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TURBOFROP-ENGINE DESIGN CONSIDERATIONS
IT - DESIGN REQUIREMENTS AND FERFORMANCE OF TURBOPROP ENGINES
WITH A SINGLE-SPOOL HIGH-PRESSURE-RATIO COMPRESSCR

By Elmer H. Davison and Margaret C. Stalls

SUMMARY

The effect of mode of engine operation, engine configuration, and
airplane flight condition on the performance and deslgn requirements of
a turboprop engine with g high-pressure-ratio single-spool compressor
is investigated. Both single-spool engines (turbine drives both compres-
sor and propeller) and gas-generating engines (free-turbine drives pro-
peller only) are considered. The snalysis uses hypothetical performance
characteristics of a single-spool compressor with g design-point pressure
ratio of 14.4. The flight conditions investigated range from sea-level
take-off to 600 miles per hour at 40,000 feet.

The free-turbine engine appears less versatile than the single-
spool engine, because the range of turbine-inlet temperature over which
it can operate is restricted. The two engines elso differ in turbine
requirements, which are more critical for the free-turbine engine. Op-
eration appears more favorable with variable than with constant exhaust-
nozzle area, because the turbine can be designed for a much smaller
blade stress and frontel area and the other turbine regquirements are
less critical. Use of a varlable exhaust-nozzle areg has only a minor
effect on specific fuel consumption.

INTRODUCTION

An investigation of the performance and the design problems of tur-
boprop engines has been conducted at the NACA ILewis laboratory. Some of
the turbine design problems encountered in a turboprop engine with a
single-spool compressor of current pressure ratio (7.32 at design) were
investigated in reference 1. The same compressor was used in reference 2
to study the effects of mode of engine operstion on engine performance.
Other cycle analyses such as references 3 and 4 have shown that lower
engine specific fuel consumption can be obtained with engines having
higher compressor pressure ratios.
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The subject report presents the effects of mode of engine operationm,
engine configurastion, and airplane flight tondition on the performance
and design requirements of a turboprop engine with & high-pressure-ratio
single-spool compressor. A stesdy-state engine cycle analysis is made
for & range of flight conditions. From this cycle analysis, the reletive
size of different engine components and other design regquirements are
determined. Both single-spool engines, in which the turbine drives both
the compressor and propeller, and gas-generatlng engines, in which a free-
turbine drives only the propeller, are cohsldered. Hypothetical perform-
ance characteristics of & single-spool compressor with a design-point
pressure ratio of 14.4 are used in the analysis.

The followlng three modes of engline operation are considered for
flight conditions ranging from take-off to speeds of 60C miles per hour
at 40,000 feet: .

I. Compressor operating at constant design rotative speed
II. Compressor operating at design ‘equivalent conditions at all times
III. Compressor operating at constant equivalent design rotative speed

For the free~turhine englne conflguration, only modes I and YIT are
considered.- :

The engine parameters investigated are specific fuel consumption,
turbine-inlet temperature, turbine presdsure ratio, exhaust-nozzle area,
turbine frontal ares, turbine blade stress, rotative speed, and eguiv-
alent weight flow at turbine entrance. The specific fuel consumptions of
the engines of this report and those of reference 2 are compared.

SYMBOLS e

The following sytbols are used in this report:

A ares, sq ft

g gravitational constent, 32.17 ft/sec?

p* engine powver (shaft horsepower plus equivglent shaft horsepower
of net thrust), hp '

P pressure, 1lb/sq ft

S centrifugsel stress, psi

sfc specific fuel consumption (based on engine power P*), lb/hp-hr

3548
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T temperature, °R

Up g turbine tip speed, ft/sec

w weight flow, 1b/sec

5 ratio of pressure to 2116 1b/sq ft

1 efficiency

6 ratio of temperature to 518.4° R

o density, 1b/cu £t

¥ stress-reduction factor for tapered blades
w rotative speed, radians/éec

Subscripts:

b blade i

c compressor

P propeller

b4 annular

1 eambient

2 compressor intet

3 compressor outlet

4 turbine inlet (fig. 1)

