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RESEARCH MEMORANDUM

TURBOFROP-ENGINE DESIGN CONSIDERATIONS
I - EFFECT OF MODE OF ENGINE OPERATION ON PERFORMANCE OF TURBOFROP
ENGINE WITH CURRENT COMPRESSOR PRESSURE RATTO

By Elmer H. Dgvison

SUMMARY

A cycle analysis was made of a turboprop engine for various modes
of opergtion over a range of f£light conditions in order to determine
whether one mode of operation has any marked advantages. Operation with
constant compressor equivalent design speed, with constant design engine
rotative speed, with adjusteble turbine stators, and with varisble
exhaust-nozzle areg was considered. The caompressor design pressure
ratio was 7.32, and the flight conditions Investigated ranged from sea-
level take-off to 600 miles per hour at 40,000 feet.

It was found that decreasing the flight velocity from the meximum
considered or decreasing the altitude below the tropopause increased
the specific fuel consumption. At any given flight condition the spe-
cific fuel consumption incressed rapldly with decreasing power. The
method of engine operation had a negligible effect on specific fuel
consumption at high power. At low power the specific fuel consumption
can be improved by allowing the rotative speed of the engine, the stator
areas of the turbine, and the exhsust-nozzle area to vary. The turbine
design requirements for an engine operated with a comstant exhgust-
nozzle ares are more severe than for variable exhsust-nozzle ares.

INTRODUCTION

The effects of different modes of engine operation on turboprop-
engine performance are being studied. The cycle gnalysis reported
herein was made in order to determine if any marked improvement in the
performance of a turboprop engine having low campressor pressure ratio
could be achieved by operating under one of the variocus modes of opera-
tion considered.
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This investigation, which was conducted at thHe NACA lLewis labora-
tory, is a continuation of the investigation reported in reference 1.
The petrformance deta of. a. particular low—pressure -ratio compressor typi-
cal of those curtently being used 1n. turboprop engines were used in the
analysis. At design-point operastion the pressure ratio ig 7.32, the
equivalent weight flow per unit compressor frontal area (based on con-
pressor blade tip diasmeter) is 26.9 Ppounds per second per square foot,
and the compressor is oberating near peak efficiency at 83 percent.

Four niodes of ehgine operatian.were considered for flight condi-
tions ranging from take-off to speeds of 600 miles per hour at a 40 00D-
foot altitude., These four modes of operation werei

I. The engine totative speed remained constant.

ITI. The compressor wes malntained at design eqyivalent Qonditions
at all times. :

IIT. The compressor was oberdted at corstant equlvalent design
speed.

which minimized the speciflc fuel consumption for 600 mlles per hour at
40,000 feet.

The engine parameters lnvestigated were specific fuel consumption,
turbine-inlet temperature, turbine pressure ratio, exhaust nozzle area,
rotative speed, and equivalent welght flow at turbine entrance.

SYMBOLS

The following symbols are Used inm this report:

F jet thrust, 1b

P engine power (shaft horsepower plus equivalent shaft horsepower
of net thrust), hp

P pressure, lb/sq ft

sfe gspecific fuel cansumption, lb/hp-hr

T temperature, °R
v flight velocity, ft/sec
w veight flow, Ib/sec
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5} ratio of pressure to 2116 1b/sq £t
b n efficiency
2] ratio of temperature to 518.4° R
Subscripts:
c compressor
n net
P propeller
8 sea~level static
t turbine
E 1 ambient
£
i 2 campressor inlet
gi 3 compressor oublet
- 4 turbine iniet
5 turbine outlet
6 exhaust-nozzle outlet
Superscript:

s total or stagnation state

ANATYSTS
Assigned Flight Conditlions and Operating Modes

The four flight conditions "‘considered were:

Flight condition
A B C

40,000|40,000{19,000
600 400{ 400
521 47| 347

Altitude, £t
e Flight speed, mph
Flight speed, knots

QOO |0
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Over the range of flight conditions investigated, the following
four modes of engine operation were consildered:

I. The engine rotative speed remained comstant.

II. The compressor was maintained at design equivalent conditions
at—=sll times.

III. The compressor was operated at constant egqulvalent design
speed.

IV. The compressor was operated at the flxed equivalent conditions
which minimized the specific fuel consumption for 600 miles per hour at
40,000 feet.

Modes II and IV required turbine stator adjustment in order to be real-
ized. The compressor operating point for mode IV was selected after the
variations in specific fuel consumption had been calculgted for the
first three modes.

