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SUMMARY

Charts are presented by which the Jet pressure ratio that gives
optimm division of power between propeller and Jet for maximm °
total thrust power mey be convenlently determined for any turbine-
propeller engine with or without intercooling, reheat, regemeration,
or any combination of these modifications. Performence curves for
various engine cycles show that the Jet presswre ratlio that pro-
duces maximm total power cutput also gives minimum or very nearly
minimum specific fuel consumption.

The method of obtalning optimm power dlivision presemted
herein is compered for two sets of conditions with two other methods
that have been widely used for obtaining approximately optimum
power division. For all condltions investigated, & simple eguation
(involving flight velocity, exheust-nozzle veloclty coefficient, and
turbine and propeller efficlencies) for the Jet velocity for
mexlmm power from & basic turbine-propeller engine wlthout mod-
ifications gave & value of jJet velocity quite close to that cal-
culated by using the optimum Jet pressure ratio found from the
cherts presented. The accuracy of using the Inlet-diffuser pres-
sure ratio for the optimum Jet pressure ratio depended largely
on ‘the values of component efficiencies and fllght conditions used.
Because the thrust-power and specific-fuel-consumptlion curves are
relatively insemsitive to a change in Jet pressure ratio near
the optimum, the loss In power end economy from the optimm values
when the inlet-dlffuser pressure ratio was used for the Jet pressure
ratio was less than S percent for the conditions investigated.

INTRODUCTION

One of the variables Involved in the design or the analysis
of & turbine-propeller engine 1s the division of power between the
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Jet and the propeller. Although a division of power that gives
maximm thrust or minimum speciflc fuel consumption may not nec-
essarily be the most desirable when the load-range characteristics of
an airplsne powered with such an engine are considered, the general
practice in the analysis of turbine-propeller-engine performance has
been to use the power division giving maximm thrust as the optimum.

Various methods have been employed to obtain & division of power
that gives maximum thrust. A series of thrust calculations in
which the Jet pressure ratio is varied may be used to obtain the
optimm Jet pressure ratio, but this procedure requires involved -
calculations in order to obtain the optimum pressure ratio for each
set of conditions being investigated. Several simple eguations have
been derived that give approximate values of optimum Jet velocity
for maximum-thrust. One such eguation (involving exheust-nozzle
velocity coefficient, turbine and propeller efficiencies, and
flight velocity) is given in reference l; this equation, however,
does not conslder the effects of cycle modifications such as
regeneration or reheat. Morsover, determination of the turbine
work output is very difficult if, in addition to the turbine-inlet
conditions, only the optimum Jet velocity ls known instead of the
optimum Jet pressure ratio. Another method of determining power
distribution is employed in reference 2, in which approximately
optimum power distribution is obtained by taking the jJet pressure
ratio equal to the Inlet-diffuser pressure ratio.

In order to have & direct and yet more exact method of obtain-
ing the optimm Jet pressure ratio for use in calculating the per-
formance of various turbine-propeller-engine cycles and to check
the accuracy of the simpler methods, an analysis was made at the
NACA Lewis laboratory to obtain an expression for the optimum Jet
pressure ratio for any turbine-propeller engine. The results of
this analysis are presented in the form of charts from which the
jet pressure ratio for the division of power giving maximum thrust
may be obtained for turbine-propeller engines either with or without
intercooling, reheat, regeneration, or any combination of these
modifications.

DESCRIPTION OF ENGINE CYCLE .

. A schematic diagram of a turbine-propeller engine incorporating
all the modifications considered in the analysils 1s preseated in
figure 1. Engine components for the basic cycle are represented
by solid lines; additional eguipment necessary for the various
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cycle modifications is shown by dashed lines. Air enters the engine
and passes through the inlet diffuser, the first compressor, and
Into the intercooler. In the intercooler, some of the heat from
the partly compressed air is given up to the air passing through
the cold side of the intercooler; the cooled air then flows into
the second compressor where it is further compressed. From the
second compressor, the air passes through the cold slde of the
regenerator and receives heat from the gases passing through the
hot side of the regsmerator; the air then passes into the primary
burner where fuel is added and burned. The hot gases from the burner
expend through the first turbine and enter the reheat burner, where
more fuel is added and burned. After expanding through the second
turbine, the gases pass through the hot side of the regenerator ’
vhere they give up heat to the air passing through the cold side;
the gases then leave the engine through the Jet nozzle. The turbine
furnishes the power required by the compressor and also supplies
power to the propeller through reduction gearing.

