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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 2653

A THERMODYNAMIC STUDY OF THE TURBINE-PROPELLM ENGINE

By Benjamin Pinkel and Irving M. Karp

SUMMARY

Equations and charts are presented for computing the thrust, the
power output, the fuel consumption, and other performance parameters of
a turbine-propeller engine for any given set of .operating conditions and
component efficiencies. Included are the effects of the pressure losses
in the inlet duct and the combustion chamber, the variation of the
physical properties of the gas as it passes through the system, and the
change in mass flov of the gas by the addition of fuel.

In order to illustrate some of the turbine-propeller system per-
formance characteristics, the total thrust horsepower per unit mass rate
of air- flow and the specific fuel consumption are presented for a .wide
range of flight and engine-design operating conditions and a given set
of design component efficiencies.

The performance of a turbine-propeller engine containing a matched
set of components is presented for a range of engine operating conditions.
The influence of the characteristics of the individual components on off-
design-point performance is shown.

The flexibility of operation of two turbine-propeller engines is
discussed^ one engine has a divided turbine system in which the first
turbine drives only the compressor and the second turbine independently
drives the propeller, and the other engine has a connected turbine system
which drives both the compressor and the propeller.

INTRODUCTION

Various thermodynamic analyses have been prepared for the purpose
of clarifying the many aspects of the performance of turbine-propeller,
engines. The charts presented in reference 1, for example, permit step-
by-step calculation of the turbine-propeller cycle; also presented
therein are some performance characteristics of the basic turbine-
propeller system and systems incorporating intercobling, reheat, and
regeneration at design-point conditions. Reference 2 presents a general
comparison of part-load performance characteristics of" a large variety
of both simple and complex turbine-propeller-engine configurations. It
also discusses briefly the way in which component characteristics affect
the efficiency of each engine and limit the part-load operation of each
engine.
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In the present report charts (developed from an extension of the
analysis given in reference 3) are presented which permit determination
of the performance parameters of the engine directly from component
efficiencies and operating conditions. These charts eliminate much of
the step!by!step cycle calculation and apply particularly when the engine
performance rather than the details of the cycle is of major interest.
The effects of the component efficiencies and operating conditions on the
over!all engine performance are also shown. In order to illustrate some
of the turbine!propeller!engine performance characteristics, the thrust
horsepower per unit mass rate of air flow and specific fuel consumption
are presented for a wide range of design combustion!chamber!outlet temp!
eratures and compressor pressure ratios. These results are presented
for constant component efficiencies and a range of flight speeds and
altitude conditions.

The report also presents a detailed discussion of the off!design!
point performance of two turbine!propeller engine configurations each
having a given set of components. The performance of a given turbine!
propeller engine is a complex function of the individual characteristics
of the compressor, the turbine, and the propeller. The limitations in
operating range and performance imposed by these component characteristics,
the interrelation between components, some of the problems involved in
matching the components, and the method for evaluating and presenting
engine performance are discussed for the two engine configurations. One
engine has a divided turbine system consisting of two independent turbines;
the first turbine drives the compressor, and the second turbine drives the
propeller through'reduction gears. The other engine has the two turbines
connected to provide a single rotating system. The flexibility in oper!
ation provided by a variable!area exhaust nozzle is also discussed for
both configurations.

SYMBOLS

The significance of the symbols appearing in the charts and in the
subsequent discussion is as follows:

A
n
 effective exhaust!nozzle area, (sq ft) (For isentropic

expansion in exhaust nozzle, flow through area A^ is equal
to actual mass flow through nozzle.)

a correction factor that accounts .for total!pressure drop in
inlet diffuser

b correction factor that accounts for total!pressure drop in
.combustion chamber

с correction factor that accounts for difference in physical
properties of hot exhaust gases and cold air, involved in
computation of work from expansion process
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Cp propeller power coefficient, equal 'to hp /p
ft
N ^V^

C
v
 velocity coefficient of exhaust nozzle

с specific heat of air at constant pressure at t
0
 » 519° R,

P
' 7.73 (Btu/slug)/°F

Cp g average specific heat at constant pressure of exhaust gases
during expansion process, (Btu/slug)/°F (This term, when
used with temperature change accompanying expansion, gives
change in enthalpy per unit mass.)

Dp propeller diameter, (ft)

P total thrust (lb)

P. net thrust produced by exhaust jet (lb)
J

F
B
 thrust produced by propeller (lb)

f fuel!air ratio

h lower heating value of fuel (Btu/lb)

hp
c
 compressor shaft horsepower input

hp propeller shaft horsepower input equal to excess of turbine '
horsepower output over compressor horsepower input

hp
t
 total turbine!shaft horsepower output

hp
t
 !, turbine!shaft horsepower output of first turbine

J mechanical equivalent of heat, 778 (ft!lb/Btu)

K
c
 compressor slip factor, 550 hp /MgU

ĉ

Mo mass rate of air flow (slug/sec)

Mo! mass rate of gas flow through turbine (slug/sec)

N_ propeller rotational speed (rps)

P!i total pressure at compressor inlet (lb/sq ft absolute)

Pg total pressure at compressor outlet (lb/sq ft absolute)

P
4
 total pressure at inlet to first turbine (lb/sq ft absolute)
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PC total pressure at outlet of first turbine (ib/sq ft
absolute)

P
6
 total pressure at outlet of second turbine (Ib/sq ft

absolute)

p
n
 ambient static air pressure (ГЬ/sq ft absolute)

P
5
 static pressure at outlet of first turbine (ib/sq ft

absolute)

Рб static pressure at outlet of second turbine (Ib/sq ft
absolute)

ДР^ drop in total pressure through inlet duct (Ib/sq ft)

ЛРо drop in total pressure through combustion chamber (Ib/sq ft)

2(
Га
!1)

(P
2
/Pi)

r
ef

 fac
!
tor e

<l
ual to

r ratio of drop in total pressure in combustion chamber to
total pressure at compressor outlet, APo/Pp

T!, compressor!inlet total temperature (°R)

Tg compressor!outlet total temperature (°R.)

T
A
 combust ion! chamber outlet

1
 total temperature (°R.)

Tc total temperature at outlet of first turbine (°R)

t
n
 ambient!air temperature (°R)

thp total thrust horsepower produced by engine

net thrust horsepower produced by exhaust jet

thp thrust horsepower produced by propeller

U
c
 compressor tip speed (ft/sec)

U, turbine!blade speed (measured at turbine pitch line) of

' first turbine (ft/sec)
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U!t 2 turbine!blade speed of second turbine (ft/sec)

V
0
 airplane velocity (ft/sec)

V
s
 axial component of gas velocity at first turbine outlet

(ft/sec)

Vg axial component of gas velocity at second turbine outlet
(ft/sec)

* jet velocity (ft/sec)

VA „.„.ь jet velocity giving optimum distribution of available power
to propeller and exhaust nozzle jet (ft/sec)

V+! т theoretical turbine nozzle jet velocity of first turbine
corresponding to isentropic expansion of gas from turbine!
inlet total pressure and temperature to turbine!outlet
static pressure (ft/sec)

VV 2 theoretical turbine nozzle jet velocity of second turbine
' (ft/sec)

W
f
 weight flow of fuel (lb/hr)

X ratio of compressor pressure ratio,

Y factor equal to ratio of ram temperature rise to ambient!air
temperature, V

Q

2
/2Jc

 a
t
Q

Y, factor equal to V*
2
/2JCp

 a
t
Q

Z .factor equal to 550 Ьр^МдЛс^ _t_ n

a factor equal to propeller thrust produced divided by excess
of turbine horsepower output over compressor horsepower
input (lb/hp)

у ratio of specific heats of air, 1.4

у average value of ratio of specific heats of exhaust gas
during expansion

5 ratio of total pressure at any point being considered to
standard sea! level pressure of 2116 pounds per square
foot, that is, S!L = Рд̂ /2116, 5

4
 = P

4
/2116, and so forth
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С correction factor that accounts! for over!all effects produced
by secondary variables, € = s l - a - b + c

iv combustion efficiency equal to ideal fuel-air ratio required
to obtain temperature rise in combustion chamber from Tg
to ТА divided by actual fuel!air ratio • ч

T) compressor adiabatic efficiency equal to ideal power required
in adiabatically compressing air from compressor!inlet total
temperature and pressure to compressor!outlet total pressure
divided by compressor!shaft power

T] compressor polytropic efficiency equal to logarithm of actual
' pressure ratio divided by logarithm of isentropic pressure

ratio that corresponds to actual temperature ratio

TUj propeller efficiency equal to thrust horsepower developed by
propeller divided by excess of total turbine power over
compressor power. This definition includes bearing, gear,
and accessory power losses as well as propeller losses.

т), over!all turbine total efficiency of turbine system equal to
entire turbine!shaft power divided by ideal power of gas jet
expanding adiabatically from inlet total pressure and tem!
perature of first turbine to outlet static pressure! of

. second turbine less kinetic power corresponding to average
axial velocity of gas at second turbine outlet

Ti
t
 !, turbine total efficiency of first turbine

•n, „ turbine total efficiency of second turbine
Ъ,£

T\' + over-all turbine shaft efficiency of turbine system equal to
entire turbine shaft power divided by ideal power of gas jet
expanding adiabatically from inlet total pressure and tem-
perature of first turbine to turbine-outlet static pressure
of second turbine

ц* turbine shaft efficiency of first turbine

т\* . л • turbine shaft efficiency of second turbine

9 ratio of total temperature at any point being considered to
standard sea!level temperature of 519° R, that is,
e
l
 я
! T!i/519, в> = Ти/519, and so forth

p density of ambient air (slug/cu ft)
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ANALYSIS

A schematic diagram of the turbine!propeller engine considered is
shown in figure 1. Air enters the inlet duct and passes to the com!
pressor inlet. Part of the dynamic pressure of the free!air stream is
converted into static pressure at the compressor inlet by the diffusing
action of the inlet duct. The air is further compressed in passing
through the compressor and enters the combustion chamber where fuel is
injected and burned. The products of combustion then pass through the
turbine nozzles and blades, where an appreciable drop in pressure
occurs, and finally are discharged rearwardly through the exhaust nozzle
to provide jet thrust. The turbine shown in figure 1 may consist of a
single turbine driving both the compressor and the "propeller or a
combination of two turbines, one driving the compressor and another
driving the propeller. When engine performance is evaluated by charts,
the combination of the two turbines is considered as a single turbine
having the combined power output and over!all turbine efficiency of
the two.

The variables affecting the performance are divided into a primary
group and a secondary group.

The primary group of variables is:

C
v
 Exhaust!nozzle coefficient, which includes losses in tail pipe

Po/P!i Compressor total!pressure ratio

14 Combustion!chamber!outlet total temperature

t
n
 Ambient!air temperature

V. Jet velocity

V
n
 Airplane velocity

a Ratio of propeller thrust horsepower to propeller shaft
horsepower

TJ, Burner efficiency

т} Compressor adiabatic efficiency

r\ Propeller efficiency, which includes losses in reduction gearing

T], Turbine total efficiency
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The secondary group is

др /p Ratio of total!pressure drop through inlet duct to compressor!
inlet total pressure

ДР /Pp Ratio of total!pressure drop through combustion chamber to
compressor!outlet total pressure .

Effect of difference, between physical properties of cold air
and hot exhaust gases during expansion processes (Effect of
change, in specific heat of gas during other processes is
included in charts.)

Charts are presented from which the propeller thrust horsepower,
the propeller thrust, and the fuel!air ratio can be evaluated for
various combinations of design!point operating conditions. The equations
from which the charts are prepared are derived in appendix A and

 ;
are

listed in appendix B. Some of the following equations used in combination
with the charts give the performance of the turbine!propeller system.

The total thrust of the engine is the sum of the propeller thrust
and the jet thrust.

The jet thrust, when the effect of the added fuel "is neglected, is
given by

F
J " ̂  (

When the effect of added fuel is included, the jet thrust is given by

F ! M (V!V).

The thrust horsepower of the jet thp. is expressed as

F V

. . ..
 thp

j.=

The thrust horsepower produced by the propeller (which includes the effect
of added fuel) is given by

thp.
M
a

P 550
! z (3)

and can be evaluated from the charts.

The total thrust horsepower of the engine is the sum of the jet
thrust horsepower and propeller thrust horsepower.
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For the engine operating at a given set of conditions, an optimum
division of power between the exhaust jet and the propeller exists for
which the total thrust horsepower and efficiency of the system is a
maximum. The jet velocity for this optimum condition is given very
closely by

С
 2

V
J,opt ! Й!У

 V
0 <

4a
>

This expression is derived in appendix A. The jet velocity can
vary appreciably from this optimum value with only a small effect on
the total thrust horsepower and engine efficiency.

