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-

A METHOD OF CYCLE ANALYSIS FOR ATRCRAFT GAS-TURBINE
POWER PLANTS DRIVING PROPELLERS

By Robert E. English and Cavour H. Hauser
SUMMARY
The primary purpose of this investigation is to develop a
convenient and accurate method for analyzing gas-turbine cycles to
ald in predicting the performemce of propeller-driving power plants
and the state of the gas at various stations within the power plant.

The method takes into account the :E‘oJ]owing frectors affecting the
Pover-plant performance:

1. Variation of pressure and temperature with altitude

2. Variation of speci:f'ic heats with temper ature and composition
of the working fluid

3. Difference between welght flow through tne compressor and
veight flow through the turbine

k. Effects of ram _
5. Thrust from‘exhaust Jot

The tebulated gas pronerbies were used to produce charts from which
the powev-plant data may be selected without 3engthy calculations.

The secondary pm;:pose of thig investigation i8 to determine,
by application of the method that was developed, the performance of
the basic propeller-driving power plent, consisting of inlet dife~
fuser, compressor, combustion chamber, turbine, propeller, and
exhaust nozzle, and the basic power plant modified by the addition
of intercooling, reheating, and regeneration. As an example of the
application of the method, the performance of propeller-driving
power plants was detemined for a flight speed of 400 miles per hour,
a ratio of turbine ~inlet temperature to compressor-inlet temperature
of 1.5, a compressor adiabatic efficiency of 0.85, and a turbine
adiasbatic efficiency of 0.90; the powsr plants considered were the
bagic power plant and the basic power plant modified by the addition
of intercooling, rehea’cing, or regeneration. In addition, the effects
of changing altitude and turbine-inlet temperature of the basic power
plant were determined.
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From the determination of the power-plant performence, the fol~
lowing conclusions were drawn: The basic gas-turbine power plant
can cruise with a gpecific fuel consumption as low as 0.37 pound of
fuel per horsepower-hour.. The effect of the addition of an inter-
cooling heat exchanger or a reheating combustion chamber to the
basic gas-turbine power plant is primarily to increase the specific
Dower output with only small changes in the specific fuel consump-
tion. The addition of reheating yields a slightly greater increase
in the specific power output than the addition of intercooling. In
order to obtain a reduction in the minimum specific fuel consumption
by adding = regenerating heat exchanger to the basic gas-turbine
power plant, the regensrating heat exchanger must have an effective-
ness greater than 0.50, If the turbine~inlet temperature is increased,
the specific fuel consumption is decreased and the e;ecific power:
output is Increased; if the ambient atmospheric temperature is
- increaged by decreasing the altitude, the specific fuel consumption
is increased and the specific power output is reduced

INTRODUCTTON

In the design of an aireraft gas~turbine propeller-driving
power plant, a convenient and accurate method is desirable with
which to analyze the powsr-plant performance over a wide range of
design conditions and to determine the state of the gas at wvarious
stations within the power plant. A great emount of information has
been published on the performance of gas~turbine power plants and
several methods are now available for calculating the performance.
(See references 1 to 10.) The performance calculations that have
been made for stationary or marine power plants are not entirely
suitable for wse in the design of aircraft power plants becsuse
the. performance has Peen calculated at sea level and at zero flight
-speed. The methods of analysis that make use of constant specific
heats or a single working substance are satisfactory for meking
gpneral comparisons of many kinds of power plant bub these methods
-are not sufficlently accurate to be useful in the flnal design of
an aircraft power plant. ,

'The primary purpose of this 1nvestigation is to develop a
convenient and accurate method for analyzing gas-turbine cycles E
to aid in predicting the performence of propeller-driving power
Plants and the state of the gas at various stations within the - .
Power plant. The method takes into account the foilowlng factors
affecting the power-plant performance‘

(1) Variation of pressure and temperature with altitude
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(2) Variation of speclfic heats with temperature and composition
of the working fluld

(3) Difference between weight flow through the compressor and
welght flow through the turbine

(4) Effects of ram
(5) Thrust from exhaust jet

The methods of analysis neglecting these factors are simple and
brief but are not sufficiently accurate to be used in the final
d631gn of an aircraft power plant. The methods of analysis that
maeke use of tabulated gas properties are very accurate, but the
process of snalysis is long and leborious. The method reported is
a compromisze between thesge two extremes and makes use of charts
prepared from the tabulated gas properties in order that accurate
data may be selected in a comparatively short time.

