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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 2653

A THERMODYNAMIC STUDY OF THE TURBINE-PROPELLER 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 flow of the gas by the addition of fuel.

In order to illustrate some of the turblne-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, permlt 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 intercooling, 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 efficlency of each engine and limit the part-load operatioﬁ 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 functlon 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 lndependent 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:. )

Ap effective exhaust-nozzle area, (sq ft) (For isentropic
expansion in exhaust nozzle, flow through area A, 1s 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

c 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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®p,g

propeller power coefficient, equal 'to hpp/pONpsDPS
velocity coefficient of exhaust nozzle

specific heat of air at constant pressufe at ty = 519° R,
7.73 (Btu/slug)/°F

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.)

propeller diameter, (ft)

total thrust (1b)

net thrust produced by exhaust jet (1b)

thrust produced by propeller (1b)

fuel-air ratio

lower heating value of fuel (Btu/1b)

compressor shaft horsepower input

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

total turbine-shaft horsepower output

turbine-shaft horsepower output of first turbine
mechanical equivalent of heat, 778 (ft-1b/Btu)
compressor slip factor, 550 hp,/MU.2

mass rate of air flow (slug/sec) .

mass rate of gas flow through~turbine‘(slug/sec)
propeller rotational speed (rps) -

total pressure at compressor inlet (1b/sq ft absolute)

total pressure at compressor outlet (1b/sq ft absolute)

total pressure at inlet to first turbine (1b/sq ft absolute)
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total pressure at outlet of first turbine (1b/sq ft
absolute)

total pressure at outlet of second turbine (lb/sq ft
absolute)

ambient static air pressure (lb/sq ft. absolute)

static pressure at outlet of first turbine (lb/sq ft
absolute)

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

drop in total pressure through inlet duct (1b/sq ft)

drop in total pressure through combustion chamber (1b/sq ft)

Ta
]?Tr_-l‘i

big t 1t ‘ U] l]tc |
actor egua O — | —

ratio of drop in total pressure in combustion chamber to
total pressure at compressor outlet, APZ/PZ

compressor-inlet total temperature (°R)
compressor-outlet total temperature (°R)
combustion-chamber outlet total temperature (OR)
total temperature at outlet of first turbine (°R)
ambient-air temperature (°R)

total thrust horsepower produced by enéine

net. thrust horsepower produced by exhéust Jjet
thrust horsepower produced by propeller
compressor tip speed (ft/sec)

turbine-blade speed (measured at turbine pitch line) of
first turbine (ft/sec)
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turbine-blade speed of second turbine (ft/sec)
airplane velocity (ft/sec)

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

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

jet velocity (ft/sec)

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

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)

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

weight flow of fuel (1lb/hr)

ratio of compressor pressure ratio, Pp/Pi to (Py/Py),.s

factor equal to ratio of ram temperature rise to ambient-air

temperature, VOZ/ZJcp’atO

factor equal to ij/ZJcp,ato

factor equal to 550 hPc/MaJcp,ato

factor equal to propeller thrust produced divided by excess
of turbine horsepower output over compressor horsepower
input (1b/hp)

ratio of specific heats of air, 1.4

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

ratio of total pressure at any point being considered to
standard sea-level pressure of 2116 pounds per square
foot, that is, &) = P,/2116, 8, = P,/2116, and so forth
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correction factor that accounts- for over-all effects produced
by secondary variables, € = 1 - a - b + ¢

combustion efficiency equal to ideal fuel-air ratio required
to obtain temperature rise in combustion chamber from To
to T, divided by actual fuel-air ratio .

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 :

compressor polytropic efficiency equal to logarithm of actual
pressure ratio divided by logarithm of isentropic pressure
ratio that corresponds to actual temperature ratio

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.

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

turbine total efficiency of first turbine

turbine total efficiency of second turbine

over-all turbine shaft efficiency of turbine system equal to
entire turbine shaft power divided by ideal power of gas Jjet
expanding adiabatically from inlet total pressure and tem-
perature of first turbine to turbine-outlet static pressure
of second turbine

turbine shaft efficiency of first turbine

turbine shaft efficiency of second turbine

ratio of total temperature at any point being considered to
standard sea-level temperature of 519° R, that is,
6; = T,/519, 8, = T,/519, and so forth

density of ambient air (slug/cu ft)
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ANALYSTS

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 ‘Exhaust-nozzle coefficient, which includes losses in tail pipe

v

Pz/Pl Compressor total-pressure ratio

Ty Combustion-chamber-outlet total temperature

to ' Ambient-air temperature .

Vj Jet velocity

Vo Airplane velocity

a Ratio of propeller thrust horsepower to propeller shaft
horsepover

qb. Burner efficiency

e Compressor adiabatic efficiency

np Propeller efficiency, which includes losses in reduction gearing

Turbine total efficiency
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The secondary group is

APd/Pl Ratio of total-pressure drop through inlet duct to compressor-
inlet total pressure

APZ/PZ Ratio of totalfpressure 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

Fy =My (V5-Y,) » | (1a)
When the effect of added fuel is included, the jet thrust is given by

Fj =My (V5-Vp) + M V5 o - ()

The thrust horsepower of the jet thpj is expressea ss
F. V ‘
550 ' o

thp. =
PJ'

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

. R
Mg Ny J¢5 ato T Yeiez Vi Ny (1+£)

4
Ng(1+f) — € -zZ| (3)
550 DB TENE T 2 6.2 gey to

thpp =

and can be evaluated from the charts.

The total thrust horsepower of the engine is the sum of the Jjet
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 '

Cy?

Vs = —V 4a
3,00t = o Y0 (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 (Vy = 0 and np = 0) the expression for
Vj,opt is indeterminate. When the factor o 1s introduced where «
is the pounds of thrust produced by the propeller per propeller-shaft

horsepower input hpp, the expression for Vj,opt becomes
550 €, 2
Visopt = T (4v)
The thrust developed by the propeller at any.plane-speed Vb
(Vb # 0) 1is obtained from the propeller thrust horsepower by the
equation
-550
Fp = thpp T ) (5)

For the case of Vb = Q, the factor Fp/a is determined from the charts.

The compressor-shaft horsepower is given by
hpc.= MaJcp’atOZ/SSO = 5875 MaZtO/SlQ (6)
The compressor-inlet total temperature is

T, =ty (1+Y) . (7)
The turbine-shaft horsepower is

thp

hp, = —= + hp, " (8a)

D
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At zero flight speed (thpP = 0 and np = 0), the turbine power is

F ,
hp, = _aI_’_ + hp, (8b)

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

We/M, = 115,900 £ (9)

DISCUSSION OF CHARTS

. By means of equations (1) to (9) and the curves of figures 2 to 7,
the performance of the turbine-propeller engine can be 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

kvb‘VSlQ/to are shown ;h figure 2(a). Values of Y plotted against
the factor Vj ‘\/519/1:0 are shown in figure 2(D).

The value of €, which accounts for the effect of the secondary
group of variables, is obtained from figure 3. The quantity € 1is
given by the relation

€ =1-a-b+ec

Factor a, which gives the effect of total-préssure drop through the
inlet duct APy, is shown in figure 3(a). Factor b, which measures
the effect of total-pressure drop through the combustion chamber LPo, |
is introduced in figure 3(b). Factor ¢, 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 ¢ 1s 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
N.Z/(14Y) 1in figure 4. The compressor-shaft horsepower is computed

from equation (8) and the value of Z. The effect of the variation in




_ NACA TN 2653 11

specific heat of air during compression is neglected in this plot; the
maximum error in 2Z 1introduced is about 1 percent for the range of
compressor pressure ratios shown in figure 4 and for compressor-inlet
temperatures up to 550° R.

| T 2
The value of (PZ/Pl)ref plotted against the factor 17Ny € t_‘;. (1.41?)
is also shown in figure 4. The quantity (PZ/Pl)ref is useful in that it

is the compressor pressure ratio for maximum power per unit mass rate of
. T
air flow for any given values of Mot € Eé and Y, provided that the
0
change in component efficiencies and € with change in pressure ratio is
negligible. When the change in € with ‘PZ/Pl is appreciable,
(PZ/Pl)ref 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 (P2/Py)rer

is generally within 1 percent of the true maximum. The actual compressor
pressure ratio Pz/Pl divided by the quantity (szpl) defines the

value of X used in figure 5.

ref

The curves in figure S5 are used to determine the propeller

thp ) F n -
horsepower factors P E%g = 2 533 < for various values of the
M, o Mp M, t5° «
Ty Men '
parameters NeNg € Eé’ czt Yj -Y, and X or l/X. When X 1s less
0 Cy

then unity, the value of 1/x is used; the reason is apparent from an
examination of equation (A34) (see appendix B) for figure 5. Corres-
ponding to the values of ncnte;T4/tO and X or 1/X, a point on the

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

) M
across the chart to the desired value of czt Yj - ¥, a second point is
Cyv™ .
located. Moving from this second point parallel to the left-hand set of

ncnt

Cy2
of the propeller-thrust-horsepower factor or propeller-shaft-horsepower
factor is then read at the intercept.

. direction lines until the Yj - Y =0 1line is intercepted, the value

The compressor-outlet total temperature Ty plotted against the

factor to(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 acecounted 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 pover.