At zero flight speed (V
0
 = 0 and л = 0) the expression for

V^
 OI)
4! is indeterminate. When the factor a is introduced where a

is the pounds of thrust produced by the propeller per propeller! shaft
horsepower input hpp, the expression for V^

 t
 becomes

550 C
y
2

V
J,opt ! ^

 a

The thrust developed by the propeller at any plane speed V
n

(V
0
 ^ 0) is obtained from the propeller thrust horsepower by the

equation

!
For the case of V

n
 = 0, the factor F /a is determined from the charts.

The compressor! shaft horsepower is given by

hp
c
 =. MaJc

 a
t
0
Z/550 = 5675 M

a
Zt

Q
/5l9 (6)

I

The compressor! inlet total temperature is

T!L = t
0
 (1+Y) (7)

The turbine!shaft horsepower is

thp
hp

t
 = !! + hp

c
 (8a)
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At zero flight speed (thp,., a о and TJ a o), the turbine power is

hp
t
 = _E + hp

c
 (8Ъ)

The fuel consumption per unit mass rate of air flow is determined
from the fuel!air ratio Ъу the relation

W
f
/M

a
 я 115,900 f (9)

DISCUSSION OF CHARTS

By means of equations (l) to (9) and the curves of figures 2 to 1,
the performance of the turbine!propeller engine can Ъе readily evaluated.
The curves are presented in a form that shows the effects of the vari!
ables on performance. In figures 2 to 4 are shown curves for • evaluating
some of the primary parameters that are used in the principal performance
chart (fig. 5) from which the thrust horsepower of the propeller is
determined. The fuel!air ratio is evaluated with !the use of figures 6
and 7. .

Curves for obtaining the flight Mach number, the compressor!inlet
total pressure, and the factor Y for various values of the factor

are snown
 i

n
 figure 2(a). Values of Y^ plotted against

the factor Vj Y
519
An

 are stlown in
 figure 2(b) .

The value of £, which accounts for the effect of the secondary
group of variables, is obtained from figure 3. The quantity € is
given by the relation

€ =l-a-b+ c

Factor a, which gives the effect of total-pressure drop through the
inlet duct AP(̂ , is shown in figure 3(a) . Factor b, which measures
the effect of total -pressure drop through the combustion chamber ДРз> ,
is introduced in figure 3(b) . Factor c, which corrects for the dif!
ference between the physical properties of the hot exhaust gases and
the cold air involved in the computation of the expansion processes
through the turbine and exhaust nozzle, is given in figure 3(c). In
general, the value of с is close to unity and can be taken as equal
to unity when a rapid approximation is desired.

The compressor total!pressure ratio is plotted against the quantity
T]

c
Z/(l+Y) in figure 4. The compressor!shaft horsepower is computed

from equation (6) and the value of Z. The effect of the variation in
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specific heat of air during compression is neglected in this plot; the
maximum error in Z introduced is about 1 percent for the range of
compressor pressure ratios shown in figure 4 and for compressor!inlet .
temperatures up to 550° R.

Т / \^
The value of (l

>
2/

p
i )

re
f P

lot
'
ted
! against the factor r\ Tjt€_i[_JL]

is also shown in figure 4. The quantity (Pa/̂ ref is useful in that i-fc

is the compressor pressure ratio for maximum power per unit mass rate of
T4air flow for any given values of T] TI, с !т— and Y, provided that the

с t t
0

change in component efficiencies and € with change in pressure ratio is
negligible. When the change in с with Po/Рп is appreciable,

(PO/PT)
re
f differs somewhat from the compressor pressure ratio giving

maximum power per unit mass rate of air flow. Even in this case, however,
the power per unit mass rate of air flowing corresponding to (Pg/̂ lJref

is generally within 1 percent of the true maximum. The actual compressor
pressure ratio Po/P!i divided by the quantity (Pp/P!i)_

 f
 defines the

value of X used in figure 5.

The .curves in figure 5 are used to determine the propeller
thp
p 519 ̂c

 F
p 519

 п
с

horsepower factors —! т or —— for various values of the
м
а *о ̂р

 М
а Ч)'

 а

T
4 ^c^t

parameters V^t * T~> —o~ ^j ~ ̂ > and X or 1/X. When X is less
0 GV

then unity, the value of 1/X is usedj the reason is apparent from an
examination of equation (A34) (see appendix B) for figure 5. Corres!
ponding to the values of T\<J\+ € Td/tQ and X or 1/X, a point on the

right-hand set of curves is determined, then progressing horizontally

across the chart to the desired value of c Y^ - Y, a second point is
n & «JLV •

located. Moving from this second point parallel to the left-hand set of
T]cT)t

direction lines until the Y. - Y = 0 line is intercepted, the value
P 2 Jbv

of the propeller-thrust-horsepower factor or propeller-shaft-hors'epower
factor is then read at the intercept.

The compressor-outlet total temperature T? plotted against the
factor tn(l+Y+Z) is shown in figure 6. This curve includes the vari-
ation in specific heat of air during compression and was computed from
reference 4. The variation in specific heat is accounted for in this
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case, whereas it is neglected in figure 4 because the error introduced
in the evaluation of the temperature rise during compression by the
assumption of a constant value of specific heat is greater than the
error introduced by the same assumption in the evaluation of the
compressor power.

The fuel!air!ratio factor TKjf is plotted in figure 7 against

^4 ! Tp (total!temperature rise in combustion chamber) for various

values of T/. These curves are based on information given in refer!

ence 5 and are for a fuel having a lower heating value h of 18,900 Btu
per pound and a hydrogen!carbon ratio of 0.185. For fuels having other
values of h, the value of f given in figure 7 is corrected, accurately
by multiplying it by the factor 18,900/h. The effect of hydrogen!carbon
ratio of fuel on! f is generally small, and for a range of hydrogen!
carbon ratios from 0.16 to 0.21, the error due to the deviation from the
value of 0.185 is less than 0.5 'percent. The fuel consumption per unit
mass rate of air flow is obtained from the value of f and equation (9).

In the preceding discussion of the charts, the effect of the mass
of injected fuel was not mentioned. It is shown iii appendix A that the
effect of the added fuel can be taken into account by substituting the
product of turbine total efficiency r\, and (l+f) for the value of т\^

in the charts. ' This adjustment occurs in figure 4 in the factor^
T
4 / 1 \

2

т]
с
т]. е Т~ 1т1у) } (which is used!in determining (Pp/̂ ! )rpf Ь

 an<
3! the

T
4 \\

factors T]
r
,
T
lt € T~ and- —o~ Y. - Y of figure 5. The value of- the

t0 c^ j
jet thrust horsepower is evaluated from jet velocity by means of
equations (lb) and (2). Equations 4(a) and 4(b), which are used to
determine the optimum jet velocity, do not require this adjustment in
the value of ть . .

EXAMPLES OF USE OF CHARTS

As an example of the use of figures 2, 4, and 5 and equations (l)
and (2) for a rapid approximate computation of the thrust horsepower
per unit mass rate of air flow thp/M , a case is considered in which
the following conditions are given:

Compressor adiabatic efficiency, n ..... 0.80

Turbine total efficiency, r\. 0.90

Propeller efficiency, TJ_ 0.85
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Exhaust!nozzle velocity coefficient, C
v
 0.96

Airplane velocity, V~, ft/sec . . 733

Jet velocity, V,, ft/sec 1000

Compressor pressure ratio, Po/P!i 6

Ambient!air temperature, t
Q
, °R ' 519

Combustion!chamber outlet temperature, T̂ , °R i960

From the assumption that с is equal to 1, thp/M
a
 is then evalu!

ated with these given quantities as follows:

v0V
519Ao> ft/sec ' • • 733

Y (from fig. 2(a)) . . . . 0.086

V, //519/tQ, ft/sec .' 1000

Yj (from fig. 2(b)) 0.160
T4•n n £ !!С 2.719

n n 6 i I 2.305

(P2/P1)ref, (from fig. 4) 4.31

X = (

\\
2 ! Y ' . • 0.039

M
a

Т) СТО

£ _£ Г±1 hp/(slug/sec) (from fig. 5) ............. 2085

thp /M
a
, hp/( slug/sec) .. ........ .....: ........ 2215

thp./M
a
, hp/( slug/sec) (from, equations (l) and (2)). ....... 355

thp/M
a
, hp/( slug/sec) ... .............. ..... 2570

The use of figures 2 to 7 and equations (l) to (9) that permit
evaluation of such performance values as compressor shaft power, fuel
consumption, thrust horsepower, and specific fuel consumption with a
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high degree of accuracy is illustrated in detail in the following
example. The effects of the secondary parameters are now accurately
evaluated and the method of accounting for added fuel mass is also shown.
The example is based on the engine having the following design conditions:

(1) Compressor adiabatic efficiency, i\ ............ 0.80

(2) Turbine total efficiency, i\. . . .......... .... 0.90

(3) Combustion efficiency, т̂ .. ................. 6.97

(4) Propeller efficiency, i\' ...... ............ 0.85

(5) Exhaust!nozzle velocity coefficient, C
v
 .......... •. 0.96

(6) Airplane velocity, V
Q
, ft/sec. .' '. ............ i . 733

(7) Jet velocity, V,, ft/sec ..... .............. 1000

(8) Compressor total!pressure ratio, Pp/P!i . ........ > . • • 6

(9) Ambient!air temperature, t , °R ..... ...... ....... 519

(10) Combustion!chamber!outlet total temperature, Т., °R ...... 1960

(11) Ambient!air pressure, p
0
, Ib/sq in. ............. 14.7

(12) Total!pressure drop through inlet duct, AP^ lb/sq in. ... 0.25

(13) Total !pressure drop through combustion chamber, APg*
lb/sq in ........ . ........ ......... 1".5

(14) Lower heating value of fuel, h, Btu/lb .......... 18,500

Determination of Y and Flight Mach number

From items (б) and (9):

(15) V
0
J519/t

0
, ft/sec .;............. '. ...... 733

From item (15) and figure 2(a): ' ' Л ' "

(16) Y '. •......'. '0.086

(17) Flight Mach number . . ........ . . . . . . .•••. . . !. : . 0.66
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Determination of Z and Compressor Shaft Horsepower hp

Item (8) read on figure 4 determines

(18) C " . 0.669

From items (18), (16), and (l):

(19) Z 0.908

Using items (19) and (9) in equation (6) gives

(20) hp /M&, hp/(slug/sec) 5153

Determination of f and W-/M

From items (9), (16), and (19):

(21) t (1+Y+Z), °R 1035

From item (2l) read on figure 6:

(22) T2, °R 1025

From items (22) and (10):

(23) T - T2, °F . 935

From items (23), (10), and figure 7;

(24) T] f 0.01372

Items (24) and (3) give

(25) f 0.01414

Because the lower heating value of the fuel is equal to 18,500 Btu per
pound (item (14)), item (25) must-be multiplied by the factor 18900/18500
and the adjusted value is

(26) f 0.01445

Using item (26) in equation (9) gives

(27) Wf/Ma, (lb/hr)/(slug/sec) 1675
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Determination of Factor €

From items (ll), (12), and (13):

(28) APd/PQ .......................... 0.017

(29) AP2/PQ .....' ............ ' ......... i 0.10

From figure 2 and item (15):
P-,

(30) —
АР

Д

PO

and using item (28) with item (30)! gives

1.335

(31) P.J/P . . .............. . . ; ........ 1,318

Using items (31) and (8) yields

(32) P
2
/p

Q
. . , ..... .................... 7.91

From items (28) and (31):!

