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SUMMARY

A study was medu of the performance of a Jet-propulsioﬁ s&stem
canposed of an engine-driven blower, a cambustion chamber, and a
discharge nozzle. A simplified enalyeis is mede of thils system for
the purpose of showing in conclse form the effuct of the importsnt
design variables and opcrating conditions on Jet thrust, thrust
horsepower, and fuel consumption. Curves arc prescnted that permit
a rapid evaluation of the performence of thls systeam for a range of

cperating conditions., Tho performance for an illustrative case of
a power plant of thu type under considoration 1s discussed in detaill.

It is shown that for a glven airplane vulocity the Jet thrust
horsepowor depends mainly on the blower power and bthe amount of fuel
burned 1n the jot; the higher the thrust horsepower 1s for a glven
blowsr powur, tho higher the fuol consumption per thrust horsepower.

Within 1imits the smount of alr pumpod has only a socondary
offect on the thrust horsepowor and efficlency. A lower limit on
alr flow for a glven fuel flow occurs where the combustion-chamber
temperature becomes excessive on the basis of the strength of the
structure. As the alr-flow rate is increased, an upper limlt 1s
reached whore, for a given blower power, fuel- flow rate, and
cambustion-chember size, further increase in alr flow causes a .
decrease in power and effioiennx. This deocresse in power 1s caused
by excessive veloclty through the combustion chember, attended by
an excessive pressure drop ocausod by momontum changee occurring
during combustion.

INTRGDUCTION

. The performence of a Jet-propulsion Bystem depends on a large
number of variables, and an exact analysis results in complicated
equations thet tend to obscurc the offects of the important varlables.
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In the analyails in the present report a mumber of simplifying
assumptions are made that lead to concise equatlons with only a
amall sacrifice of asouracy. These equatlons may be represented by
a relatively small number of curves that permit a rapld evaluation
of the performence of a Jot-propulsion system for any given set of
conditions and show clearly the effect on performance of changes in
any of the Important design variables or operating conditlons.

The Jet-propulsion device under conslderation lemds 1tself well
to interceptor amd pursult ailroraft because of the good economy for
crulsing and the very high maximum power and thrust obtalnable for
short durations. An 1lllustrative exemple of euch an application 1ls
disocussed and the performance in take-off, crulse, and high-speed
operation 1s given.

SYMBOLS
Ap area of duct cross section at combustion chamber, (sq ft)
B engine breke specific fuel consumption, (1b)/(bhp-hr)
Sp average specific heat of alr at constant pressure,
(Btu)/(slug)(°F)
veloclity coefficlent of nozzle
Ty correctlon factor for Jet speclific fuel consumption for
changes in Ty, &and airplene veloclty
fo correction factor for Jet specific fuel consumption for
changes in Cvze
F net thrust, (1b)
h lower heat value of fuel, (Btu)/(1b)
J mechanical equivalent of heat 778, (ft-1b)/(Btu)
M mass rate of alr fiow through duct, (elug)/(sec)
P pressure, (1b)/(sq ft)

Ap, 5 pressure drop across burner due to burner drag, (1b)/(sq ft)

Apz_, pressure drop 1n combustion chember due to the heating of
the alr, (1b)/(sq f£t)
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Pe

d2’

Ty

englne brake horsepower

‘dynamic pressure due to velooity at oombustlon-chamber.

entrence, (1b)/(sq ft)

gas constent 1716.3, (£t-1b)/(slug)(°F)

temperature, (°F absolute)

ideal tota.i temperature after blower on the assumption that
the heat resulting from friction and turbulence 1s removed
as it is generated, (°F absolute)

total temperature efter combustion, (OF absolute)

Joet thrust horsepower

velocity, (fps)

airplene velocity, (fps) (elso eir-entrance velocity to system)

Jet veloclty leaving nozzle without combustion for the same
initial conditions that glve Vg with combustion, (fps)

total fuel consumption, (1b)/(hr)

englne fuel consumption, (1b)/(hr)

Jet fuel consumption, (1b)/(hr)

ratio of net added power to initial kinetic energy of elr
(:—:a)z or a=ek

ratio of specific heat at constant pressure to specific heat
et constant volume, l.4

correction factor for pressure drop dus to change in momentum
during combustlion -

blower efficiency based on total temperature and. preagsure at
blower entrance and exit’

combustion efficiency



4 NACA ACR No. -E4EO06

2-1
To . {f/P1\7
T]d_ dilffuser efficlency;, -—"—- k—) -1
Ty - To l o

: (V2 ¥ Apa-3\

L R I =l B R
\ o] q‘Z /

p gas deneity, (slug)/(cu £t)
Subscrints:
o} free air
1 out of dlffuser before blower
2 at canbustion-chamber entranca ahesd of vurner
3 at combustion~chamber entrance after burner
4 at ccmbustion-chember exit before nozzle
5 at nozzle exit
a conditions corresponding to the case in which no Jet fusl

is burned

" AMALYSTS

The Jet-propulesion system under consideration ls shown dlagram-
matically 1n figure 1. It consists of a diffuser in which a part of
the veloclty kead of the entering air is converted Into pressure head,
a blower for further compressing the alr, a burmer for introducing
fuel into the combustlon chember; a combustion chamber in which the
fuel 1s burned, and & nozzle thirough which the Jet lssues lnto the
atmoephere. The blower may be driven by a conventionel engine or by
any other sultsble prime mover. Although the blower is shown oper-
ating in the low-veloclty zone of the duct,; it may be pleced in any
convenient location with diffusers placed before and after the blower
without avpreciebly altering the accuracy of the analysls.