The fuel-air-ratio facter mn,f 1is plotted in figure 7 against

Ty - To (total-temperature rise in combustion chamber) for various
values of T,. These curves are based on information given in refer-.

ence S5 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 1is generally smzll, 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 in appendix A that the
effect of the added fuel can be taken into account by substituting the
product of turbine total efficiemcy 1, and (1+f) for the value of 74

in the charts. " This adjustment occurs in figure 4 in the factor

2
4 l 3 3 v >
NNy € Eg_(iif) 5 (which is used-in determln;ng (PZ/Pl)ref)’ and the

T .1
4 c't
factors MMy € ES- and

5 Y. - Y of figure 5. The value of the
Cy J
Jet thrust horsepower is evaluated from jet velocity by means of
equations (1b) 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 Mg+

EXAMPLES OF USE OF CHARTS

As an example of the use of figures 2, 4, and 5 and equations (1)
and (2) for a rapid approximate computation of the thrust horsepower
per unit mass rate of air flow thp/Ma, a case is considered in which
the following conditions are given:

Compressor adiabatic efficiency, L P IR S 0.80

Turbine total efficiency, Mp © ¢ o o o o v vt e e e e e . 0,90

Propeller efficiency, Mp * = v ¢ o e e e e e e e e e e e 0.85
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Exhaust-nozzle velocity coefficient, C . 0.96

v
Airplane velocity, V, ftfsec . v v v i 0 oo o e e e e .. 133
Jet velocity, Vj, ftfsec « . . v . . . . .. .. oo o .. . 1000
Compressor pressure ratio, PZ/Pl e e e e e e s e e e e .'. . e . 6
Ambient-air temperature, to, = S . . 519

Combustion-chamber outlet temperature, T,, °R ... .. ... ..1960

From the assumption that € is equal to 1, thp/M, is then evalu-
ated with these given quantities as follows:

VoM519/tg, Tt/sec « v v v v v i i i i e i b e e e e e e ... T35

Y (from fig. 2(&)). + « ¢ ¢« 4 i v e v v 4 e v 4 e e Te . . . 0.086

Vs 4/519/t0, Tt/sec o . o o oLl 1000

(from fig. 2(b)) s « « ¢ v v v v e v i e e e v e e s . .. 0.160
T4 ’ 3
MEME€ To » + = = v v o o st e e st e e e e e 2.719

Y5

T 2 -
4 1 ] .
o€ g (B) - oo 2

(PZ/Pl)ref< (from fig' 4) ¢ e s s s s s s s e s s e..s ; . ; K A. . 4:.31

X = (By/P )/ (ByfP) v v e e R Ceeee e L3

Y: =Y 6 6 e e s s 4 e s e s e s s e s e s e s s s e s s 0,039
c 2 J } :
v
thp M ' .
—2_c Elg, hp/(slug/sec) (from fig. 5) « « ¢« « « « « + « o« . . « 2085
Ma np JGO . . . .

thpp/Ma, hp/(slug/sec) « « « o« o ¢« v v v o .. SRR 2215

thpj/Ma, hp/(slug/sec) (from. equations (1) and (2)). + . . .. .. 355

thp/M,, bp/(slug/sec) . . 1 . . . . ... e e e e e e ... . 2570
The use of figures 2 to 7 and equations (1) to (9) that permit

~evaluation of such performance values as couwpressor 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 shownm.
The example is based on the engine having the following design conditions:

(1) Compressor adiabatic efficiency, 1, + « . « ¢« « « « o+« . . 0.8

(2) Turbine total efficiemey, iy « -« « = ¢ v ¢ o . o . .o .. 0.9
(3) Combustion efficiency, Mye.» » + o o o« o o v o o v o o o+ o 0.97
(4) Propeller efficiency, né T T 1

(5) Exhaust-nozzle velocity coefficient, C e e e . o 0.96

v. LI ]

Vor bfsece WL oo L T3

(7) Jet velocity, Vy, FE/s€C o v v v i v v v e e e e e e e e . . 210000

(6) Airplane velocity,

(8) Compressor total-pressure ratio, PofPy « « « + « + 4 s o o . i 6

(9) Ambient-air temperature, t., “Re + v v v vie « are o o o 4 . . 519

O,

(10) Combustion-chamber-outlet total temperature, T °R. . . . . .1960

11) Ambient-air pressure, pny lb/sq in. .« ¢« . « . .'.-P . e oo 14,7
» Po q it ot

(12) Total-pressurg drop through inlet duect, APd, lb/sg in. . . . 0.25

(13) Total-pressure drop through combustion chamber, APZ, .
lb/sq ln . » L] L L] L] . . . L] L 4 - » L] [ . e - . L] L] - I; A 3 ;" » l>.5

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

Determination of Y and Flight Mach number
From items (6) and (9):

(15) VAaf519/80, TL/SEC « 4 v v v v i v i e u e im e s e e a i 733
0 0

From item (15) and figure 2(a):

(16) Y v v v o o e 4 e e e e e e e b e e e e e e ae i e s . 40,086

(17) Flight Mach number . . . . o« o . W ,
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Determination of Z and Compressor Shaft Horsepower hp,

Item (8) read on figure 4 determines
M 2

—J_—-;_Y._ . 3 . . .

From items (18), (16), and (1):

(18) e e e e e e e e e e e e e e . 0.889
G0 Y o J o<
Using items (19) and (9) in equation (6) gives

(20) hpc/Ma, hp/(slug/sec). « « v v v v v ¢ v v v 4« o v o 4 . . 5153

Determination of f and wf(ga
From items (9), (16), and (19):
(21)  t,(14¥+2), g 3P Vo s 51
From item (21) read on figure 6:
(22) Tpy PR v v v v e v v e e e e e e e e e e e e e e e e ... 1025
From items (22) and (10):
. o ” .
(28) T, = Tps TFeee v v v e oot e e e et 935
From items (23), (10), and figure 7:
(24) Mf. v v o e e e .. 0.01372
Items (24) and (3) give
(25) £ 4 v e e e e e e e e e e e e e e e e e e e e e .. 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) Fu v v it e e e e e e e e e e e e e e e e e e e .. 0.01445

Using item (26) in equation (9) gives

(27) Wf/Ma, (lo/nr)/(slug/sec). . . « ¢ v v s v o v . o s . . . . 1675
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Determination of Factor ¢
From items (11), (12), and (13):
(28) APd/po P

(29) AP,/Pg « v v v i e e e e
From figure 2 and item (15):

P, + AP :
(30) u ) . 3 . . . o, @ . . . . . .

Po }

and using item (28) with item (30) gives
(31) ?1/poo e & & s s e e » e e+ & ® e e e e & o o
Using items (31) and (8) yields
(32) Pz/poo . . . - . 3 . . . . -
From items (28) and (31):-
(33) OP/Py v v v v v o SR
whereas from items (29) and (32):
(34) ap,/P, . . LI IR IR
From items (16) and (18):
(35) Y+ ncZ' e e e e e e e e e e e
Items (33) and. (35) in figure 3(a) give
(36) 8 « v i i e e e e e et e e e e e e e e e e e
while items (34) and (35) in figure 3(b) give

630 T T

(38) € v v vt e e e e e e e e e e e e e e e
From items (36), (37), and (38)

(39) € =1 - 0.005 - 0.005 + 0.035.

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

J
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. . 0.017

. e . . . O-lo

"1.335

1.318

e e e . . T.01
.« .. 0.013
0.013

C .. 0.812

e « « « . 0.005

. 0.005
.« 0.035

.+ » . 1.025
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Determination of (B,/P and X

l)ref
Using items (1), (2), (39), (10), (9), and (16) gives

Ty (12
(40) NNt € %6-(E1é> C e e e e e e e e e e e e e e e e e e e . 2.383
From item (40) read on figure (4):
(41) (Pz/Pl)ref T o
From items (8), (41), and the definition of the parameter X,

(42) X v v e e e e e e e e e e e e e e e e e e e s 0333

Determination of thp/Ma, Specific Fuel Consumption, and Other
Performance Parameters

Using items (1), (2), (39), (10), and (9) gives
m .
4
(4:3) ncnte E‘; ¢ & o e o s s+ s & e e 8 & & e 2 s e s ¢ s a e s @ 2-787

From items 7 and 9

(44) Vjﬁf519/to, Ft/sec o « v v o o i 0 i o i o v o e e o w . . 1000

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

(45) Yj - e e - . . ) . . . . . . . . . . Y - . . . . . . . . . 0.160

Using items (1), (2), (5), (45), and (16)

2
(46) m.ny Yj/Cv m Y e e e e e e e e e e e e e e e e e e .. 0.039
From items (46), (43), and (42), read ou figure 5:
thp, 7
(47) B Eig, hp/(slugfsee) « v v v v v v v v o v 4 4 . . . . 2257
Ma T]P tO

The thrust horsepower per unit mass raté of air flow developed by the
propeller is obtained using items (47), (1), (4), and (9)

(48) thpp/Ma, hp/(slug/sec) « v v v v v v v v i v e e e e . .. 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) Fp/My, 1b/(slugfsec) . . . v o v o v v v .o ..o ... 1799
Using items (6) and (7) in equation l(a)'gives

(50) Fj/Ma’ 1b/(slug/sec)e « + v v ¢ v 4 4 e e we e w e e e s . . 287
and then items (50) and (6) in equation (2)

(51) thpj/Ma, hp/(slugfsec)e v « v v v v v v 0 w0 . R P L
Now, from items (48) and (51)

(52) thp/Mg, hp/(s1UB/SEC) + « v v ¢ 4 v v o v e m e e e . . . 2755
and from items 49 and 50

(53) F/M,, 1b/(slugfsec) . « « « v . . o o o oo .. . 2066
The specific fuel consumption is evaluated from items (27) and (52):

(54) We/thp, Ib/hp-hr. . . . . . . v v v v v v v viv v v v o . . 0.508

Effect of Mass of Added Fuel on F/M, and thp/M,
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 n, and (14f) for the value of N¢», which will now be done

for the case just considered.