ANALYSIS

Development of Charts for Determining Optimum
Jet Pressure Ratio ’

All symbols used in the derivation of the charts are defined
in appendix A. An equation is derived in appendix B that expresses
‘the totel thrust per wnlt gas flow for a turbine-propeller engine
with regeneration end intercooling in terms of operating and design
constents and the Jet pressure ratio. This equation is then dif-
ferentiated with respect to the Jet pressure ratio and set equal to
zero; & gemeral expression conteining various operating and design
constants and the Jet pressure ratio that gives maximum thrust is
thereby obtained. Vhen this .expression is rearrenged, the following
equation 1s obtained comprising the parameter A, which is a func-
tion of the Jet pressure ratio for maximum thrust, and the two
parameters B and C, vhich contain operating and design constents:

3
B=A;.(A_‘!'). 1_.2.;. 1-..29 - A (B29)
c A A2
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Because equation (B29) cannot be readily solved for the optimmm Jet
Tressure ratio, 1t hes been plotted in figure 2(a) for a wide range
of values of the parameters A, B, and C. Thus the Jet pressure
ratio giving maximum thrust for any turbine-propeller emgine without
reheat and with or without intercooling, regemeration, or both mey

be determined from figure 2(a) by evaluating the two paraméters B
and C.

In appendix C, the following expression simllar to that derived

in appendix B 1s derived for an engine with two turbines and reheating
between the turbines with intercooling, regeneration, or both:

A%(a-1) Cp Cr
e <l'm3/2*/\/l F/'é> oo
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In this derivation, the pressure ratio In each turbine was assumed

equal to the square root of the over-all effectlve turbine pressure
ratio (P4/P5)e, and the temperature after reheating was assumed

equal to the inlet temperature of the first turbine. The validity
of these assumptions is discussed in appendix D. ZEquation (C7) is
plotted in figure 2(b) for a wide range of values of the

perameters Ay, By, and Cp. The Jet pressure ratio giving maximum
thrust for eny turbine-propeller engine wlth reheating as previously
described and elther with or wilthout intercooling, regemeration,

or both may be determined from figure 2('b) by evaluating the two
parameters B,, and C,

If the engine being considered does not have regeneration, the
value of 1,' in parameters B and C in figure 2(a) and in

parameters B, and C, in figure 2(b) is taken as zero. For an

engine with intercooling in combination with regeneration, a

value of T, must be calculated for use in parameter B of fig-

wre 2(a) or B, of figure 2(b). If the engine does not have regen-

eration, however, the term involving T, drops out and the inter-

cooling has no effect upon the optimum Jet pressure ratio, except

as the pressure loss in the interccoler or.an Iincrease in compressor
7¢-1

7%
pressure ratio may affect the term (K -5(2;)
When the flight speed V., 1s zero, the propeller efficlency Tp
is also zero and parameters 8 (£ig. 2(a)) and Cp. (fig. 2(1v))
are indeterminate. For this ocondition and also for very low flight
speeds (such as take-off conditions) where propeller efficiency may
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be of questicnable accuracy, Vo/np should be replaced by the

expression 550/€P where @ is the pounds of propeller thrust per
shaft horsepower Input.

Other Methods of Power Division

The following approximate equation is derived in reference 1
for the Jet vélocity that will give meximum thrust for a basic
turbine-propeller engine without modifications if propeller and
turbine efficiencies are constant:

2
Vo Cy
Jsop 'qp 'q_b'

vhere 174' is the turbine polytropic efficiemcy. If 17, and
ny' are not constant with change in jet velocity, differential
efficiencies must be used as explained in reference 1l.

In reference 2, the jet pressure ratio is considered equal to
the inlet-diffuser pressure ratio as a means of determining power
distribution for the basic turbine-propeller engine and engines with
intercooling, reheating, and regemeration; that is

P P
. 6.1 (2)
P Po .

-DISCUSSION

In order to compare the method presented herein wlth the other
methods of obtaining power division and to show the range of values
of "Jet pressure ratio end ratio of  jet to propeller ‘thrust that are
generally encountered, calculations were made of the performance of
turbine-propeller engines having various cycle modifications for two
conditions of component efficiencies and altitude and for a range of
flight velocities. The values chosen for the calculations are as
follows:

1361 °
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Condition
I I1

Propeller efficilency (including reduction

gea_ring),'qp.............o.ao 0.95
Inlet‘diffuser efficiency, na e s o o o o 0085 0095
Gompressor adlabatic efficlency without

1nt61'0001ing, nc L » L] L ] . L L] L] ] L) . L] 0-80 0.90
Compressor adlabatic effliciency for each

compressor with intercooling, 7, - . . 0.825 0.913

Turbine adlabatic efficlency without
reheat, n.b e o . o . . ] e ® * e e o o o 0'85 0095

Turbine adlebatic efficiency for each
turbi-ne Vi'bh reheat, nt e & e o o o

Exhaust-nozzle veloclty coefficient,

CV L] L ] - - [ ] R - * * [} - L ] L] * L ] . ] *
Compressor pressure ratio, Pz/Pl ..

