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. NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDUM 1258

FLIGHT PERFORMANCE OF A JET POWER PLANT:

ITITI - OPERATING CHARACTERISTICS OF A JET POWER PLANT AS A
FUNCTION OF ALTITUDE*
By F. Weinig

SUMMARY

The performance of a Jet power plant congsisting of a compressor
and a turbine 1s determined by the characteristic curves of these
component parts and i1s controllable by the characteristics of the
compressor and the turbine in relation to each other. The normal
output, overloed, and throttled load of the Jet power plant are
obtained on the bagis of assumed straight-line characteristics,.

1l. NOTATION
(see fig. 1.)

J = cpT energy head, (m)

S entropy, (m/°)

T temperature, °K

P pressure, (kg/m?)

v gpecific volume, (cu m/kg)

y = 1/w specific weight, (kg/cu m)

Hy = Hy/A heat drop of fuel, (m)

B theoretical delivery head of compressor, (m)

*"Flugmechanik des Strahltre ibwerks. III - Betriebsverhalten

eines Strahltreibwerks in Abhingigkeit von der FlughShe." FB 1743/3,
2WB, Nov. 1, 1943. (Forschungsinstitut f. Kraftfahrwesen u.
Fahrzeugmotoren, Tech. Hoch. (Stuttgart).)
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theoretical drop of turbine, (m)

weight of‘fuel suﬁplied per unit time, (kg/sec)
weight of air supplied per unit time, (kg/sec)
temperature rise in combustion chamber, (©)
gas constant, (m/©)

specific heat at constant pressure,-(m/°)
specific heat at constant volume, (m/°)
peripheral velocity, (m/sec)

axial velocity, (m/sec)

flight epeed, (m/sec)

flight altitude, (km)

velocity of sound, (m/sec)

power contained in fuel, (mkg/sec)

Jjet power output, (mkg/sec)

propulsive output, (mkg/sec)

thrust in flight, (kg)

thrust at standstill, (kg)

in atmosphere or at rest

compressor inlet

compressor outlet and combustion-chamber inlet

combustion~-chember cutlet and turbine inlet

turbine outlet and nozzle inlet
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3 : _nozile exit
. 35 . nozzle outlet undqr étandstill conditions -
L | | compressor
T turbine
N layout state

measure of temperature rise in
combustion chamber

temperature

measure for

- measure for

turbline

Mach number
condition

Mach number

ratio in compressor

loading of compressor

heat stress of

of flight

of compressor

pressure coefficient

flow coefficient

steepness of

characteristic curves

near layout condition
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characteristic parameter of com-
pressor [Ed. note: Symbol
illegible in German document;
assumed to be h')}

characteristic parameter for -
_relative design of compressor
and turbine

design parameter

ratio for fuel consumption at
any operating condlition

ratio of power plant efficiency
for any operating condition

output retio for any operating
condition

adisbatic exponent

polytropic exponent in compressor
polytropic expoment in turbine
efficiency of flow of compressor

internal adiabatic efficiency
of compressor

mechanical efficiency of
compressor

flow efficlency of turbine

internal adiabatic efficiency
of turbine

mechanlical efficiency of turbine
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Ny over-all mechanical efficiency of jJet engine =

ng efficienpy measure

Ny . efficiency of complete machine

Uty internal efficlency

Mg nozzle efficlency

neo power-plant efficiency at standstill
Ane increment in flight

Te = Teg + Ang power~plant efficiency

np propulsive efficiency measure

Ny specific power output

o [ﬁd. note: German text illeglible|thrust efficiency
% [Ed. note: German text illegible|standstill thruet

efficlency

2., PERFORMANCE OF JET POWER PLANT WITH ROTATIONAL

SPEED REGULATION

A Jet engine consisting of compressor and turblne can be
regulated wilth the ald of the fuel supply and a suitable outlet
nozzle with respect to the rotational speed and the amount of air
flow and therefore with respect to the turbine-inlet temperature.
From the rotational speed and the amount of alr flow, the compressor
pressure ratio and therefore the compressor temperature ratio
T = Tb/Ta are determined. Through the turbine-inlet temperature

or the temperature rise in the combustion chamber, there is then
also determined the temperature-rise ratio of the combustion chamber,

c
;o AT
namely, % = 632—751'

a

P,
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For characterizing the operating condition of the Jet engine,
the characterlistic parameters can therefore be employed:.