(33) AP
d
/P!, ...... ................... • 0.013

whereas from items (29) and (32):

(34) ДР
2
/Р

2
 ..... • • ...... . . . .......... 0.013

From items (16) and (18):

(35) Y + л Z ........ ! .......... . ..... i 0.812

Items (33) and. (35) in figure 3(a) give

(36) a . ." ........... . .............. '0.005

while items (34) and (55) in figure 3(Ъ) give

(37) Ъ ............................ 0.005

when items (10), (26), and (32) are used in figure 3(c),

(38) с ............................ 0.035

From items (36), (37), and (38)

(39) € = 1 - 0.005 - 0.005 + 0.035 ........... . . . . 1.025
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Determination of (?z/'P!i

Using items (l), (2), (39), (10), (9), and (16) gives

T
4 / 1Л

2

(40)
 t

.e — ..................... 2.363

From item (40) read on figure (4):

(41) (Pjj/P̂ f ..................... .! • • • 4.50

From items (8), (41), and the definition of the parameter X,

(42) X . . . . ......................... 1.333

Determination of thp/M , Specific Fuel Consumption, and Other

Performance Parameters

Using items (l), (2), (39), (10), and (9) gives
T4

(43) TicTJte — ......................... 2.787

From items 7 and 9

(44) Vj ̂519/t
Q
, ft/sec ..................... 1000

and from item (44) read on figure 2(Ъ)

(45) Y, . .. ....... .! .................. 0.160
J

Using items (l), (2), (5), (45), and (16)

(46) ricT)t Yj/Cv

2 ! Y ........ ......... ..... 0.039

From items (46), (43), and (42), read on figure 5;

thp т)
2257

The thrust horsepower per unit mass rate of air flow developed Ъу the
propeller is obtained using items (47), (l), (4), and (9)

(48) thp /M
a
, hp/( slug/sec) .... .............. . 2399

Items (48) and (6) are substitutued in equation (5)', the thrust per unit
mass rate of air flow developed by the propeller is
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(49) F
p
/M

a
, 1Ъ/( slug/sec) . . . .......... . ..... 1799

Using items (6) and (7) in equation l(a) gives

(50) F./M
a
, lb/(slug/sec) ..... . ...... . ...... .... 267

J

and then items (50) and (6) in equation (2)

(51) thpj/M
a
, hp/( slug/sec). . .............. .... 356

Now, from items (48) and (51) .

(52) thp/M
a
, hp/( slug/sec) ........... • ..... ... 2755

and from items 49 and 50

(53) F/M
a
, 1Ъ/( slug/sec) ........... . ........ 2066

The specific fuel consumption is evaluated from items (27) and (52):

(54) W
f
/thp, Ib/hp!hr .......... '..'... ........ 0.608

Effect of Mass of Added Fuel on F/M
a
 and thp/M

a

When more accurate results are desired, the effect of the mass of
fuel introduced is accounted for In the calculations. The effect of the
added fuel is handled by substituting the product of .the turbine total
efficiency T]. and (l+f) for the value of т)+, vhich will now be done

for the case just considered.

From item (26) the adjusted value of item (40) becomes
T
4 / 1 \

2

(55)
 t« ~ ............... ....... 2.396

From figure 4 is obtained the corresponding

(5.6) (P
2
/Pi)ref • ' ' ' ................ ....... 4.61

From items (56) and (8):

(57) X ........................... ... . 1.30

by use of the modified value of r), , item (43) becomes
T4

(58) т]стц.с — . . % . . . . . . . . . . . . . . . . . . . . . . . . . 2.327

and item (46) becomes
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(59) n
c
n

t
 Yj/C

v
? ! Y ...................... 0.0410

Using items (57), (58), and (59) in figure 5 gives

thp П
с 519

(60) !^ — — ' hp/(slug/sec) ........... ...... 2351

or thp
(61) !~ь, hp/( slug/sec) ....... .............. 2497

M
a

Evaluating the propeller thrust from items (61) and (6) and from
equation. (5) gives

•ni

(62) !E 1Ъ/( slug/sec) ...................... 1874
M
a

In evaluating the jet thrust from items (6) and (7), equation (lb) is
now used and gives

TJl

(63) !i, 1Ъ/( slug/sec) ....................... 281
M
a

From items (63) and (6) and from equation (2)
thp,

(64) —2, hp/( slug/sec) .............
 s

 ........ 375
M
a

The total thrust horsepower per unit mass rate of air flow from items
(61) and (64) is

(65) —2, hp/(slug/sec) ..................... 2872
M
a

From items (62) and (63):

(66) £-t 1Ъ/( slug/sec) ................ ...... 2155
a.

and from items (65) and (27)
W
f

(67) ĵjr, lb/thp!hr ....................... 0.583

ACCURACY OF METHOD

The final equations for thrust horsepower (equations (A24) and
(A34)), from which figure 5 is plotted and which are derived with the
aid of several simplifying assumptions, gives values .of thrust horse!
power which check very closely with values obtained from very accurate
step!by!step evaluation of conditions throughout the cycle. Over a
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wide range of operating and flight conditions, the maximum error in the
value of thrust horsepower obtained from the charts is less than
0.5 percent.

The results of the examples used to illustrate the use of the charts
give an indication of the effect of С on the thrust horsepower. For
the conditions of the example, choosing an approximate value of С я l.o
results in a value of thrust horsepower about 7 percent different from
the value of thrust horsepower evaluated from the more accurate value of
С = 1.025. In general, the percentage error in thrust horsepower will
range from two to four times the percentage error in С. In cases where
the combination of conditions is such as to result in low values of
thrust horsepower, an error in с has a much greater effect on thrust
horsepower.

Also, for the set of conditions chosen, the thrust power is about
4 percent greater and the specific fuel consumption about 4 percent lower
when the added mass of fuel is taken into account. In general, if good
accuracy of results is desired from the charts, it is necessary to include
the effect of added fuel.

TURBINE!PROPELLER ENGINE PERFORMANCE

In order to illustrate the performance and some of the character!
istics of the turbine!propeller engine, several cases are presented.
First, the performance of the turbine!propeller system over a range of
flight and engine design!point operating conditions and fixed design!
point component efficiencies is discussed. In general, each set of
design!point operating conditions and component efficiencies represents
a different engine. Second, the characteristics of two specific turbine!
propeller engines with given sets of matched components and their over!
all engine performance as operating conditions are varied are discussed.
For this case, a method is presented for matching components; also the
interrelation between component characteristics and over!all engine
performance is shown.

DESIGN!POINT ENGINES

For the purpose of illustrating the mariner in which the thrust
horsepower per unit mass rate of air flow and specific fuel consumption
are influenced by compressor pressure ratio, combustion!chamber!butlet
temperature, flight speed, and ambient!air temperature, the following
fixed parameters are assumed:

Compressor adiabatic efficiency, T] 0.85

Tubr.ine total efficiency, ть 0.90
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Combustion efficiency, iv 0.96

Propeller efficiency, f\ 0.85

Exhaust!nozzle velocity coefficient, Cy 0.97

Lower heating value of fuel, h, Btu/lb 18,900

Correction factor, с 1.00

The jet velocities in all cases considered were the optimum jet
velocities evaluated from equations (4a) and (4Ъ).

The effect of the mass of fuel added is included in these per!
formance calculations.

The values of component efficiencies and e at the design point
will tend to vary with change in design!point operating conditions. In
the present computation's, the component efficiencies and € were
assumed constant at the values listed. The method illustrated in the
examples for using the charts was followed in evaluating the performance.

The performance .of the system is presented in figure 8; the thrust
horsepower per unit mass rate of air flow (or equivalent propeller shaft
horsepower per unit mass rate of air flow for the static case, VQ = 0)
and the specific fuel consumption are plotted against compressor pressure
ratio for various, values of combustion-chamber-outlet temperature at
several combinations of airplane velocity and ambient-air temperature.
The range of 14 investigated was from 1600°  to 3200°  R, and the
compressor pressure ratios ranged up to 40. Lines for compressor pres-
sure ratios giving maximum thrust horsepower per unit mass rate of air
flow (X = 1) and for minimum specific fuel consumption at any tempera-
ture Ти are included in the!figure.

Performance curves at V
n
 = 0 and tg = 519° R are shown in fig!

ure 8. For this case where the thrust horsepower is zero, the equiva!
lent total shaft power per unit mass rate of air flow F/M

a
 CL and

specific fuel consumption based on equivalent shaft power are plotted
against compressor pressure ratio. The factor a was assumed equal to
4 pounds per horsepower in order to convert the jet thrust into equiva!
lent shaft power. The optimum jet velocity calculated from equation (4b)
for this case is 144 feet per second.

In figures 8(b) and 8(c) are presented curves of thrust horsepower
per unit mass rate of air flow and of specific fuel consumption plotted
against compressor pressure ratio. The optimum jet velocity for both
these cases, computed from equation (4a), is 902 feet per second.
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The curves of figure 8 show that with no limitation on compressor
pressure ratio, thp/Mg, (or equivalent total shaft power per unit mass
rate of air flow when the system is at rest) and lower specific fuel
consumption can Ъе obtained Ъу increasign the 14. At any given T^.

there is an optimum Pg/P]. f°
r
 maximum thp/Ma and an optimum P2/Pi

for minimum Wf/thp. The compressor pressure ratio for minimum specific
fuel consumption is greater than that required for maximum

The effects of flight speed and ambient!air temperature on the
performance of the turbine!propeller system at a given combustion!
chamber!outlet temperature of i960

0
 R are shown in figure 9. In fig!

ure 9(a), the thp/M and Wf/thp are plotted against ambient!air
temperatures at V

Q
 of 367 and 733 'feet per second for the following,

cases:

(a) Compressor pressure ratio chosen to give maximum thp/M
a
 (X=il)

(b) Compressor pressure ratio chosen to. give minimum Wf/thp

At each flight speed, the corresponding optimum jet velocity is used.

This figure shows that to has an important effect on the per!
formance» values; the thp/M

a
 decreases and the specific fuel consumption

increase appreciably as tQ increases. For the given conditions,

the thp/M decreases about 30 percent for both cases (a) and (b) as

t
Q
 increases from 393° to 519° R (the 393° R temperature corresponds to

an NACA standard altitude of 35,332 ft, the start of the tropopause) .
The values of thp/M

a
 for case (a) are about 13 percent greater than

those for case (b) over the range of t
Q
 investigated.

The specific fuel consumption increases about 25 percent for both
cases (a) and (b) as the ambient!air temperature increases from 393° to
519° R. The values of Wf/thp for case (a) are about 10 percent higher
than those for case (b) . It is also evident from figure 9 that increas!
ing flight speed results in only slightly increased values of thp/M

a

and slightly decreased' values of Wf/thp for both cases (a) and (b) .

Over the range of ambient!air temperatures considered, increasing the
flight speed from 367 to 733 feet per second results !in changes in
'thp/Мд and Wf/thp of about 2 percent.

The compressor pressure ratios associated with. the performance
values given in figure 9(a) are presented in figure 9(b) . The large
increase in required pressure ratio from the condition of !• X •» 1 to the
condition of minimum specific fuel, consumption is 'to be noted.
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In figures 8 and 9, it was assumed that the compressor adiabatic
efficiency remains constant at 0.85 regardless of the pressure ratio.
As the desired pressure ratio is increased, however, it becomes increas!
ingly difficult to design a compressor to maintain a high adiabatic
efficiency. A reduction in the compressor adiabatic efficiency with
increase in pressure ratio reduces the gains derived from increase in
pressure ratio and hence reduces the value of the optimum pressure
ratios for maximum thrust horsepower per unit mass rate of air flow and
for minimum specific fuel consumption.

This condition is illustrated in figure 10 in which a turbine!
propeller engine equipped with a multistage axial!flow compressor having
a polytropic efficiency T] of 0.88 is considered. The other para!
meters of the engine are the same as for figure 8(b). Figure 10 shows
the over!all adiabatic efficiency of the. compressor, the specific fuel
consumption, and the thrust horsepower per unit mass rate of air flow
for a range of pressure ratios. The pressure ratio is increased by
adding stages to the compressor. Although the polytropic efficiency is
held constant, the over!all compressor adiabatic efficiency decreases
with increase in pressure ratio. At a pressure ratio of 5, the compres!
sor adiabatic efficiency is 0.85, the value used in the computations for
figures 8 and 9. For the range of T^ shown, the values of P

9
/P!, for

maximum thp/M and minimum Wf/thp are lower for the case when the

reduction in compressor adiabatic efficiency with increased pressure
ratio is considered than those for the case of constant т\ of 0.85.
This change in Po/P!. for maximum' thp/Mĝ  and minimum W^/thp is more

pronounced at the higher value of 14.

The effect of increasing pressure ratio across the turbine on
turbine efficiency is not easily predicted. In the design of a turbine
for greater pressure ratios, the number of turbine stages is usually
increased, and the pressure.ratio per stage is increased, in order to
economize on the size and weight of the turbine. Increasing the number
of turbine stages tends to improve the over!all turbine efficiency
(provided that the efficiency per stage remains the same). However,
increasing the pressure ratio per stage may result in some reduction in
stage efficiency,, which will offset the gains obtained by the increased
number of stages. The net effect on the over!all !turbine efficiency
depends on the compromise between pressure ratio per stage and number of
stages. • ' ' •

ENGINE WITH GIVEN SET OF'MATCHED COMPONENTS

The points on the previous performance curves pertain to a series
of turbine!propeller engines in which the components are changed to
provide the desired characteristics at each point. It is of interest
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to examine over a variety of operating conditions the characteristics
of a turbine!propeller engine having given components.