Turbine-inlet temperature, T, (also
T, with reheat), R . . . ... ... 2000 2000
Intercooler effectiveness, 7Ny + « « « « « 0.50 0.50

Regenerator heating effectiveness, My « 0.70 0.70
Alti'bude, ft . » L] - [ L o . ) L] L] L] » - [ ] O 35,300

0.833 0.943

0.975 0.975

.
.

Kool
@

Values of component efficliencies and sltitude for condition IT
higher than for condition I were selected in order to indicate the
greatest differences between the various methods that would usua]_ly
be encountered.

In the cycles with intercooling, intercooling was assumed to
occur at the square root of the over-all compressor pressure ratio.
The compressor adiebatlc efficiency was higher with intercooling
than without, because an adiabatic efficlency was calculated for each
compressor such that the change in enthalpy for the two compressors
with zero intercooling effectiveness would be equal to the change in
enthalpy for the same pressure ratio with a single compressor. A
similar consideration was made for the turblne efficiemcy for the
reheat cycles. The following values of the pressure-loss factor K
were chosen for both sets of conditions:
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X
Basic cycle and intercooling cycle 0.97
Reheat cycle .92
Regenerative cycles -89

For the cycles with intercooling, an intercooler pressure loss
of 0.045 P4 wes used. .

The thrust horsepower per unit gas flow and specific fuel con-
sumption for turbine-propeller engines representative of various
engine cycles are shown in figure 3 for a range of Jet pressure ratios
and a flight velocity of 500 miles per hour (733 fit/sec) for con-
ditions I and IT. The jet pressure ratios were chosen to give Jet

velocitles from approximately .;_' to l!z: times the Jet veloclty for

maximum thrust power for each engine cycle. As the Jet pressure
ratio is increased from the lowest value shown, the thrust horsepower
increases to a maximum and then decreases as the Jet pressure ratio
is further increased. The Jet pressure. ratlo obtained from fig-

ure 2 is indicated on each of the curves in figure 3 énd occurs at
the maximm thrust power for each of the cycles. For each set of
conditions, the optimm jet pressure ratio for maximum thrust power
for all the cycles considered is ebout the same; it occurs.in a
range of 1.24 to 1.33 for condition I (fig. 3(a)) and 1.12 to 1.18
for condition IT (fig- 3(b))- A point corresponding to the Jet
velocity given by egquation (1) appears on the curves for the basic
engine cycle and for the intercooling cycle as well, inasmuch as
intercooling without regeneration has no effect upon the optimum

jet velocity. In evaluating the jet velocity given by eguation (1),
the polytropic turbine efficiency 04' corresponding to the assumed
adiabatic efficlency was used. The jot pressure ratio corresponding
to the Jet veloclty givem by eguation (1) is in good agreement with
the optimum jet pressure ratios from figure 2. The jet pressure
ratio equal to the inlet-diffuser pressure ratio (equation (2)) is
also shown on each of the curves in figure 3. For condition I, the
inlet-diffuser pressure ratio (1.28) falls quite close to the optimum
Jet pressure ratio for the various cycles, but for condition II the
inlet-diffuser pressure ratio (1.43) is considerably higher than the
optimum jet pressure ratio for all the engine cycles shown. The
thrust horsepower, however, does not vary markedly with a change in
jet pressure ratio in this region; conseguently, the decrease in
power at the point given by egquation (2) is less than 5 percent from
the maximm value for all cycles and c/ond.itions investigated.
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i The inlet-diffuser pressure ratio can be changed only by a
change in flight conditlions or inlet-diffuser efficiency; whereas

the optimum Jet pressure ratio may be changed elther by variations
in the flight conditions or by variations in engine component
efficlencles and engine operating conditions, as may be seen by
inspection of the parameters B and C in figure 2. For a givem
flight velocity, & change in altitude has very little effect on
elther the optimum Jet pressure ratlo found from figure 2 or the

Jot pressure ratio corresponding to the Jet velocity given by equa-
tion (1). The Jet pressure ratio equal to the inlet-diffuser pres-
sure ratio (equation (2)) will change, however, because of the
change in diffuser inlet temperature. The increase in altitude from
condition I to condition II accounts for a large part of the Increase
in jet pressure ratio, as obtained from eguation (2). The decrease
in optimum Jet pressure ratio as determined by figure 2 1s a result
of the higher component efficlencies. For the efficiencies of
condition II, but at sea-level altitude, the differences between the
Jet pressure ratio as obtained from equation (2) and the optimm Jet
pressure ratio as found from figure 2 would be approximately one-half
as great as for an altitude of 35,300 feet.