T _
% = 59 (2.12)
8
C T
pL e
3 = (2.10)
QBATB

By one of these two parameters, the internal mechanical simil-
arity of a given Jet power plant for various operating conditions
ig characterized, at least as long as their mutual relations are not
influenced through other regulating means than through the regu-
lation of the rotational speed with the ald of the fuel supply for
a correspondingly sultable outlet nozzle. For such a jet engine
regulated only by the fuel and outlet nozzle, there i1s to be determined
from a test stend the functional relation

3= 3(x)

c T. T
Ed. note: 3§ = §(x) = - _-EL-<bT a>.
CPB A B

from which corresponding velues of the parameters § and x are
ovtained. In place of these parameters there may also be introduced

A= = 2.1c)
AT Aty (
6 - c (2.14)
- _c 2.14
Ta

As & reletion between these parameters there is then obtained

A= (n-1)s (2.1e)

and
9 =n + % ' (2.1f)
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[#d. note: Equations (2.lc) and (2.1f) are based on Cpp, = CHB{]

Two magnitudes 1imit the output of & Jet engine. One is the
temperature of the combustion chamber T, at the inlet to the
turbine, which must be withetood by the turbine blades. The other
is the Mach number for the inlet air into the compressor. For the
Mach number there may be used

M, = % ' (2.2)
w-sl :

that 1s, the ratio of the peripheral speed in the first stage of
the compressor to the sound velocity corresponding to the inlet
temperature Tl

© Wy, = \ekRT; (2.22)

The exceeding of a certain Mach number means a sharp drop in the
efficiency.

Under the operating condition of the Jet engine, there must
be obtained for the wcrk drop Hp of the turbine and the output

pressure head Hy, of the compressor
= - =1
B, = (3,4) = . (JpTg) = o by (2.3)

For the operation of the turbine at constant inlet temperature,
if its characteristic curve at the layout condition N is assumed
as linear (fig. 2), there is obtained in nondimensional form

2 _ (2 | | (&
up’ <uT2>z Ty ("T>n (2.4

and for constant Mach number at the compressor Inlet if its
characteristic curve may be assumed in the neighborhood of the
layout state as linear

e, ZsHL>

2 2
B vy,

VL, V1, '
« (Ll | = - __> (2.5)
a b\ g |
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"where

v axial cbmponent of velocity entering compfessor or turbine

u peripheral velociﬁy |

Subscript T refers to the turbine; subscript L, to the compressor.

For briefness, for turbine at design point

ZgET
(:;2% "V

VT S
—— =
Up /NN
for turbine at off design
2
ﬁsz
ug
v
_T=cpT
R

for compressor at design point

2
=

uL N

L
=\ =0
<u1 >N n

for compressor at off design.
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2gHy, .
— = WL
N

VL

where VY is the pressure coefficient and ©® the flow coefficient.
The subscript N refers to the layout condition. Then

ur

E:i ' (2.8)
Then
12n ﬁ) = 28_HL> (2.7)
m 2 2
Yr /N Y /N
2 2
™m 2 2
S5 v,
Therefore

Vi _ 'VL -
kﬂu—% "q)TN>‘ (2 %) (2.9)

In the design stete, v shall denote the specific volume at
the inlet to the compressor and turbipe

vp = (vply

v, (vL)N

Vi h'/
_T> - m _T_) (2.10)
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P
Ty ey ‘i&-m("_T>
PLy vajN Ur 1 \"L/y

Vi ur \ Vi
Hence if [ -L _L) = (%><{FT'
YL 7 N T

or

and if
Pry Fo \Vr /Ty
1
kLCPIN-h
Then — ' =
2gH L T
¢L=__§=¢LN 1-n' L VL
ury, _T... J("‘T_>
VL V.
L L/N |
When
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(2.11)

(2.12)

(2.12a)

(2.12b)

(2.13)