The secondary purpose of this Investigatbtion is to determine
the performance of smeveral theoretical propeller-driving power
plants by applying the developed method of analysis., The power
plants to be considered are the basic power plant (consisting of
inlet diffuser, compressor, combustion chamber, turbine, propeller,
and exhausgt nozzlc) and the basic power plent modified by the addi-
tion of an intercooling heat exchanger, a rehesting combustion cham~
ber, or a regenerating heat exchanger. In addition, the effects
of changing altitude and turbine-inlet temperature on the bagic
power plant are to be determined.

SYMBOLS

The following sywbols are used in this analysis:

C coefficient of velocity for exhaust nozzle

e effectiveness of heat exchanger

£ fuel-air ratio

F gpecific fuel consumption, pounds per horsepower-hour

g mess ratio, 32.17 pounds per slug
H enthalny in total state, foobt-pounds per pound

P total pressure, pounds per square foot absolute
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P static pressufe, pounde per sguere foot

B gas constant, foob-pounds per pound CR

T total temperature, OR

( statlic temperature, °R

v velocity relative to engine, feet per second
W work, foot-pounds per pound

7 ratlo of specific heats

n efficiency

Subscripts:

ad reversible adlabatic

b combustion or burner

bt 'reheating combustion

c compressor

ct first,;or low-pressure, stage of compressor
c" gecond, or high-pressure, stage of compressor
d inlet diffuser

i intercooling heat exchanger

id ideal

J Jot

n net

o over all.

P propeller

r regenerating heat exchanger

8 shaft

1497
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t  turbine

t*  first, or high-pressufe,‘stage of turbine

t"  second, or low-pressure, stage of turbine

-The following subscripts refer to stationms in the engine:
'd free stream or entrance to inlet diffuser

1 compressor inlet or eiit'from.inlét diffuser

2 inlet to intercooling hest eizhanger

3 | exit from intercooling heatb exchanger

k compressor ekit-or alr inlét:té regenerating heat'exchanger

5  combustion-chamber inlet or air exit from regenerating heat
. exchanger ' ‘ '

6  turbine inlet or combustion-chember exit
T Inlet to reheating combustion chamber

8 exit from reheating combustion chamber or inlet to second-stage
turbine

9 turbine exit or exhaust-gas inlet to regsnerating‘heat
eXchanger

10  inlet to exhaust nozzle or exhaust-gas exit from regenerating
heat exchanger '

11 exit from exhauvst nozzle

ANALYSIS
Description of Cycles

Several cyclegs of operation have been proposed for gas-turbine
pover plants. The simplest of thesge is based on the Brayton
(or Joule) cycle in which the working substance is isentropically
compressed, heated at constant pressure, expanded with constant
entropy to the initial pressure, and then cooled at constant pressure
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to the originsl state. The adaptation of this ildesl cycle for use
in an actual power plant, is herein referred to as the basic cycle.
The effects of intercooling during the compression process and
reheating or regeneration during the expansion process on the basic
cycle are considered in the analysis of the intercooling cycle, the
reheating cycle, and the regenerating cycle, respectively.

Bagic cycle. - In the basic cycle, air from the free stream
(station 0) is diffused sa the velocity of the air is reduced from
the flight speed to the velocity at the compressor inlet (station 1).
(see fig. 1.) In figure 1 the solid lines represent idesl, reversible
processes; the dotted lines indicate the approximate path between the
end polnts of the actual, irreversible processes and link the ends of
the ideal processes with the ends of the real processes. In the
compresgor, the air is compressed between states 1 and 4 (fig. 1(a)).
The losses in the compressor alter the compressgion from the revers-
ible path of 1 to 4id, The air leaving the compressor is burned
with fuel between states 5 and 6. The pressure losses during
combustion produce a greater change in entropy then the constant-
pressure combustion from state 5 to 6id, The hot combustion products
are expanded with losses in a burbine from state 6 to 9 and in the
exhaust nozzle from state 10 to 11, The cycle is closed in the
atmosphere from state 11 to O.

Intercooling cycle. - The cycle of operation for a power plant
using intercooling is represented by the diagrams in figure 1(Db).
The air compression is broken into two stages, states 1 to 2 and
3 to 4; and the air is cooled, states 2 to 3, between the stages,
vith a small logs in total pressure. Intercooling reduces the
work of compression.