48, exit of gas-generstor turbine (fig. 1(b))
5 turbine outlet (fig. 1)

6 exhaust-nozzle ocutlet

Superscripts: -

¢ total or stagnation state

" total or stagnation state relative to rotor
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ANATYSIS
Engine Configurations ;

Schematic diegrems of the two engine configurations analyzed along
with the station designations used in the analysis are shown in figure 1.
The engine referred to herein as a single-spool engine (fig. 1(a)}) is
characterized by one turbine delivering all the power absorbed by the
propeller, gearbox, and compressor. In addition, the power obtained from
the turbine, and therefore the power that must be absorbed by the propel-
ler, may be varied by changing the exhaust-nozzle area.

3548

The engine referred to herein as a free-turbine engine (fig. 1(b))
is characterized by a gas-generator unit delivering hot-gas to a free-
turbine thet drives the propeller. Other cheracteristice of this unit
are: (1) the power output of the gas-generator turbine must equal the
power absorbed by the compressor, and (2) the power obtained from the
free-turbine, and therefore the power that must be absorbed by the pro-
peller, may be varled by changing the exhaust-nozzle area.

Assigned Flight Conditions and Operatlng Modes x

The four flight condlitlons considered are:

Flight conditlon
A B c

Altltude, ft
Plight speed, mph
Flight Mach number

40,000 | 40,000 | 19,000
600 400 400

0
0
0
0| 0.306 | 0.804 0.564

For the single-spocl engines over the range of flight condltions
investigated, the following three modes of engine operatilon were
consldered:

I. Compressor operating at constant design rotative speed

II. Compressor operating at design equivalent conditions at all times.
Accomplished by assuming turbine could accommodate resulting
variations in turbine-inlet equivalent weight flow by turbine
stator adjustment.

I1I. Compressor operating at constant equivalent d.esig_n rotative speed
Operation of the gas-generator unit of the free-turbine epgine under
modes I and III was considered. The more general case was analyzed by °

assuming the free-turblne could accommodate & variation in inlet equiva-
lent weight flow by turbine stator adjustment. The characteristics
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of the more specific cases could then be determined by consldering the
inlet equivalent weight flow to the free-turbine to be constant. Assum-
ing that the turbine-inlet equivalent weight flow 1s constant implies -
that the area of the first turbine stator is fixed and that the first
stator is choked.

Compressor Performance

The hypothetical performance map of the high-pressure-ratioc single-
spool campressor used in the analysis is shown in figure 2. These hypo-
thetical performance characteristics were compounded by analytically
estimating the change in performance resulting from the addition of sev-
eral stages to the elght-stage coampressor reported in reference 5. At
design-point operation the equivalent tip speed of the hypothetical
compressor is 1168 feet per second, the pressure ratio is 14.4, the
equivalent weight flow per unit compressor frontal area (based on com-
pressor blade tip diameter) is 30.2 pounds per second per square foot,
and the compressor is operating near pesk efficiency at 83 percent.

Turbine-inlet temperature was relsted to compressor performance for
modes I and IIT by assigning a turbine-inlet. temperature of 2100° R at
sea~-level static and compressor design-point operation and by assuming
constant turbine-inlet equivalent weight flow. As stated previously,
assuming that the turbine-inlet equivalent weight flow is constant im-
plies that the area of the first turbine stator is constant and that
the first stator is choked. For these assumptions, lines of constant
engine tempersture ratio (ratio of burner-exit to compressor-inlet total
tempersture) can be superimposed on the compressor map es shown in fig-
ure 2. These temperature-ratio lines do not spply to mode II, for which
the compressor equlivalent operating conditions remain fixed at the de-
sign point. For mode I the compressor operetes at a constant rotative
gspeed, or along a different constant equivalent speed line for each
flight condition. For mode IIT the compressor operates along the 100-
percent equivalent rotative speed line for all flight conditioms.