1290
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To Ll _g
Ta d
2 2 2 2 -
=S v ” = M exRT, = 2 gk(op-o,) Ty = M7 gop (k-1) T,

sl
Ty k-1 n'N k-1
Vp ToPa 1 4ax 1 0
L a Pp ? Ld L
x k-1 k=1
Thus
GN 6
nck Lk
k-1 k-1
Ty, Ty sqel = KL y2 Vo | 1-n’ N x
T, 2 'L N e -3 en
.8 Lk
. k-1 g k-1
(2.16)
For the layout condition,
T, -T
D "a _ k-1 2
( T >N =y -1 = 5 M \ULN (2.17)

[Ed.. note: The M term raised to second power by reviewer.]
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so that, in general,

% o
-k nk
BT _ET | /4 B
1 -n'| *m . % - E n-l
0 - 3 QN ML x-1
nLk nLk
o BT kT

The regulation is to be such that the Mach number M; is constant
so that

Hence

b o
n K nk
k-1 k-1

n' ﬁN hi9 -1 - =1 - ﬁN"lf
o _ . oy ) -1
K K

2 K-l “N K-1

[Ed. note: In the J term, the subscript N was omitted from GJ

and solving for 6/6y

— (= _ 1_>
Lt -w - ,%-)Q“N

8 _/x\k-1 N (2.18)
eN <“N i - ___....l__- . 1

By differentiating, there is obtained
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I 1
° _ o |ET, *N N
el Oy, oL (x|
Ty Ty h' 1__5_)_KN
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|

In the neighborhood of the layout condition (O

=9N,1t=1tN),
)
a
ox =’112;_ -1
a == k- h'l-f-;——
N/ N N

As a first approximestion, for the neighborhood of the layout
condltion there may be written

X =y (;.)k—l - h'(l ) 171;;) (2.19)

(fig. 3)
Correspondingly, there is
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1 1
3= 5x , 1
mK j1
k-1 h'(l - =
e (ﬁ- - ﬂN i bl
N\ey O
In general, from equation (2.19)
T = ﬂN(G)

[?d. note: Subscript N supplied by reviewer]

and

3 =9—71—ﬂ;(gy= 3(6)

[?d. note: Subscript N supplied by reviewerJ
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(2.20)
(f1g. 4)

(2.192)

(2.20a)

Under the assumption of straight characteristic curves (equations
(2.4) and (2.5)), the values will hold elso for greater deviations

from the assumed design conditlions.

This relation can then be suitably represented graphically.
By substituting the relations found for s end © in the

equation for n_ and there 1s obtained
g T

. (8) =1 - (x(8)-1) (L - 1) 3(8)
g T

and

(2.21)
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1 -(1- (8)
.my(8). =11 + ¥O) — ( "m>"

nm B
1
4t 1+ 3(8) =(6) r
w(e)nL 1l - Ll-%) ﬂ@y
1+ 93(9)
"m (2.22)
There is also cbtained
1
1+a(fz):r(e; n
1-(1-ngy)n(8) 1 1-(A-ny)n(6)
1 f) —————u—ero | |1 - 1 8) —m——————
n(8) = M. e T n(9)"L +2(8) N
v U]
. 1-(n(8)-1) <Hl" - > 3(9)
m (2.23)
and
L
nr
e, (8) =ngmy =14 [1+3(6) L (o) 1M ) g 1+ (8) x(6)
0 m I((9)"]'L R 1-(1-np)n(6)
Tm

Thus a relation has been established, which for sultable
adJustment of the ocutlet nozzle makes possible the computation of
the efficiency of a Jet engine in the neighborhood of the design
condition if the fuel distribution is such that the Mach number
at the inlet to the compressor M and the inlet temperature T,

into the turbine are held constant. If this Mach number ML and

.inlet temperature T, are the highest permissible values for the

Jet engine, there is obtained the englne efficiency as a function
of the Inlet temperature for the admissible maximum output

(2.24)
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T
'Ifa=Tl=_9°_.‘

This maximum output is o‘btained from

No =10 HpGp =mne ©Cp Alp (G, + Gg)
o o o

whence
Neo _ e, 1\ [ATg G'L + Gp
N, } Mooy | \&%8y |\Oy * OBy
Ng Ne ATB GI, l.+GG_:i
o ol el B
oy r—.
o
where
&y v/VL, ) e <uL ><VLN>
Oy iy Moy | Vo )\ N Y
or with My = MLN
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From equations (2.12), (2.14), and (2.15),