Reheating cycle. - The cycle of operation for a powsr plant
using reheating is represented by the disgrems in figure i(e)., In
the reheating cycle, the expansion in the turbines is broken into
two stages, states 6 to 7 and 8 to 9, and the alr is burned with
additional fuel, states 7 to 8, between the stages. Reheating
increases the work of expansion.

Regonerating cycle. - The cycle of operation for a power plant
using regeneration is represented by the diagrams in figure 1(d).
Part of the energy in the gas leaving the turbine is reclaimed by
means of a regenerating heat exchanger. The heat transferred from
the exhaust gas cools the exhaust gas between states 9 and 10 and
heats the compressed air between states 4 and 5. . Regensration
reduces the fuel required to reach a given turbine-inlet temperature.
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Method of Caleulating Engine Performance

These cycles of operation can be constructed from the following
elements:

(a) Compression in the 1nla£ diffuser
(b) Compreseion in the comprossor

(é) Intercooling

(4) Combustion

{e) Expansion in the tyrbine

(£) Roheating

(g) Regeneration

(h) Expansion in the exhaust nozzle

In the following analysis each of these elements is considered
separately. o ‘

Compresgion in the inlet diffuser. - The state of the alr.
entering the compressor is different from the state of the free
stream surrounding the power plant beceuse compression is obtained
in the inlet diffuser, The total temperature of the alr leaving
the inlet diffuser is expressed ag '

, 2
Ya-1 V :
T, = bt d .0 (1)
1 ¥ R 2g
&a

The valves of 7, and Ry were assumed equel to 1.40 and 53.3,

respectively. The variation of the total temperature with altitude
and speed is shown in figure 2.

If the diffusion of the air ahead of'the compressor is isen~

tropic, the total pressure ab the compressor inlet may be expressed
as '
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This relation was used to imdicateé the varistion of total pressure
with altitude and flight speed, as shown in figure 3. An actual

- diffuser will not produce as great a pressure rise as ‘équation (2)
indicates. The relation between the actual and the ideal pressure
recoveries is expressed in several ways and each of these forms of
expression is used by a different group of designers. - The -ideal
pressure recovery is given here so that each a991gner may use his
own method of correction. :

Compression in the compressor (no intercooling). - If there is
no variation in the value of 7., the work of compreseion for air

may be expressed as

7oL

7C . ., .
Wy = A 2o mom <I_’.lt> -1 (3)
T]ss,c Vet Py

Unfortunately, the variation of 7, 1is somefimés Jargey\nd this
expression gives inaccurate results for a gingle value of - Y, over

a wide range of pressure ratios and initial temperatures.’ In order

to obtain a simple and accurate means of computing the compressor

work, the data for dry air obtained from Keenan and Kaye (reference 11)
were plotted in figure b with the ratio of change in enthalpy for an
isentroplc compression, or ideal compressor work, to the compresgsor-
inlet total temperature AHad /P as a functlon of the pressgure ratlo

for compressor inlet total temperatures of 4009, 5000, and 600° R.
For pressure ratios less than 10, Aﬁad /Tl is virtually unaffected

if the initial temperature varies from fLOOO to 600° R. For a pres-
sure ratio as high as 100, figure L indicates within *1.5 percent the
- varlation of AE C/Pl With Ph/Pl for initial temperatures of

400° to 6000 R.

The work of compression in foot—pounds per pound of alr passing
through the COmpreossor is expressed as

T, . [OH | -
o = — < d) M
qs,c Ty N

where AH /Pl is determined from figure 4. An alternate method

for determinlng the work of compr6581on 1s given in reference 12.
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The following method msy be used to determine the temperabture
after compression: The change in enthalpy during compression is

expressed as
o/ . |
Hy - By s ( ;"‘) (5
CMag,e N\ 1/

vhere [H 5 /Ty 1is determined from figure 4, The variation of

the enthalpy of air with temperature (reference 11) is shown in
Tigure 5 for a base temperature of 4000 R, With this chart, the
initial enthalpy may be determined when the initial temperature is
known. The enthalpy of the air leaving the compressor may be
determined by adding the initial enthalpy to the chenge in enthalpy
in equation (5); the temperature of the air leaving the compressor
Tu may then be found from this final enthalpy and figure 5.