The specific-fuel-consumption curves in figure 3 for the basic
cycle and for the cycle with intercooling show that minimum specific
fuel consumption for these cycles occurs at the same Jet pressure ratio
that gives meaximum thrust. This coincldence of optimum Jet pressurs
ratio for maximm thrust and minimum specific fuel consumption occurs
because the fuel flow required by turbine-propeller engines elther
with or without intercooling is independent of the Jet pressure ratio
for a fizxed set of operating conditions. For engine cycles with
regeneration or reheat, however, a change in Jet pressure ratio while
constant operating conditions are maintained causes not only a change
in turbine power output and conseguently turbine-outlet temperature
but also a change in the fuel rate reguired to maintain a fixed
turbine-inlet temperature (or to maintain a fixed temperature at the
inlet to each turbine for the engine with reheating). Because the
decrease in total thrust that accompanies a change In the Jet pressure
ratio is very small near the maximum output, a range exisis In which
an Increase In Jet pressure ratio beyond the optimum for msaximmum
thrust causes a decrease in the fuel required that is proportiocnately
larger then the loss in total thrust; a lower specific fuel consumption
therefore results. This principle is lllustrated by the specific-
fuel-consumption curves for the engine cycles with reheat or regen-
eration in figure 3, which show that minimum specific fuel consumption
for these cycles occurs at a slightly higher Jet pressure ratio than
the pressure ratio that gives maximum thrust power. The minimum
specific fuel consumption for these cycles, however, is anly about
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1 percent lower than the specific fuel consumption at maximum thrust
for the chosen conditions. Celculation of the jet pressure ratio
that would glive minimum specific fuel consumption would be con-
siderably more complicated than that for maximum thrust; this cal-
culation is unwarranted in view of the small difference in specific
fuel consumption between maxinhm thrust and meximum fuel economy
for engines with regemeration or reheat.

The ratio of jet thrust to propeller thrust for optlmum power
division is plotted in figure 4 against the square of flight veloclty
for the same englne cycles and operating conditions that were used
in figure 3. Also shown in figure 4 are curves of optimum Jet pres-
gsure ratio for the basic and reheat cycles of figure 3 along with the
Jot pressure ratio for the basic engine that corresponds to the Jet
velacity of equation (1) and the jet pressure ratio obtained from
- equation (2) (inlet-diffuser pressure ratio); all the curves are
plotted against the square of flight velocity. The curves for the
optimm jet pressure ratio of the other cycles of figure 3 all lie
between the basic- and reheat-cycle values and were omitted for

Simplicityc

Increasing the flight velocity increases the optimum jet pres-
sure ratio and the ratio of Jet thrust to propeller thrust. epprox-
imately in proportion to the'square of the flight velocity (fig. 4)-
For condition I, the amount of thrust obtained from the Jet with
optimum power distribution is small in comparison with the thrust
obtained from the propeller at lower flight velocities, but increases
to as much as 50 percent for the basic cycle at about 600 miles per
hour. For condition II, the ratio of Jet thrust to propeller thrust
at optimum power division is very close to zero for all cycles and
flight velocities. At 600 miles per hour for the basic engine cycle,
the ratio of  jet thrust to propeller thrust is only 0.03, and for the
engine cycles with regeneration, the ratlo of Jet thrust to propeller
thrust is negative for all flight veloclties, which indicates that
optimm Jet velocity is lower then flight velocity for these cycles.
(In fig. 4(b), the basic- and intercooling-cycle curves for the
thrust ratio coincide.)

The curve of the Jet pressure ratlo corresponding to the Jet
velocity glven by equation (1) is in good egreement with the optlimum
jot pressure ratio for the basic cycle obtained from figure 2(a)
over the range of flight velocities considered for both sets of
operating conditions. Calculations for various component efficiencies,
compressor pressure ratios, and turbine-inlet temperatures showed
that equation (1) consistently gave Jet velocities in good agreement
with the jet velocity for the basic englne cycle obtained by using

e e —— ————— 2 ¢ ————
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the optimm Jet pressure ratio from figure.2(a). For condition I,
the curve representing equation (2) falls about midway between

the optimum Jet pressure ratios for the basic and reheat cycles for
the range of flight velocitles shown; for condition II, however,
this curve is much higher than the optimum Jet pressure ratios for
all engine cycles at all flight velocities.

A constent propeller efficiency was assumed at all flight
velocitlies in figure 4. If propeller efficlency decreased with
increasing flight velocity, the curves for optimm jet pressure ratio
and the curve corresponding to the Jet velocity given by equation (1)
would be displaced toward higher values; the good agreement between’
the optimm Jet pressure ratio for the baslc cycle and the pressure
ratlo corresponding to equation (1), however, would not be changed.
The curve representing equation (2) (the inlet-diffuser pressure
ratio) would, of course, remain the sams.