A teke-off (design) turbine-inlet temperature of 2060° R was as-
signed for modes I to III. The compressor operating condltions for
mode IV were different from the other three modes at take-off, which
resulted in different engine operating conditions for the same tske-off
power., For this reason, a range of turbine-inlet temperatures was as-
sligned at taske-off for mode IV, which enabled the engine operating con-
ditions for mode IV to be determined when the engine power ocutput was
the same as that for the other three modes.

At the altitude of 40,000 feet a range of turbine-~inlet tempersasture
from 1600° to 2400° R was assigned for all modes, whille at the aititude
of 19,000 feet a range of turbine-inlet temperature fram 1400° to 2200° R
was assigned for all modes.

The compressor performance mgp used in the cycle anglysis 1s re~
produced from reference 1 in figure 1(a). The efficiency contours and
rotative speed lines have been extended for this analysis. The campres-
sor operating conditions for the four modes of operation at the four
flight conditions comsidered are shown in' figures 1{b) to (e). The
lines of constant fturbine-inlet temperature shown on the maps apply only
to modes I and III and will be discussed:'later. For modes II and IV,
the compressor equivslent conditions remain constant at the values in-
dicated in figures 1(b) to (e). For mode III, the compressor operates
along the line of 100-percéent equivalent rotative speed. For mode I,
the campressor operates at a constant rotative speed, which results in
compressor operation along a dlfferent constant eqnlvalent speed line
for each flight—condition. - - -

3243
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Cycle Analysis

The cycle analysis for modes I and IIT was carrled out in the same
manner gs discussed in reference l. The details of this snalysis are
discussed in the appendix.

For dees II gnd IV the continuity equation (Al) of the appendix no
longer determines the temperature ratio Ti/Té between the turbine and

compressor Iinjets for a given compressor welght flow w24/6é/8é and
pressure ratio pé/pé, because the turbine-inlet equivalent weight flow
Wy Gi/ﬁi is no longer conslidered constant. The mass flow through the

engine for modes II and IV is determined in these cases by the operating
point selected for the campressor znd the particular flight condition
under comnsideration. Except for the continulty consideration between
the compressor and turbine, the cycle analysis for modes IT and IV was
also carried through in the ssme manner gs in reference l.

The cycle anaslysis of reference 1 was extended, in that the spe-
cific fuel consumption was calculated for the different modes of engine
operation and flight conditions. These calculaited values were based on
the total power output of the engine P*. Curves of specific fuel con-
sumption were cglculated for the following two engine configurstions at
each turbine-inlet temperature:

(1) The exhsust-nozzle area was selected so that the minimum spe-
cific fuel consumption was obtained for any given turbine-inlet temper-
ature, flight condition, and mode of engine operation. At take-off an
exception was made, because the exhaust-nozzle area required for mini-
mum specific fuel consumption would be unreasonably large. The exhsust-
nozzle ares selected for this flight conditlon resulted in an asrea ratio
AG/AC of 1.40, which represents a good campromise between exhaust-
nozzle aerea and specific fuel consumption.

(2) The engine was considered to operate with a fixed exhaust-
nozzle area. For the analysis reported herein, the exhaust-nozzle area
selected was such that the ratio AE[AC was 1.40. This area ratio

represents a good compromlse between optimum conditions at taske-off and
the other flight conditions considered.

The following conditions were assumed for the anglysis:

Ram recovery’ percent L] * . - [ ] - L] L ] L] L] - L L] . L ] - . . a L] . - . loo
Propeller efficiency, Nps PeErcent ¢ ¢ o 2 ¢ ¢ o o s o e s s s s s o 80

Gearbox efficiency,-ng, PEXCENT « o« v s o 2 o o o 2 o« s o« a a o « » 95
Burner total-pressure ratio, pi/bé e o « s s s s o s a s s o s o 0,95
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Burner efficlency, percent « « « « ¢ ¢ '« o ¢ o« o o = » s s « « + « o 100
Turbine adiabatic efficiency (based on turbine total-pressure

ratio), percent . . ¢ ¢ o o & e e s o s 4 e eas o s s s . . B5
Tail-cone total-pressure ratio, p6/bé N 12

Exhsust-nozzle efficlency, percent . . . e « o s« o » o » 100
Ratioc of specific heats in compressor e o s o s s o o l.40
Ratio of specific heats in turbines o e s« e s e o o 130
Gas constant, ft-1b/(1b)(°R o« e e o .