Cycle Anslysis

The zssumptions and the manner in which the cycle analysils was
carried out for the single-spool engine are the same as in reference 2.
The following conditions are assumed:

Ram recovery, percent . « ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ o e o s o s o e s s s . . 100
Propeller efficiency, Mp> percent . . . e 4 s 4 e e 2T e e e . .« 80

Gearbox efficlency, Ngs percent . . 4 4 ¢ 4 o o e o s o s s = a2 « « 95
Burner total-pressure ratio, pi/pé T T P 0.95
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Burner efficiency, percent . « « « o ¢ o ¢« o ¢ ¢ o o s « » o = « « 100
Turbine adisbatic efficiency (based on turbine total-pressure
ratio), percent . . .« . . o - <1

T&il -cone tOtB.l—PreBSUI‘e I‘E.‘tiO, Ps/ps « e & s & & ¢ & o & ¢ & & o 0-95

Exhaust-nozzle efficlency, percent « « ¢« ¢ ¢« o ¢« o ¢« ¢ o « « » « « 100
Ratio of specific heats in compressor . . < « « « &« &« & o o « « + 1.40
Ratio of specific heats in turblne O 0]
Gas constent, £t-1b/(1b)(°R S - Y

The jet velocity was celculated from the ratio of exhaust-nozzle total
pressure to ambient-air pressure pé/bl, a nozzle efficiency of 100 per-

cent, and the turbine-outlet total temperature Tg. The turbine-lnlet
equivalent weight flow w;,#@' 5' is assumed to be constant for modes

T and III but is allowed to vary for mode II. The air flow through the
compressor 1s assumed equal to the gas flow through the turbine.

The cycle calculations for the free-turbine engine differ from
those for the single-spool engine in the following ways:

(1) The inlet eguivalent welght flow v, 6'/5' of the gas-

generator turbine is assumed constant for both.modes I and IIX, while
that of the free-turbine ,\/eT / i1s allowed to vary.

(2) For the free-turbine engine, ah additional requirement must be
met, that the work outputs of the turbine and compressor of the gas~
generator unit be equal.

(3) Adisbatic efficienciles of 85 percéfit are assumed for both gas-
generator turbine agnd free-turbine.

(4) For the free-turbine engine the portion of the pressure ratio
Pia/Pl taken across the free-turbine at fixed engine operating condi-

tions is varied, as is that for the single spool engine (94/P1 Fixed

engine operating conditions in this instance mean a given flight condi-
tion, mode of operation, and turbine-inlet temperature.’

For both engines a range of burner-outlet temperature from 2000°
to 2500° R was assigned at flight condition O {sea-level static). At
altitude the range of temperatures was fram 16009 to 3000° R.

The specific-fuel-consumption values obtained in reference 2 by
operating with a prescribed exhaust—nozzle ares were neer the minimum
obtainsble. This characteristic also holds for the high-pressure-ratio
engines snalyzed in this report, as can be determined before calculating

5548
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the sfe values. For this reason, only operation with constant exhsust-
nozzle area is considered in calculating sfe. In these calculations,

a value of 1.40 is prescribed for the rstio of exhsust-nozzle ares to
compressor frontal area AG/Ac' This area ratio represents a good com-

promise between optimum engine operation at take-off and the other flight
conditions considered.

Component Size and Stress

The stress presented herein 1s the centrifugal stress at the root
of a turbine rotor blade. Reference 6 shows that this stress can be
determined from the following egquation:

sb-“b‘“ v (1)

Of the modes of engine operstion and flight conditions anslyzed, only
those resulting in the highest blade stress are considered in calculat-
ing the stress. However, the effects of other modes of engine operation
and flight conditions on turbine stress are discussed. As will be seen,
in the single-spocl engine the rotative speed and required turbine-
outlet annular ares are greatest with mode I and constant exhaust-nozzle
area, so that the highest stresses are encountered under these condi-
tions (see eq. (1)). The stresses calculsted were a minimum for these
operating conditions, since the turblne is considered to be at limiting
loading at all times. The stresses calculsted in this manner are design-
point values, which implies that turbines designed for the low-stress
conditions would not be sultable for operation at the higher stress con-
ditions if constant exhaust-nozzle area under mode I operation is
stipulated.