From item (26) the adjusted value of item (40) becomes

T4 1 2
(55) T]Cﬂtet—o'(m>...............'.......2.396
From figure 4 is obtained the corresponding

(56) (Po/Pilyefe + v o 0 o v v v o v o0 0w P

From items (56) and (8):

(57) K « v v v e e e e e e e e e e e e e e e e e e e e e 130
by use of the modified value of Ny, item (43) becomes
T
4
(58) n,ny € T 2282

and item (46) becomes
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(89) meng ¥y/cf - Yoo oL . 0.0810

Using items (57), (58), and (59) in figure 5 gives
thp, M. 519

(60) Ty ﬁ; Eg—,.hp/(slug/sec) et e e e e e e e e e e e .. 2351
or .

thpp ‘
(61) —'—M—a_" hp/( Slug/SGC) . . . . . . PR . . - . . . . . . . . - » 2497

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

F .
(62) ﬁE 1b/(slugfsec) « « v v v v i it e e e e e e e e e e .. 1874
a

In evaluating the jet thrust from items (6) and (7), equation (1b) is
now used and gives

F .
(83) ﬁi, 1b/(s1ug/sec). v v v v v 4 e v v i e e e e e e e e e ... 281

From items (63) and (6) and from equation (2)
th

P s
(64-) -M——‘j-,hp/(slug/sec,)............a;........375
a

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

(65) TR hp/(slug/sec) . ; e e e e e .V. e e e . e s . . 2872
a

From items (62) and (63):

(66)-D%-lb/(slug/sec)................'.....7. 2155
a

and from items (65) and (27)

We :
(67) -t—h-l;,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, glves values .of thrust horse-
power which check very cleosely 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 € on the thrust horsepower. For
the conditions of the example, choosing an approximate value of € = 1.0
results in a value of thrust horsepower about 7 percent different from
the value of thrust horsepower evaluated from the more accurate value of
€ = 1.025. 1In general, the percentage error in thrust horsepower will
range from two to four times the percentage error in €. In cases where
the combination of conditions is such as to result in low values of
thrust horsepower, an error in ¢ 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 cowponents; also the
interrelation between component characteristics and over-all engine
performance is shown.

DESIGN-POINT ENGINES
For the purpose of illustrating the manner in which the thrust
horsepower per unit mass rate of air flow and specific fuel consumption
are influenced by compressor pressure ratio, combustion-chamber-outlet
temperature, flight speed, and ambient-air temperatiure, the following
fixed parameters are assumed:

Compressor adiabatic efficiency, Mo+ o v oo« s o o a v oo, .0.85

Tubrine total efficiency, Mg * ¢ v oo v e v o v o v v v o . 0.9
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Combustion efficiency, T * * = = o o o o o s o o 0 0o 0.96
Propeller efficiency, np e e e s e e e s s s e e e s e s e .. 0.8
Exhaust-nozzle velocity coefficient, Cy . . . « . ¢ ¢« . o . . . 0.97
Lower heating value of fuel, h, Btu/lb. . . . . . . . . . . . . 18,90
Correction factor, €. . . . . ... P N0 [¢)

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

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

The values of component efficiencies and € at the design point
will tend to vary with change in design-point operating conditions. 1In
the present computations, 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 pﬁesented in figure 8; the thrust
horsepower per unit mass rate of alr flow (or equivalent propeller shaft
horsepower per unit mass rate of air flow for the static case, Vo = 0)

and the specific fuel consumption are plotted against compressor pressure
ratio for various values of combustion-chamber-ocutlet temperature at
several combinations of airplane velocity and ambient-air temperature.
The range of T, investigated was from 1600° to 3200° R, and the

compressor pressure ratios ranged up to 40. Lines for cowmpressor pres-
sure ratios glving maximum thrust horsepower per unit mass rate of air
flow (X = 1) and for minimum specific fuel consumption at any tempera-
ture T, are included in the figure. '

Performance curves at Vb

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/Ma a and

specific fuel consumption based on equivalent shaft power are plotted
against compressor pressure ratio. The factor o 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.

=0 and ty = 519° R are shown in fig-

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/Ma (or equivalent total shaft power per unit mass

rate of air flow when the system is at rest) and lower specific fuel
consumption can be obtained by increasign the T4. At any given Ty
there is an optimum Pp/P; for maximum thp/M; and an optimum P,/Py
for minimum Wf/thp. The compressor preésure ratio for minimum specific
fuel consumption is greater than that required for waximum thp/Ma.

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 1960° R are shown in figure 9. In fig-
ure 9(a), the thp/Ma and Wp/thp are plotted against ambient-air
temperatures at VO of 367 and 733 feet per second for the following
cases: :

(a) Compressor pressure ratio chosen to give maximum thp/Ma (X=1)
(b) Compressor pressure ratio chosen to_givé minimum Wf/thp
At each flight speed, the corresponding optimum jet velocity is used.

This figure shows that +tQ has an important effect on the per-
formance values; the thp/Ma decreases and the specific fuel consumption
increase appreciably as ty 1increases. For the given conditions,
the thp/Ma decreases about 30 percent for both cases (a) and (b) as
ty 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 t’hp/Ma for case (a) are about 13 percent greater than
those for case (b) over the range of to 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 sbout 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/Ma
and slightly decreased values of We/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/Ma and We/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 lncrease 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 efficlency Ne,p 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 wass 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 adisbatic 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 T4 shown, the values of P /P for

maximum thp/M_, and minimum Wg/thp are lower for the case when the

reduction in compressor adiabatic efflciency with increased pressure
ratio is considered than those for the case of constant M. of -0.85.

This change in P,/P, for maximum thp/M, ~and minimum Wf/thp is more
pronounced at the higher value of Ty.

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 resylt in some reduction in
stage efficiency, which will o6ffset the gains obtained by the increased
number of stages. The net effect on the over-all turbine efficiency
depends on the compromise between pressure ratlo 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 turblne-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 o 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 combustion-chamber-
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, Mp « + ¢ ¢« ¢ ¢« ¢ ¢« ¢ ¢ v ¢ o ¢« o o ¢ o« o« « . 0.96
Exhaust-nozzle velocity coefficient, Ci, « « « « o v ¢« o v v v o o+ 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 T4/Tl.

Compressor characteristics. - The conventional presentation of the
performance curves for an illustrative 8-stage axial-flow compressor is
given in figure 11. Values of PZ/Pl’ Neo and K., are plotted against

the Maqfel/al for various values of Uc/1/61f The slip factor is
defined as '

550 hp
_ 220 e (10)

K
¢ Mg Uc2

At & given U./Af6, reducing the M,[61/5, by throttling 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

e
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surge line results in stalling of the cowmpressor, which is accompanied
by surging of the air flow. It is to be noted that operation at higher.
tip speeds is limlted to narrower ranges of mass flow
Turbine characteristlcs. - The performance characteristics of a
typical single-stage turbine with moderate reaction are shown in fig- ‘-
ure 12. The mass-flow factor of ‘the gas through the turbine is plotted

in figure 12(a).against P,/p.. for various values of Ug: l/V . .The .
turbine jet velocity Vt 1 is defined as the theoretlcal Jet’ velocity‘“

developed by the gas expandlng isentropically through the turbine nozzle
from turbine- 1nlet total tempeérature and.pressure to turbine- outlet

static pressure. The values of the upper absc1ssa Vt 1/ 94 corres-.
ponding to the values of P4/p5 are -obtained from the ‘velocity equation

g-l

SR A Pe\ T,
o t,1 4 o(=2)'e
o —= = ZJcp’g519 1 -<I_’4)-

Ve,
The values of the upper ordinate Mg Ve, 1/84 are obtained from the

product- of Mg‘v /64 and Ve, l/Q/ < For pressure ratics across the

turblne greater than 2.54, the value of MgW/ /84 is constant (that

is, choking occurs at the turbine nozzle) -The turbine total efficiency
nt 1 is pr1nc1pally a function of Ut l/Vt 1 and, to a lesser extent,

a funct1on of the pressure ratio across the turbine and the Reynolds
number; N,1 is defined as

g

550 hpy 1 " . ‘ , S

,1 = x4 M‘ - - (11a)
2 o o

&, 2 _l8
T Ve, -3 Vst
The relation between total efficiency; blade-to-jet speed ratio, ‘and’
pressure ratio is.given inh:figure 12(b); the Reynolds number effect is
omitted in this analysis.. The turbine shaft efficiency 7' t,1 also

shown in figure 12(b) is deflned as - T

! - - Y
Cd . L. ._-,’q t’l - M V 2 . . . ~. (llbn)
TP T LT MEA g t,l ) L '- . 4

e e - . .t :o. s - . B i
s M P . . SR

In this definition the turbine is not credlted with the kinetic power
corresponding to the average axial veloc1ty of the gas at the turbine
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'y

discharge. In the plot of T 1/ 1 against' Ug, l/Vt.l in figure 12(b),

the effect of P4/p5 is-so sllght that only a s1ngle curve is showm.