L 1 _q
Yo ___J - J -1
'VLN VT . ﬂLk
= 1| 1L k-1
u = -
CE e
VL N J = 9; . k.4
T
GL, - J -1 ey P
GLN nk \[Tq p&N
o (T
QN b
Further
Mp _Ta dN
and
Ta _ On
TaN g
when
T, =T

17

(2.26)
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and
GB CPTaN CTC
1.2 1.2 e
GL Iylp nonER
. GBN 1 cPTa 1 _c Tc
+ =N -
Cry 3y 6% 6)Hp
Hence
c..T
_ _p¢c
Te <Pa> Neg by oyEp | N J -1
N " \p 1 c. T ) K
con %)\ ) o - 52 o
B o /) K-
j'%‘ -ﬁ—
(2.27)
or with
Pa__ (Ta 7a @r_)(’_
e
Pay T&N Tay Tay
_e0 ooty - O
P o= 7a _ T]eo G_N HB ,j -1 .
~ Neg, Te \}e LT T,
8w 68 - —— 1
N\ s
S N \=®
; (2.28)

with equations (2.19) and (2.20)
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N GPATBﬁ
I
\ Oy = Ty CpebTh
= '1 = 1 Ep '
nwE g
k-1~ /- 1
0 h'(1-=
L '“N('e;) (=)
\
3 -1
n' 7% >
il
%)
T]Lk _ J-1
k-1 h'(l-}- >
P %) /)
') |
(fig. 7)

The right-hand side of this equetion depends only on the free

variable
temperature T,

@ and hence for given Te

into the compressor.

depends only on the inlet
From the left-hand side

of the equation, there is seen the obvious dependence of the
output on the alr density for the intake into the compressor

Ta = Pa/ma .
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" The fuel consumption is obtained from

' c.T
Gp/7a \/5 Oy - o
= >— = - (2.29a)
e ) TR
r E \
AT
% By
g =GB/7a ='J§£< * Hp
Gg/7e VO by - SphT
1 -
A S
N C
3-1

'.h'zﬂﬁn—p
-1 h(%/k,@

(o)

whence is obtained the dependence of the fuel consumption on the
free variable 6 and hence for given T, on the inlet tempera-

ture Ta in the compressor.

Because of the slight varlability of the inlet temperature,
the assumptions made are admissible. Similarly e L2 and

Tp DAY be assumed as constant.
For the performance behavior at maximum load for the different

£light conditions, there are used in addition to the layout para-
meters ny = (TB/Ta)N and 6y = (Tc/Ta)N the following perameters
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which characterize the behavior of the compressor and the turbine
in deviating from the layout condition:

and

31 1

The flight condition itself 1s sultably characterized by
6/6y = Ty/T,. Figure 3 shows the effect of h' on the value

ﬁ/ﬂN as a function of G/GN. Figure 4 shows for the value of
QN/“N = 1.667 ag an example the effect of h' on the value of

a/ﬁN as a function of Q/GN. Figure 5 shows that for g = 2

and 6Oy = 3.333 the effect of h' on the internal efficiency

and jet efficiency t = 7 n = 1N:/N5 as a function of
eq eo’ Tegy N1/ My

0/6y

Figure 6 shows the effect of h', for the value of
k4 .
eN/ﬁN = 1.667, on the magnitude g = Gp/7a which characterizes

GBN‘ 78.N ’
the fuel consumption as a function of 6/6y for: (a) J =
(b) 3 =2.0; (c) J=2.5 and (@) J = 3.0.

Figure 7 shows for =y =2 and Qq = 3.333 as an example
the effect of h' on the magnitude f = T Ty = 8 teo

characterizing the output as a function of Q/QN for: (a) j = 1.5;
() 3 =2.0; (¢) J=2.5; and (d) J = 3.0. Tt is seen that the per-
formance behavior as a function of the flight state can be affected
in a desirable way at least within limits by the suitable choice of
the magnitudes § and k.
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Ed. note: J = _ILN__L. and k =P Ky -
KI .