Two engines are considered in this study. One engine has a
propeller, an axial!flow compressor, and two independent turbines
(divided turbine system); one turbine drives only the compressor and
the other drives only the propeller. The second engine contains the
same components except that the two turbines are connected to provide a
single rotating system (connected turbine system). Components chosen
have performance characteristics, fairly representative of their type and
are not to be interpreted as being the best available. Although the per!
formance of each engine depends on the characteristics of the particular
components chosen, some general trends may be demonstrated by considering
the illustrative case. Plots of the characteristics of the components
and the performance of the turbine!propeller engines incorporating these
components are presented in figures 11 to 18. Calculations of engine
performance were simplified by neglecting the mass of fuel in evaluating
turbine output, by neglecting any losses in transmitting the shaft power
from turbine to propeller, and by assuming the drop in total pressure
through the combustion chamber proportional to the combustionrchamber!
inlet total pressure. The errors introduced by these simplifications
are too small to influence the basic trends illustrated. In the compu!
tation of the performance of the turbine!propeller engine, the following
parameters are assumed:

Combustion efficiency, % 0.96

Exhaust!nozzle velocity coefficient, C
v
 , . . 0.97

Lower heating value of fuel, h, Btu/lb 18,900

In order to simplify the specific fuel consumption plots, the specific
heat at constant pressure of the gases during combustion was assumed to
be a function only of T

4
/T!,.

Compressor characteristics. ! The conventional presentation of the
performance curves for an illustrative 8!stage axial!flow compressor is
given in figure 11. Values of Pg/Pv т\

с
>
 and K

c

 are
 plotted against

the Мя\/^т7
0
т
 for

 various values of U
C
/V̂ 7'

 The sli
P factor is

defined as
550 hp

r

K
c
 1 (10)

• M
a
 U

c

2

At a given U
C
/*Ĵ ~, reducing the МдД/̂ l"/

5
!

 Ъу tlar
ottling the

compressor outlet first results in a very rapid increase in pressure
ratio and efficiency and then a more gradual increase in these parameters
to peak values. Excessive throttling to the position indicated by the
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surge line results in stalling of the. compressor, which is accompanied
by surging of the.,air flow. It,is to be noted that operation at higher,
tip speeds is limited to narrower ranges of mass flow.

Turbine characteristics. ! The performance characteristics of a
typical single!stage turbine with moderate reaction are shown in fig! ,._
ure 12. The mass!flow factor ofthe gas through the tufbine'ls plotted
in figure 12(a.) .against P̂ /Pc! for various values of U.!./V. , .

 :
.The_.

 r

turbine jet velocity V
t
 д_ is defined as the theoretical'jet'velocity"

developed by the gas expanding isentropically through the turbine nozzle
from turbine!inlet total temperature and pressure to turbine!outlet

static pressure. The values of the upper abscissa VV i/V®4 corres!.

ponding to the values of

V
t,l

are obtained from the !velocity equation

The values of the upper ordinate M
g
 Vo. !, /64. are obtained .from the

product of Mo! V ^ S A
 an<

3! V. !,/V®4*
:
 ^or pressure ratios across the

turbine greater than 2.54, the value of ML V ®л/Ьл .
is
 constant (that

is, choking occurs at the turbine nozzle). !The turbine total .efficiency
т) is principally a function of U

t
 i/V

t
 !, and, to a lesser extent,

a function of the pressure ratio across the turbine and the Reynolds
number; r\±, ^ is defined as

550 hp
t
 !

M

.

'(Ha)

2
 V
t,l

The relation between total efficiency, blade!to!jet speed ratio," and'
pressure ratio ,is,given ib:figure 12(b); the Reynolds number effect is
omitted in this analysis.. The turbine shaft efficiency л

1
. !, also
Б, !L

shown in figure 12(Ъ) is defined as'", . " '
 ;>

•'550
•n

1

/1 t,l ! I
:Д

V .."•: f
 M
e
v
t I

2

С В ", !1!

(lib)

In this definition the turbine is not credited with the kinetic power
corresponding to the average axial .velocity of the gas at the turbine
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V t Т
discharge. In the plot of — !A against U

t
 !̂ /у! !, in figure 12(b),

111 t,, 1 •

the effect of Р
д
/Рсг is!so slight that only a. single curve is shown.

The parameters r; т£ and ГОЛ. !i/S, are "useful in evaluatingU
t,l/

V
t,l 8 t,l/ 4.

turbine operating conditions for a given turbine work output and compres!
sor operating conditions.

Gas generator. ! The combination of compressor, combustor, and
turbine which drives the compressor is referred to as the gas generator.
It converts the heat energy from the fuel to energy available in high!
temperature, pressurized gases to be used in a second turbine to drive
the propeller and to provide jet power!'.

When the compressor and the turbine of the gas generator are
matched, it is necessary that the mass flows through the components be
consistent (that is, the gas flow through the turbine equal the sum of
the air flow through the compressor and the fuel flow) and that the
compressor work required equal the turbine work output. The compressor
and the turbine sizes' are so adjusted that desired mass!flow factors
through the components are obtained when the compressor is operating at
its design point and design turbine!inlet to compressor!inlet temperature
ratio Тд/T!i is maintained. The turbine of figure 12 is matched with

the compressor of figure 11 for a design!point temperature ratio
T
A
/T!i of 4.23 and a design compressor pressure ratio Pg/Pi °^ 5.1 at

a tip speed factor и
с
/Л/9̂  of 1062 ' feet per second. These conditions

permit operation sufficiently far from the compressor surge line to
insure stable operation of the gas generator over a wide range of con!
ditions off the design point. .

Lines of constant temperature ratio T./T, for the matched turbine

and compressor are shown superimposed on compressor characteristics in
figure 13(a). If the difference between M

a
 and ...ML (due to added

fuel is neglected), the. following identity can be written:

If r represents the ratio of the drop in combustion!chamber total
pressure to the compressor!outlet total pressure, then

P
2 !

 P
4 ! rPg
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or

P
4
 = (l!r)P

2

Hence,

or

In operating regions where choking of the flow occurs at the turbine

nozzle, the value Of М„ Ŷ 4/̂ 4 becomes constant (for example, for

pressure ratios PA/PR greater than 2.54 for the turbine shown in
 :

fig. 12 (a)). When this constant value of Mg'\fê /b, is substituted

into equation (12) and a value is assumed for r, it is possible to

compute the value T̂ /Tj at any value of М„ Л/0.,/6!1 and the corres!

ponding Pp/P., • in the nonchoking region, the value of M Л/07/6
4
 is

not so easily determined and the more general method described in
appendix С is used.

It is evident from the lines of constant Т /Ч , that at any given

rotative speed and compressor!inlet temperature T!,, increasing the

combustion!chamber!outlet temperature T/ is equivalent to throttling

the compressor. This increase in T^ causes an increase in compressor

pressure ratio and decreases the mass!flow factor. Excessive combustion!
chamber!outlet temperature may carry operation into the surge zone.

Lines of constant M
g
 Аб/бд are also plotted on the gas!generator

operating curves (fig. 13) because these curves link the operation of the
second turbine with that of the gas generator. If the difference between
M
a
 and Mr, is again neglected, the following identity can be written:

At any operating point, the quantities M
a
 /\Гб̂ /&±, Т̂ /Т!р and

, can be read and Рд/Рт computed from



28 WACA TN 2653'

The corresponding values of ?£/?$ and T5/T4 are determined by the
method described in appendix C, and the corresponding M V%/55 is

evaluated from equation ('13 ).

For the gas-generator combination, the compressor power is equal
to the turbine power; hence, from equations (10) and (ll) and again
from the assumption that_ Ma and Mg are equal,

(14)

ahd

The ratio of compressor tip speed Uc to the turbine-blade speed
U + -i is a constant for any given engine. Thus, any value of Knw, X ', ' ^

V. \2

determines the value of Т Ч !\[ • ' } and, from figure 12(b), determines

'the value of IL. i./V
t
 !п from which the .values of .iu '!\ and TJ', , can

be obtained, !when the effect of pressure ratio across the tin!bine .is
neglected. A value of' ,.U

c
/U

t
. ]_ equal to 1.0 was chosen for the engine.

For the compressor shown in figure 11, the variation in the value of KC

over the entire operating range was from 1.5 to 2.1. The corresponding
variation in' IL. '!j /V. !, was small enough'so that the" turbine operated

at nearly constant efficiency over the entire operating range of the gas
generator. ! , , . . ' , . . . . . ! '

Matching'.second turbine. ."! For operatipn at a given flight ,Mach
number, a characteristic of the gas generator is that along a given

U /1/07 line the pressure ratio available for further expansion at the

inlet to the second turbine _. Рц/Рг) decreases as.
:
 .Mg Л я & 5 increases.

This trend is shown in 'figure 13(b) (,f or • Y =^0rlp) and figure 13(c)
(for Y = 0), which are plots 'of "the gas!generator 'operating character!

istics showing lines of M
g
 l / B c (which are independent of flight

speed) and lines of 'Pq/Pn' (which are a function of 'flight speed).

The possible operating range on figure 13 is located between the surge
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line and the line of! limiting values of Mg V®5/^5 permitted Ъу the

second .turbine. Any limiting value of M
e
'\/0t/65 is the value of the

mass!flow factor through the second turbine when the pressure ratio
across the turbine is equal to the maximum pressure ratio available
PC/PA •' I*'

 is
 evident that the second turbine should be designed to

' r~̂ ~ i '
permit limiting values of М„\/

0
5/

б
5 • sufficiently large to provide the

engine with a reasonable range of operation on the gas!generator plot.

The increase in M
g
 ̂ 5̂/̂ 5

 is
 accomplished by increasing the second

turbine !nozzle area. Excessive increase 'in turbine!nozzle area should

be avoided, however, because for a given M
g
\/%/65 (as set by the gas

generator) .a reduction in pressure, ratio required across the second
turbine results, which is accompanied by a reduction in the power obtain!
able from this turbine. An inefficient distribution of power between
the propeller and the exhaust jet may 'result. The second turbine!nozzle
area chosen for design operating conditions should be the best compromise
between extent of operation and efficiency of power distribution between
the propeller and the exhaust jet.

The characteristics of the second turbine which drives the propeller
are shown in figure 14. They are similar to those of the turbine driving
the compressor (fig. 12) except that the maximum values of the mass!flow
factor are different for both turbines.

Matching propeller. ! The problem of propeller matching involves
mainly the selection of proper propeller size! and proper relation between
propeller and "turbine speeds so that the propeller will have a high
efficiency at engine design conditions and maintain high' efficiency over
a wide range of off !design engine operation.! A value of U

t
 g/N!n^' based

on reasonable estimates of turbine pitch!line diameter and gear reduction
ratio between the turbine and the propeller, is chosen. This value of
U.£' 2/N ' when once 'fixed for a given- engine determines the value of
ND/V̂ T f°r'anv engine operating condition (U,- 2/Vt 2 and Vt o/V̂ l" ;

being known for -that operating condition) and affects, the manner in
which propeller, efficiency varies with changing" engine operating -. -
conditions. At any operating condition of the engine, the flight speed
factor V' l̂ ^-s known and "the propeller- shaft horsepower factor

hp / л б б ! , . can be evaluated. ' Fixing the values of propeller diameter

Dp and U
t
 2/̂ r» (and hence) И̂ /л/б!,) determines the values of power

coefficient C! and advance ratio V
O
/N 'D^ at every operating point;

these values in turn determine the propeller efficiency. The .variation
of propeller efficiency with engine' operating conditions depends on the
values of Ib and U^ 2/

N
2 'selected. Therefore, the propeller diameter
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D and, to some extent, the value !of ' U^. z/N~ are adjusted by trial

until a good compromise of propeller efficiency 'and engine operating
range is obtained. Reference 6 presents a similar _and more detailed
discussion of matching a propeller to a turbine for the same type! engine
considered here. Figure 15 shows the characteristics of a high! efficiency
f.our!bladed propeller! at flight Mach numbers of 0.55 and 0.70. Values of
the power coefficient C

D
 are plotted against the advance ratio VQ/

for various values of propeller efficiency and bla;de angle. The pro!
peller efficiency is largely dependent on tip Mach number and drops off
rapidly when a value of, !tip Mach number slightly greater than 1 is ...
exceeded. The maximum. efficiencies range from about 0.93. at flight Mach
number of 0.!55 to about 0.88 at flight Mach number of 0.70. At higher
flight Mach numbers, because tip Mach numbers greater' than 1 are almost
always encountered, lower efficiencies exist. The values of propeller
efficiency presented in figure 15 are.! based on. actual shaft power input

 !

to the propeller and do not include losses involved in the transmission
of power from turbine. to propeller. • • ! ; • . , .