Compression with intercooling. ~ The addition of an inter-
cooling heat exchanger between two stages of compression reduces
the work of comnression because the temperature of the alr entering
the second stage is lowered by cooling the air between the stages.
Yor a given turbine-inlet temperature Tg, +the net work output of

the cycle is increased and the fuel input must be increased,

For a given over-all pressure ratio, the work of compression
varies with the pressure ratio across the first stage of compres-
sion. By taking the partial derivative of an expression for the
ovér-all compressor work, the work of compression is found to be
a minimum if

/ o
-1
P2 _ /HC' T e 1>7° Po Py (6)
P, \n wt oo, -1 Py Py

where the effectiveness of the intercooling heat exchanger e; 18
defined as

Tp - T
e ::.-‘g.._..._—j.-

i -
TQ Tl

(7

The reletion expressed in equation (6) is derived in appendix A.
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Because for e given turbine-inlet temperature Tg, +the addition

of intercooling increases both the net work oubput of the cycle and

the fuel thet must be added, the manner in which the specific fuel

consumption is affected by intercooling is not immediately apparent.

The pressure ratio given in equation {6) was selected to minimize

. the compressor work without regard for the efficiency of the cycle,
By taking the partial derivative of an expression for the cycle

efficiency, the cycle efficiency is found to be a meximum if

. R
P, 2 L
_?_,,(b +ND haec } (8)
PN /
where .
] | - _ |
a=621 [, - (1,%) /1-%)‘(...1,. - ) . <.;... - 1)
1 Mgt . _ \ -  '_']¢" )} --Tlc,‘z Ngn
. (Pu) cey(l-ey)  Tg my ’(Pi) | (1 ) 1,
o—— . g A—— qr———i— vrma— ..e . I————
v 1 .T]cyg T}cu‘ Tl nc' b 4 nC"
r-1
. =<§’_&>7 2 ey (1 i l-el>
Pl ncfnc‘" \ nci
7-1 y-1

)
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This relation is derlved in appendix B. In the derivation of equa-
tions (6) and (8), several simplifying assumptions were mede with
the result that the pressure ratios indicated by these- equatlons
are in error, but the values are approximately correct

_ If the single-stage compression of the basic cycle is replaced
by a two- stage compression with intercooling and the product of the
pressure ratios of the two-stage compression equals the pressure
ratio of the single-stage compression, the efficiency of each stage
of the two-stage compression must be different from the efficiency
of ‘the single-stage compression for the power-plant performance
calculated in order for the intercooling cycle to be comparable
with that calculated for the basic cycle. If two stages with equal
adisbatic efficiencles are so arranged that the ailr flows succes~
sively through the two stages without any intercooling, the adia-
batic efficiency of the over-all compression is lower then the
adlabatic efficiency of each of the stages (reference 13) An
order to give comparable resulbs, the efficiencies of two stages
must be reessigned so the change in enthalpy for a two-stage
compression with ;ntercoollng of zero effectiveness will be equal
to the change in enthalpy for a corresponding single-stage compres-
gion. As the effectiveness of the intercooling heat exchanger is
varied from zero, the efficiencies of each of the two stages should
be held oonstant

The aover-all pregsure ratio across two compressor stages with
intercooling is expressed as

e gk Nk (9)

Combustion. ~ The air’entering;the combustion'chaMber is burned

with fuel to provide a high gas temperabture at the turbine inlet.
Because the power plant operates with a large work output and a low
~specific fuel consumption when the turbine-inlet temperature is high,
the power plant is normally designed to operate at the highest
temperature that the materials will permit., For convenience in

this analysis the combustion efficiency is defined as

f
_ 44
Ny =~ (10)
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The combustion chert (fig. 6) is presented for the determination
of the ideal fuel-air ratio f£34 when the initial and final tempera-
" tures of combustion are given. This figure was prepared from the data
of reference 1%, The fuel was assumed to be saturated liquid octane
at 600 ¥ and the air was assumed to be composed of T9-percent nitrogen
and 2l-percent oxygen by volume. The maximum temperature considered
is low enough to neglect the effects of dissociation. The chemicel
energy of octane is 2,201,618 Btu per mole and the latent heat of
vaporization is 17,730 Btu.per mole {reference 15) If an alternate
fuel is used with a hydrogen-carbon ratio between 0.15 and O. 25, an
equivalent ideal fuel-air ratio may be determined from figure 6. The
ldeal fuel-air ratio for the altermate fuel may be determined by
multiplying the equivalent ideal fuel-alr ratio by the lower heating
value of octane and dividing the resulting product by the lower
heating value of the alternate fusl. Reference 16 supports the
accuracy of this procedure. If ths»hydrogen~caxbon,ratio ig between

0.15 and 0.25, this method is correct within 1—2- vercent.