Limiting loading is assumed to occur at an exit axial Mach number
of 0.7 for this analysis. Limiting loading occurs when a further in-
crease in pressure ratio across & turbine does not produce an increase
in turbine work output. The exit axial Mach number at which limiting
loading occurs is discussed in reference 7. The other assumptions
involved in the stress calculation are:

Stress-reduction factor for tapered blades, ¥ « + « o« o « o « o « 0.70
7 1o of exhaust-nozzle area to campressor frontal area, AsjA e« 1.40

Density of blade material, pp, 1bfcu £ .« « v v ¢ « ¢« 4 o« o o « « . 500
Coampressor blade tilp velocity, ft[sec e + = s s s s s e« = e = s« « 1168

The turbine was sized with respect to the compressor for the same

operating conditions used to calculate turbine blade stress. One addi-
tional assumption is made, that the hub-tip radius raetio of the last

T
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turbine rotor 1s 0.6. This assumption is also used to determine the
total temperature relative to the last rotor at the hub section. Assum-
ing some value other than 0.6 far the hub-tip radius ratio would change
the numerical values obtained from the analysis slightly but not the
relative magnitudes on which the conclusions are based.

RESULTS AND DISCUSSION
Single-Spool Engine

The results of the cycle analysis for the gingle-spool engine are
presented 1n figures 3 and 4. Figure 3 presents the variation in engine
power with exhaust-nozzle area for lines of constant turbine-inlet tem-
perature and turbine total-pressure ratio for the different modes of -
engine operation and flight conditions considered. The engine power
plotted in these figures is the sum of the shaft horsepower delivered
to the propeller plus the equivalent 'shaft horsepower of the net jet
thrust. Figure 3 shows the effect of the division of the over-all ex-
pansion ratio pi/pl . between ﬁhe'tufbine'and exhaust nozzle on the en-

glne power. In addition, these figures are used in determining the tur-
bine design requirements for the various operating conditions.

The variations in specific fuel, consumption with engine power for
various flight conditions and modes of operation are presented in fig-
ure 4. The sfc was calculated using reference 8 and figure 3 for s
constant ratio of exhaust-nozzle area to compressor frontal ares AG/A

of 1.40 and various turbine-inlet temperatures. An area ratio of 1. 40
represents & good compromise between the optimum engine operating condi-
tions for take-off and the other flight conditions considered, as is
apparent upon inspection of figure 3. As in reference 2, slightly lower
sfc in some instances could be obtgined if the exhaust-nozzle area were
varied. Because the improvement in sfc is minor, only curves for con-
stant exhaust-nozzle area are included.

The variations in sfc shown in figure 4 are very similar to those
obtained for the low-pressure-ratio engine analyzed in reference 3.
Minimum sfc is obtained at flight condition A ésoo mph at 40,000 ft).
Dropping the flight speed to 400 miles per hour (condition B} in general
raises the whole level of the sfc  curves, while decreasing the alti-
tude to 19,000 feet (condition C) raises the level of the sfc curves
even more. At the higher power outputs, these curves show that there
is no marked advantage of one mode of operation over another. The chief
differences between the sfc curves of this analysis and those of ref-
erence 3 for a low-pressure-ratio engine are:

3548



8%S¢e

' 0e-2

NACA RM ES55B18 ' R 9

(l) The minimum sfc for a given flight condition 18 lower for the
high-pressure-ratio engine (about 14,6 percent less at condition A).

(2) The relative increase in sfc with decreasing altitude and
flight speed is less for the high-pressure-ratlio engine.

The higher turbine-inlet temperatures cobtained with mode II opera-
tion were possible because the compressor did not encounter surge. As
pointed cut previously, mode IT complicates the engine design in that
adjustable turbine stator areas must be employed in order to achieve
this type of operation. From the sfc curves (fig. 4) it appears, as
in reference 2, that slightly lower sfc can be obtained under mode IITI
without any added complication to the engine.