I- . . . - L] - - 55.4

The turbine-inlet equivalent weight flow W4Q/Gi/54 was assumed to be

constant for operating modes 1 and ITI, which implies that the first
turbine stator—1is choked for all conditions analyzed. The turbine-inlet
equivalent welght flow Wy x/6 /5' was allowed to vary for operating

modes II and IV, which Implies that the turbine stator areas are ad-
Justable 1n order to accommodate the variation in turbine equivalent
welght flow. The air flow through the compressor was assumed equal to
the gas flow through the turbine. The jet velaclity was calculated from
the ratio of exhgust-nozzle total pressure to amblent-air pressure
PG/PlJ a nozzle efficiency of 100 percent, and the turbine-outlet total

temperature. . o T T TTT e s s e

RESULTS AND DISCUSSION

The results of the cycle analysis are presented in figures 2 to 7.
Figures 2 to 5 present the varlations in engine power with exhaust-
nozzle ares for lines of canstant turbine-inlet temperature and turbine
total-pressure ratio for the different modes of engine operation and
flight conditions considered. The engine power plotted in ithese fig-
ures is the sum of the shaft horsepower delivered to the propeller plus
the equivalent shaft horsepower of the net jet thrust. Figures 2 to 5
show the effect of the division of the over-all expansion ratic Pi/bl

between the turbine and the exhaust nozzle on the engine power. In
addition, they are used in determining the turbine design requirements
for the various operating conditioms.

Figure 6, which shows the varigtion in specific fuel consumption
with engine power for various flight conditions, was constructed by
calculating the specific fuel consumption for those points from fig-
ures 3 to 5 where the power output of the engine reaches a meximum for
any given turbine-inlet tempersture. Reference 2 was used for these
specific-fuel-consumption cglculations. As a result of the manner in
which figure 6 was constructed, it represents the minimum specific fuel
consumption that can be obtained from the engine at any given power
level, flight condition, and mode of enmgine Operatiom. The achlevement
of these values of specific fuel consumption requires the use of an ad-
Justable exhaust-nozzle ares.

3245
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The variation in specific fuel consumption with engine power for
various flight conditions is also presented in figure 7. Figure 7,
however, was constructed by calculating the specific fuel consumption
from figures 3 to 5 for a codstant value of the ratio of exhaust-nozzle
ares, to compressor frontal area A6/Ac of 1.40 and various turbine-

inlet temperatures. Figure 7 represents the specific fuel consumption
obtainable from the engline at any given power level for operation with
constant exhaust-nozzle area. The value of 1.40 for .A.6 Ac represents

a good compromise between the optimum engine operating conditions for
take~off and the other flight conditions considered.

Figure 6(a) shows that the compressor operating point selected for
mode IV did not, as intended, give the lowest specific fuel consumption
at all power levels. The choice of the compressor operating conditions
for mode IV was based on the trends of the curves of specific fuel con-
sumption for the other three modes of operation. Increasing power ocut-
put for mode III results in increasing compressor pressure ratio and
moves the compressor toward surge. If the campressor could be operated
at these high pressure ratios, a curve of specific fuel consumption
similar to that for mode IT could be cbtained that would have lower
sfc over the entlre power range than the other modes. A slight varias-
tion in the compressor operating polnt selected for mode IV would have
given a lower speclific fuel consumption at all power levels than the
other three modes considered., The difference in specific fuel consump-
tion between modes III and IV gt the higher power ratings is a measure
of the calculation accuracy maintained in the analysis.

Figures 6 and 7 show that the minimum specific fuel consumption is
obtained at flight condition A {600 mph at 40,000 £t). Dropping the
flight speed to 400 imiles per hour (condition B) raises the whole level
of the specific-fuel-consumption curves, while decreasing the altitude
to 19,000 féet (condition C) further ralses the specific fuel consump~
tion. At any given flight condition, the specific fuel consumption
increases rapidly with decreasing power. At the higher powers these
curves show that there is no marked advantage of one mode of operation
over gnother. It 1s only in the low-power range that there is any
marked advantage of orne mode of operation over another.

At high power (figs. 6 and 7) there is little difference in spe-
cific fuel consumption between operation with constant and with vari-
able exhaust-nozzle area. However, at the lowér end of the power range
some improvement in specific fuel consumption may be achieved by ad-
Jjusting the exhaust-nozzle ares.

The maximum pressure ratio for which the turbine must be designed
and the range of pressure ratio over which it must operate can be re-
duced by adjusting the exhaust-nozzle ares. This is apparent, for
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example, from figure 3(a). Thus, even though the specific fuel con-
sumption is not improved to any great extent by adjusting the exhaust-
nozzle area, the turbine requirements could be made less critical, The
turbine pressure ratios obtalned far the different modes of operstion
were comparsble. .

