve
for sir flow per unit of engine frontsl area plotted ageinst time in
figure 5 and will also begln to show a lower rate of increase sfter 1955
until a final value of F/A 1s attained. Theoretical values of F/A
for various turbine-inlet gas temperatures up to 4000° R have been
plotted in this figure to indicate future inecreases avallable. Calcula-
tions show that with & turbine-inlet gas temperature of 2000° R and
burning to 4000° R in the efterburner, F/A is within 30 percent of the
meximum possible value cbtained when burning to 40000 R before the
turbine for statlic sea-level conditions. Making the same comparison for
a Mech number of 1.8 at 50,000 feet, however, indlcates noc gain in F/W .
or F/A 1in going to 4000° R gas temperatures at the turbine inlet.
Burning in the afterburner under any conaltion of operation is less
efficlent than is burning prior to the turbine. For the conditlons Just
mentioned, the speclfic fuel consumptlon 1s 1.7 pounds per pound thrust
per hour without afterburning and with a 4000° R gas temperature at the
turbine inlet. With the af'beroburner operating at 4000° R and turbine-
inlet ges temperature at 2000~ R, the speciflic fuel consumption is
2.2 pounds per pound thrust per hour, e 29 percent increase.

2478

A composite plot of flgures § and 7 1s presented in figure 8 where
the thrust per unit of engine frontel ares 1s plotted ageinst the alr
flow per unit of engine frontel erea. The slope of this curve (pounds
of thrust per pound of air) up to a turbine-inlet gas temperature of
20000 R 1s spproximately equal to 65.0 pounds of thrust per pound of alr.
As this curve spproaches the limiting value of alr flow per unit of
engine frontal area, further important increases in thrust per pound of
air (or F/A of fig. 8) will be accomplished by increases in turbine-
inlet gas temperature. Increases in component effilciencies will not
effect important increases in pounds of thrust per pound of elr as can
be determined from reference 1. This is largely because component
efficiencies are presently at a fairly high operating level. Theoretl-
cal velues of maximmm pounds of thrust per unlt of engine frontal area
are plotted in figure 8 for W/A equal to 35 pounds per second per
square foot and for various inlet-gas temperatures at optimum pressure
retios up to and including 4000° R.

The welght per pound of englne thrust We/F a8 a function of time
1s plotted in figure 9. The data show a general downward trend. At any .
one time there 1s an spprecisble scatter of the englne data. Because the
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aftervurner adds tc the engine weight, the engin are plotted wlthout

afterburner weight included (fig. 9(a)) and with afterburner welght
included (fig. 9(b)). In addition to figure 9, other plots such as
Wo/F against ¥, F/W, ageinst specific fuel consumption, W,/F
against compressor pressure ratio, We/F againgt time, and W against
time were made. These plots indicated no significant trends. Close
inspection of the factors affecting engine welght reveals certain points
worthy of mention. In comparing the differences between the American
150-hour qualification test and the British counterpart, the most
significent difference 1s 1n the opersting time at maximum pcwer; the

American engine 1s required to operste three times longer (31- hr for
the Americen es compared to lOé hr for the British) at maximm power

than is required under the British acceptence test. Because operetion
at maximum power represents the most severe operating conditions of the
test schedule due to the attendent elevated temperatures and high-stress
conditions, the longer running time requires added strength. The Brit-
ish compressors are of aluminum construction rather than steel as 18 the
case with American compressors. Further, Americen engines are egquipped,
&s required by mititary specifications, with dual engline controls end
other duplications of vital accessories, all added, of course, at the
expense of engine welght.

It is of interest to note now the effect of engine development on
specific fuel consumptlion, engine compressor pressure ratio, and thrust
per pound of ailr. The decrease in speciflc fuel consumption with time
shown in figure 10 results malnly from the increase in pressure ratio
wilth time, figure 11, that has accompanied engine development. Specific
fuel consumption of the various englnes as a function of compressor
pressure ratio 1s presented In figure 12. The varietion of thrust per
pound of air with compressor pressure ratio 1s shown In figure 13.

The general trend of figure 11 iIndicating en increase in compressor
pressure retio with time does not necessarlily mean 1t 1s adventegeous to
increase the pressure retio of the compressor. In selecting compressor
pressure ratlo, the flight operating conditions must be conseidered.