Performance of engine with divided turbine. system. ! Any !point: on
the plot in figure 13 represents the gas generator operating at a given

set of conditions such as U
c
/ О/б̂ ", ' M

a
 А/б]7

5
1> Т̂ /Т!̂  Po/P!,; and

M
<r AS/SS

 a
*
 ап
У point is fixed; it is therefore

evident from figure 14(a) that the 'second turbine, if !unchoked, can operate
only over a range of definite combinations of U^. 2 At 2

 an<
^ ŝ/Pfi'

Hence, for every point on the gas!generator curve the second
1
 turbine can

operate over an extent of pressure ratio PS/PS
 an

u corresponding

IL. 2 At 2' *ke P°
wer
 output of the turbine, the turbine efficiency, the

jet power of the engine, the propeller speed, and. the propeller '.efficiency,
all vary accordingly.

When the mass !flow factor M
R
 /1/65/65 is the maximum value that the

second turbine can attain (in other words the flow through the turbine
is choked) , the pressure ratio across the turbine is independent of
U
t
 2 At 2 (

see
 fi&! 14(

a
))' Thus any point on the gas!generator plot

along this choking M_ 4%^s line corresponds to operation at any

combination of U
t 2
At 2

 and p
5/Ps' (

The
 quantity PS/PS .may have

any value equal to or greater than that required for choking !but not
appreciably !greater than the available Рс/Р

п
 at the operating point.

The case In which pg is less than p
n
 is possible^ however, it

necessitates a diff user to discharge the gas from the turbine outlet to •
the atmosphere and is generally not a desirable condition.)
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The value of M
e
Y05/65 which gives choked flow in the second

turbine sets one. of the limits on the possible operating region in fig!
ure 13(a). . For the turbine under consideration (fig. 14), the maximum

value of MgV%/Oc! is 0.60 slugs per second and hence all points in

figure 13(a)! at values of M
g
 A/%7̂ 5 greater than 0.60 slugs per second

are unattainable. Furthermore, in order to attain this choked flow, the
available Рц/Р̂  must be equal to or greater than the choking pressure

ratio 2.54 given in figure 14(a). Figure 13(b) shows the pressure ratios
P
5
/p

0
 corresponding to figure 13(a) and Y = 0.10 (Mach number, 0.71).

The point S marks the intersection of the line of Мр^/бГ/Ьз =0.60

slugs per second line with the line of PS/PQ = 2.54. All points on the

line of М
е
Л/ 65/65 =0.60 slugs per second to the right of point S have

values" of Pc!/p
o
 greater than 2.54 and hence are attainable conditions.

To the left of point S in figure 13(b), the line of M
ff
V<W

5
5 = 0!

6

slugs .per second intersects values of PS/PQ less than 2.54 and hence! is

an unattainable condition (if p., is limited to values equal to or

greater than p
n
). Figure 14 indicates that in. this region the attainable

value of МгЛ/бсг/бсг depends on the values of P
s
/p

fi
 and U

t
 p/

V
t 2*

The dashed curve in figure 13(b) gives the maximum attainable value of

M
g
A/0T7&5 corresponding to the • condition U+ ?/

v
t 2

 =
 0!5 !(at which the

efficiency of the second turbine is a maximum). The region in figure .13(b)

between the line of maximum attainable М„А/бГ/5сг and the surge line is

the possible operating range for the combination of turbines chosen in
this illustration at Y = 0.10. The dashed curve !can be shifted somewhat
by choosing a different value of IL o/

v
t 2*

The conditions of figure 13(c) correspond to those of figure 13(a)
and zero flight speed (Y = 0) . In this case! all values of PS/PQ shown

are less than 2.54 and the choked condition in the second turbine is not

attained. The dashed "curve is again the upper limit on the value of

MgV%/05 for U
t
 g/̂ t 2 **• 0.50 arid operation for this flight condition

is limited to the narrow strip between the dashed line and the" surge line.

The permissible operational, region discussed in connection with
figure 13 will now be discussed in greater detail.

A plot showing the relation between operating parameters of the
second turbine and the gas generator is shown in figure 16. The blade!
to!jet speed ratio IL. gAt 2 ^

s
 Plotted! against PcYp

fi
 for lines of
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constant T4/T̂  or M
a
 1/̂ i/̂ l ' FiSure 16(a) i's 'fbrv!a constant tip speed

factor of 1062 feet per second:/ Every point ori!the' gas!generator plot'!!'
(fig. 13) at this value .of tip!speed factor has a

1
 unique' value of '

 :

M
aV%V°l

 and
 •

 T
4/

T
1

 and
 is !represented by a line of operation on the

engine operating plot of /figure 16(a)
;
. "This characteristic! is! evident, л .

from the previous discussion, in which it was jshown, that ;there_ is a
series of combinations of". tL 2 At 2

 a1
?̂  5̂/̂ 6 corresponding ;Ьо'Геуегу.

point on the gas!generator plot. . The region 'in figure 16(a) at, .pressure
ratios PS/PS °f 2.54 'and 'greater '(in which the second turbine' 'is' '";

J

choked) corresponds !to operation at the point in figure is'bn the
 :

 '•"
и
с
/и/0 =̂ 1062 feet per 'second line where MgVeO&s = 6". 6.6 slugs' per '

 :

second. • ' • • • ; . ' . ' . • < • • . : ! . • . !• ;; !!г!!.,,? !г!.. !\ :,<: ;\

The operation!limit lines at which the" entire Pcr/p
n
 .available

" . ' ! , !! O? U . . !™ ~ъ.

equals Pg/pg, for flight Mach numbers equal to 0 (Y = 0)/ 0.55

(Y = 0.06),, and 0.70 (Y = 0.. 10), are .also shown on .f
:
igure

;
.!16(a!),;, operation

is possible'between the surge line and these 'limit lines for the ̂ specified
Mach number. It is noted that for zero flight' sp'eed (Y = 0) the"" P̂ Pn
available is never great enough to obtain choked flow'through! the second'
turbine. Figure 16(b). is similar to, figure 16(a).except, that;the !,
compressor!tip!speed factor is 1006 feet per second. Because the avail!

able P̂ /PO *
s
 l°

wer a
t this lower W /

I
\fo7, the range of operation, of.

the turbine at the same flight Mach numbers is smaller. .! ~;,\

The over!all performance values of the engine which have been!super!
imposed on figure 16 are shown in figure 17. .The values of, the; total!. •.

thr.ust!horsepower factor thp/'l/07S!
j
, . the specific fuel: consumption,.• .,

 ;

the'propeller efficiency T]_L, and second turbine efficiency "П̂ 2~ "'

at any values of Uj. p/V+. о and! P.!/P., are shown in'figure 17(a) foru,£' \i}c. 5' 6

Y = 0.10 (Mach number, 0.70) and compressor-tip-speed factor' of. 10.62 feet
per second. Figure 17(b) is for- U //\/07 = 1062 feet';per second and' '-'-'
Y = 0.06 (Mach number) 0.55); figure 17(c) for UC/Ŷ '= Io06 feet'per '
second and 'Y ='0.10>:ahd figure 17(d) for Uc/4/07 =' 1006 feet perjj.

second, and Y = 0.06. "The curves of .Tjt ?> which:1 are functions1 of
U*. 2At 2 arl(^ !̂ 5/Рб °п!1у,'"are the'same for 'all' plots of figure 17 and'

hence are given only in figure. 17(a).!. .To evaluate ,the!values! of .jip!,

values of Dp = 13 feet and U
t̂ 2
/Np'= 80 '(ft/sec)/rps were'selected!!,• "

for the., engine.
 (

. , , . ! . ! .... ... . •!• ,\

! • . ; ' j. ••" ! .'. !. !. !!• ': .:• ! ! . . ! ! ! , , ! ! . !!Л ••'; •' .!.! ,'.!.'

' These.figures.show the effect of varying Р
5
/р

6

;
!
т
 and! !U+̂ o'Ai

 2
 '!•ofi

the over!all performance of the engine. In the range of values of
U.(. 2At 2

 from
 0.45 to 0.60 and over the entire range of values of

P
5
/P

6
 shown in figure 17, the maximum variation in thp/л/̂ б! is



NACA Tfl 2653 . 33

about 15 percent and the maximum variation in "specific fuel consumption,
about 20

;
 percent. In this ran'ge of values of IK p/̂ t 2 (0.45 to 0.60)

and Pc/Pgj the values of turbine efficiency and !propeller efficiency do

not vary appreciably. At low values of P
5
/P

6
 the pover output is

large mainly because the operating T./T, is high.'' However, the per!
. ! ^ l * ! ! , .> * . ! ' • • • % . '

centage of propeller shaft power to total.power available as useful work
is much less than the optimum value. Increasing.. Р

ц
/Рс. .improves the

efficiency of the power distribution between the propeller and the 'jet,.,.,
which together with an accompanying improvement in compressor efficiency
leads to decreased' specific fuel consumption of the" engine. "

The effect of flight speed on performance factors is slight at'both
tip!speed factor's shown. The total!thrust!horsepower'factor increases
slightly, and the specific fuel consumption decreases slightly with !increased
flight speed. It should be noted that, inasmuch as the factors 9!^ .and
5!i . both, increase with flight, speed, the values of thrust horsepower

increase much more than the values of thp/A/eTs!i'. At a given M
a
</ 9, /5!,

or Тд/Тп the specific fuel consumption decreases, mainly because of

operation at higher values of T^ as flight speed increases. At the ,'
lower flight speed, the propeller .efficiency is less sensitive to a
change in operating conditions and remains at a. higher value over a large
part of the operating range shown in figure 17.

.The thrust!horsepower factor drops'off'rapidly as compressor!tip^!• •
speed.factor is reduced from.1062 to 1006 feet per..second. This decrease
is due to operation in a region of lower T./T!,, lower mass!flow factors,.

and lower compressor /pressure ratios. The specific fuel consumption !a'ls'o
suffers when tip!speed factor is reduced, mainly because!of•the accompany!
ing ._decreases in compressor .pressure ratio'and Т/УТт. !At a tip!speed!

fa'cto'r of 1062 feet per secondhand 'Y'= 0.10, an optimum specific fuel
consumption of about 0.60 pound per thrust horsepower!hour is obtained!
and "the .corresponding thrustThorsepower' factor is about 2700"horsepower^,

At U
c
/A/^i

 of
. 1006 feet per/second and Y = 0..10,, the optimum specific

fuel consumption is about 0.64 pound per thrust horsepower!hour, and the •
corresponding thrust!horsepower factor about 2200 horsepower.

.The rapid drop in thrust!horsepower, factor .with cpmpressorrtipr' !.! ..
speed factor is even more pronounced at the .lower'. tip

r
speed factors ,.

because the 'propeller is unsui'ted' to handle efficiently !the "low shaft
powers that, accompany the!lower tip!speed!factors £this--'characteris'tic
is not .evident from engine-performance figuresvwMch-. are ,-presented only
•for values of и

с
/Д/0̂  of 1062 and 1002 ft/sec)._ ..This. obseryatio.n

emphasizes ;the< fact that this itypei of, !engine! !i's'i v.ery!largely :a .maximum!
compressor^tip!speed engine. .The

 r
use. .of

h
 a .free!whee_ling. turbine .to, dr.iye
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the propeller permits a wider! range of propeller operating, parameters...
 :
 .

for'given engine operating conditions than.!does the single!turbine, engine
because the speed of the second turbine is independent of cpmpressor
speed. Better propeller performance can 'thereby be'obtained.

„In order to obtain the' operating ranges .shown in the. plots!of fig!.
ures'13 and 17, a variable!area!exhaust nozzle is required. The effec!
tive exhaust!nozzle area" corresponding to" design" conditions '•' ! ! , ! • . ' •

(
U
c/V^l"

= 1062 ft
/
sec
>

 Т
4У

Т
1~= 4!23, P2/

P
1 ! '

5
'1>

 U
t 2/

V
t 2 !"0.50,

and Pq/pb ='2.6' at Y = O'i.10) is 1.08 'square 'feet. 'This constant!area
. .! ' ,! '! • . . . * , , . ' . •• !'''.*, •' " , ! ' • • ' ' 4. • •' ' '!• '

line of operation, is. included on.figure,17.. At any given.flight Mach .
number, each point on the gas!generator plot has a small range of
exhaust!nozzle areas, associated,with it. Conversely,

;
at any flight

Mach number each.exhaust!nozzle area corresponds to a small range!of . •

operation .along any U
c
/y07 line on figure!