For condition II, the compressor pressure ratio and the turbine-
inlet temperature were assumed to be the same as for condition I.
Additional calculatione showed that increasing the compressor pres-
sure ratio increases the optimum Jet pressure ratio slightly, whereas
increasing the turbine-inlet temperature decreases the optimum jet
pressure ratio slightly; therefore, an increase in both compressor
pressure ratio and turbine-inlet temperature would result 1n about
the same optimum Jet pressure ratios as in figure 4.

SUMMARY OF RESULTS

Charts are presented herein that meke possible, with a minimum
of calculations, the determination of the Jet pressure ratio that
glves maximum thrust power for any glven turbine-propeller engine
with or without intercooling, reheat, or regeneration or any combina-
tion of these modifications.

A value of Jet veloclty very close to the optimum Jet velocity
for the baslc engine cycle without modifications and for the cycle
with intercooling was found by means of & simple eguation involving
flight velocity, exheust-nozzle velocity coefficient, and turbine
and propeller efficlencies.

The accuracy of using the inlet-diffuser pressure ratio for
the Jeot pressure ratlo to obtain approximately optimum power dis-
tribution for any turbine-propeller-engine cycle depended largely
upon the values of component efficiencies and flight conditions
used; however, because both thrust power and specific fusel consumption

e s e e e A e A v A e - e & e ¢ A e = - = —— o e s et


http://www.abbottaerospace.com/technical-library

12 NACA TN 2178

A

are relatively insensitive to changes in Jet pressure ratio near
the optimum, the loss in power and economy from the maximum
values, when this spproximate method of power distribution was
used, was less then 5 percent for the conditions investigated.

Jewis Flight Propulsion laboratory,
National Advisory Committee for Aeromautics,
Cleveland, Ohioc, March 9, 1950.

\
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APPENDIX A

SYMBOIS

13

The following symbols are used in this report:

A, B, Bp,
c,and.c:-

Cr

(P4/P5)e

(Ps/ Po)op'b

shp

AT

parameters used in plotting figure 2

exhaust-nozzle velocity coefficlent

specific heat at constant pressure, Btu/(1b)(°R)

thrust, 1b

specific fuel consumption, 1b/thp-hr

fuel-alr ratio

acceleration due to gravity, 32.17 £t/sec®

mechanical equivalent of heat, 778.3 ft-1b/Btu

factor accounting for pressure losses,

-5

total pressure, 1b/sq in. absolute

%)

ol

effective turbine pressure ratio, (equal to
(Py/Pyp) (P5p/P5) with reheat burner or

P4/P5 without reheat burner)

optimum Jet pressure ratio for maximum total thrust

total pressure loss, 1b/sq in.

static pressure, 1b/sq in. absolute

shaft horsepower _

total temperature, °R

change in total temperature, °R
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static temperature, °R

thrust horsepower

1361

flight velocity, £t/sec
jet velocity relative to engine, ft/sec p
mass flow of air, 1b/sec

ratio of speciflc heats

compressor adisbatic efficlency without intercooling
(for intercooling, each compressor considered

separately),

7q-1

SR
jnlet-diffuser efficiency, 0

Ty - %

T3 = Ty

intercooler effectiveness,
S T R |

propeller efficiency (also accounts for reduction
F,V
gear losses), ~p 0
550 shp

e e v ———
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Ny turbine adiabatic efficiemcy without reheat, (for
reheat, each turbine comsidered separately),
Ty - T5
7t.-l
()
4 2,
Ny regenerator heating effectiveness,
512
Ny! regenerator cooling effectliveness, Xe Ny
c. . (1+£/a)
Pyxh .
) propeller thrust per shaft power input, 1b/hp
Subsoripts:
b primary combustion chamber
c comprossor
d inlet diffuser
o effective
i | intercooler )
J Jet
opt optimm for maximum thrust power
b propeller
r reheat burner or with reheating
+ turbine
xo regenerator cold side

xh regenerator hot side
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Nunbered subscripts refer to stations shown in figure 1.

ambient air

1361

compressor inlet
first-compressor outlet or intercooler inlet
second-compressor outlet or regenerator cold-side inlet
intercooler outlet or second-compresseor inlet
lregenerator colé.-side outlet or combustion-chamber inlet
combustion-chamber outlet or turbine inlet
- First-turbine outlet or reheat-burner inlet
turbine outlet or regenerator hot-side inlet
reheat-burner outlet or second-turbine inlet

regenerator hot-side outlet or jet-nozzle inlet .
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APPENDTX B
DERIVATION OF EXFRESSION FOR OPTIMUM JET PRESSURE RATIO FOR
ENGINE WITH CR WITHOUT INTERCOOLING, REGENERATTON,
OR BOTH