Free-Turbine Engine

The results of the cycle analysis for the free-turblne engine are
presented 1in figures 5 and 6. Only the results for mode III are pre-
sented, since mode I was very similar. For mode III, constant compres-
sor equivalent rotative speed and adjustaeble free-turbine stator areas
were sssumed. Figure 5 presents the effect of flight condition on en-
gline design requirements. For each flight condition the variation in
engine power with exhaust-nozzle area 1s presented for lines of constant
gas-generator-turbine inlet temperature and free-turbine total-pressure
ratlo. #In gddition, the varistion in gas-generator-turbine totsl-
pressure ratio and the varistion of the inlet eguivalent weight flow to
the free-turbine with the gas-generator-turbine inlet temperature are
presented. The variation of sfc with engine power of the free-turbine
engine for various flight conditions and mode III operation is presented
in figure 6. The performance presented 1s for a ratlio of exhasust-nozzle
area to compressor frontal area AG/AC of 1.40 and a range of gas-

genergator-turbine inlet temperstures. Similerly to the single-spool
engine, the area ratio of 1.40 represenis a good compromise between the
optimum engine operating conditlons for take-off and the other flight
conditions considered, as can be noted from figure 5.

The s8fc curves for the free-turbine engine differ from those
shown for mode III opergstlon of the single-spool engine only as & result
of the turbine-efficiency assumptions. Teking part of the over-all ex-
pansion ratioc pi/pl across the gas-generstor turbine and part across

the free-turblne while assuming an adiasbatic efficiency of 0.85 for both
turbines results in a slightly higher asdiabatic efficlency for the cver-
all turbine expansion process. Thus, for the free-turbine engine, the
efficiency for some over-all turbine expansion process would be greater
than for a corresponding expansion across the single-spool turbine.

—
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This higher adilabatic efficiency for the over-all turbine expansion
process is reflected in lower sfc for the free-turbine engine than for
the single-spool engine (cf figs. 4(&) and Sj—__—“_”-"" :

Engine Comparison

The free-turblne and the single-spool engines differ principally
in the turbine requirements. Table I{a) shows the variation in turbine
requirements for the two engines between flight conditions O and A for
mode III operation with constant burner-ocutlet ‘temperatiure. Table I(b)
shows the variation in turbine requirqments for the two engines between

burner-outlet temperatures of 1600° and 2600° R for mode IIT operation
at flight condition A. A ratio of exhaust-nozzle area to compressor
frontal area AG/AC of 1,40 was prescribed in determining the turbine

requirements in table I. : Coe - i

High turbine pressure ratios can be obtained without any pensalty in
turbine efficiency, slthough these hlgh pressure ratlos increase the -
number of turbine stages required. However, the range of pressure ratio
over which a conventional turbine can operate efficiently is limited if
the equivalent rotative speed of the furbine does not vary greatly (215
percent of design). In table I the range of equivalent rotative speed
for the gas-generator turbine and the:.turbine for the single-spool engine
is roughly 20 percent of design. No rotative-speed variation was specl-
fied for the free-turbine. i

The varilation in pressure ratio gcross the free-turbine and the
single-spool turbine shown in table I, could be reduced by the use of
varisble exhaust-nozzle ares (e.g., fig. 3(b) mode III and fig. 5(b))
However, it is apparent from figure 5{b) that use of a varisble exhaust-
nozzle gres would not ald in reducing: the variation in pressure ratio
across the gas-generator turbine nor the variation in inlet equlvalent
weight Plow to the free-turbine..

It may not be possible to obtain a high efficiency over the range
of rotative speed and pressure ratio gphown in table I for the turbine
of the single-spool engine. However, the vaeriation in pressure ratio
could be reduced, if not eliminated, by use of & variable exhaust-nozzle
area, thereby permitting a high turbine efficlemcy to be malntained over
the entire range of engine operation.