Vn t,1

The parameters Uy 1/Ve.1 and Mth~1/54 are useful in evaluating

turbine operating conditions for a glven 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 enérgy dvailable 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 requlred 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 T4/Tl is maintained. The turbine of figure 12 is matched with

the compressor of figure 11 for a design-point temperature ratio
T4/Tl'of 4.23 and g design compressor pressure ratio PZ/Pl of 5.1 at

a tip speed factor U /W/ of 1062 "feet per second. These condltlons

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 T4/Tl for the matched turbine

and compressor are shown superimposed on compressor characteristics in
figure 13(a). If the difference between M, and,,Mg (due to added

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

Md\ﬁi‘ Py [Ty g\[__

Pl Pl T P4

If r represents the ratio of the drop in combustion-chamber total
pressure to the cowmpressor-ocutlet total pressure, then

APy = P = Py = i‘PZ,
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- or
P4 = (l-l‘)Pz
Hence,
MaVTl (1 r)P—2 ?_J;MaVT4
P Pl.qTé Py
or
M_a__._ Uel_ (1-r P_z _TEMLE (12)

In operating regions where choking nf the flow occurs at the turbine
nozzle, the value of Mg‘v51784 becomes constant (for example, for
pressure ratios P4/p5 greater than 2.54 for the turbine shown in
fig. 12(a)). When this constant value of Mg1/52764 is substituted
into equation (12) and a value is assumed for r, it is possible to
compute the value T4/T1 at any value of Maﬁ/5_781 and the corres-
ponding PZ/Pl' In the nonchoking region, the value of M \[——76 is

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

It is evident from the lines of constant T4/Tl,'that at any given

rotative speed and compressor-inlet temperature Ty, increasing the
combustion-chamber-outlet temperature T, 1s equivalent to throttling
the compressor. This increase in T4 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 Mg‘VGS/SS are also plotted on the gas-generator

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

Mg V M, Y€, |T5 T, [P P4 R
=~ %, {7, .\P, (13)
. By YTy Ty \ Py P5 -

At any operatlng point, the quantltles Ma h/ /51, T4/Tl, and
P,/P, can be read and P 4 /P, computed from
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P4/P1 = (1 - r) P2/Pl

The corresponding values of P4/P5 and T5/T4 are determlned by the
method described in appendix C, and the corresponding M ‘v /85 is
evaluated from equation- (13)

‘1'

For the gas-generator combination, the compressor power is equal
to the turbine power; hence, from equations (10) and (11) and again

from the assumption that M, and Mg are equal,
,‘.2 l . o 2'.'.'.» .
KU =31 t,1 Vt,l (14)
ahd i
- P U > v . DA [P
c t l [ v - - . f
X, |l ] = ' : (15)
b ,(th,) . 2<Ut 1> SEL

1

The ratio of compressor tip speed Ue to the tnrhine-hlade speed
Ut 1 is a constant for any given engine. Thus, any value of Ke

2 i
v : - .
determines the value of 'ﬂ't,l<a'tl'&) and, from figure 12(b), determines
t,1 ’ -
“the value of Ut l/Vt p from which the values of Mg,1 and n't 1 can
be obtained, when the effect of pressure ratio across the turbine .is
Aneglected A value of’ .U /Ut 1 equal to 1. O was chosen for the englnen
For the compressor shown 1n figure 11, ‘the variatlon in the.value of K¢
over the entire operatlng range was from l 5 to 2 1. The correspondlng
variation in’ Ut l/Vt 1 was small enough’ 56 that the turblne operated

at nearly constant efflciency over the entlre operatlng range of the gas
generator. -, . . : o . . -

Matchlng second turb1ne.‘- For operatlon at a glven fllght Mach
number, a characteristic of the gas generator is that along a given

U /1/ 1 line the pressure ratio available for further expans1on at the.

inlet to the second turbine . P5/pO decreases as. Mg\/ /85 increases.

This trend is shown 1n‘f1gure lS(b) (for Y = 'lO) and figure 13(c)
(for Y = 0), which are plots ‘'of “the gas- generator operating character-

istics showing llnes of M 1/ /65 (which are 1ndependent of flight
speed) and Tines of P5/po whlch are a functlon of fllght speed)
The possible operating range on flgure 13 is located between the surge -
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line and the line of: limiting values of Mg'\/ 95/65 permitted by the
second turbine. Any limiting value of Mgy4/65/85 1is the value of the

mass-flow factor through the second turbine when the pressure ratio
across the turbine is equal to the waximum pressure ratio available
/po "It is’ evident that the second turbine should be designed to

permit limiting values of M \/ /85 sufflciently large to provide the .
engine with a reasonable range of,operation on the gas-generator plot.
The increase in Mg:VGS/SS is accomplished by increasing the second
turbine-nozzle area. Excessive increase 'in turbine-nozzle areas should
be avoided, however, because for a given ng/65/65 (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 maximﬁm values of the mass-flow

. factor are different for both turbines. :

Matching propeller. - The problem of propeller matching involves
wainly 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 Ut 2/ s based

on reasonable estimates of turbine pitch- -line diameter and gear reduction'
ratio between the turbine and the propeller, is chosen. This value of
Ut 2/N when once 'fixed for a given engine determines the value of

N /«/ for any engine operatlng condition (Ut 2/Vt o and Vt 2/4/91
belng known for -that operating condition) and affects the manner in
which propeller efficiency varies.w1th‘changing engine. operating -
conditions. At any operating condition of the engine, the flight speed

factor \'s /1/61 is known and the propeller-shaft horsepower factor
hpp/q/ 181 can be evaluated "Fixing the values of propeller diameter

1

Dp and - Ut,Z/N (and hence; N /q/ determlnes the values of power

coefficient C, and advance ratio Vb/ at every operatlng point;

P P D . .
these values in turn determiune the propeller efficiency. The .variation
of propeller efficiency with engine operating conditions depends on the
values of Dp and Ut,z/Nz ‘'selected. Therefore, the propeller diameter
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Dp and, to some extent, the value of - Ut,Z/Np' 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
four-bladed propeller-at [llght Mach numbers of 0.55 and 0.70.  Values of
the power coefficient ( are plotted against the advance ratlo VO/Npr
for various values of propeller efficiency and blade 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 highér
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 transmiss1on
of power from turbine. to propeller . ‘

Performance of engine with divided turb1ne system. - Any point:on
the plot in figure 13 represents the gas generator operating at a given

set of conditions such as c/1/ ) Mg Af61/81, T,/Ty, Pz/Pl’ and
95/85. The MgIVQS/és at any p01nt 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 Ut Z/Vt o and P5/p6

Hence, for every point on the gas-generator curve the second turblne can
operate over an extent of pressure ratlo P5/p6 and correspondlng :

Ut Z/Vt o; the power output of the turblne, the turbine effic1ency, the i

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

When the mass-flow factor Mg1/95/65 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
Ut 2/Vt 5 (see fig. 14(a)). Thus any point on the gas-generator plot

along thls choking M 1/95/6 line corresponds to operation at ény
combination of Ut Z/Vt o and PS/PS‘ (The quantity Pg/pg may have

any value equal to or greater than that required for choking- but not
appreciably greater than the available PS/pO at the operating po1nt

The case in which pg 1is less than p is possible; however, it
6 0

necessitates a diffuser to discharge the gas from the turbine outlet to-

the atmosphere and is generally not a desirable condition.)
o _ Sh e L
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The value of Mg5/95/65 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 masximum

value of ng/GS/BS is 0.60 slugs per second and hence all points in
figure 13(a)-at values of M \/ /65 greater than 0.60 slugs per second

are unattainable. Furthermore, in order to attain this choked flow, the
available P5/pO must be equal to or greater than the choking pressure

ratio 2.54 given in figure 14(a). TFigure 13(b) shows the pressure ratios
PS/PO corresponding to figure 13(a) and Y = 0.10 (Mach number, 0.71).

The point S mwarks the intersection of the line of ng/ /65 = 0.60
slugs per second line with the line of P5/po 2.54. All points on the
line of MgN/GS/SS = 0.60 slugs per second to the right of point S have
values’ of Ps/po greater than 2.54 and hence are attainable conditions.

To the left of point S in figure 13(b), the line of Mg’\/QS/SS = 0.60

slugs per second intersects values of P5/p0 less than 2. 54 and hence- is

an unattainable condition (if Pg is limited to values equal to or

greater than Pg }. Figure 14 indicates that in.this region the attainable
value of Mg\/6 /65 depends on the values of PS/p6 and Ug Z/Vt o
The dashed curve in figure 13(b) gives .the maximum attainable value of

Mg4/® 5/85 corresponding to the-condition Ug, Z/Vt 5= 0.5 .(at vhich the
efficiency of the second turbine is a maximum). The region in flgure.lS(b)
between the line of maximum attainable ng/65/65 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" Ut 2/Vt o o

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 P5/po shown

are less than 2.54 and the choked condition in the second turblne is not
attained. The dashed ‘curve is again the upper Timit on the value of
ng/es/as for  Ug, Z/Vt o = 0.50 and operatlon for this flight condition
is limited to the narrow strlp.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 Ut,z/Vt,z is plotted against PS/pG for lines of




32 ‘ NACA TN 2653.

constant T4/Tl or My @["751. 'Figure 16(a) is for ‘a constant tip speed
factor of 1062 feet per second. 'Every point on'- the gas generator plot
(fig. 13) at this value of tip-speed factor- has a' unique value of .
Ma\/"/sl and . T4/Tl -and 1s;represented by a line of operation on the -
engine operating plot of,figure 16(a).- .This characteristic- is.evident..
from the previous discu881on, in which it was shown that there is & ..
series of combinatlons of " Ut g/Vt 2 and P5/p6'_corresponding to every
point on the gas- generator plot. The region in figure lG(a) at pressure

ratios P5/P5 of 2.54 and greater (in which the second turbine 1s o
choked) corresponds to . operation at the point in figure 13 on the ’