For the derivation of optimum jet pressure ratio for a turbine-
rropeller engine, including the effects of intercooling and regenera-

tion, the following operating and design constants are considered:
C.s Co,e?  Cp,t? P1s Py By Py Ty Ty Ty, Vor Wy 745
Nys np, end 17,'. The variables are: F, Ps, Pg, shpp, Tz,

Ts, TG, and VJ-

Among the following equatioms, those equations that oontain Ny
or 7Ny' may be applied to turbine-propeller engines without regenera-

tlon 1f the wvalues of Ty and Ny' &are considered zero. -

The net thrust of the jet, including the effect of fuel burned,

- 18

Fj =g El-l-f/a) vy - vo:l (B1)
and the propeller thrust is .
550 1., sh;
o = _vi___pa (82)

vhere the propeller efficiency Tlp also accounts for the reduction-
gear losses.

The totel thrust per unit gas flow is therefore

—— =T (83)
g(lﬂ‘/a) ITmER T o(l+f/a.)

If it is essumed that y and cp are the same for twrbine
and exhaust gases (appendix D), the Jet velocity is glven by
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7_172
Vy = cvzstcp,tTG 1- (g—g) e (54)
By definition,
. T.-T
Ny = T:_T: (85)

Also, the heat gained by the compressed air in the regenerator is
equal to the heat lost by the exhaust gases so that

Wep o (T5-T2) = W(l+f/a)ep vy (T5-T6) (B6)

From equations (BS5) and (B6),

Cp,xc n T5-Tg (®7)
- x T emavm—
cp’xh(l+f/a.) . DTy
Letting,
ojp,xc
1] t = - 'q (38)
T op,yn(let/a) *
then
Tg = Tg - Iy’ (T5-Tp) = Tg(l-ny') + e’ Tz - (89)
The turbine-outlet temperature is
7t-l
. 7y .
P =Ty <1 - 1 1-(:8 > (B10)
S 4 t P,
e
P - .
The term (Pi) is introduced at this point to remder the
4
e

subsequent equations applicable to pressure losses in an engine
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having a two-stage turbine with reheating between stages (appendix C).

Py Py FPsp
The effective turbine pressure ratio {— is equal to — —
o Ps © Par Ps
W P e
A with reheating or P% without reheating.
When equations (B4), (B9), and (B10O) are corbined,
v P -ﬂ
71-‘ P 717
2 6
Vy = 1\| O 2aep, ¢ lj - (%) (2-1y) T 41 - mgfl - (,—j) >+ g’ Tp
o
’ (811)
e -
The turbine power per umnlt gas fléw 1s
B N
Tyt
e TR 2L Y7 PR <?§> (B22)
Baac/e) o0 ),
and the compressor power per unit air flow is
shp,, - chp,c AT,
W 550 (B13)

g
vhere, without intercooling,

ATO ='T2-Tl
or with intercooling,
AT, = (Tli-'l'l) + (Tp-Toy)

The shaft power available to the propeller is the differemce
between turbine and compressor power; thus,
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shpp _ MyJecp, 4Ty 1’5)
R

The propeller thrust per unit gas flow is

F.

Yo

g(l-l-f/a) g_vo(l«l-f/a)

By definition,

Because,

(?.é) fa Tor Caler
Ps/y Par ¥s  P5 Pyr

the valur of K from equation (B16) beccmes

K- 45r Tafswle
P, P, P, P, P, P

74
p__ _ 550Mgsbrp _ MpMiIecp,Ts |, (?é)

NACA TR 2178

Jg AT,
" 550(1+£/a)
(B14)
-
71-,"1

'qPJ ch, c AT,

o Y (1+£/a)

(B15)

(B16)

(817)

(818)

(B19)
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= fé :Eé ?ir_ .rﬁ (BZO)
Pp Pz Pyr Pg

When X 1is expressed in terms of the total-pressure losses in
the cold slde of the regemnerator, the primary combustion chamber,
the reheat combuetlion chamber, and the hot side of the regemerator,
from equation (B20),

Ach AP'b APy, Ath

K=|1- 1-—2l1-=% - (B21)
P2 P3 Pyr Py

If equation (B1l7) is used, the Jet velocity and the propeller
thrust may be expressed in terms of the primery variable P6/P°

end operating and design constents. From equations (BLl) end (B17),

A . 741 741

- ————

7y 7 7%
V, = cz?Jec 1-|2 (X-n_")T -1 1-11’—2 13 +q0' T
J v Pyt 0 x 74 t 2, 7o x 2

-

(B22)

From eguations (B15) and (B17),the propeller thrust per unit
gas flow 1s

e i
Fp _ SSOnpehpp  "MpnyJecp oTe |, | @PZ) ’ (P._s.) _ Npl8%, o AT

v

‘-;-(1+f o) oo 142/a) )

e e E—e at o e ————_— e ——— . —
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When equations (B22) end (B23) are substituted in equation (B3),
the total thrust per wnit gas flow in terms of the Jet pressure ratio
and operating and design constants is