In converting the net jet thrust into equivalent shaft horsepower,
a propeller efficiency of 80 percent was assumed. This assumed propel-
ler efficlency does not influence the values of specific fuel consump-
tion calculated to eny great extent, because the equivalent shaft horse-
power of the net thrust is, in general, a small part of the engine power
for the conditions considered.

CONCLUSIONS

The effect of different modes of operation on the performance of a
low-compressor-pressure-ratio turboprop engine was analyzed. The follow-
ing conclusions were reached:

l. The lowest specific fuel consumption for the englne occurred at
the highest flight velocity and altitude considered. Either decreasing
the flight velocity or decreasing the altitude below the tropopause re-
sulted in higher specific-fuel-consumption values for the engine.

2., At any glven flight condition the specific fuel consumption in-~
cregses rapldly with decreasing power. The difference In specific fuel
consumption st high power between operatian with constant and with
varisgble exhaust-nozzle area and between the different modes of opera-
tion is negligible. At low power the specific fuel consumption can be
improved by allowing the rotative speed of the engine, the stator areas
of the turbine, and the exhsust-nozzle area to vary.

3. The turbine requirements for an engine operated with a constant
exhaust-nozzle ares are more severe than for variable exheust-nozzle
area. For constant exhaust-nozzle area, the turbine must cperate over
a greater range of turbine total-pressure ratio end at a higher maximum
turbine totel-pressure ratio.

Lewis Flight Propulsion Laboratory
National Advisory Commilttee for Aeronautics
Cleveland, Ohio, April 19, 1954

%245
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APPENDIX - CYCLE ANALYSIS

Compressor performance. - With the use of the over-all compressor
characteristics shown in figure 1, a cycle analysis was made of egui-
librium engine operstion.

The continuity requirements between the turbine and compressor are
glven by equation (1) of reference 1 as follows:

w !{ p ' P}

3 4

T ( 8 T X _P (Al)
4 3

For modes I and IIT it is assumed that the turbine-inlet equivalent weight
flow W4‘V94/84 is constant. This assumption implies that the first

turbine stator is choked for all the operating conditions considered.
With these assumptions it 1s possible to construct the lines of constant
turbine-inlet temperature on the compressor performence maps shown in
figures 1(b) to (e). These lines were constructed for an assigned
turbine-iniet temperature of 2080° R gt sea-level static and compressor
design-point operation. Thus, for modes I and III it is possible to de-
termine the compressor operating conditions from figure 1 for any given
turbine-inlet temperature and flight condition.

For modes II and IV the compressor egquivalent operating conditions
were fixed Tor all f£light conditions and turbine-~Inlet temperatures.
For these conditions the turbine-inlet equivalent weight flow in equa-
tion (Al) is no longer constant. This implies that the turbine stator
area must be varied in order to accommodste the variations in turbine-
inlet equivalent weight flow. The lines of constant turbine-inlet tem-
perature shown in figures 1(b) to (e) are, therefore, not epplicable to
modes IT and IV.

Fuel consumption. - The fuel consumption was calculated by the meth-
od given in reference 2 for an assumed combustion efficiency of 100
percent.

Turbine performance. - In calculating turbine performance, a con-
stant turbine adiabatic efficiency of 85 percent based on the turbine
total-pressure ratio was assumed. The basis of this assumption is that
the range of turbine pressure ratio and equivalent rotative speed over
which the turbine operates is not unduly large.
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Exhgust-nozzle area. - For any flight condition in which the pres-
sure ratio across the exhaust nozzle was e€qudl to or greater than that .
required for—choking, the choking exhaust-nozzle area wgs used. When
the pressure ratioc was not great enough to choke the exhaust nozzle,
amblent-air pressure was assumed at the exit of the exhaust nozzle in
order to calculate the exhaust-nozzle area,

Engine power. - In order to determine the varistions in engine
power output at a given flight condition for varying amounta of the )
over-gll expansion ratio pi/pl taken across the turbine, the net Jet

3243

thrust was counverted Into an equivalent shaft horsepower by using the
assumed propeller efficiency of 80 percent. That is,

FV
* - 0 _

Because the Jjet thrust cannot be converted into an equivalent shaft
horsepower 1n the previously mentioned manner at the static sea-level
condition, a conversion factor between shaft horsepower and static
thrust must be assumed. Yor thls analysls the conversion factor as-
sumed. was 3.62; thus, for sea-level static conditions,

F
P =g (P - B) + i (a3)
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