Uc/1/d 1062 feet per second line where Mg1/ /65 = O 60 slugs per o
secon - LT e &

TTIA

ot

The operation-limit llnes at whlch the entire Ps/po available_
equals Pg/pg, for flight Mach numbers equal to 0 (Y=0),70.55 ’

(Y = 0.06), and 0.70 (Y = 0.10); are also shown on figure;16(a);. operation
is possible between the surge line and these 11m1t lines for the spec1fied
Mach number. It is noted that for zero fllght speed (Y = 0) the - PS/p

available is never great enocugh to obtain choked" £16w’ ‘through the second
turbine. Figure 16(b). is similar to, figure 16(a) except. that:the ..
compressor-tip-speed factor 1s 1006 feet per second Because the avail—'

able P5/po is lower at thls lower U /1/ 17 the range of operation of

the turbine at the same flight Mach numbers is smaller o f'ﬁﬁ{

The over-all perfdérmance vdlues of the engine which have been-super-
imposed on figure 16 are shown in figure 17. [The values of, the:total- .
thrust-horsepower factor thp/{/—iol, .the specific fuelrconsumption,¢
the' propeller efficiency n , and second turbine effic1ency nt 2
at any values of Ut Z/Vt o and-’ P /p6 are shown in figure 17(a) for
Y = 0.10 (Mach number, 0.70) and compressor-tip- speed factor of. 1062 feet
per sécond. Figure 17(b) is for- U /Q/——'z 1062 feet’ per second and - ¥
Y = 0.06 (Mach number; 0.55); figure 17(c) for Uc/\f_- = 1006 feet per -
second and Y ='O. 103- and figure 17(d) for Uc/vf_f = 1006 feet per""‘
second, ‘and Y = 0.06. The curves of nt 2 which? are functions*of
Ut Z/Vt o> and P5/p6 only, ‘dre the sameé for all’ plots of’ flgure 17 and
hence are given only in.figure.l7(a) _.To evaluate .the values- of Mg
values of Dp = 13 feet and 'Ut;Z/NP.= 80 (ft/sec)/rps were selected ..’ -
for thefengine{

S B L P PPN (U |

' Thesé figures show the effect of varying Pg/pg" and - Ugig/VE 5 voh
the over-all performance of the engine. In the range of values of
Ut Z/Vt o from 0.45 to 0.60 and over the entire range of values of

P5/p6 shown in figure 17, the maximum variation in thp/q/ 187 is
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about 15 percent and the maximum variation in spe01flc fuel consumptlon,
about 20'percent. In this range of values’ of Ut 2/Vt > (0.45 to O. 60)

and P5/p6, the values of turblne eff1c1ency and propeller eff1c1ency do
not vary appreciably. At low values of PS/PG the power output is
large mainly because the operating T / l. 1s hlgh However, the per-

centage of propeller shaft power to .total.power available as useful work
is much less than the optlmum value. Increa51ng P5/p6 1mproves the

eff1c1ency of the power dlstributlon between the propeller and the Jet,. . .
which together with an accompanylng improvement in compressor eff1c1ency
leads to decreased‘spec1f1c fuel consumptlon of the engine.
The- effect of fllght speed on performance factors is sllght at both
tip-speed factors shown. The total-thrust- horsepower factor incréases
slightly, and the specific fuel consumption decreases slightly with -increased
flight speed. It should be noted that, inasmuch as the factors 6y .and

51 . . both, 1ncrease w1th flight speed, the. values of thrust horsepower_
increase much more than the values of thp/q/ 191+ At a given M V /5
or T4/Tl the specific fuel consumpt1on decreases,. mainly because of

- -t ]
. PR

operation at higher values of T4 as fllght speed increases. At the
lower flight speed, the propeller, eff1c1ency is less sensitive to a . -
change in operatlng condltions and remains at a.higher value over a large
part of the operatlng range shown in flgure 17.

N

) .The thrust horsepower factor drops off " rapldly as compressor t1p---
speed . factor is reduced.from. 1062 to 1006 feet per.second. This decrease
is due ‘to operation in a region of lower T4/T , lower mass-flow factors,.

and lower compressor pressure ratios. The specific fuel consumption .also
suffers when tip-speed factor 1is reduced, mainly because:of the accompany-
ing.decreases in couwpressor pressure ratio -and T47T1 At a tip- speed“ :

factor of 1062 feet per second “and 'Y '= O. 10, an optlmum specific fuel
consumptlon of about O. 60 pound ‘per thrust horsepower-hour is obtalned
and the correspondlng thrust :horsepower factor is about 2700 horsepower

At Uc/q/el of 1006 feet per. second and Y = 0.10,. the optlmum spec1f1c

fuel consumption is about 0.64 pound per thrust horsepower-hour -and the B
corresponding thrust- horsepower factor about 2200 horsepower.

13 o v

| - g e 1T
The rapld drop 1n thrust horsepower factor w1th compressor tip~
speed factor is even more pronounced at the lower tip-speed factors "
because the 'propeller is unsuited: to handle efflclently thé “low shaft’
powers that. accompany the -lower tip-speed factors (this-‘chardcteristic
is not .evident from engine-performance flgures,whlch are Jpresented only

‘for values of Uc/1/ of 1062 and lOOZ ft/sec Thls observatlon

empha51zes the fact that this type of ‘engine iSavery largely. .a maximum-
compressor1t;p speed engine. . The use of. a freerwheeling turhlne 1o, drive
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the propeller permits a wider range of propeller operating parameters ...
for given engine operatlng conditions than:-does the single-turbine engine
because the speed of the second turbine is 1ndependent of compressor
speed. Better propeller performance can thereby be ‘obtained.

.In order to obtain the operatlng ranges shown in the. plots of flg--
ures 13 and 17, a varlable -area -exhaust nozzle is required The effec-
tive exhaust-nozzle area’ correspondlng to” design conditions Prol Rhweesn

(Ug/4[61 = 1062 £t/sec, T4/T1 = 4. 23, Pz/Pl 5.1, Us, 2/Vt 5 = 0. 50, A
and Ps/pg ='2.6' at Y ='0.10) is l 08" square feet ' This constant -aréa

line of operation 1s 1nc1uded 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 /W’ 1 line on flgure 13 The entire region of"

operation for constant exhaust nozzle area A, l 08 square feet over

a range of” compressor tip-speed factors is 1ncluded bétween the dashed
curves. in figure 13(a) for ¥'='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.’ Thé variable -area nozzle ‘allows a much wider ch01ce
of “combinations of ecoromy and power than the fixed-area nozzle. L

Temperature-stress limitations. - An 1mportant consideration in the
determination ‘of engine operating, Timits is the 1imitation due to’ excessive
stresses in the turbine blades, which is a function of turbine pitch- -line
velocity, turbine-inlet température, and turbine design.’ The stresses in
turbine blades are discussed in-réference 7 for a range of pitch line
velocities for various turbine-blade designs and turbine sizes. . Refer-
ence 8 shows the allowable stress of several turbine blade materidls-as \
a function of temperature. 1In plots similar to figures 13 and 17, these
factors must be taken into account in determlnlng the regions of oper-
ation. Inasmuch as the value of the temperature at the turbine inlets -,
for given temperature ratios T4/Tl and T5/Tl w1ll vary with - Ty, the
llmits of the operating regions 1mposed by strength con31derat10ns on
these plots are functlons of Tl

The second turbine in the case of the divided turbine system can
operate over a range of pitch-line velocities (or Ut E/Vt 2) at any

inlet temperature T5 Therefore, at any T4/Tl or . TS/Tl there may‘
be some maximum value of Uy, z/Vf o - that cannot be exceeded because of
stress limitiations, this max1mum value 1ncreases as’ -Ts decreases

At lower values of compressor t1p speed factor, the problem of llmitation
due *to exces51ve stresses diminishes, particularly for the first turoine,

which has & pitch- -1line’ veloc1ty'd1rectly proportional to UC/A,
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Performance of engine-with connected turbine system. - The engine -
w1th both turbines- connected is restricted to a fixed relation between
turblne pitch- line velocity. Ut 2 and compressor tip.speed .U,: How-
ever, “the _power out of the f1rst stage (the flrst'turb1ne in the: engine,.
with d1v1ded turblne system) is no longer limited to belng equal to
compressor ‘power: Some characteristics associated with the removal of
the limit on turbine power dlstrlbutlon w1ll now be dlscussed

At any.. operatlng point on the’compressor map - (such as’ fig lS),_the
correspondlng values of T4/Tl, Mg 94/84, and’ Mg\/95/65 depend on . the

power output of. the flrst turbine. When this:power output is prescribed
as in the case of the eng1ne with d1v1ded turbine system (where the . .
pover’ output is always’ ‘equal to the compressor power), these factors are

all determlned at" every p01nt. At a glven M \/55785, the power output
of the second -turbine (or second stage) is llmlted by the range of . ..