5L

7t’
. . 7t] ¥ 71-. 71;
=1] ¢, 223 1 (1—11 )7, {1 1-( ) ( ) + 0! g |-
Tasz/a) “ost -Go) 4 2

7t-l
- -
Vo “p’ltJB"P,tTai, 1. __6_ _Np'€%,¢ AT,
l+f/a. Yo L O Vo(l-l-f/a.)
(B24)
Ki'ny
e\ ¥ :
Jn order to find the value of (P_s) that will glve meximm
0 741
7t

P
thrust, the derivative of the total thrust with respect to (f)
is set equal to zero. 0

F
d ———
W
-g-(l-l-f/a.)

=i (B25)

T~

P 71;
()
()
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e M At - T

(&~ 2 N

£
From equations (B24) and (B25), N
®
_7'h.1 _1*-1 - 7.5'1 _7t'1 _7"‘1
. 2 £ NP Y t T K'Y
Oy adp, 4\ (1-ny" Mo 20y, 1-& % (l_g)ort + 1'%\ 5 + Gy Haop,s 1'(:—:),n (2g') g 1y @g ’*';1
piedeoy, vT4 @?_a)
v, 7
74T 74l Ficad ° ’
B 7 2 T 7
2 !}/ o, sien, 1'(%),” {20yt ) Q104 1-&% ¢ ot g Tp
(B286)
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Then
741 7t-l
N
' [ [ @) 24 (20 1-65 fg_) (is-) + 7' Tp
2 +
71;"1 71?-1
. 71.' 71;
) v ()
2| —= Y L
L \Po/opt - Po/opt
- 73
-—7—-
71.;1 A +
P N 1. 5—)
' l(l-n t)-_[-4 ntx_z.) 0/opt
2 * Fo ‘ 7‘5-1 7.‘;"1
- . 2 £
#1--1 1 :L--::-P—2 %6\ - 4+ T
-1

_ pghidesy 4Ty (xfg> e

Yo PJ cvz?JB"p,t

(B27)
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and
7t'1 o 71.,-1
- — 7_
71‘.'1 P) t l: o’ _-l C Q) t
- 2 1 x 2 . ]
' - = (2] 12 S
2@ Pz) 7 6,\F 1t V2 Q‘ro nt'( g T4> * \Po/opt
X o) Tt 98%,¢Ty 741 751
7% g
IR
Po opt 2 opt
i 75t
ﬂ (Ps) 7y
7 M
P\ © (O ‘ lag Voo Po/opt 2
2( 2o, (’E) My J8% Ty 7;'1 7;,-1
t T P t
K'P—z 1 4—1‘-—1—7)-[.—2) - 1]+ ..E
u Py Mg\ 10 T, Pojogt
(328)
Tetting
71;"1
7
P, T
A=\|— -
0/opt
71;'1
7
Pa ¢ 1., ' T2\
2=\ 5 M5\ Mx' Ty
and
741
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equation (B28) may be written

' 2C(B+A) , , 2c(a-1) _ 2 (B29)
A3(a-1) A(B+4)

2C (r) - 2 NBaa + [l 2c(a-1) A .o (B30)

A3(a-1)

When éq_ua:bion (B30) is solved for AB+A

,\[ ,\[ [2c(a-1)
N = 1+ A3(A-1) l\l A (831)

A3 (A-l)

(Upon examination, the positive value was found to give the desired

root,) anmd
3
B = A7(A-1) 1-£+'h-,1-.§§ -a (B32)
c A2 A2

Equation (B32) is plotted in figure 2(a).
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APPENDIX C
DERIVATION OF EXPRESSION FOR OPTIMUM JET PRESSURE RATIO
FOR ENGINE WITH REHEAT, WITH OR WITHOUT INTERCOOLING,
REGENERATION, OR BOTH
If it is assumed that reheat occurs at the square root of the
over-all turbine pressure ratio and that the temperature after
reheating is equal to the turbine-inlet temperature,

P P

or _ 4

P  Pyr
and -

T5r=T4

then, for reheating

Py
T =T, <1 -1l -{ 5 )

and equation (B24) becomes

| 74t 7yt
I e
F 2 6 1
i_sr_( e/a) = I|| Gy z‘m"r; 1" _ (1"'11 )Te {1-0gf2- _) (:_o') T T -

Yo . z'lp“tJG"p,tTl - ( ) (r> Arc
Aif/a Vo l'l-f e

(c1)

e e v e s —_— —— i a————
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Be

74-1
e\ T
Differentiating equation (01) with respect to (.59) end setting equal to zero
glves 0 -