When combustion occurs in a reheating combustion chamber, the
gas entering the reheating combustion chamber is the product of a
previoug combustion. The temperature and the fusl-air ratio at the
inlet of the reheating combustlon chember are known. These values
can be used with figure 6 to obtain a fictitious initial temperature
that would exisgt in a combustion chamber whose exit conditions are
the same as the inlet conditions of the reheating combustlon chamber.
If the temperature at the exit from this theoretical combustion
chamber is increased, figure 6 gives the new value of §£43 required
to reach the new exit temperature. The difference between these two
fuel-air ratios fid g ~ fg 18 the amount of fuel ideally required

‘to change (1+fg) pounds of gas from the state at the inlet of the
reheating combustion chember to (1+f;4 g) pounds of gas at the

reguired tempersture at the exit from the reheating combustion chamber.
. The fuel-air ratio at this point 1s expressed as

' f. - F Ty
a,8 "~ ¥¢
fg = fg + == Toe (11)

For some conditions at the entrance of the resheating combustion
chamber, the fictitious initial temperature will be less than 500° R
and will therefore be beyond the range of figure 6. The data of
figure 6 may be extrapolated by assuming that the curve of constant
initial temperature less than 500° R lies a constant vertical distance
above the curve for an initial temperature of 500° R. The conditions
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at the entrance of the reheating combustion chamber determine one
point on this line of constant initial temperature and the assump-
tion made for extrapolation determines the rest of the linms.

Expansion in turbine. - After combustion, the gases are ‘expemded.

in & turbine. If 7¢. does not vary during the expansion, the turbine
work in foot-pounde per pound of gas passing through the turbine may
be expressed as

Y-l

g\’ t
RyTg (L - <§2) (12)
.

= 7%
wtr ns,t 7'(‘,'1 6
If 74 varles during the expansion, equation (12) may be used to
determine the turbine work as long as an appropriate value of 74
is selected. Pinkel and Turner (reference 17) give data that are
useful in choosing the value of Ty for pressure ratios a8 high
as 10. Data on the variation of 7 with temperature and fuel-air
ratio obtained from references 11 and 18 are plotted in Tigure 7.

In this analysis a chexrt was constructed to permit the ideal
turbine work to be read directly for pressure ratios up to 32. The
chart was constructed by using equation (12) and figure 7; the value
of 74 was selected from figure 7 at the mean temperature between
the inlet total temperature and the ideal exit total temperature
for the expansion. An egtimate of the ldeal exit total temperature
was obtained by choosing a value of ¥4 at the temperature Tg
and the corresponding fuel-air ratio. The aversge of the egtimated
ideal exit total temperature and the inlet total temperature is the
first approximation of the true mean temperature; az second approxi-
mation is uwmnecessary. The valus of Ry was determined from the
relation :

53.30 + 60.9f
By = =157 (13)

This relation was obtained from equation (21) of reference 17 and
is valid for the products of combustion of octane and dry air when
the fuel-air ratioc is not greater then stoichiometric . and ccmbustion
is complete.



14 NACA TN No. 1497

The ideal turbine work Wy /ng ,t Was determined from equation (12)
for a range of turblne-inlet ’cempera‘bure from 800° to 3000° R, for
pressure ratios from 1. 5 to 32, and for fuel-alr ratiocs of O. 010
0.040, and 0.067. The results of this evaluation are plotted in
figure 8. These results were checked with the tables of the gas
Propertles given in reference 17.  The maximum disagreement between
the two results was less then 0.5 percent of the turbine work.

The temperaturé of the gas leaving the turbine maisr be determined
from the enthelpy drop across the turbine. The change in enthalpy
during expansion is expressed

Wy
Hg = Hg = Mg ¢ («Q t) (14)

The value of Wy /11s g May be determined from figure 8. The enthalpy

of the gas is plotted againet the temperature in Tigure 9. from data
given in reference 18. The base tempersture for this chart is
540° R, which is 140° R greater than that of figure 5. The en‘bhalpy
Hg may be determined from figure 9 at the temperature Tg; Hg'
may then be determined from equation (14) and T9 mar he found
from flgure 9.