5/p ‘pOssible at this mass=flow factor (see fig. 14) When the engine
with a divided ‘turbine system is operatlng at a given compressor p01nt,
it -is thus limited to & range‘of power output of the second turbine

which- depends on the correspondlng Value of Mg1/ /65 The adJustment

of’ the dlstrlbutlon of the avallable power between the propeller and
"exhaust nozzle jet is thus often limited and a low over-all engine
efficiency may result at sdme off-design-point ‘éonditions.'! On- the ‘other
hand, when the engine with connected- turblnes ‘operdtes at a given P

compressor point, ‘the values of - T4/T ‘and P4/P5 can beé 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 Mg1/ /65 that’

correspond to the given': compressor operatlng p01nt, hence, 1arger
range of power "output may be obtalned from the second turblne stage. .
- .Power extraction from both turbines may then be adgusted to give more
economical distribution of available power between propeller and exhaust
jet than is possible with the d1v1ded turblne system, particularly at
off- des1gn operatlon
- . T -
Included in- flgure 17 are llnes of operatlon for -constant -
/Ut 2 = 1.0.. This condition pertains to .the operatlng line of ‘an.

engine with the given -connected turbine system. hav1ng a fixed: relation:
between Ut o and U, and w1th the power output of the first stage

turbine equal to the’ compressor power. Flgures "18(a) and- 18(b)
performance’ plots ‘of the engine ‘similar-to that of figure 17( ‘except‘
that the power output:of:the first: turblne is '3 and 7= percent greater,
respectively; -than-the" compressot power. These increases in powver ‘out-
put ‘of"the first..stage: turbine are obtained by: increasing the- combustlon-
chamber-outlet. temperature. Ty~ afhd adjusting thé éxhaust-nozzle area i

and the propeller pltchzbthehrange_gf_valueSLOf the-increase in. turbine.:
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power is limited to avoid exceeding appreciably- the design value of Ty.
Operating conditions for thesé plots are the same as for figure l7(a),

namely- Y = 0.10 and Uc/ﬁl 1= 1062 feet 'per seeond. Lines'of oper-

ation at: U /Ut 2 = 1.0 "are again located on these plots and represent
the case of the englne w1th connected turblnes under consideratlon.

The operating lines for Uo/Ug, 2 ='1.0 of figures'17(a), 18(a), and
lB(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 consumptlon due to varylng the values of the ratio of the
power output of the first turbine to the compressor pover hpt l/hp

from 1.00 to 1.07. Operatlon over th1s range of values of hpt l/hpc

is p0551ble for -the engine with connected turblnes, whereas the divided
turbine system 11m1ts englne operatlon to a value.of hpt 1/hp = 1.00.
Figures l7(a) and 18 ‘show, that the engine with connected turblne system
can -achieve high power ‘ihcreases and maintain good economy by increasing
the value of T4/Tl ThlS de51rable performance characteristic is pos-

sible because efficient dlstrlbutlon of power between propeller and Jjet
is obtalned at higher temperature ratlos by extracting more power from the

first turbine stage, which (by causing a higher value of M 4/__/55, whlch
is accompanied by an increase in pressure differential across the second
turbine) permits greater power oltput from the second turbine. ¥For the
engine with connected turblnes illustrated, approximately a 20-percent
increase in the total power output is obta1ned by increasing the T4/Tl
from 4.23 (the design-point value) to 4.89 and increasing the value of
hpt l/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/Tl (see fig. 17(a)), while the speclflc fuel consumptlon 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 Uy, Uy 1, and Uy o for the interesting operating range. (The

. turbine efficiencies in fig. 17(a) apply to fig. 18.)

Operatlon over the entlre region . shown in flgure 18(c) requires a7
variable-area nozzle. 'The line of constant A, of 1.08 square feet is
included in this figure. TFor the particular operating conditions
covered in this figure, it is . seen that this constant exhaust-nozzle-.
area permlts operation to be- malntalned at best.efficiency for a range .
of powers including. maximum power.( With A, of 1.08 square feet, the-

engine with a connected turbine. can operate-at’ Uc/1/61 = 1062 feet per
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second from the surge line to the 11m1t1ng line at which ng[__/55 =
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 p01nt conditions and efficiencies,
the following results were obtained:

1. At a given set of operatlng 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 consumptlon .

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 veloc1ty ex1sted Whlth gives best distribution
between propeller shaft power and jet power for maximum thrust horse-
power and efficiency. :

2

The following results were obtalned from a study of two turblne-
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 ooth 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 flex1b1e 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 cowmpressor operating diagram, whereas the engine with
the connected turbine system is capable of g 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:

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

This term, when used with the temperature change during combustlon,
is used to determine fuel consumptlon

Hy enthalpy of. air correspondlng to amblent -air temperature to,
Btu/slug %,-~. i ,
H2 enthalpy of air correspondlng to compressor -outlet total tempera-
" ture Ty, Btu/slug :
Py free-stream total pressure, lb/sq tt absolute ’
R, .. gas constant of air, 1716 £t=1b/(slug)(%F)
Rg gas constant of exhaust gas, .ft- lb/(slug)(oF)
! Ya-l . ! "l
X' factor equal to Ta, ,5r (X)

Win ideal work for adiebetiC‘proce355 fp;lb/slug..ﬁ

The jet velocity is given by’

| g L
v.d : Py Ye | 550 hpy E
’QE" 2Jcp e EQ" E e . - (a1)
Cv ST S Ma_(lff)gt
-1 -1 -
T T -1 Tg-l

Dl . gL S .. _ .: .: '

© (%N\Te /pNTe [ %2\ Trg
1 - -—O & ‘= 1 A —-Q »'g ALl - 'P_" -8 ’ (AZ)
: P4 - o\ PZ - o r2/ o
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and when the last term is expanded into a series,

| Tg~!
S AP\ Yo . - Tyl AP, e RN
.Te) A Tg. "2 S

2P ”
for small —=—.
‘»'.Pz
By the use of equations (A2) and (a3); -

and

vvvvv

- ‘Y" B , - -

. - R4 D N A1 W TP
1 ——— : - c - % ' . . st - :".‘
- Y ) PZ "’_:a p’ia R

When equations (A4) to (A6) are used in equation (Al),

R ' ; N N ’ o -1-. . ’ v -" -: I \' - -‘l b .-‘ i .’:‘ :" : - |
' SRR i g s

2 o . 4 3 I:._. . ’ :
2 - Cp, a - 4 . Pz P2 Ta P2 1

5 Ma(l+f)1]t

(A7)
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Define
Y 2 o———— ' - A8)
ZJcp,atO (

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

2

+__‘io_
0
ZJcp’a

Ty =t = to (14Y) . (a9)

The ratio of the ideal stagnation pressure P, to ambient-air pressure is

- PR Ya - Ya -
PO T, Yool © Ygmlo .
==l & = (1+Y) _ - (A10)

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

s

P P, - AP -1 AP P

T
2.0 3 (y)® <——d> 2 (a11)
Po Po P1 )\ %/ .

O.

from which

g = 29 il (a12)

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

Ta-1

M Jc_ T /P Yq
=8 palff 2 -
hp, = 550 Mo v<P ) . _ ] . (AlS)

1

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 (Al3) 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, . up.
“to 550° R and P2/Pl :up to. 40, the maximum error in compressor power:

is about 1 percent.

Define
550 hpc'

MaJc

7 = -
Py,a O

in
Ya . Ta.

. Yol 1
P, . nc [ 14Y40 2 Ya
-_—x = ——

1 ‘+ 1+Y -\ 1+Y .

EQuétions (A12) and (Al5) are combined S0 that

and expanding gives

1+ — =1+

which is accurate for small values of._APd/Pl.

From equations (A16) and (A17)

-l Y.-1\ 2P, -
a Y+ nc ( a” =da

PrJ - . 1+Y+ 1.2

(A14)

so that substituting equatidns;(AS) and "(Al4) into equation (Al3) results

(A15)

(A16)

(A17)

(a18)

When equations (Al16) to (A18) are.;‘sﬁb.st.ifﬁfed into ‘equation (A7),
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' Ta-1 &Py Tg~1 APQ
de ¥+ ne - : 7 [ Yg~1\ &Pg l+7—-1’—- 550 hp, . :
_ a ‘1 a a "1 Pt,
— = 2J'cp’a T, |K - K! = - =T (A19)
Cy i 1+Y+1,.2 a 2 \1+Y+n1.2 5 Mg(l+f)"t B
APy APp
The term involving the product of the pressure-drop ratios PP
: 1 -2
can be neglected, so that equation (A1l9) becomes
2 . . . . . . N N . - -
2~ (1+Y+n,.Z) c Y, P Y. P 1
cye c a T1 a f2 3 M (34F) ng
(A20)
The factor € 1is defined by the equation '
v.2 Y+12 550 hpy
- = 23¢p,8 Ty T3 +c 5 € -7 (A21)
c + n ,
v ¢ 5 Ma(14£) ny

from which

| Yarl\[2Pa\ [ 1 \_ g [Tart\/F2\/_1 \.
€ = K - K( aYa>(Pi>(Y+nCZ> K ( Ya ><P2.><Y+ﬂcz)‘.(‘ézz)

Equation (A21) can be revritten

hpy [Ty Y +.m.2 "ij \ (148 de

M, tg 1+Y+n.2 ZCVZJC . 550

v' t . . '§s~ - -
p,a 0 (A23)

p,atO
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The thrust horsepower.developed by the propeller: is:.
" I4

thpp hpt hp. , :
M 1rlp M, T M, (A24)

and substltutlng equatlons (A14) and‘(AZS)Jiﬂ.(AZ4) -

) . R - 4. N . 2 " )
"o ancp’ato (14£) o4 ¢ L M2 T () z| (a25)
M, ~ ~ 550 Tt 21+ Y+ 02 on2 p
a ) 0 c ZCV Jcp’ato

The thrust horsepower developed by the jet is

8 [ o v R ae)
M, = |[Vi(1+E) - Vo 550

The total thrust horsepower of the engine is the sum of the propeller
thrust horsepower and Jet -thrust horsepower, thus, from equatlons (A25)
and (A26) :

!