;
13. !The entire region "of

•• . ! I ••;'•.••, . ! " • ' • • '' •
operation for' constant" exhaust!nozzle area A

n
 ! 1.08 square feet .over

a range of" compressor!tip!speed factors' is included between the dashed
curves, in figure 13(a) for Y'='0.10. Figure 17 shows that the design
nozzle area of 1.08 square feet, allows.operation at,almost optimum!. '
engine efficiency for the ranges of compressor!tip!speed factor from .
1006 to 1062 feet per second and of ,Y from 0.06 to 0.10 but at powers
lower than maximum/ The yariable'!area nozzle allows a much wider choice
of''combinations of economy and power .than the fixed!area nozzle., ..."

Temperature!stress limitations. ! An important consideration in the
determination'of engine operating limits is the limitation due to excessive
stresses in the turbine blades, which is a function of turbine pitch!line
velocity, turbine!inlet temperature, and turbine design."' The stresses in
turbine blades are discussed in!reference <7 for a range of p'itch!line
velocities for various turbine!blade designs and turbine sizes/ .Refer!
ence 8 shows the allowable stress of several turbine blade materials!as
a function of temperature. In plots similar to figures 13 and 17, these
factors, must be taken into account .in determining the regions of oper!.
ation. Inasmuch as the value of the temperature at the turbine inlets .
for given temperature ratios Тл/Ti and T5/Tn will vary with ! T^, the
limits of the'operating regions imposed by strength "considerations on
these plots are functions of T!. . • ' ' ' . , '

The second turbine in the case of the divided turbine system can
operate over a range of pitch!line velocities (or U

t
 o/̂ t 2^

 a
*

 anv

inlet temperature 15. Therefore, at any Тд/Тл or T
5
/T!i there .may

be some maximum value of . U^ 2/̂ t 2 •• ЪЪ&А cannot be exceeded because of

stress limitiationsj this maximum"value"increases as .15 decreases.

At lower values of compressor!tip!speed factor, the problem of limitation
due

 :
to excessive stresses! diminishes, particularly' for the first turbine,

which'has a pitch!line'velocity "directly proportional to и
с
/л70!, .
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.
 :
 . Performance 'of engine! with connected! turbine system. ! The engine

 :
'

•with both turbines! connected .is .restricted to a fixed 'relation between
turbine .pitchy line velocity. U

t
! 2

 an
^ compressor tip,,! speed U

c
i How^!

ever, the power out of the first stage, (the first, turbine in the; engine, !
with divided turbine system) is no longer limited to being equal to
compressor' power; Some characteristics associated with the removal of
the limit on turbine power distribution will now be. discussed.

! • !At !any. operating point on !'the compressor "map ( such
 J
as

;
 fig. "13) > '!

!
ttie

corresponding values of T̂ /T̂ , М
8
У"б^/5

4
, and' М„ ̂Г9

5
/Ь

5
 depend!, on "the

power .output.. of. the first turbine. When this ; power output is prescribed
as in the' case of the engine with divided turbine system (where the ......
power output is always '.equal 'to the compressor power), these 'factors' are

all' determined at'! every point. At a given M
e
 У 0c/5

5
, the power 'output'

of the second !turbine (or second stage) 'is limited by the range of ...,
PA/pg possible at 'this massif low factor' (see 'fig. 14) . yhen the ..engine
with a divided !turbine system is operating 'at a given compressor, ̂po
it is thus! limited to a range "'of power' output of the second turbine

which !depends on' the corresponding' value of ' M g y o q . The "adjustment '

of' 'the distribution of the available power between the propeller and
' exhaust !nozzle jet is thus often limited and !a low

1
 over !all engine

efficiency may result at some off !design!point conditions.
1
 On' the !other

hand, when the engine with connected turbines operates at a giveri ' " "
compressor point,, the values of T,/T

n
 'and !Р//Рц can be varied

to !give variable power output from the first turbine stage, .by an '
adjustment in fuel flow, exhaust!nozzle area, 'and '!propeller blade angle.
!This variation also leads to 'a range of values 'of М

й
 1/65/05' that

 :

correspond to the !given 'compressor' operating 'point; hence, a larger
range of power "output may be !obtained from the .second turbine stage. .
Power extraction from both turbines may then 'be adjusted to' give more
economical distribution of available power between propeller arid exhaust
jet than is possible with the divided turbine system, particularly at
off !design operation. • . ! ' . ' • " • •!

•Included in figure 17 are line's of operation for !constant' ' .
U
c
/Ui g == 1!0., This, condition pertains to '!the operating line of! 'an.! :.!

engine with the given !connected' turbine system. having a fixed! 'relation! •
between U^ 2

 an(
^ ^c

 and
! "^^ ^

е
 power output of the first stage

turbine equal to the' compressor' power". 'Figures' 18(a') and 18(b) are!
performance'' plots 'of! the engine ''similar! ''to that' of figure '17 (a)' except"
that the power! output "of! the 'first; 'turbine

 :
 is 3 and 7 .percent 'greater," '•

respectively; !'than! the" compressor power!.'! 'These !increases in power 'out!
put of "the first, .stage!' turbine "ar e!' 'obtained'

1
 by 'increasing !the" combustioh!

chamberroutlet., itemperatur'e.,! T^. and! adjusting the! exhaust!nozzle!
 ;
 area

 v

and ,the. propeller pitchj;;ther.. range:, of ..values! of the ̂ increase in! turbine . •
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power is limited to avoid!.exceeding .appreciably!, the design value of T^.

Operating conditions for these'plots are the. :same as for figure 17(a),

namely! Y = 0.10 and HQ/'̂ Ĵ  = 1062 feet
;
per second!. Lines'of oper!

ation at.
1
 и /Uo. о = 1.0

 p
'are again located'on these plots and represent

the case of the engine with connected turbines under consideration. . .

The operating lines for U
Q
/U

t 2
 =1.0 of figures 17(a), 18(a), and

18(b), and. the corresponding engine performance, are shown on,a.single
plot in figure 18(c). This figure shows the effect on total power and
specific 'fuel consumption due to varying the values of the ratio"of the
power output of the first turbine to the compressor power hp

t
 /̂hp

from 1.00 "to 1.07. .Operation over this range of values of hp
t
 т/Ьр

с
...

is possible for!the engine with connected turbines, whereas the divided
turbine system limits engine operation to a value of hp^ ̂ /hp = 1.00.

Figures 17(a) and 18 '.show, that the engine with .connected turbine system
can!achieve high power'increases and' maintain good economy by increasing
the value'of T̂ /T̂ . This desirable performance characteristic is pos!

sible because efficient distribution .of power between propeller and jet
is obtained' at higher temperature ratios by extracting more power from the

first turb'ine stage, which (by causing a higher value of M
g
 Л/%/&5> which

is accompanied by an increase in pressure differential across the second
turbine) permits greater power output from the second turbine. For the
engine with, connected turbines illustrated, approximately a 20!percent
increase in the total power output is obtained by increasing the T//T!,

from 4.23 (the design!point value) to 4.89 and increasing the value of
hp̂ . i/hp from 1 to 1.07 with an increase in specific fuel .consumption of

only 1 percent. On the other hand, the. engine with a divided turbine
achieves an increase in total power of about 5 percent for this same change
in T4/Tn ' (see fig. 17(a)), while the specific fuel consumption increases
about 17 percent. .! . . ' , . . • !

For the conditions shown in figures 17(a) and 18, the propeller,
and turbine efficiencies for the engine with the connected turbines are
not appreciably decreased by restrictions imposed by the fixed relation

among U , U
t
! д_, and U+

 2

 for tne
 !interesting operating range. (The

. turbine efficiencies in fig.!17(
;
a) apply to fig!. 18.) ' • ! , . . ! .

Operation over the entire region .shown in figure 18(c) requires a!j
variable!area nozzle. 'The line, of constant A

n
 of 1.08 square feet is

included in this figure.. For the particular operating conditions
covered in this figure, it is

(1
!seen that this constant exhaust!nozzle!,

area permits, operation to,be maintained at best
;
efficiency for a range ,

of powers including maximum power., !.With A
n
'! of! 1!.08 square feet, the

engine with a connected turbine, can operate! at "' U
c
/!*/0T" = 1062 feet per
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second from the surge line to the limiting line at which M
0.60 slug per second. At other values of compressor-tip- speed factor,,
the region of operation on the compressor map with constant-area exhaust
nozzle is much greater for the engine with a connected turbine than for
the engine with a divided turbine.

SUMMARY OF RESULTS .

For a series of turbine-propeller engines in which the appropriate
components are used to give the design point conditions and eff iciencies,
the following results were obtained:

1. At a given set of operating conditions , maximum thrust per unit
mass rate of air flow and maximum thrust horsepower per unit mass rate
of air flow occurred at a lower compressor pressure ratio than that for
minimum specific fuel consumption.

2. An increase in combustion-chamber-outlet temperature caused an
increase in power output per unit mass rate of air flow. Improved
specific fuel consumption was obtained with increased combustion-chamber-
outlet temperature, provided that the compressor pressure ratio is
correspondingly increased. -

3. An optimum jet velocity existed which gives best distribution
between propeller shaft power and jet power for maximum thrust horse-
power and efficiency. • . :

The following results were obtained from a study of two turbine-
propeller engines, one engine having a divided turbine system in which
the first turbine drives only the compressor and the second turbine
independently drives the propeller, and the other engine having a
connected turbine system driving both compressor and propeller:

1. The connected turbine system offers greater" adjustment of
distribution of available power to the propeller shaft and the exhaust-
nozzle jet thereby permitting more "efficient power distribution at. off-
design-point operation.

2. The divided turbine system offers more flexible control of
component rotative speeds, which enables speed adjustment giving best
combination of turbine and propeller efficiencies.

3. When equipped with a constant-area exhaust nozzle, the engine
with the divided turbine system is limited to a very narrow region of
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operation on the compressor operating diagram, whereas the engine with
the connected turbine system is capable of a wide range of compressor
operation.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, August 2, 1951
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APPENDIX A

. DERIVATION OF PERFORMANCE EQUATIONS AND'MISCELLANEOUS EXPRESSIONS

In addition to those symbols previously !listed, the following
symbols are used in these derivations:

Op average specific heat at constant pressure of gases during
combustion process, Btu/(slug)(°F)

This term, vhen used with the temperature change during combustion,
is used to determine fuel consumption.

H^ enthalpy of.air !corresponding to ambient!air temperature t
o
,

• Btu/slug'. ; • ' • ' ' • . ' . ' • • . ! .

Hp enthalpy of air corresponding to compressor!outlet total tempera!
ture Tgj Btu/slug

0̂

R

X'

free!stream total pressure, Ib/sq! ft absolute

gas constant of air^ 1716 ft!lb/(slug)(°F) !

gas constant of exhaust gas,.ft!lb/(slug)(°F)

" P2/P1 '«factor equal to
W^ref

V1

or (X) a

ideal work for adiabatic !process, ft!lb/slug ..

The jet velocity is given by'

Vv
1 ! 7Г1

' .550 hp
t

v
1

•V1

.' _". .° .1 !

(Al)

(A2)
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and when the last term is expanded into a series,

V1

(A3)

for small

!
By the use of equations (A2) and (A3)>

!p.s

Let

v
1

J! ~ 1 гэ

2 У V V V . Г

8 У Р 2

"P.* 8
К

(А4)

(AS)!

and

c
p,a • \.p27

К
1
 я (A6)

:/po
Ta

When equations (A4) to (Аб) are. used in equation (Al),

V.2
J

n 2

• !. v!1'
' a

К ! s!
550 hpt

(A?)
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Define

(A8)

The total temperature at the compressor inlet (which is equal to the
total temperature of the inlet air) is .

T
l = *0

(А9)

The ratio of the ideal stagnation pressure P
0
 to ambient!air pressure is

.г„!1
'О
P
0

(1+Y) . (A10)

The ratio of the actual total pressure at compressor inlet to
ambient!air pressure is :

•о

from which

Г !1а

ДР.
1 +

(All)

(А12)

The compressor shaft horsepower expressed as a function of
compressor!inlet temperature and pressure ratio is

r
a
!i

rj !
1

550 л (А13)

where the specific heats of air during the compression process are
assumed constant. Because of this assumption, the value of the
compressor shaft power calculated from equation (A13) for a given
pressure ratio, inlet temperature, and efficiency is slightly greater
than the actual compressor power. The deviation increases with
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increasing pressure ratio and inlet temperature . For values of T!i ! up.
;to 550° R and Pp/Pi •••

U
P to.. 40, ;thfe! maximum error in compressor poyer

is about 1 percent.