It is assumed that all the burning occurs between sections 3
and 4 of figre 1 and that the pressure drop acroes the burner Apo_z

le eaual to that for the unburned eir.
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The enalyeis is given in detail in appendixzes A, B, and C.
. The following equations summerize tlhe results and are used for plot-
ting the curves: Jot thrust horsencwer per initial kinetic power

550—59- ,va e 2 (1+x) -1 (18)
where
550n4P
e @
in which
' r Vo\2| | App.z (V22
or
© 550N P, Vo ¥ | _ Bpp-z (Vo)
x=—-—-—°--(1-n)1-(—2) - 23(—"1) ()
lzwoz a \Yo | % \Y%
and
o )
€=:"'V°1+2}8!‘ (17)

Jet thrust per unit mass alr flow,

FM = \ﬁze ;_r_:_; (Vo2 + Vo2 X) - V, (1b)/(slug)/(sec)  (19)

blower-power ma.gniﬂca.tion ’

[\Gve—-(l+x)—1]
= - — ()

TP . T+1-10

fusl-consumption factor of the Jet,
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Ty
W 3600 Tza( = - 1) 550
n:h;‘“ - - 28 S o (10)/(thp-br)  (21)
v, 2 Ty\[ovze .ﬁ: (1 +3x) - 1]

and engine fuel consumption,

Wge = BPy (1b)/(br) (22)
or
Ve B[X +(1-15")] _
Tthp -I pre /ane (10)/(thp-br)  (24)
»\/Gv e-— (L+X) -1
J .
The value of Ty, may be computed from
V an 550ane

T, (12)

a = To Z;Tv:.p M.IcIJ

The value of the cambnstion-chamber-approach veloclty Vg,
required for the computetion of X and ¢, 1s 1n many cases known
‘because the maximum value of Vjp, at which cambustion can be main-
talned, is often a design limitation. If, however, the mass rate
of flow of alr M and the combustlon-chamber cross-sectional area
Ap eare glven, then, vhen V; 1s emall, a value of sufficient accu-
racy for determining X and ¢ can be obtalned from

M
Vo = <
27 Py
on the assumption that P, 1s nearly equal to atmospheric density.
Where Vs 1s large and the blower-pressure retlio is considerebly
greater than umity, 1t may be necessary to meke a more accurate com-
putation of V5 by means of the equations In eppendix C. In most
cases an approximate value for V, 1is adequate.

It is noted in equation (18) thet, as cT4/‘I'2a is increased,

the Jet thrust horsepower increases (all other conditions remaining
constant). The term ¢ represents the effect of the momentum pres-
sure drop In the cambustion chamber assoclated with the lncrease in
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velocity caused by coambustion. For a constant value of X and
72/\7'0, the larger the combustion~chamber temperature, the smaller
is the value of € (equation (17)) and the greater is the adverse
effect of the mamentum pressure drop on Jet thrust horsepower.
Thus an optimum valus of T4/Tp, exists at which €T4/Tp, and
also thp are a maximum. This optimum valus of Tu/Tp, 1s
- found by the usual method of calculus, which involves setting the
derivative of 4/Too Wvith respect to T,/Tp, equal to zero and
solving for T4/, Thie procedure results in the following
expression for the optimm value of 'I!.,,/‘]Jga.

_ oo "1 +X + Ve ’
)
opt \Vo)

Increase in combustion temperature abcve this onptimum value will
result in a reduction in thrust horsepower.

DISCUSSION
Performance Charte

Figure 2(a) shows the thrust horsepower in terms of the
nondimensional quentity

550 thp
En
o
plotted against X for verious valges of sz eT4/I'2a- The quantity
' 550 thp

Po?

revresents the Jet tlrust horsepower as a ratlioc of the Iinitlal kinetic
power of the alr involved in the Jet-propulsion cycle. From these
curves the thrust power for a given set of conditions can be readily
eveluated. The term X 1in figure 2(a) represents the ratio of the
net mechanical-power 1nput into the alr to the Initial kinetic power
of the alr. The first term of X represents the blower-power output,
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the eecond term represents the power loss in the dliffuser, and the
third term represents the power loss as burner drag, each as a ratio
of the initlal kinetlic energy of the air. In an efficlent design
the second and third terms of the quantity X are negligible. The
Power loss at the discharge nozzle is handled by assigning the appro-
Priete value to the nozzle-velocity coefficient Cy 1n the term

Cvz eT4,‘Iza- The same term, by assigning en appropriate value of ¢,
takes care of the loss in power resulting from the pressure drop
caused by the momentum change thot occwrs during combustion. The
value of € 1s 1 when the mamentum pressure drop is negligible and
decroases as the momentvm pressure drcp lncreases. A chart for
determining ' € wlll be describsd later.