In order to obtain the free-turhine pressure ratios shown In table T,

miltistage turbines would probably have to be ‘employed. Although effi-
cient performsnce over a wide range dof inlet equivalent weight flow hae
been achieved for a single-stage turhine (ref. 9), no simllar performance
has been demonstrated for a multistage turbine. Even 1f a variable
exhaust-nozzle ares were used to redyce the maximum pressure ratio across

3548
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the free-turbine and thereby the range of pressure ratio over which it
mist operate, the turbine would still have to contend with the variation
in inlet equivalent welght flow. The task of maintaining high turbine
efficlency over the engine operating range would be much more difficult
for the free-turbine than for the turbine of the single-spool engine.

The task of maintaining high turbine efficlency over the engine operating
range would also be more difficult for the gas-generator turbine than for
the turbine of the single-spool engine, because, as mentioned previously,
the range of pressure ratio Imposed across the gas-generator turbine can-
not be reduced by using an adjustable exhaust-nozzle ares.

Another feature inherent in the free-turbine engine is that the
gas-generator turbine and the free-turblne performsnces must be well
matched In order to obtain good over-gll performance. It is concluded,
then, thet the free-turbine engine has more critical turbine require-
ments than the single-spool engine. If the inlet equivalent weight flow
to the free-turbine is not allowed to vary, the free-turbine engine is
much less versatile than the single-spool engine. Requiring the inlet
equivalent weight flow to the free-turbine to remaln constant implies
that the first stator is operating in a choked condition with & fixed
area. - -

For the example shown in table II, a turbine-inlet temperature of
2100° R was assigned at the sea-level static condition (0O), and constant
exhaust-nozzle area was assumed. The values listed for turbine-inlet
temperature, free-turbine pressure ratio, power, and sfc are the only
ones possible at the other flight conditions if operation is restricted
to constant equivalent compressor speed (mode III). These values were
obtained from figures 5 and 6 by assuming that the sea-level static value
of entrance equivalent welght flow (w«/@T/S'AC)4a to the free-turbine

prevailed at the other flight conditlons. If an increase in turbine-
inlet temperature is desired at flight condition A in order to obtain

more power and lower sfc, 1t could be obtained by increasing the rota-
tive speed of the engine. However, the increase in turbine-inlet tem-
perature that can be obtained in this manner is restricted by the Increas-
ing blade stress and a deterioration of compressor performance. Another
alternative would be to design for a high turbine-inlet temperature at
flight condition A and then derate the engine at condition O by not
utilizing the meximum temperature possible. In conclusion, if adjustable-
area stators cannot be employed in the free-turbine, the free-turbine
engine 1s restricted in the range of turbine-inlet temperature over which
it can operate and is therefore less versatile than the single-spool
engine. C - - e :

Turbine Stress and Frontal Area

The centrifugal stress at the hub of the last turbine rotor for a
single-spool engine operating under mode I with constant exhaust-nozzle

el
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ares (AG/A = 1.40) is presented in figure 7. With respect to stress,

these operating conditions and this engine configuration represent the
most critical conditions analyzed. However, the stresses calculated were
& minimum for these conditions, since the turbine was considered to be

at limiting loading at all times.

The left side of figure 7 shows the effect of both flight condition
and turbine-inlet temperature on stress. By folTowing the figure to the
right side as indicated, total temperature relative to the rotor may be
determined for any given flight conditlon and turbine-inlet temperature.
The total temperasture relative to the rotor 1s, for practical purposes,
the blade metal temperature at these conditions. A 100-hour stress-
rupture curve for a common high-temperature blade materisl terminated by
the curve for the O.2-percent offset yield strength of this material i1s
superimposed on the right side of fig@re 7. Stresses 1o the left or
below these curves are within the material etress limite for a 100-hour
life.