thp  "pICp,ato Ty  YangZ  VaPni{lee) N2 [ S oo
— ——— 1+f) — ¢ - . Vi(1+£) - ¥, A27
Mg 550 M (1+£) 14Y+0,2 ZCVZJQP, ato e 3+ - Vo 555 (a27)

Optimm Jet Velocity and 17,2 for Maximum thp/M,

For glven values of 0’ np, nf, nc, T4, tO’ and € and assumirng

that the component eff1c1enc1es and € remain constant as ncZ and Vj

vary, optimum values of .2 and Vj are obtained from

) 14Y+,.2) - (Y+.Z
O(thp/M, ) Jep abonp T, B ne2) - (Y+ng ﬂ |
N, (1+£) T € - L =%»=0

olngz) 0 Q. . (1r4m,2)2 0 Te

(a28)
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and
B(thp/Ma) _ Jep,atonp | _BVyne(i+f) 0 fy e (a29)
) 550 C * 550 )
(v3) | 2cyuey ot
From equation (A29)
| o2
Vs t = A30
. J,0P O T‘t"‘p ' _ ( )
and from equation (A285f:\‘ h
. ‘ . 4 - - Ty . ‘
1+ Y +:(ngZ)pop = a0y (14E) € T - (a31)

where the term:- (ncZ)ref is used to de51gnate the value of MoZ for
which the thp/My given by equatlon (A27) is a waximum. Define

1+ Y+ N2 .
X' = (A32)

Ty

2
\£

Y, = | . (433
d 7 2Jep,atg , (43%)

and

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

T T (1+£)
thpp N 519 519 Jep, 5 4 4 Ny e
_______nq(1+f)¢._.- X'+_.. nq(1+f)g_+1+Y-Y_
B 550 et %o x4 et % 172

(438)

The thrust produced by the propelier is
‘ 7 = TSO g ‘ (435)
1 - a o -

a
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Define the factor o as the ratio of the pounds of thrust produced
by the propeller to the excess of turblne horsepower output OvVer Ccompressor-
horsepower input; then, : oo

a-= z——yhpt_hpc V (A )

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

F_‘Pi 519 (n_°>=thp9 519\ [ le. (A37)
Ma to a My tO qp. S . d

This equatlon permlts the propeller thrust to be evaluated from
equation (A34) when Vg =70 (at:which velocity Mp =0 and thpP = 0).

For the case of . Vb = 0, the expression for optimum jet velocity .
{for optimum thrust) similarly reduces to- :

2
Cy 550 .

V. t ST
JdsoP T]t a

(A38)

when equations (A35), (A36), (A24);-andv(A§O) are combined.

Evaluation of Correction Factor .c

The factors a and b are'défined‘as‘

: APy To7l,. 1 T
a = d 'a; 1 . L (A39)
P, Y, Y+02

and ,
DPp Ya-l .y

 (A40
Py T Y + 1.2 (a40)

. When equations (A39) and (A40) are substituted into equation (A22),

€ =K-Ka-KDb T (ag1)

The terms K and KXK' are close to unlty in value, whereas the

vallles of a and b are small in‘comparison with unity; therefore .
only a swall error is introduced by letting
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€ =K-a-b ' (A42)
The quantity c¢ is defined as
ce=K -1 (A43)

then
€ =l-a-b+c - (a44)
From equation (AS5) and reference 9;°' :

Wen
T .
c = % — -1 (A45)

Yol

- . pO' Ta
Jcp,a 1- P_z' '

where the values of Wt‘ﬁ/T4 are obtained from reference 4, reterence 9,

and unpublished data éxtending figure 9 of reference 9. These values
correspond to the temperature T, and pressure ratio Pz/po‘

Fuel Consumption S .

The expression fdr.the fuel-air-ratio factor to obtain a rise in
total temperature in the combustion:chamber from: T2 to T, is

) : ~E~(T4 - Ts)
_ b4 27
W =~ 7m (A46)

where values of Eb are determined from reference 5.

. From the conservation of‘energy,'
! 2
. Vo hp.
2 — A 47
Hp = Hy + 55~ + 550 % (A47)

where Hs is the enthalpy of the air corresponding to the compressor-
outlet total temperature T, in Btu per slug. (Zero enthalpy is
arbitrarily fixed at absolute zero temperature.) Tpe symbol Hy is

the enthalpy of air corresponding to the ambient-air temperature tg,
in Btu per slug and is given by

H

O = Cp’ato (A4:8)
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If equations (A48), (A8), and (Al4) are used in equation (A47),

Hy = cp,aty (1+Y+2) - .. (a49)

-~

Since T, is a function only of Hz) T

To = (Hz)__; ¢.Ep,iit_0 (1+Y4z):| (A50)

and the T2 corresponding to the enthﬂlpy‘.Hz is obtained from '
reference 4.

Derivation of Miscellaneous Expressions
7

The pressure ratio (Pé/Pl)ref- corresponding to any values of Y
and (ﬂcz)ref is, from equdation (AlS5),

. : Ta
Pz) _ [1 + Y+ ('Tlcz‘)‘r;eAf] Y?i-l o (.Asij
Py Jrer 1T+Y ‘ _
or, subétituting equation (A31l) in (A5S1) gives
S . Ta .
?, LYt d R s
) lincnt(yf) € % (iﬁ) ] (a52)

From equations (A15), (A3l), (A32), and (A51), it is seen that

Yl

P, /P

2 . : ; .

= TP‘7P_51_‘”Ya R - (453)

: 2 1%ref

Define .
- P, /P S :

X = ey et ; (a54)

: 2% l/per . - PR

then_m - _— o < Ta

x=(x)eh T e (ss)
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APPENDIX B

EQUATIONS FOR PERFORMANCE CHARTS -

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

Figure 2(a). -

v.2 ’—— 2
Y =353 > T = 33 = 519 Vo‘\]fz19 (48)
¢p,a*o CP,a ¥ "0
~ - Ta -
P P 4 AP . Ja : 2] a1
o F1 a To-1 1 519 a
LA S - T, U £t S I Qa4 A10)
o Ty 23c, 4510 0\/ to ) -~ (a0)

Flight Mach number = 0. _ 1 (VO '5%9 )
’ v TaRatO v ‘raRa519 ;0

Figure 2(b).

2

v, 2
'Y.j = chpfato =.2Jcp?a519 6’3 \/%_? (A33)
Figure Sfa).'- - .
g = Py ¥a"l 3 (439)
Pl- Ya Y+ncZ
Figure 3(b). -
AP, v, -1
b= PZ T Y+3ICZ , (a0)
Figure 3(c¢). - <i‘
el Ta o -1 - . -(A45)
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where vglues of Wth/T4 are obtained from reference 4, reference 9, and
unpublished data extending data in Feference 9. '

Figure 4. - ‘ - CT 0 Ty,
P Y,-1 .
2 NeZ\'a ) _ :
— — 5
F] (1 * 1+Y> - (a15)
Ya o
\ 2" 715
(P—z- = Emt‘ zi(?ly)z] " (as2)
Py Jrer ¢ 0 )

In order to include the effect of added mass of fuel, the value of 1
used in equation (A52) should be the product ni(1l+f).. .

Figure 5. -
thpp T]_c 519 B 519JCPJa M. € E-‘: _ <X| + __l_) .04+ € .T_4 + 1+ i_Y ﬁ
M, Ty o S50 'ttty X' v c t tg Jo 2
' (A34)
where Tg-1 o

X' = (x) Ve
In order to include effect of added mass of fﬁel, the value of Nt
used in equation (A34) should be the product ny(1+f).
Figure 6. -

B, = cp’at(‘)(l + Y+ 2) (A49)

The T, corresponding to the enthalpy H2 is obtained from
reference 4.

Figure 7. - '
<c_(T,-T,)
, p* 4 2
f =L = 4 A46
Mo 32.2 h (a46)

where Eb is determined from reference 5.
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APPENDIX C

METHOD FOR DETERMINING OPERATING LINES OF CONSTANT T,/T; AND CONSTANT

My y/65/05 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 T4/Tl and Mg1/65/85
for the gas-generator plot of figure 13('a) is as follows:

Equation (14), based on compressor power being equal to the power
of first turbine, can be converted to

E) = . .
5, MV,1 T | (c1)
When T,/T) 1is eliminated between equations (12) and (c1),

“QLV Ue oy 2 Pz MV 1 [ t,1 : N

(1) - A point on figure 11 is selected at which the value of T4/Ty

is desired. The values of UC/W/elJ P, /Py, Maq/Ql/Sl, and K, corres-
ponding to the point are read on the figure. . ) '

(2) A value of Uc/Ut 1 1is chosen based on sizes of turbine and
compressor used; then, from the values of U /Ut 1 ‘and K.»
\’n %, 1/(Ut l/Vt 1) is evaluated from equatlon (15) A probable value

of P4/p5 is assumed and the value. of 4/n /(Ut l/Vt 1) is used to
read the values of Tlt 1’ ﬂ t 1) and Ut l/Vt 1 fron flgure 12(b)

(3) Equation (C2) is used torevaluate 'Mth 1/84.

(4) Correspondlng to the values of Mth 1/64 and Ug 1V, 10

the values of M, V6 /64, Ve 1/1/ 4 and P4/p5 are read on figure 12(a).
Thls value of P4/p5 should be used _to’'check the values of Mg and

n' t,1 determlned in-step (2). 'If any appre01able dlfferences in values

of the efficiencies resilt, the ‘revised 'value. of n t 1 is used in
step (3).
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(5) The value of T /T is now evéiuated(from equation (12).