The quantity CyZ2 €T4/Tp, was chosen as one of the parameters
in the graphe because of the resulting reduction in the number of
curves required to present the Jet thrust horsevovwer and because the
Important tiends are readlly apperent fram the curves. In many
casss the value of the ccmbustion temperature T4 is one of the
known deslgn limitations. The value of Tgp, can be computed by
means of equation (12) and, over a large part of the operating range
of interest, 1t differs from atmospheric temperature dy less than
20 percent. Thus, the value of OCyZ ¢T4/Tp, can be quickly camputed
or estimated, depending on the accurecy desired.

Figure 2(b), which can be computed from figurs 2(a) (or equa-
tion (20)), shows the variation of thp/ane vith X for various

values of Cv2 eT4/‘I‘23 end 7g' and i1s presented for the purpose

of graphically 1llusitrating the trend of the magnification of the
blower power by the Jot-propulsion system.

The fuel consumptions per thrust horsepower-hour of the Jet and
the engine may be obtalned from flgure 3, vhich is a plot of equa-
tions (21) and (24). The total specific fuel consumption is the sum
of these two valuss. The englne fuel consumption is plotted agalnst
the same varilebles as the Jet fuel consumption for the puwrpose of
comparing thelr relative magnitudes. The engine fuel consumption
can be calculated more resedily by merely taking the product of the
engine power and the englne brake specific fuel consumption.

Filgure 4 shows an alternative method of presenting the fuel-
consumption curves. The curves of Jet fuel consumption were obtalned
by cross-plotting figures 2(b) and 3(a). The curves of engine fuel
consumption wers computed from squation (24) (see Analysis) for three
values cf oengine brake specific fuel consumption B. The values of
¢y of 7.728 Btu per slug OF (air at 80° F) and the heating value of
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the fuel h of 19,000 Btu per pound were chosen in the ccmputations

..0f the Jet fuel consumption in thls report. It is noted in equa-

tion (21) that the jJet specific fuel consumption is directly propor-,
tlonal to cp and inversely proportionel to h. The values of

specific fuel consumption can be corrected for other values of ¢
end h +than those which are used in this report by making use o:fp
these proportionalities. The values of cp vary samewhat with the.
type of fuel used and the temperature range during combustion.’ Thev
values of c, for combustion gas in the cambustion-temperature range
are usually about 10 percent higher than the value used in this
report, and the Jet fuel consumptions glven should.be increased by
10 percent. The value of the Jet fuel rate obtalned from figures 3
and 4 and equation (21) should be reduced by an amount equivalent

in combustion heat to the heat generated by turbulence. (See appen-
dix B.) This correction in the usual case 1s small and may be
neglected.

Figure 5 1s a plot of equation (17) and provides a means of
obtaining the value of € from the values of X, Va/¥,, and
T4/‘I2a for use in computing the term sz €T4/“23 in flgures 2,
3, and 4. - The factor € takes care of the .pressure drop in the
cambustion chamber caused by the increase in momentum of the games
in the process of heating.

In figure 6 are plotted values of thrust per unlt mass FM
from equation (19) for teke-off conditioms of V, equel to O and
150 feet per second. The term (1 - Mg) (Vo2 - V22) in Vo2
must be omitted when V5, 1s greater than V,, as discussed in
detail in eppendix A.

Figures 7 to 10 show the performance for an illustrative case
and will be discussed in detall leter. Figure 11 glves values of
the adlabetic temperature equivalent of veloclty for ailding in the
computation of Tp, and Tp. (See equations (12) ard (32).) Fig-
ure 12 shows the ratio of the blower total exit pressure to total
Inlet pressure.

Maxlmum economy 1s obtalned by burning no fuel in the Jet..
The system then reduces to the equivalent of a ducted propeller that
is capable of Ligh efficilency. The quantity +thp/mpPe is, in this
case, less than unity and can theoretlcally be made to approach unity
by increasing the quantity of air pumped and by improving the effi-
ciencles of the 'diffuser and nozzle.
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Burning fuel in the Jet provides e means of obtaining a thrust
horsepower many times the engine power. This procedure is westeful
of fuel but 1n meneuvers of brief duration, such as take-off and
combat, high powver 1s more importent than low speclfic fuel consump-
tlon.

Of the figuree shown, figure 4 possibly provides the clearest
plcture of the performance that mey be obtained for this type of
operation and shows that considerable megnification of the blower
povwer can be achleved at the cost cf lncreesed fuel consumpticn per
thrust horsepower-hour. Xor an effective duct efficiency that can
reasonebly be expected, memely, 1ng' = 0.80, the specific fuel
consumption for a glven power magnification is nearly independent of
- the combustion-chamber temperatures up to a power magnification of 6.