0 Ra.rm, t@'ﬂx I, {I.‘tl}-(l 1\,) (P" opt ,9(:0) K +C z“m""“}%),m R 2, g (: %) s . -;’_t?
7
uw,,,[:_@m C ](m,'m {l-ntE_.& %) )] 3 ]} " T) | .

w
—

) | | (ce)

BLTZ ML VOVH °
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Then B
741 741
_ - 27 274
P. - (P
(1-n, )T, {1-n, 1-(1{ ._?.) (_5.) +0,t T
. Po/ - \Polopt '
5 761 78-1 *
2 7% 7
z(ﬁ) 1_({@)
Po/opt 0/opt
71-,"1
75-1 6 7%
3 1’(25)
P 0
L (1n )T, 0, (K2 z
ry x %4 T\" 3, 76-1 A
Pz"z?t P 27%
(1-ny")Ty 3104 1'6‘ 'p_) (p—s) e
] 0 0/0pt
-7t-1
271;
] npedecy +fs (i 2 '
Po

]\’ 2
v() Cy ngcPrt

(c3)
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741 7g~1
27. 2yy
= E) [— (o 1) - ] =)
( ? Mo/ e I8% Ty 2=l .2
7% 7%
S
O/opt 0/opt
71;"1
. . 7%
s )
1/. Pg 27t & 2 1eng! VOZ- 0/opt - -2
EGKET) M n, Jge, T, 74-1 7l
0 P b P, - 2.
P2\t |1 nxt P s
( *‘g) —(1*1——- m—) HE (ir)
Pq Mg\ +0g" g 0/opt
(ce)
Letting
7e-1
7%
P
A = (—6-)
Po/opt
r5-1

1361


http://www.abbottaerospace.com/technical-library

T -

NACA TN 2178
and
71;"1
27
c (1{ Pz) ® (cv)z l-ng'  Vo?
o Pp p T Jg°p,tT4

equation (C4) may be written

2C,(By+ NR) (c5)
° 22(a-1) °
or
” , 2C,, ( 2 ”Cr(A-l) )
m /\’Br-l-'\lx) -2 /VBI& AA + T =0
(cs)

When equation (C8) is solved Ffor B+ 4[1?

2., A/Gr(A-l)

- ’VAZ(A-I) 28 _
NBr"' /\l_ = (c7)

2C,,
A2(a-1)

(Upon examination, the positive value was found to give the desired

rooto)
and

A%(a-1) Cr Cr
B":T('W* S (c8)

Equation (C8) is plotted in figure 2(b).

31
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APPENDIX D-
DISCUSSION OF ASSUMPTIONS

In the analysis for finding the optimum jet pressure ratio, the
specific heat at constant pressure, ¢, and the ratio of specific

heats 7y for both the turbine expansion and the jet expansion were
assumed to be the same. For more accurate computation, especially
when regeneration is used, it may be desirable to use average values
of cp end 7y for the jJet different from those used for the turbine.

The use of different values of cp eand 7 for turbine and Jet does
not have any appreciable effect upon the optimm Jet pressure

P
ratio (ﬁs)')opt » but may affect the total power output of the engine
cycle. For this cese, equation (B24) becomes

7 Bl mt
73 5 7%
¥ 2. 6 P2 Pg
—— 23 1-|— (1-n, )T, <1-n l-é— — + 7,0 T
g(l-l-f /a) Cy &°p, G;) x /4 t P Po x *2
L

Yo 0 m| et /et | ng AT
o, Mpheiecp,tTal, (%2 %s . 1pY€%,0 2o
lif/a A ) Do, Vo (14f/e)

In the development of the equations for reheat (appendix C),
it was assumed that the turbine pressure ratios before and after
reheating were equal and therefore were equal to the square root of
the effective turbine pressure ratlo and that the reheat temperature
was equal to the initial turbine-inlet temperature. In reference 2,
it is proved that these ‘conditions give maximum ,turbine power for an
engine with two turbines with reheating. In the present analysils,
the optimum jet pressure ratio did not vary appreciably as the reheat
temperature was decreased from the turbine-inlet temperature if the
pressure ratios in each turbine stage were held equal. If, however,
the pressure ratio in the first turbine is either considerably
increased or decreased from the square root of the over-all turbine

12
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rressure ratio while the reheat temperature is masintained equal to the
turbine-inlet temperature, the optimm Jet pressure ratio increases
and approaches a value more nearly that for the optimum Jet pressure
ratio with no reheating.
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l. Kuhl, H.: Preliminary Report on the Fundamentals of the Control
of Turbine-Fropeller Jet Power Plants. NACA TM 1172, 1947.
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Analysls for Aircraft Gas-Turbine Power Plants Driving
Propellers. NACA TN 1497, 1948.
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Figure 1. ~ Schematic diagram of turbine-propeller engine showing modifications.
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