In order to illustrate this method, . the point is picked on flg-
ure 11 at which T,/T, is to be evaluated.

(1) The point is selected-whefe' UC/\/ = 1006 ff/sed,
P2/Py = 4.74 M 1/ 1/8) = 0.660 slug/sec, and K, = 2.05.

(2) A value of Uc/Ut 1 = 1:0 is used for this engine. When
U./Uy 1 and K, are used in equation (15), a value of e
n t,l/ t,l/Vt,l) = 2.02 1is obtained.. This value is used in fig-
ure 12(b), a value of P,/P5 of 2.0 is assumed, and the following
. . 1 .
values are read: Ut,l/vt’l = 0.435, Mg, = 0.835, and 7'y 5 = 0.782.
. (3) From equation (C2) and with a value of r = 0.05, a value of
MgV£,1/54 = 338 ft/sec is calculated.
(4) Whnen the values of MgV 1/8; and Uf,l/vf-l are used in
figure 12(a), the following values are read: Vt,l/ 6, = 1136-ft/sec,
M, 94/64 = 0.298 slug/sec, and P4/p5.= 2.23. This value of Pé/p5

does not cause any appreciable change in values of turbine efficiencies
. from those determined in step (2) with an assumed value of P4/p5 of 2.0.

(5) The value of T,/T; evaluated from equation (12) is 4.13.

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

550 hpy . 550 hpy

nt’l = — T =) '= . . Y-l
- g : g
w, g o1 (22 Te | -Lw vE g m 1-2‘@
g Y%p,g 14 ?4 "3 g '5 g “ p,g @ P4‘ o
so that “ . Yg'l ) w
PN\Nr1_ V. -2
» P,g& 4 P4 t;l' 2 .
' ' - ‘ B (c3)
or _ - Yg-l >
Y ' 2
g n \
2Jc 519 1- 5 = bl tél
“p,8 4/ Nt,1 4




NACA TN 2653’ 53

On figure 12(b), the value of the upper abscissa Vt,l/ 6, 1s
related to the value of the lower abscissa P4/p5 -according to the

equation Yg-l

g 2
. - /P\ T v
oJe. 519 |1 -(=2) & [ = 2L

Figure 12(b) can similarly be applied to equation (c3) by using the
value of W/” t, l/nt 1 Vt l/m/ ~ on the upper abscissa instead of
Vi, 1/ 84 and 'reading the value of P,/Py instead of P,/p. on the

lower abscissa.

The total-temperature ratio TS/T4 is

1
Ts_ B0y o MeiVea® (ca)
‘ T, Tep,¢ Ta Vg 2 6y Jcp,g 519

' The mass-flow factor MVW/G /6. can now be obtained from equation (13).
e /24 5 "5
In order to illustrate the calculations involved:

(6) From the values of Vg 1/1/ 4r Mg 15 80d 7' £,1 previously
Ve, 1 [V,

Aoz Ve,

P,/Ps = 2.10 is obtained.

determined, = 1100 ft/sec. Corresponding to this value,

(7) From equation (04), a value of Tg/T, of 0.859 is obtained
assuming a value of cp,g = 8.9 Btu/(slug)(°F) .

(8) Finally, from equation (13) a value of MgA’95/65 = 0.581 1is
determined.
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- APPENDIX D

METHOD FOR DETERMINING EXHAUST-NOZZLE AREA OF MATCHED SET OF
_ TURBINE-PROPELLER EN’dil\m COMPONENTS CONSISTING OF ONE
TURBINE DRIVING ONLY COMPRESSOR AND SECOND TURBINE
' DRIVING ONLY PROPELLER

Useful equations for determinlng the values of several paremeters'
needed in this method are as follows:

From the definition of effective exhaust-nozzle area, D

1 . Yg'l

\4 : Y
po g . . PO g
Mg = An (Fé) Pe 4| 9%, & Ts 1.- (P6>

where pg; 1is the stagnation density at the second turbine outlet and T6

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

3 Yl
Mg % 2116 (Po8 . [Bo\Te (p1a)
An % . 4/519 R, \F6 P ,

o]

Equation (Dla) is used until the critical pressure ratio is
reached. The value of Mg1/ /An 5 remains constant thereafter, as

pO/P6 becomes léss than the critlcal pressure ratio. The mass-flow-
per-unit-area factor for critlcal flow is R

‘ -1 . . .
‘- Mg'\/ %  2m16 | %Tg 2 \'e (o)
Ay ® /519 Ry |Tet 1 \¥g* ]
‘ Also, from energy consideratione,
1y, oVt 22
t,2't,2

T, =T -
‘ ' 6 ° ZJCP: g
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from which
' ' 2
e 1 ART I ATy - (D2)
TS | ZJCP,g 519 1/55 | )

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\/__755, there can be a range of Ut Z/Vt 2
over which the second turbine can operate. At any Ut Z/Vt 29 the
value of PS/PS can_be obtained from‘figure 14(a) and n' t,2 and nt,Z’
from figure 14(b).

(3) The total-pressure ratio: PS/P6 is found by a method similar to
that described in appendix C. From the value of P5/p6, the corresponding

. . Vi, 2 ,ﬂ't 2
Vf,2/1/95 is obtained on figure 14(a); —2 7 2~ is then calculated and

VBS t,2
used to evaluate PS/P .

' Ps  [Pe\/Ps\ /Py /P
(4) The pressure ratio S (S22 is evaluated, where
Po  \Ps/\Ps/\F1/\ Po

l/p is a function of flight Mach number and pressure loss in inlet duct
(see equation (A12)).

(5) With suitable values for y_ and c , the value of P /p

g Dy8 6/ 0
is used to calculate M N/ /An Bg ' from equation (Dla); equation (D1b)
is used to calculate M «/ 6/An 56 if flow through the exhaust nozzle
is choked.

(6) The values of 7' t,2 end Vg 2/¥65 apd an appropriate

value of cp,g are used in equatlon (D2) to evaluate T5/T6

(7) The value of A, 1is then calculated from the identity

gV 5
55 T5 P6
Mg*’66

A, Bg

A=
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This method will be illustrated for the same operating point used-in
the illustration of appendlx C:

(1) sSome of the condltions corresponding to the given point of
operation are U,/4[@] = 1006 ft/sec, Pz/Pl = 4.74, p4/P5 = 2.10, and
MgA[65/65 = 0.581 slugs/sec. |

(2) From the value of Mg\/5g765 and a chosen value of 0.5 for
Ut,z/Vf’ the correspondlng P5/p6 =-1.91 .is obtained on figure l4(a).
Then from figure 14(b) g, .= 0 850 and n t,2 = O 796

(3) . Corresponding to P5/p6 = 1.91, V 2/«/ = 1032 ft/sec 15 read

on figure‘l4(a). The parameter 252 n t 2 equal -to lOOO'ft/sec is

Vo5 "t 2

evaluated, and the correspondlng P5/P of 1.83 read on figure l4(a)

(4) The pressure ratio - P /p at a value of 'Y = 0.10. and inlet
pressure loss AP /Pl = 0.03 - 1s 1.356 by equation .(Al2). - Thus, -
Pg/Py = 1.589 1is evaluated from the values of P5/P6, P5/P4, P4/Pl, and

Pl/p .

(5) From equation (Dla), values of Tg = 1.35 " and” Rg of
1720 f£t-1b/(slug)(°F), and the value of PS/PO previously determined,

1’66/An dg = 1. 484 (slug/sec)/sq £t is evaluated.

(6) The temperature ratio T6/T5 = 0.877 is obtained ffom'

Vg, o/ 495, ' t,2» and & value of ¢ . = 8. 6 Btu/(slug (OF) in
equation (DZ)

(7) The value of the effective exhaust-nozzle area oBfainédlby
use of the identity given in step (7) is A, = 0.67 sq ft.
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Figure 17. - Continued. Total thrust horsepover factor and specific fuel comsumption.of matched turbine-
Cv, 0.97; h, 18,900 Btu per pound; APq/Py, 0.03; APz/Pa, 0.055UcfUt,1, 1.0.
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Figure 18. - Performance plots of matched turbine-propeller engine for various values of power output of first turbine to compressor
pover; Uc/4/61, 1052 feet per second; Y, 0.1 (flight Mach number, 0.7} fp, 0.86; Cy, 0.97; h, 18,900 Btu per pound; APg/P1, 0-03;

Py /P2, 0-05.




NACA TN 2653
.70 I T -
E:;" ,' _thp .
Ps/Pg SE | VB
=5, AN .
= /] foe Al
/// ' Zflm \\!\ ‘
A ' T
1/ NS s
80 ] > P~ ——
// TSN TR )
// SIS
2T TR ~
el / / \\ // \Q“\

—
T
g
3
E

\\
AN
3
i
/
7i
//
/
/i

~ I O
>; // 1 L : N\
™y .50 l 7 ~y =
2 / gy
d / // o ~
/ I ! { |+-598 \‘\/
1B \ )
45 7\ § : A\ B
: ,’ \lt N _
I [ uy\? ~_ \An =-1.08 g ft
( ' \ ‘b\\(uc/ut,z =10
.40 [— A <
I\ ssoo\\\ ’é
L\ N T —"’/ 62
AS
5200 : L1
f Sy .69
sl l_lsoo | T~-RL 1
. p—
3000 |l ]
\ - II —_——— N —_—‘//
I~ ,w
Gl & NACA
.30 N b b -
90 .85 .80 .75 .70 .65 2.0 2.2 2.4 2.6 2.8 3.0 3.2
'lg PS/p(i

- (b) hpg, /P, 1.07.
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