T4us, the power magnificetion in this range depends mainly on the
emount of fuel burmed In the Jet amd only slightly on the amount
of alr pumped. As the air rate 1s reduced for a given fuel rate,
the combustion temperature 1s increased. An upper limit of
combustlon-chamber temperature exlests and is determirned by the
strength-temperature propertles of the structure and the amoumt of
surface cooling provided. As the alr rate is Increadged for a given
fuel rate, the cambuuwtlon temperature decreases. Increase in alr
rate, however, Increases the velocity Vs, at the burmer (for a
glven unit size) a2l & vcint 1s reached where this velocity beccmes
excessive ani carses & reduction in ¢ (see fig. 5) and an increase
in specific fusl rate (see plot of f; in fig. 4). This condition
establishes a luwoyr 1limit on the combustlon-chember temperature and
an upper limit on alr rate for a glven fuel-flow rete. The proper
alr rate lies “uuiween this upper limit and the lower limit lmposed
by maximum allovabie combustlon temperature. The higher the power
magnification,. vne closer are the low and the high alr-flow rate
limits. In a cnoice of the air rate, consideration should be given
to the characteristlics of the blower. The lower the air rate, the
higher 1s the pressure rise across the blower for a glven englne
power .

Above a power magnification of 6, inspection of figure 4 for
Ma' = 0.90 eappears to indicate an advantage in operating at low
combustion-chamber temperatures. An increase 1in power magnificatlon
and a reduction in combustion-chamber temperatures, however, both
tend to increase the required alr rate. In a duct of prectical
size thls high air rate may lead to excesslve velocltles at the cam-
bustion chamber and to a refuction in €, +the effect of whlich may
increase the speciflic fuel consumption for low combustion-chamber
temperatures with respect to that for high combustion-chamber tem-
peratures. This effect will be 1llustrated in a later sectlon when
a specific design will be dlscussed in detail. It will be further
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shown that the effect vmder dlscussion places an upper limit on the
megnification of the blower power that can be obtained for a gliven
combustlon-chember temperature; the higher the cowbustion-chember
temperature, the higher 1s the maximum power megnification for a
glven blower power and duct size. -

The maximun thrust horsepower for a given duct dlameter and
englne power 1s develoved when the maximum emownt of fuel is burned
in the Jet (fig. 4), consistent with a nwber of prectical limita-
tions. Tho amoumnt of fuel that may be burned is limited by the
Permissible maximum combustion-chamber temperature. The larger the
ailr-flow rate through the combustion chamber, the larger 1s-the per-
missible fuel-flow rate for a given limiting combustion temperature.
The meximum alr-flow rate demends on the maximum velocity of approach
to the burners Vg at walch combustion can be maintained or &t
vhich € 18 not appreciably less than-unity. Thils alr-flow rate
can be roughly estimated vy taking the product of the maximm Vg,
the combustlon-chamber cross-sectional area, and the atmospheric
density. Fuwrthor increase in thrust horsepower for the glven duct
8lze requires an incrense in the englne power.

Inspecticn of the ordinate of figure 4 reveals that the Jet
specific fuel coneswmaption decreases rapidly wlth Incrcase 1n alrplane
veloclty, decrease in atmospheric temperature, and increase in com-~
bustion efficlency. The curves for f, 1ndicate the loss in effi-
ciency accompanyling a rednction in discharge-nozzle-velocity
coefficlent and in the value of €.

It 1s noted that; for ng' = 0.70, the jet fuel consumption
Increases with reductlion in combu.stion ~chcmber temperature. Thils
Increase is the result of higher losses in the duct wilth the higher
alr rates required to malntain the lowor cambustlon-chember temper-
atures. The same effect is noted for mng' = 0.90 at low power
megnifications but to a much lesser degree than for ng' = 0.70
because of the greater value of 74'. Camparison of the curves for
Ng' of 0.70 apnd 0.90 indicates the Importance of a high diffuser
effliciency and e low burnor drag. With good dosign, values of 13’
of 0.90 or greater can reasonsbly be expected.

The cquations and curves neglect the usvally emall conbtributlion
to the thrust provided by the rearward motion of the fusl. The
thruset horsepower corrected for thls contrlbution is

W We Vo2 1076
Corrected thrust horsepower = (l + ?E-O.g%rg)thp + tlo —



12

NACA ACR No. E4EO6

The Jet-propulsive effect of the engine exhaust was also neglected.
If Individual Jet stacks are used, the encine exhaust thrust may be

camputed by means of the

data In reference 1.

the cost of teking on board the engine alr should be included.

In this computation

The followlng example 11lustrates an application of the curves

In figures 2, 3, and 5:

The glven design and flight conditions are:

Altitvde, feet . . . . . « e e e e s e e e
Atmospheric temperature, °F a.bsolute e e e e e e e e
Alrplane velocity V,, miles per hour . . . . . . . . . .
or foet per second . t e e e e e e e e e e e e e
Velocity of approach to bu:mers Vo, feet per second . .

Temperature after combust
Jet alr flow M,
Engine power P,, brake
Blower efficlency Ty -
Ccmbustlion efficiency Ne
Diffuser efficilsncy Mg
Nozzle-veloclty coefficis

Preesure drop across burner Apz-z;

Englne brake specific fue
brake horsenower-hour

The value of Tgp,
foregoing date and 1s 475

ion T4, OF absolute . . .

Blugs per second . - . . .+ ¢ + o

horsepower . . . « « « .« &
n’t C'v‘ 1] . [ . . - ] [ L] . . []

pounds per square
1 consumption B, pounds per

O F gbeclute.