Define
550 hp

c
! : . . . ., . . •

Z! : • •>' ' ! . • (A14)

so that substituting equations '(A9) and;(A14) into equation (A13) results
in

Г
а
 . T

a
 . .

Equations (A12) and (A15) are combined so that

which is accurate for small values of , ДР^/Рт.

From equations (A16) and (A17)

' Го!i ' ' /Го!!'a
_ Y + TI Z ! --£—

V1

(Д) • Ц. Y Л,» !
 (А16)

and expanding gives

^dV
a
 _

 1 +
 l£î  (A17)

(MB)

When equations (A16) to (A18) are substituted into equation (A7),
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2 ,̂а Т4

„ Г»'1г !+ TlcZ!~~

1 + Y + T)CZ

/Га!1\ЛР 2[
1 +

К '( U
га УР2 \ 1 + Y + ncZ

550
(A19)

AP
d
 AP

2
The term involving the product of the pressure!drop ratios !— !—

/ v !
 2

can be neglected, so that equation (A19) becomes

Vf 2jCr. . Т4J Р>а *

Cv2
 = (l+Y+tlcZ)

г
я
!

a l a 2

550 hp
t

I M
a
(l

+
f )

The factor € is defined by the equation

(A20)

Y + Л Z 550 hp
t

(A21)

from vhich

€ = К ! К
We*

! К
1 /ra!i

а

Equation (A2l) can be rewritten

"а \ "О 550
(A23)
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The thrust 'horsepower !developed.. Ъу the propeller/ is:
! ! ! ••! . ! ! '

th!Pp /bp
t
 ЬрД

м
а

 я
 Ъ ̂  м

а
 ! м

а/
|

and substituting equations (A14) and (A23).in. (A24)

M
a 550

V

— €
+ Y + л Z

'
c

The thrust horsepower developed by the jet is

thp

(A24)

! Z (A25)

(A26!)

The total thrust horsepower of the engine is the sum of the propeller
thrust horsepower and jet!thrust horsepower; thus, from equations (A25)
and (A26) ! ' ! , . ! '

thp

550
Ti

t
(i+f) _i с

! V
0
J ̂

(A27)

Optimum Jet Velocity and т] Z for Maximum thp/M
a

For given values of. V
n
, т] , т\,,.т\ , Ти, .t r,. arid С and assuming

that the component efficiencies and С remain constant as T) Z and V^

vary, optimum values of TJ Z and V. are obtained from

(I+Y+TI
C
Z) ! (Y+T]

C
Z)

(А28)
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and

d(thp/M
a
)

550

Vr

From equation (A29)

<V

(A29)

(АЗО)

and from equation (A28). . ,

Y +!(Tl
c
Z)

ref (A31)

where the term! (r\ Z)
re
f is used to designate the value of TJ Z for

which the thp/M
a
 given Ъу equation (A27) is a maximum. Define

! 1 + Y + T]CZ
(A32)

and

,(A33)

When equations (A32) and (A33) are substituted into equation (A25),

519 519 Jcp,a
550

' + + 1 + Y ! 1

(AM)

The thrust produced Ъу the propeller is

Fp _ 550 thP
Ma~ V0 Ma

(A35)
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Define the factor a as the ratio of the pounds of thrust produced
by the propeller to the excess of turbine!horsepower output over compressor
horsepower input; then, , i Y. ' .. . . '

(A36)

When equations (A35), (A36), and (A24) are combined,

This equation 'permits the propeller^ thrust to be evaluated from
equation (A34) when VQ !"0 (at !which! velocity TI « 0 and thp = 0).

For the case of . V
0
 » 0

;
 the expression for optimum jet velocity .

(for optimum thrust) similarly reduces to !• • . •'•;. ' ' .. • :

(A38)

when equations (A35), (АЗб), (A24), and (АЗО) are combined.

Evaluation of Correction Factor с

The factors a and b are" defined as

a" • • !1 :''. " ' • ' '• i

and ,

' я!
1
 l (A40)

a

When equations (A39) and (A4Q) are substituted into equation (A22),

С = К ! Ka ! К'Ъ (А41)

The terms К and К
1
 are close. to unity in value, whereas the

values of a and b are small in '• comparison with unity; therefore
only a small error is introduced by letting



NACA TN 2653

•' • e = К ! a ! Ъ

The quantity c is defined as

с = К ! 1!

then

С a' 1 ! a ! b +' с

From equation (A5.) and reference 9,
%
 :

Wth

4
с =

(A42)

(A43)

(A44)

JcP,a • !ftF
! 1 (А45)

where the values of Ŵ /T̂  are obtained from reference 4> reference 9,

and unpublished data extending figure 9 of reference 9 . These values
correspond to the temperature T

4
 and pressure ratio P,,/P •,, •

Fuel Consumption

The expression for.the fuel!air!ratio factor to obtain a rise in
total temperature in the combustion.chamber from Т„ to y. is

• с
p
(T

4
 ! T

2
)

V
 ;
 3̂ 2h (

A46
)

where values of are determined from reference 5.

From the conservation of !energy,

." v!2
550

M
a
J

(A47)

where Hg is the enthalpy of the air corresponding to the compressor
outlet total temperature To in Btu per slug. (Zero enthalpy is
arbitrarily fixed at absolute zero temperature.) The symbol HQ is

the enthalpy of air corresponding to the ambient!air temperature tQ

in Btu per slug and is given by

H
0 "
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If equations (A48), (A8), and (A14) are .used in equation (A47),

Since To is a function only of

T
2
 = 0 (H

2
)

and the T
?
 corresponding to the enthalpy Hp is obtained from ••

reference 4.

(A49)

(A50)

Derivation of Miscellaneous Expressions
/

The pressure ratio (Pg/̂ l̂ ref corresponding to any values of Y
and (TI Z)

re:f
 is, from, equation (A15),

:
l/ref L

 ± +

or, substituting equation (A3l) in (!А5Г) gives

a
(A51)

Да

1/ref
V,

t
(l+f) € * (A52)

From equations (A15), (A3l), (A32), and (A5l), it is seen that

X1 -

P2/P1.
a (A53)

Define

X
P2/P1

then •• • . 'a

(A54)

'(A55)
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APPENDIX В

EQUATIONS FOR PERFORMANCE CHARTS !

(The equation numbers correspond to those in the derivation given
in appendix A. ) . !

Figure 2(a) . !

V 2V0 .1
,519 (A8)

. 'a

o
* = (1+Y) !i 1 +

519
(A10)

Flight Mach number о V,
519

°

Figure 2(Ъ) . !

V 1 /С /519 2\ (АЗЗ)

Figure 5(a). !

а
d ^a"1 1

(A39)

Figure'5(Ъ) . !

ra!l' д.
(A40)

Figure 5(c). !
w.th

Г" 1 '
! г (A45)

Jc.P,a
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where values of У^ш^^
 ajce

 .obtained from reference 4, reference 9, and

unpublished data extending data itf'reference 9.

Figure 4. ! ' • • !/• Г
а

2(Т
а
!1)

('A52)

In order to include the effect of added mass of fuel, the value of
used in equation (A52) should be the product T].(l+f).

Figure 5. !

519
 519jc

p,a
M
a 1p *0

 55
°

т! + 1 + Y!Y,
Vс

(A34)

where Т !1

X
1
 ! (X)

 Г
а

In order to include effect of added mass of fuel, the value of f].

used in equation (A34) should be the product Ti
t
(l+f).

Figure 6. !

H
2
 я
 Cpja^i +

 Y
 +

 z
) (

A49
)

The Tp corresponding to the enthalpy H
?
 is obtained from

reference 4.

Figure 7. !

v!
!E
ixr

 (M6>

where "cL, is determined from reference 5.
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APPENDIX С

METHOD FOR DETERMINING OPERATING. LINES OF CONSTANT T
4
/T

X
 AND CONSTANT

FOR MATCHED SET OF TURBINE!PROPELLER ENGINE COMPONENTS

CONSISTING OF ONE TURBINE DRIVING ONLY COMPRESSOR AND

SECOND TURBINE DRIVING ONLY PROPELLER

The procedure for plotting lines of constant Тд/T!i and №

for the gas!generator plot of figure 13('a) is as follows;

Equation (14)
7
 based on compressor power being equal to the power

of first turbine, can be converted to

(Cl)

When T
4
/Ti is eliminated between equations (12) and

fn
7

(1)
 ;
 A point on figure 11 is selected at which the value of

is desired. The values of и
с
/Л/0^~,

 F
2/

p
i'

 м
аЛ/^1/

5
1>

 and:
 ?

c
 corres!

ponding to the point are read on the figure. .

(2) A value of U
C
/U, !, is chosen based on sizes of turbine and

compressor used; then, from the values of U
C
/U. !, and K

c
,

V^'t i /(̂ t lAt 1^
 is eva

l
ua
ted from equation (15). A probable value

of P4/Ps is assumed and the value, of УТ]' !,/(Uj!' i/Vi. !,) is used to

read the values of тц !̂ , T|' .,, and U
t
 /̂V

t
 !j." froni figure "12(b).

(3) Equation (C2) is used to evaluate M
e
V
t
 !1/64.

(4) Corresponding to the values of •М
а:
У+.,£/&А and U

t
 !1/V+. т>

the values of M. ч/̂ /Ь̂ , V. ±/~*\/9±>
 and p

4/Ps
 a
^e read on figure 12(a)

This value of PA/PR should be used_to'check the values of TI^ and

т]
1
. , determined in!step (2).. .'If any'appreciable differences in values

of the. efficiencies .result,, the'revised Value, of TI'+!!,• 'is used in
^ ^step (3).
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(5) The value of T./T, is now evaluated
 f
fr,pm equation (12).

In order to illustrate this method, .the point is picked on fig!
ure li at which T./T, is to be evaluated. • .

(.1) The point is selected" where U
c
/\/9̂  = 1006 ft/sec,

P2/Pi =• 4.74 Мд̂ ё̂̂ /б!L я 0.660 slug/sec, and K
C
 a 2.05. •

(2) A value of U
c

i
/tL , = 1.6 is used for this engine. When

U /Ш. !i and К are used in equation (15), a value of .

А/Т]' !/(U, !,/V. , ) = 2.0.2 is obtained. . .This value is used in fig!

ure 12 (b), a value of РА/РЯ of 2.0 is assumed, and the following.

values are read: IL_ !,/7+.
 п
 =< 0.435, r\. .. я 0.835, and TJ'. !. => 0.782.

u, !L ^^!L ^ ) !^! ' ! u,_L

. (3) From equation (C2) and 'with a value of r = 0.05, a value of
M V

t х
/6

4
 = 338 ft/sec is calculated.

(4) When the values of MgV^ ]_/5
4
 and U. ,/V

t
 !, are used in

figure 12(a), the following values are read: V
t
 т/Ч/̂ Г = 1136 ft/sec,

M
eV^4~/

S
4 ~ °!

298
 slug/sec, and P

4
/P

5
 = 2.23. This value of Р./Р

Ц

does not cause any appreciable change in values of turbine efficiencies
from those determined in step (2) with an assumed value of РИ/РС of 2.0 с

(5) The value of T̂ /Ti evaluated from equation (12) is 4.13.

In order to determine the total pressure at the turbine outlet, the
following approximation of the turbine total efficiency is made:

550 hp.

Mg.
JC
p,g

T
4

so that

or

2Jc
p,g

519

550
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On figure 12(b), the value of the upper abscissa V
t
 л /

 v
 ^ _,

related to the value of the lower abscissa ?4/Ps according to the

T̂ !l"
equation

2Jc
p,g

519 v+
в,

Figure 12(b) can similarly be applied to equation (C3) by using the

value of vVj! !i/fU т VY т/убд on the upper abscissa instead ofу .ъ,1'
 T>

^!
L
 ъ*!

1
! *•

v
t 1/1/̂ 4

 an
^ '

rea(3
!i

n
g the value of P./p! instead of Р

д
/р

ч
 on the

lower abscissa.

The total!temperature ratio Тс/Тд is

T
5_ 550

Jc
= 1 !

p,g
Jc
p,g

519
(C4)

The mass!flow factor М
й
!1/65/6,! can now be obtained from equation (13).