3. PROPULSIVE AND ECONOMICAL EFFICIENCIES OF JET ENGINE IN FLIGHT
FOR REGULATED OUTPUT

With the Jjet engine in flight, the inlet temperature T, at
the compressor is greater than the temperature T, of the air at
rest at the flight altitude h by

Vez
c Tq -T B ==
p (T1To) = 5=

g0 that
2
Ei =1+ e
To chﬁro
or with
2
Ve _ M
chﬁro S
T 2
_]:.=1+M—
TO 5
By setting
T
0
-~ _ =3
0
ATB

there is obtained with ch = ch

2
3 = B (l + %;> (3.1)
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Inasmich as the thermal propulsive efficiency ny depends
on 4, equation (3.1) also gives the dependence of the thermal

_ Jet-engine efficiency My on the flight velocity.

For flight conditions, it is sultable to characterize the
heat loading with the ald of the temperature T, at the inlet

to the turbine, referred to the temperature T, at the inlet to
the compressor. .

.Tc c TON To
effr@—o; ﬁ(ﬁ)

But

Now let

H

<
Ty

=) QN

where the previous design condition denotes the condition near the
ground. The atmosphere is assumed as the standard. Then

T
N _ 1
To 1-0.0226 h (3.2)
(h is altitude in Ikm)
Hence
2]
8 = N (3.3)
M2
(1-0.0226 h)(l + _5.)
or setting
' 2
2 _ Ve
My® = —3
‘WSN

[ﬁd. note: My term squared by reviewer{]

where VEN is the sound veloclty at zero altitude.
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Then at any flight speed

2 2 Voy My

2 Iy
M™ = My 5~ |= My 55"= 1-0.0226 h
Wg
0 .
N Ox
0 = = (3'4:)
M, 2 MNZ
(1-0.0226 h)(1 + N 1-0.0226 h 4 N _
5(1-0.0226 h) 5

(fig. 8)

With e(h,MN) there is still to be determined the engine efficlency
at standstill neo(e) according to equation (2.24) and according

to equation (2.23) the internal efficiency ni(e).

According to equation (4.23) [?d. note: No equation 4.23 in
paper{], the Jet-engine efficiency 1, 1n flight is greater than

the Jet-engine efficiency neo. With

TO = TN (1-0.0226 h)

2
2 My

M = 155226 n

l-ni
Teo " e (ng=ny)

Figure 8 shows the ratio 6/6y as a function of the flight
condition, that is, on the Mach number, on the flight velocity,

end on the surrounding temperature for the corresponding INA flight
altitude

o to _(To\/Ti) _ _3) _ 3(6)
o T ATy T\Ty )\ &%) T T M2 . Mg
5

* 5(1-0.0226 1)
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C

e (1) = g+ (EE (3-0.0226 ) | ng g0y )~(2-1)(0) | —2
o - 1-0.0226 &
v.2 < 2
=) y
5(1-0.0226 Bb) (3.5)

The Jet-engine efficliency as & function of the altitude and
the flight velocity enables also the determination of the propulsive
efficiency np and the economical efficiency measure ¢, of the

Jjet engine. There must also be determined the load coefficient ¢ .
wvhich by using the relations .

» 3(0) my?
M = 2
1-0.0226 h + ——
ToM2 = Ty MNZ
is

‘- 5 B 5

= 2" 2
3 M - °p§§ - - MNz 2 '-SPTSH:N
1-0.0226h + 5_;_
) 1 5 |
¢ (i) 1 _°pN o(e)MN2>. (s-8)

_ Z ~ (O,
1-0.0226 h' + l—‘-—g—— -
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Furthermore
| | 2
f%fé (mMy) = :fﬁg = G;B)TIAB 1-0.0226 h + M%—) (3.7)

There is thus obtained the propulsive efficiency as a function of
h and 7

1 1+n, (Mg ) £ (b, M) [ -1
np (hMy) = ne(hnwiﬁ(hﬂw) \\/ ST, [ e : }
1- -lA——HB (nMy)

(3.8)
and the economical efficlency measure
Ny(bMy) = 2 - [l+n (h“n)t(mﬁv):l-l
g (hMy) (:;\_ GEQEB(hMN) e
(3.9)