The followlng quantitles may then be camputed:

Frcm equation (6)

2260
Tq ._ 2260 _ 4.76
Tza 475
V2 _ 200 _ 5 .273
Y, 733
=Ly ax 2332 _ 1950 np
2 550

0.5

may be camputed from equation (12) and the
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2 :
x = Q@X1200 3 5.0y (1 - 0.2732) - ;o>l< 0.2732 x 16.4
N X 4 X 200

1950
2

= 0.554 - 0.093 - 0.031 = 0.430
vwhere the duct area Ap 1s 16.4 square feet.
From figure S
€ = 0.80
Thua .

Cy? €Ty/Tp, = 0.98% x .80 X 4.76 = 3.65

From 1igure 2(a)
550 thp _ ,

1
Z0o"

56

or
thp = 2.56 X 1950 = 5000
From figure 3(a)
neWpy/thp £y = 2.20
and
| £y = 0.91

or the jJet specifi:z fuegl consumption 1s

Wes  2.20 x 0.91 ;
E% - 220X 0.1 2.36 (1b)/(tbp-hr)
The engine fuel consumption is '
0.5 x 1200 = 600, (1b)/(ux)

or, in terms of specific fusl consumption,

600 _ -
=200 = 0.12 (1b)/(tup-hr)

13
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The tota:]. speclfic fuel consumption is
We/thp = 2.36 + 0.12 = 2.48 (1b)/(thp-hr)
The megnification of the blower power is

thp _ _ 5000 __ _
TP 0.9 X 1200 B

4.63

The duct area Ap can be found by the equations given in
appendix C and 1s 16.4 square feet.

Illustrative Example of Applicatlon of the Jet-Propulsion System

The application of the Jet-propulslion system to pursult -and
Interceptor fighters has been suggeseted. In the cruising condition
the system may be operated without burning fuel ln the coambustion
chamber, in which case the system reduces in actlon to a mechanically
actuated Jot device that is capable of high efficliency. In take-off
and during combat extremely high power can be obtalned at the expense
of high fuel consumption by burning fuel in the combustion chamber.
These operations are of relatively short duration and high thrust
nower 1s more Important than high efficlency.

An 1llustrative case of such an applicatlion wlll be dlscussed
in detall as it brings out some of the characterlstics and limita-
tions of the system. A Jet-propulsion system, which 1is provided
with a combustion chember 5 feet in dlemeter, housed within a fuse-
lage or nacelle and a varlable-area dlscharge nozzle wlll be con-
Bldered. At each point the correct blower to handle the required
amount of air at the specified power and efficliency of the problem
is assumed. The followlng ere the assumed performance checracteristics
of the camponents of the system:

Blower efficlency - My « « ¢« ¢ ¢ ¢ v v v v s v s ¢ o ¢ v « v . 0.9
Combustion efficlency Mg « ¢ ¢« ¢« v ¢ ¢« o v v v v ¢ ¢ o+ + « 0.90
Diffuser efficlency Mg - - - « - « ¢« + o ¢ ¢« v o ¢« v o o v 0.9
Nozzle-velocity coefficient Cy - . . . ¢« ¢« ¢« .+ o o . . . .1.00
Pressure drop across burner Apg.zs pounds per square foot . . O

The combustion-chamber temperature 1s asswmed to be limited to
2260° F cbsolute. Alr condltions are based on NACA standard atmos-

phere (reference 2).
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Figure 7 shows the Jet thrust horsepower that can be cbtalned
at sea level and at 30,000 feet for englne powers of 800 and
1200 horsepowe¥ for various rdtes of air flew. --The-curves indlcate:
that a thrust horsepower of 10,000 can be obtained at sea level with
& 12C0-horsepower engine at an air-flow rate of about 13 slugs per
second. The reduction in thirust horsepower at higher values of M
is mainly caused by excessive presswre drop in the combustion chamber
assoclated with the large maomentum changes resuylting from combustion
at the high values of V5. The energy loss In the diffuser 1s a

contributing factor to the loss in thrust at high values of air flow.

It 18 noted In filgure 7 that, for the two sea-level cases, the
specific fuel consumptlon begins to increase rapldly at an alr flow
of about 9 slugs per second. In the viclnity of 9 slugs DPer second
the thrust-horsepower curves begln to level off in approaching the
peak vealue and 1t appears to-be good Judgment to accept a amall
reduction in thrust horasepower to avold extreuely high specific fuel
consumptions. In the case of operation at 30,000 feet, a simllar
canpromise alr flow appears at 4 slugs per second. The velocltles
of approach to the burner corresponding to these comprcmise air
flows are between 150 and 170 feet per second for both sea level and
30,000 feet.

Figure 8 shows the thrust horsepower obtalned for the conditions
tabulated when crulsing at an airplane velocity of 200 and 300 feet
Per second and when no fuel is burned in the cambustion chamber.