In order to illustrate the calculations involved:

(6) From the values of VV

determined,

!\> and TJ' previously
'
i t

'
1

1100 ft/sec. Corresponding to this value,

2.10 is obtained.Р
4/

Р
Е

(7) From equation (C4), a value of T
5
/T

4
 of 0.859 is obtained

assuming a value of с „ = 8.9 Btu/(slug)(°F).

(8) Finally, from equation (13) a value of M
g
 л/0Г/5

5
 = 0.581 is

determined.
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• APPENDIX D •

METHOD FOR DETERMINING EXHAUST!NOZZLE AREA OF'MATCHED SET OF

TURBINE!PROPELLER ENGINE COMPONENTS CONSISTING OF ONE

TURBINE DRIVING ONLY COMPRESSOR AND SECOND TURBINE

DRIVING ONLY PROPELLER

Useful equations for determining the values of. several parameters
needed in this method are as follows:

From the definition of effective exhaust!nozzle areji, .. ,

1

/Po
N

M
g
 =

where p
R
 is the stagnation density at the second turbine outlet and Tg

the total temperature at the outlet of the second turbine. Thus,

2jc.
n

(Dla)

Equation (Dla) is used until the critical pressure ratio is

reached. The value of M_*/9
R
//L 6

R
 remains constant thereafter,. as

p
n
/P

R
 becomes less than the critical pressure ratio. The mass!flow!

per!unit!area factor for critical flow is !

"\/5l9 R

Also, from energy considerations,

(Dlb)

T
6 "

 T
5 ! 2JC

P,S
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from which

T6 ^ t 2 •
!

 л
 Sl3l~^=l (

D2
)

The procedure for determining the exhaust!nozzle area is as
follows :

(1) For a given operating point, all conditions in the engine up
to and including those at the second turbine are obtained by method
described in appendix C.

(2) For a given Mg\/6̂ /&
5
, there can be a range of U

t 2
/
v
t 2

over which the second turbine can operate. At any IL. o/̂ t 2' *
ne

value of Рц/Рк c
an
 be obtained from figure 14(a) and TJ'.

 2
 and тц <^>

from figure 14(b).

(3) The total!pressure ratio " Pcr/P
fi
 is fou'nd by a method similar to

that described in appendix C. From the value of P
5
/p

6
, the corresponding

_ VV я /Vt 2
v
t 2/^5

 is obtained on
 fiĝ e 14(a); —J

=
—^!

 is then
 calculated and

is evaluated, where

t,

used to evaluate

(4) The pressure ratio — = (_](_)[__][ — j
P
0 \V\ V\ У\

Ро
/

Рп/р
о
 is a function of flight Mach number and pressure loss in inlet duct

(see equation (A12)).
(5) With suitable values for y

s
 and с , the value of Pg/P

o

is used to calculate M о^^бАп
 5
к
 from e(

l
uation

 (da); equation (Dlb)

is used to calculate М!А/бГУл^ 6
6
 if flow through the exhaust nozzle

is choked.

(6) The values of Л Ч 2
 and
 ^t 2/Ks

 and an

value of с are used in equation (D2) to evaluate

(7) The value of A^ is then calculated from the identity

М„
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This method will be illustrated for the same operating point used!fin
the illustration of appendix C:

(l) Some of the conditions corresponding to the given point of

operation are U
C
/A/%" = 1006 ft/sec, P

2
/
P
1.

 = 4!74
>

 P
4/

P
5
 = 2
'
10
'
 and

= 0.581 slugs/sec. ' . !

(2) From the value of Ug^O/b^ and a chosen value of 0.'5 for '!.

U
t
.
 2
/V

t
 о the corresponding ?5/Pg =1.91 !is obtained on figure ,14( a) .

Then from figure 14(Ъ) T)
t 2
 .= 0.850 and T)'

t g
 = 0.7.96.. . •

(3) . Corresponding to P
5
/P

6
 = 1.91, V.

 2
/л/0 =̂ 1032 ft/sec is read

Vi •? ITI'J. о
on figure 14(a). The parameter. ' Л — bz£ equal -;to 1000 ft/sec is

evaluated, and the corresponding P5/Pfi of 1.83 read on figure 14(a).

(4) The pressure ratio - P-./PX at a value of Y =a 0.10. and inlet
pressure loss АР!,/Рл ! 0.03 !is 1.356 Ъу equation .(A12) . Thus,

Pg/p
Q
 :a 1.589 is evaluated from the values of Pq/Pg* PS/P/J

 F
4/

p
i ̂

 and

p
i/V '' ' ' ' '

(5) From equation (Dla), values of y
ff
 =« 1.35 and R" of
& о

1720 f t!l"b/( slug) (°F), and the value of Pg/P
n
 previously determined,

M
gV^6/An

 5
g

 s
 1!484 ( slug/sec )/sq ft is evaluated.

(6) The temperature ratio T
e
/T

5
 = 0.877 is obtained from

V
t 2
/V^ Л Ч 2'

 and a value of
 Cp

 g
 =8!6 Btu/(slug)(°p) in

equation (,D2) . . . !.

(7) The value of the effective exhaust!nozzle area obtained by
use of the identity given in step (7) is A_ = 0.. 67 sq ft.
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.40

200 400 600 800
V
0
V519/t

0
, ft/вес

1000 1200 1400

(a) Flight Mach nuaber,. factor. Y, and . —
" ' '

.
P
P! . ' ' ! "

Figure 2. ! Charts for determining flight Mach number, compressor Inlet total pressure, and
factors Y and Y,.
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400 800 1200 16OO
VjV519/t

0
, ft/вес

(b) Factor Y

2000 B400

У

Figure 2. ! Concluded. Charts for determining flight Mach number, compressor
inlet total pressure, and factors ,Y and Yj.
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(b) Correction b.

Fuel!air!rati o
Г
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(с) Correction с.

Figure 3. ! Chart for determining factor e. (c = l ! a ! b ! * ! c )
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.04 Об

ISU5 3000

/У

±{,
.0350 'J.L

iit

L'!
2500

.0300

.0250

.020C fcZJ

#й

82

.0150
5 О

.OOS

500
Т
4
!Т

2
, .°

2000

Figure 7. ! Chart for determining f for various values of T^!Tg and T̂ ;! h," 18,900 Btu per pound; hydrogen!carbon
ratio, 0.185. (A 15! by 21!in. print of this chart is attached.)
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10X1CF

ш
3

Maxlimmi
!!! Mlnlnoun Wf/(F/a)

/

2000

/ 3200

2800

2400

3 4 5 6 8 1 0 20 30 40

(a) V0, О; t0, 519° R; Vj, 144 feet per second; a,
4 pounds thruet per horsepower (to convert Jet
thrust to equivalent shaft horsepower).•

Figure 8. ! Performance of turbine!propeller engines for
range of design!point flight and engine operating con!
ditions» nc, 0!85, nt, 0.90, %, 0.96, Cv» O.S7; h, 18,900
Btu per pound, c, 1!00.
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.80
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.60

3

.50

.40

эхю5!

IVш
но

3 4,

а 5

I

/

1600

'2000

2400/

•2800

3200

! Maximum thp/Ma
!Minimum Wf/thp

'1600

240C

> 2000

3200

2800

456 8 10 го 30 40

(b) V
0
, 733 feet per second; t

0
, 519° R; Vj, 902 feet

per second) T)_, 0.85.

Figure 8. ! Continued. Performance of turbine!propeller
engines for range of design!point flight and engine opera!
ting conditions; n

c
, 0.85; T|

t
, 0.90; %, 0.96j C

v
, 0.97;

h, 18,900 Btu per pound; e, 1:00.
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.70

.60

J3
I
p.

5 .50

Он

• 40

.30

10К1С

\

Maximum thp/Ma

Minimum Wf/thp

1600

2000

2400
>•
2800

3200

40

(с) V
0
, 733 feet per second; t

Q
, 412° R; V<, 902 feet

per second; i\!p, 0!85..

Figure 8. ! Concluded. Performance of turbinerpropeller
engines for range of design!point flight and engine opera!
ting conditions; T)

c
, 0.85; T)

t
, 0!90; %, 0.96; C

v
, 0!97;

h, 18,900 Btu per"'pouhd;!j, 1.00. "
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250C

530

(a) Specific fuel consumption and thrust horsepower per unit mass rate of air flow.

Figure 9. ! Effects of flight speed and ambient air temperature on performance at compressor
pressure ratios for minimum,specific fuel consumption and for mmrlimmi thrust horsepower
per unit mass rate of air flow; T

4
, 1960° R; T)

C
, 0.85; тц., 0.90; т̂ , 0.85; î , 0.96;

C
v
, 0.97; h, 18,900 Btu per pound; «, 1.00.
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24

22

20

18

16

. 14

12
(ft/sec)

10

367

733

X = 1 (mairiinum

_ thp/Mj
367

733

!О'

460

°R

390 400 420 440 460 480

W
f

(b) Compressor pressure ratios for minimum ——

500

and X = 1.

520

Figure 9. ! Concluded. Effects of flight speed and ambient air temperature on performance
at compressor pressure ratios for minimum specific fuel consumption and for maximum
thrust horsepower per unit mass rate of air flow; T̂ , 1960° R; t\

c
, 0.85; т̂ , 0.90;

Up, 0.85; nj,, 0.96; C
v
, 0.97; h, 18,900 Btu per pound; e, 1.00.
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.90

1c,p = O!
88

4c = .85

.80

.65

.60

5.55

.50

.45

5X10°

о
<и
о
ы>
3

/
гооо
>

2400

2000

2400

10 15 20 25 30

Figure 10. ! Comparison of performance with constant т)с
 Ba
!̂ vith constant

T)
C
 p at various compressor pressure ratios; VQ, 733 feet per second; Vj,

902 feet per second; to, 519° R; i)
p
, 0.85; T|

t
, 0.90; %, 0.96; C

v
, 0.97;

h, 18,900 Btu per pound; e, 1.00.
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2.5r

2.0! \

Л
1.5!

^
(ft/sec)

1.0!

\
447

671 782 894 1006 1062

V

(ft/sec)

1062

Surge 1006

894

,782

1
.10

447 671

.20 .30 !40 : .50
МаУ?1/&1'. slug/sec

!60 .70 .80

Figure ll. ! 'characteristics of "axial!flow compressor.
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.80

P4/P5

3.4

1.3

.70

.ее

лс
1.3
5.4

.60

.2 .3 .5 .6 .7

(b) Efficiency characteristics. . •

Figure 12. ! Concluded. Characteristics of single!etage turbine.
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(b) Efficiency characteristics.

Figure 14. ! Concluded. Characteristics of a single!stage turbine.
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(а) У, 0.06 (flight Macfe пшпЬег, 0.55).

Figure 15. ! Characteristics of high!speed propeller.
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2.8

(b) Y, 0.1 (flight Mach пшпЬег, 0.7).

Figure 15. ! Concluded. Characteristics of high!speed propeller,.
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(d) UC/VBJ, 1006 feet per second; Y, 0.06 (fllgbt Mach number, 0.55).

Figure 17. ! Concluded. Total thruet horsepower factor and specific fuel consumption of matched turblni
%, 0.98; CT, O.97; h, 18,90O Btu per pouna; UPi/Pi, O.OS; ДРг/1 '̂ О!05! Oc/0t.j, 1.0.
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(a) hptjl/hpc, 1.03.

pover) Uc/y5l, 1063 feet per second; Ч, 0.1 (flight Kach number, 0.7), ць< 0.96j Cv, О.Э7; h, 18,900 Btu per pound; UPd/P].' 0.03;
ДР2/Р2, 0.05.
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3.6
PS/P6

(Ь) bptfl/hpc, 1.07.

.Figure IB. ! Continued. Performance!plots of matched turbine!propeller engine for various values of, power'output of
first turbine to compressor*paver; Vc/V&l' 1O62 feet per second; Y, 0.1 (flight Mach number, 0.7)] ць, 0.96J Cyi 0.97j
h, 18,900 Btu per pound; UPd/Pl. 0.03; ЛРг/Рг, 0.05.



90 NACA TN 2653

(с) hp,. j/hp,,, 1.00 to 1.07; Uc/Ut 2 . 1.0.

Figure 18. ! Concluded. Performance plots of Hatched turbine!propeller engine for various values of
power output of first turbine to compressor pover; Uc//\/5i, 1062 feet per second; Y., 0*1 (flight
Kacb number, 0.7);%, 0.96; Cv, О.Э7; b, 18,900 Bty per pound; AP^/P^, 0.03; ДР2/Р2, 0.05.
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