Figure 9 shows the ratio £, = J%_ for M = 0.85, o To/Hy = 0.005

Thay

as a function of G/GN for various values of h' and figure 10 the

2 a
ratio 3. =1 _g-= -—-75;; as a function of G/GN for various

Thog

values of k.
() for J = 1.5; (b) for J = 2.0; (c) for J = 2.5; end (4) for
J = 3.0.
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4. THE POWER AVATLABLE IN FLIGHT AT ANY ALTITUDE

The propulsive power NW avallable in flight is

Ng = np Ng = 0y Gp By

This power serves to overcome the air resistance of the airplane
for climbing and accelerating. If neither climb nor acceleration
is required, there corresponds to each flight velocity and each
altitude for given weight of the aircraft a horizontal flight power
Ng. As long as Ny 1s smeller than the propulsive power Ny

required at any velocity and altitude, the flight can be conducted
with corresponding throttling of the engine. The difference between
Ny and N, is available for climb or acceleratiom.

Because the principal operating condition of a Jet engine is
esgentially that at regulated normal output and because the
regulated outputs with a Jet engine are of more -Importence than in
flight with the conventional engine where the range of the throttle
loads plays a great part, particular consideration will be given
here to the propulsive output of the Jet engine as a function of the
altitude and the speed. It may be remarked that the throttled out-
put can be treated in a similar manner.

The economical efficiency n,(h,M) has been considered. The
fuel consumption at regulated load is

Gy = GBN—-g(e

where

\ 6
5 = 1y

1-0.0226 h +

W
_ 5

The ratlo 7a/7aN of the air densities for zerc loss flow utilization
is given by
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Tay = Yoy
70N = e
where ;0_ (h) is obtained from the standard atmosphere. Then
Oy
approximately
-8
70 10
Tog €
(where h is in km)
with 2
E-E}- =1 + !?- = 1 + MN
s 5 5(1-0.0226 )
thus

0.4 h

2
7a My 10
5— () =\l + s 5 0% & &
ay

The fuel consumption GB(hMN) at maximm load is therefore

= T () = e [0y

7a'N

The propulsive power is obtained from
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o (M)
W= (M) =nw'(h?'.iN) (-.;BGBN% GBNHB

Both the propulsive normal power N, and thé fuel consumption

‘Ng = GpHp decrease essentially with the altitude, corresponding to

the air density. This decrease can, however, by sultable design of
the compressor and the turbine (by varying h' and J) in relation
to each other, be lowered or raised in the desired manner, For this
purpose, however, & detelled investigation, which is not gone into
here, of these air-flow engines becomes necessary.

S. THE POSSIBILITIES OF OVERLOAD AND THROTTLING

Depending on the characteristics of the compressor and the
turbine, there occurs, on increasing the inlet temperature to the
turbine, either an increase (case 1) or a decrease (case 2) of the
propulsive efficiency end conversely for the lowering of the inlet
temperature. In the first case, there is a possibility of at
least 2 short-time overlcading if the inlet temperature to the
turbine can be increased at least for a short time during this over-
loading. In the second case, overloading for an arbitrary length
of time ig possible as long as the compressor does not enter the
surging range. Thils overload will, in general, be associated only
with a lowering in the economical efficiency and hence with an
uneconomical increase in the fuel consumption.

In the first came, however, a throttling of the engine on
lowering the inlet temperature to the turbine for any length of
time is entirely possible; in the second case, on account of the
increase in the inlet temperature, it 1s possible only for a short
time. This type of throttling is generally less economical, however,
than throttling by lowering the rotational speed, because with the
lowering in the rotational speed the efficiency of the coumpressor
should, in general, rise somewhat.

6. SUMMARY

The rotational speed and the quantity of air flow and therefore
the compressor pressure and inlet temperature can be regulated by
the fuel supply and the adjustment of the ocutlet nozzle. The regu-
lation for constant Mach number at the inlet to the compressor and.
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for constant inlet temperature to the turbine was Investigated.

The normal output thereby obtained was determined by the character-
igtic curves of the compressor and the turbine in relation to each
other. The propulsive efficiency and economy in flight for normal
output and the normal output available at any flight altitude are
discussed and the possibllity of overloading and throttling is
considered. S

Translated by S. Reiss,
National Advisory Committee
for Aeronautics.
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Figure 2. - Characteristics of compressor L and turbine T of Jet engine normalized
characteristic to design state N.
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G/ON for various values of design constant k.
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