The over-all propulsive efficlency is the ratio of the thrust horse-
power thp 1o the englne horsepower Py,. For example, at an alr
flow of 14.5 elugs per second and en airplane velocity of 300 feet
Per second at sea level and gt 1200 engine horsepower, the net pro-
pulsive efficlency 1s 0.75. The curves of thrust horsepower agalnst
alr flow in figure 8 have not reached their peak values for the
range of alr flows shown. Comparison of figures 7 and 8 indicates
that a given Jet-propulsion system should be designed to handle
conslderably more air in the crulse condition with cold Jet than in
the high-power condition when fuel i1s burned in the Jet. This
requirement would necessltate a blower with varlable-pitch blades
in additlion to a discharge nozzle with a variable-area control.

The thrust that may be developed by the system under conslder-
ation for take-off operation is shown in figure 9. Curves (a) show
the case where sufficlent fuel is burned to malntain a combustion-
chember gas temperature of 1800° ¥ (2260° F absolute). Curves (b)
show the case where the gas temperatures are held at the optimum
values for maximum thrust. At values of M greater than those at
the points of tangency of curves (e) and their associated curves (b),
the optimum gas temperatures are less than 1800° T and decrease
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.rapidly es M 'is increased; at smaller velues of M +the optimum
values of cambustion temperature are greater tuan 1800° F and are
not usable vnder the present assumption of meximum permissible tem-
perature. It appears that, at teke-off with mass-alr-flow rates
close to those required for high-speed operation at sea level,
thrusts somewhat less than the meximm values of curves (a) are
obtalned. The combustion-chamber ges temperature at these higher
mess-alr-flow rates wlll also be reduced with respect to the value
of 1800° F. : :

Flgure 10 shows the varlation of specific fusl consumptlon per
thrust horsepower-hour with Jet thrust horsepower for combustlon-
chamber gas temperatures of 1860°, 2260°, and 2660° F absolute at
sea level and at 30,000 feet. Inspectlion of the curves reveals
that, 1f the thrust horsepower 1s to be reduced below the meximum
value for a glven meximum allowable cambustion temperature, the fuel
and alr flow should first be reduced keeping the maximum allowable
temperature in the combustion chember in order to obtain the maximum
reduction in fuel consumption. Below a certain point the specific
fuel consumption for a given power appears to be independent, within
limits, of combustion temperature. From etrength considerations,
1t is edvantagesous to operate at the lowest temperature that will
glve efflclent performance.

The design of a Jet-propulsion system for a specific applica-
tion requires a detalled analysis of the characteristics and operat-
ing requirements of the alrplane in which the system 1s to be
ingtalled. It 1s not the purpose of the present report to recommend
any set of operating conditlons but rather to show the trends and
11lustrate some of the conslderations lnvolved in a Jet-propulsion
system of the type under discussion.

CONCLUSIONS

The followlng conclusions are made on the Jet-propulsion system
comprising an engine, a compressor, a burner, and a .discharge nozzle:

1. At a glven alrplane speed the power magnifilcation, that 1s,
the ratio of the thrust horsepower to the blower power, 1s a function
mainly of the specific fuel consumption in the Jet. The greater the
power magnification, the greater is the required Jet fuel consumption
per thrust horsepowsr-hour.

2. Over a large part of the practical operating range for a
glven fuel flow, the amount of air handled has & secondary effect
on the net efficiency or thrust horsepower. For a given fuel rate
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and blower power, at very low aelr-flow rates, the cambustion temper-
.ature becames excessive and results in structural fallure; whereas
‘at’ very high alr-flow ra.tes, 1f the combustion-chamber size is
limited, the velocity in the cambustion chamber becomes very large
eccampanied by an excessive pressure drop caused by momentum

change during the carbustion process and results 1n a sharp drop In
net efficiency. The satisfactory alr-flow rate lles between these
limits. Practical consideration may place .1t closer to the high
flow-rate 1limit because of the lower combustlon-chamber temperature
and the lower pressure rise that is required fram the blower.:

3. The higher the power magnificeatlon, the closer are the low
and the high alr-flow limits and the emaller is the range of permis-
sible air-flow rates. At very high power magnifications, the main-
tenance of safe gas temperature 1s the llmiting .factor and excessive
alr-flow rates may be required, attended by sharply decreasing
efficlency. The power magnificatlon approaches a maximum and then
falls off as the alr and fuel rate 1s increased.

4. The meximum possible power magnification for a glven
canbustion-chember temperature and size decreases with lncrease in
altltude because the mass-alr-flow rate, at which excessive veloc-
ities 1n the cambustlion chember occur, decreases with increase in
altitude as a result of the decreased alr density.

S. When maximum efficiency is the primary consideration, no
Tuel should be burned in the combustion chember and the system
reduces In operation to a mechanically actuated jeot.

6. For a glven airplane speed, engine power, and alr velocity
entering the combustion chamber, because of the pressure drop in
the combustion chamber associated with the increase in the momentum
of the gas during cambustion, an optimum gas temperature exists
above which any further increase in temperature results in a decrease
in thrust.

Alrcraft Engine Research Laboratory,
Natlonal Advisory Committee for Aeronsutics,
Cleveland, Ohlo.
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APPENDIX A

THRUST HORSEPOWER OF JET

In the followlng analysis, terms baving a negligible effect
on the result were cmltted from the equations.