The effects of rem pressure, for example, resulting from flight

speed and altitude operatlon, can indicate & need for lower compressor
pressure retlios wilth increasing flight speeds. Effects of extended
cambat loiter times or subsonic flight over prolonged perlods can
indicate a need for higher pressure ratio compressors. Evalustions of
these effects have been covered in many enalyses and are beyond the scope
of this report. It may be stated that high pressure ratiocs in a
turbojet engine at increassing Mach number are not necessarily desirable
and, in general, the higher the flight speed the lower the compressor
pressure ratio for both optimum economy snd meximum power.
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CORCLUDING REMARKS

This report has presented in terms of basic engine parameters a
compllation of statlic sea-level data on exlsting or designed American
axial~-flow turbojet engines and on exlsting British axisl-flow turbojet
engines. The data presented provide informetion that will assist in
engine anslyses, indicate certain operational requirements for research
test facilities, and indicate areas 1n the engine development program
requiring further emphasis. Tn the date presented, chenges in the over-
all engine performance wlth time are examined, as well as the relation
of the various engine parameters to each other. The following general
conclusions caen be made:

(1) Thrust: A linear relationship with time is indicated, with
thrust belng increased at the rate of spproximetely 4000 pounds
per yeser. The afterburner has increased static sea-level
thrust of the order of 45 to 50 percent. No Information is
avallable on afterburners for British englines. There is a
consldersble mumber of engines in the same thrust class at any
one time.

(2) Air Plow: The air-flow handling ability of the conventional
axlal~-flow compressor, while steadily improving, is approaching
a point of diminishing returns. To progress to higher air flow
handling rates, application of the transonic principle to com-
pressor deslign 1s indicsted.

(3) Pressure ratio: A general trend of increasing pressure ratio
with time is indicated. This trend does not necessarily mean
that 1t is of over-all advantasge to Increase pressure ratio
of the compressor.

(4) Specific fuel consumption: The general trend of decreasing
static sea-~-level specific fuel consumption is largely a result
of the trend towerd increasing compressor pressure ratio.

(5) Weilght and diemeter: Engine specific weight is indicated to
decrease with time. Other plots of welght parsmeters such as
pound thrust per pound engine welght sgeinst thrust and
gpecific fuel consumptions, pound engine weight per pound
thrust against compressor pressure ratlo and time, and engine
welght egainst time indicated no significant trend. Engilne
dismeters sre expected to remein essentially constant (between
40 to 45 in.) in the time period of 1950 to 1955. Beyond 1955,
engine dlameters are expected to increase to a velue of approx-
imately 60 inches In 1961 to keep up wlth the thrust-increase

trend.
gEC g! i!l!!E!
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APPENDIX - SYMBOILS

engine frontsl erea, based on meximm engine diameter, sqg ft
compressor frontel area, sq £t

maximm engine diameter, in.

compressor hub dlameter, in.

compressor tip diameter, in.

engine thrust at sea-level static conditions; military rated value
used unless otherwise specified, 1b

engine sir flow rate, lb/sec; velue used at military rated thrust
conditions unless otherwise gpecified

engine dry weight, 1b. (In engine with afterburners, & total
weight value is used which includes the afterburner weight)

cambustion efficiency equal to idesl fuel-alr ratio required to
obtain temperature rise in combustion chanmber divided by actual
fuel-air ratio; value used = 96 percent

coampressor adisbatic efficiency, that 1s, ideal power required in
adisbatically compressing alir from compressor-inlet total tempera-
ture and pressure to compressor-~ocutlet total pressure divided by
campressor shaft power; value used = 85 percent

turbine total efficiency, that is, twrbine-shaft power divided by
ideal power of gas Jjet expanding ediasbsticelly from turbine-inlet -
total pressure and temperature to turbine-ocutlet staitic pressure

less kinetilc power corresponding to average axizl veloclity of gas
at turblne outlet; value used = 30 percent

Mach mmber
specific fuel consumption We/F, (1b fuel/hr)/lb thrust

REFERENCE

l. Pinkel, Benjamin, and Kerp, Irving M.: A Thermodynamic Study of the

Turbojet Engine. NACA TR 891.
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