For the flight conditions considered in figure 7, turbine-inlet tem-
peratures up to 2600° R can be reached without the exit stress exceeding
the 100-hour stress-rupture limits. However, these stresses are a minimum
for the flight conditions shown, and no design factor of safety has been
employed. The increase in stress with altitude and flight speed results
primarily from the increase in turbine-exit anmular area required, as
reflected by the turbine total-pressure ratio obtained under mode I with
constant exhaust-nozzle area (fig. 3). In this case, it 1s obvious that,
at altitude, the blade stress could be greatly reduced by decreasing the
exhaust-nozzle area and hence the regpired turbine pressure ratio. For
example, at flight condition A, the stress at s turbine-inlet temperature
of 2200° R could be reduced from 70,000 to less than 50,000 pounds per
square Inch without increasing the spécific fuel consumption. However,
this would require a large reduction in exhaust-nozzle area, a reduction
in the ares ratio AG/AC from 1.40 to 0.93. The problem could also be

alleviasted by operating under mode II or IIT with thelr reduced rotatlve
speeds at altitude, or by utilizing s free-turbine, the rotative speed
of which would be independent of the compressor characteristice. At sea-
level flight, however, the stress for modes II and III would be greater
than for mode I.

The centrifugal stress st the hub of the first rotor was estimated
to be between 10,000 and 12,000 pounds per square inch. The first-rotor
stress is assumed to be constant for all flight conditions and turbire-
inlet temperatures, because, under mode I for the single-spool engine,
the first turbine stator was assumed to be always cthoked. For mode IIT
the stress would be somewhat less at;altitude than for mode I because
of the reduced rotative speed - appreximately 12 percent at flight

L1l
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condition A. For stresses of the order of 10,000 pounds per square inch,
reference 10 indicates that turbine-inlet temperatures as high as 2600° R
would require very little cooling-air flow.

The ratio of turbine to compressor frontal area 1s plotted against
turbine-inlet temperature in figure 8 for the various flight conditions.
Here agaln a single-spool engine operating under mode I with constant
exhaust-nozzle area (AG/AC = 1.40) is considered, because it would re-

quire the largesi turbine frontal areas. Similarly to figure 7, the
turbine frontal areas in figure 8 were a minimm for these conditions,
since the turbine was considered to be at limlting loading at all times.
The turbine blade tip speed is also shown in figure 8 for a compressor
blade tip speed of 1168 feet per second.

It would be difficult from the present limited gnelysis t0 determine
what maximum turbine frontal area could be tolerated. However, it appears
from figure 8 that the turbine frontal area at the higher altitudes and
speeds may elready have exceeded a practical size limit. Areas as small
as those shown for the sea-level-static curve (condition O) could be
achieved at the altitude conditions if the required turbine design pres-
sure ratio were reduced by decreasing the exhaust-nozzle area. For the
same example used previously to indicate how the exit stress could be
reduced without increasing sfc, the ratio of turbine to compressor
frontal area could be reéeduced from 2.14 to 1.51. A variable exhaust-
nozzle area would, therefore, be beneficial in reducing both turbine
frontal area and turbine stress and, as pointed out in reference 2, would
make the other turbine requirements less critical without seriously af-
fecting engine performance.

The turbine tip speeds shown in figure 8 are higher than those nor-
melly considered in turbine designs. However, high turbine tip speeds
gare not a hindrance in designing an efficient turbine 1f the resulting
turbine stress is not a problem. It has been noted that turbine blade
stress need not be a problem for these engines.

In converting the pet Jjet thrust into equivalent shaft horsepower,
a propeller efficiency of 80 percent was assumed. This assumed propeller
efficiency does not influence the values of sfc calculated to any
great extent, because the equivalent shaft horsepower of the net thrust
is, in general, a small part of the engine power for the conditions
considered.
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SUMMARY OF RESULTS

The effects of mode of englne operation, engine configuration, and
airplane flight condition on the performance of a turboprop engine with
a high-pressure-ratio single-spool cqmpressor were investigated. The
followlng results and conclusions were obtzined:

1. The lowest specific fuel consumption for an engine with constant
exhaust-nozzle areg occurred at the ﬁigheét f1ight velocity and altitude
considered. Either decreasing the flight velocity or decreasing the
altitude below the tropopause resulted in higher specific fuel conswmp-
tion for the engine. Minor improvement 1in specific fuel consumption at
some flight conditions could he obtained by varying the exhsust-nozzle
aresa.