The thrust horsepower of the Jet-propulsion device ls glven
by applicatlon of the femlliar momont'm equation

MY,
thp = z=5 (Vs - Vo) (1)

It 1s expedlent 1n the analyslis to make use of a fictitlous Jet
veloclty defined as follows: Let Vg, be the Jet veloclty for
the case where no fusl is burmed in the combustion chambexr but
where the blower power, mass flow, pressure at the combustion-
chamber entrance, and the diffuser and blower efflclieancles remain
the seme as for the case vhere fuel is burmed. This condition is
mechanically achleved by adjusting the discharge-nozzle opening.
It 1s further required in the definition of Vg, that heat gener-
ated by turbulence resulting from energy losses 1n the dlffuser,
the blower, and the burner 1s removed Iram the gas as 1t is formed
and therefore does not contribute to the exit veloclty Vg, Let
o be defined by the relation

Vg = Vg, of@ (2)
Then

550 thp 5a )
= -1 3)
;Z-Mvoz Vo 'J— (

When the theoretical gain in klnetlc energy of the air for
the cold condition is equated to the difference between mechanical
power added by the blower and the power losses at the diffuser and
at the constrictlon in the combustion chamber caused by the oburmer,
there 1s obtained

e () - v w0 e - (2o n et n?) R 0o
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An approximation is apparent in equation (4) vhere .the diffuser
efficlency is assmmed to appl,v to the change in velocity itrom YV,
to V3. The camplication of & more exact relation is not consid-
oered warranted because of the emallness of the error involved.

Solution for Vga/V, fram equation (4) gives

Vsa/Vo = Oy A1 +X (5)

vhere
SO (3 ong)[o - (2 ]- 2 (2
* - %MVOZ (l nd) i (vo ] 22 \% (6)
or
F 2
and .

Let T]d' be defined by
— -

2 2
V2 AP2-3 (V2
1 -17,4" = 1 -1 1_() + () (8)
d d Vo a2 \V,

Equation (6) beccmes
_ 550m,Pe

%{\Tz - (1 -ng")

Part of the diffusing action takes place in the free-alr
stream ehead of the nacelle. The dlffuser efficlency includes
losses in thils region as well as those occurring In the diffuser
proper. When the voloclity at the combustion chumber V5, becomes
greater than the free-alr velocity V,, & nozzle rather than a
diffuser 1s required. In such cases the sign ahead of the terms

(9)
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NG

- ) (o -4

should be changed In order that these terms agaln appear as a loss
in energy. In all cases the efficlency 173 1is defined as the

ratio of the true change in klnetic energy to the ideal change In
kinetlc energy for the same entrasnce condition and pressure change.
Therefore, conditions where Vs> V, should be treated as special
cases vhere, depending on the over-all efficlency of the venturl,
the second term on the right-hand side of equations (4), (6), and
(7) can be elther corrected or cmitted.

Cambining equations (3) and (5)
550 thp
%W — =2 ch ;\/c (1+3x) - 1] (10)
The equation for the Jet thrust per unit mass flow 1s

F/M =cy I\/m (voz + vozx) - Y, (11)

The quontity < may be derived in the followlng manner. The
discharge velocity of the Jot 1s glven by the equation

|' z-1]

g Y
Vs =0y gl 2oy Ty 11 - {2
S P 4| p4
where T4 and pg &ve the total tempernture and pressure, respec-
tively.

For the cold condition a similar expression for Vg, may be
obtained with T4 z2eplaced by Tp,, where Tz 1is a theoretical
total tomperature at the burner entrance corresponding to the case
vhere the Jet discharge velocity is Vgg,. The value of Tgp,
obtained from the conditions glven in the definitlon of V5 18
substantlally
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%voz“d. 550MpPe
4

Tea = To F e+ WG,

(12)

The remark that follows equation (4) a.pplies also in the case of
equation (12). .

The Jet veloclty for the cold condition is then glven by

i
Vg, = 2o, Tpy |1 - (22) (13)
5a = Oy A| 2ep Toq Ps
wvhere pz 1s the total pressure
Let Apz.y =P3 - Py
Then
-1 iy At §
P Y Ap=. 4
Vs = Cy 4 [2dcp Ty |1 -(—9-) (1 -—é—‘é)
P Ps
When the filrst two terms of the serles expansion for the
-2
< AP3_4>' 4 .
term . —_— are taken
P3
[ ' -l -1

. 2o\ ? @ )7 AP3-4 -1
Vg = 1-(=2) -(=2
5 =0 ,\J ep Ta Ps) Pz Pz 7
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Tog

A133--1=cv2 Ty
Vg = v5,1 -2( )

Where the assumption is made that T,,/Tz may be taken equal to
unity in the term containing Apz_4.

Then
Ty
Vs = Vgq € o (14)
T2
vhere
=1 2
Ap C
€=1_2(v_0)7 3'4_1.5 (15)
Pz 93 v5a.
Thus
T
a=_2 ¢ (16)
Toq
But
1
bp, = 3P3Vs + p3Vz (V, - V3) - 3P4V,

If the approximations are made that V,/Vz = T4/Tp, and Vz = Vj,
then

“1'%\%' )K >—

When v5a is eliminated from the equation for € by means of equa-
tion (5), there results




T g
.

NACA ACR No. E4EO6 . 2%

. /.
.. Y )(
- ’F '1‘25

€ =1 —
1+ X

-1
7
For the type of system under discussion, the term (%2 in the

equation for € may be replaced by unlty without introducing
appreclable error in the ‘practical range of operation. Thus

G

€ (17)

Combination of equations (10) and (16) gives the thrust horsepower
equation as

| ]
550 thp T
—=2 c2e A (14+3) -1 (18)
Ly 2 LA
7% a
Equations (11) and (16) glve the tnrust equation as
/ 2. T4 (v2,y2x (19)
F/M = cvcﬁé..vo + V2X) - ¥,
a

The ratio of thp ane can be derived from equations (6)

and (18)
I 2¢ ..._(1+!) -1"
thp

TPy v L2 VoRe
X+ (1~-mng) ( 2) 2 3(;%)
(o]

or from equations (9) and (18)
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e

- T
2
2 ,\/cv €= (1+X) -1
M e 2e (20)
Tl'bPe X + 1l - T]d' )

In this analysls the thrust obtained from the rearward motion
of the fusl was neglected. The following relation will correct for
this contributlon to the thyust:

' 4 W \ w,,v 21076
Corrscted thrust horsepower = thp | 1 + —Jd. | 4 £J.0__
: 3600 Mg / 1.96;,

The thruet of the engilne erhaust was also neglected.
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AFPENDIX B
FUEL CONSUMPTION
Combustion of the Jet fuel occurs at substentially oonstant
pressure; th.erefore .

C Ny = Mo, (Ty - Tp) 3600
or
NotWgy = Mo, (T4 - Tpe) 3600 - Mc, (Tp - Tp,) 3600

The term Mop (T2 - T2a) 3600 represents the heat generated by

turbulence ia the dlffuser and at tle blower. Thils heat is usu-
ally small compared with the heat generated by combustion aud in
most cases can be neglected. It will be neglected iIn the subse-
quent equations. For low efflicliencies, to correct for this
epproximation, 1t 18 wmerely uscessary to subtract from the fuel
rate obteined from the ensulng equations a value equlivalent to
the heat generated by turbulence. Then from equation (18)

T
4
¢, 3600 — - )550
NoVey e \Tag (1b)/(thp-br)  (21)
thp i - —_—
By 2 \/cvze 4 (1+3X) -1
TZa.
If
‘o, = 7.728 (Btu)/(alug) (°F)
and )
bk = 13,000 (Btu)/(1b fuel)
805.3 T T4’ l -
nW 0 t2a \T - T
Tl - N2 = (1b)/(thp-hr) -
v 2

AP
F gt Gen -

J
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The engine fuel consumption can be assumed to be proportional
to the engine brake horsepower. Thus,

Wee = BPg (1b)/(hr) (22)

From equations (18) and (22)

v BP 550
fo __® X — 1 (1b)/(thp-hr)
thp L. 2 : -
M, 2 T4 (23)
2 Cy° € —& (L +3x) -1!
\ Tz

a i
L _|

From equation (9), equation (23) becomes

W BIX + (1 - n,")
:hge ) - —F. ! ] — - thp;;bP (1b)/(thp-hr)( )
| T e 24
2 :,\icvze &,—z"j(l+x) -1
L.
Assuming
ng' = 0.90
and
B = 0.6 (1b fuel)/(bhp-ar)
then
M¥re _ 0.5 (X + 0.1) (1b)/(ths-hr) (25)

2
\/Cv € Ti(1+x) -1

2a
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APPENDIX C

RELATIONS BETWEEN ATMOSPUERIC CONDITIONS AND
CONDITIONS AT COMBUSTION-CHAMEER ENTRANCE
Accurate values of V, and T, may be found by the followlng

method., The conditions after the diffuser andi before the blower
(Vl, p,, and Tl) can be obtained from the following three formulas:

From the conservation of energy

2
Joot To = .]'cp + Ty (26)

From the definition of diffuser efflciency

oz ]
o
na (T3 - Tg) = Tg 51) -1 (27)
0.’
and L
Vi a ol 8
LT ApPy (28)

The values of Vp, 7vg, and T; may be found by the following
formulas:

7-1
7
550n,Pe = Jo TiM G{.) - 1]+ 3vp2 - 3,2 (29)
%vlz SS0F, %vzz : )
—+ Ty + a + T : (30
Jc:p MJcp Jcp -
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MRT,

2
Vo = evmam 31
2 AZDPZ (1)
For an anproxzimate wvalne of V5, values for T2 and Pé

“can be replaced by T, aumi p, in equation (31). Equations (26)
and (30) give

1. 2 :_lw 2
2'0 T 550Ee 2°2
& .. + -

JcIJ Q MJcl_J Jc

+ Ty (32)
P

which can then be used to find Tz.

If M, Py, Ty Py 828 V, are kmown aud Vp 1s assumed

to be equal to V,; eas an approximation, then for any value o vy
the values of Ty and T, can be obtainei fiom equations (26)

and (30), reepectively. By use of this method the values of Py
and pp can be obtaiued from eguations (27) and (29), respectively,
and the value of Ap from equation (31).
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