2. For all flight conditions, the minimum specific-fuel-consumption
values of the high-pressure-ratio englne were less than those of the
low-pressure-ratio engine previously analyzed. The percentage change
in specific fuel comsumption with altitudé and flight speed for the
high-pressure-ratio engine was less than Por the low—pressure -ratio
engine.

3. The mode of engine operatlion had little effect on specific fuel
consumption for the single-spool englne. However, for mode II (com-
pressor design-point operation), the engine power was not limited by
compressor surge. Comparsble gpecific-fuel-consumption values for the
free-turbine engine were obtained urder mode I (constant ccampressor
mechanical speed) and mode III (constant compressor eguivalent speed).

4. The free-turbine and single-spool engines differ mainly in tur-
bine requirements, which are more critical for the free—turblne.

5. If variable-area stators cannot be employed in the free- turbine,
the engine is restricted in the range of turbine-inlet temperature over
which it can operste and is therefore less versatile than the single—

spool engine. : : i —

6. For constant-exhaust-nozzlergres operation, turbine blade stress
and. fraontal area became quite large at high £light speed and altitude,
being greatest for the single- spool engine dperating under mode I. A
variable exhaust-nozzle area would therefore méke it possible to design
for much smaller turbine blade stress and frontal areg in addition to
making the other turbine requiremen%s less critical. Tittle, if any,
penalty in specific fuel consumptlon would be incurred fram closing
down the exhaust nozzle at high fllght speed and altitude.

Lewis Flight Propulsion Laboratory _
National Advisory Committee far Aeromautics
Cieveland, Ohio, Februery 24, 1955
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TABLE I. - EFFECT OF FLIGHT CONDITICN AND TURBINE-INLET

TEMPERATURE ON TURBINE DESIGN REQUIREMENTS

[Mode III and constent exhaust-nozzle area. }
Flight|Turbine- Free-turbine engine - Single-
condi-|{inlet o gpool
tion |temper- T T T lenglne

ature, M .
T Free- Inlet. : |[Gas- Over-all jTurbine
’ turbine |egquivalent |generators{turbine jtotal-
°r total- weight turbine total- pressure
pressure; flow to : total- pressure |ratlo,
ratio, free- i |pressure |ratio, P&/?é
Pia pé turbi ratio, pi/pé
Pi/Pig
4
(a) Effect of f,ught' condition
0 2100 2.14 20.5 5.4 11.58 11.6
A 2100 3.90 17.2 4.5 17.55 17.1
pa ——— B T 1 L. s _.',____,_,_ N
(b) Effect of - turbj,ne-inlet temperature
A 1600 2.24 26.0° T7.07 13.9 16.0
A 2600 5.25 13.6 . 3.43 18.0 17.9
T T T T TR T
TABLE II. - ENGINE MATCH POINTS AT VARIOUS FLIGHT CONDITIONS
FOR CHOKED FREE-TURBINE
[Mode IIT and constant exbaust-nozzle area. )
Flight|Turbine- |Free- |Inlet!  |Gas- Engine | Specific
condi-|inlet turbine [(equivelent |generator power fuel
tion temper- |total- |weight turbine output, consump-
ature, pressure|flow to total- P*/Ac; tion,
4’ ratio, |free- pressure hp/ 7fc,
o p! /pl |turbine, ratio, sq ft i lb/hp~hr
R alTs (w ver)" | pi/r}
5°A &
c /4s
0 22100 2.14 2Q.5 5.42 2720 | 0.531
A 1850 3.15 1140 .36L
B 1700 2.59 710 409
C 1940 2.55 18384 LA25
T g " — -
8pssigned. ' ~
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Flgure 1. - Schematic diagrams of two englnes analyzed,
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Ratio of englne power to compresmcr frontal area, P*/Ao, hp/sq 't
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Centrifugal blade stress at hub of last turbine rotor, psi
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hub of last rotor. Single-spool engine; mode I operation with comnstant exhaust-nozzle area.
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Flgure 8. - Effect of turbine-inlet temperature and flight conditlon on
turbine frontel area. 8ingle-spool engine; mode I operation with
constent exhsust-nozzle ares.
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