~ Reheating during éxpansion. - The addition of -reheat ing to t]iié

basic cycle results in the production of an. increased quantity of
work for each pound of air that passes through the power plant.

By taking the partial derivative of an expression for the work of ,
a two-gtage expansion with reheating, the work is found to be a
maximum if N

4"
7L
Pr. (M T8 P9 P7 (15)
6 g T6 P¢ P

This expressioﬁ ig derived in appendix C,

Equation (15) was derived to maximize the work output of the
power plant without regard for the specific fuel consumption. By
taking the partial derivative of an expression for the cycle
efficiency, the cycle efficiency is found to be a maximum if
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7T
U -~ 2"1«" -
7 J JY Xz (16)
6 2% .
vhere
Tg (T >
= —= + w - 1
X n'b' T]_(T8 Ny,
AN
T6 PA\7
-2 ne ner 5o (52
z..;{ 7-1
Pa)”’ LM T P\ 7
- [.9 : 6,28 L Lfie) .
Z = n.t" (P6> n.tt Tl + Tl 1 Tlc P9 1

Equation (16) is derived in appendix D. In the derivation of
equations (15) and (16), several eimplifying agsumptions were
made with the vesult that the pressure ratios indicated by these
equations are in error, bubt the valueg are approximabely correct.

If the single-stage expansion of the basic cycle is replaced
by a two-stage expension with rehesting and the product of the
pressure ratios of the two-stage expanslon equals the pressure
ratio of the single-stage expansion, the efficiency of each stage
of the two-stage expansion must be different from the efficiency
of the single-stage expansion in order that the power-plant per-
formance calculated for the reheating cycle may be comparable with
that calculated for the bagic cycle. If two expansion stages with
equal adiabatic efficiencies are so arranged that the air flows
succegsively through the two stages without any reheating between
the stages, the adisbatic efficiency of the over-all expansion is
higher than the adiabatic efficiency of each of the stages. In
order to give comparable results, the efficiencies of the two stages
must be reassigned so the change in enthalpy for a two-stage expan-
sion without reheating is equal to the change in enthalpy for a
corresponding single-stage expansion. This adjustment in efficiency
ig very similar to the change in efficlency for a two-stage
compression. '
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The over-all pressure ratio acrose two turbinee with reheating
is expreossed as

Po_l1%8%9 (17)

Regeneration. - When the cycle makes use of regemeration, con-
sideration must be given to the effects of the regenerating heat
exchangsr on the temperatures of the gas entering the exhaust nozzle
and the alr entering the combustion chamber. The effectiveness of
the heat exchanger is conveniently defined as

o =I5 " Ty (18)
r T9 - Tl;.

The temperature Ty is determinable from the compressor calcula-~
tions. The value of T9 may be estimated from the homologous basilc
cycle, and this approximate value of T9 may be substituted in
equation (18) and Ts may be computed for the assumed velus of ep.
By means of the celculation methods previously outllned, a second
approximation of T9 may be determ;ned a third approximation is
unnecessary.  With this correct value of Tg, & new value of Ts

mey be found from equation (18), and fg may in turn be determined
from figure 6. S

The temperature of the exhaust gases leaving the regenerating
heat exchanger may be determined by applying the principle of the
conservation of energy. When there are no heat losses frcm the
regenerating heat exchanger,

He - Hy
By - Bio = 35 (19)

The quentity H) may be determined from equation (5). The value
of H5 may be found from Ts and figure 5, snd the magnitude of
Hg may be determined from equation (14). The value of Ty, may

then be determined from equation (19) and figure 9. The two plots
of enthalpy as a function of temperature (figs. 5 and 9) were not
combined because they have different base temperatures and minor
differences in the composition of dry air. '
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Expansion in exhaust nozzle. - The gases leaving the power ‘
plant are expanded in an exhaust nozzle and given a rearward velocity

to aid in propelling the airplane. The exhaust Jet velocity is
given as

I

[ | 7“‘1“‘_1‘1
, 7
SORINY PO B P ) (20)
3T “8 731 %10 |7 7 \Bao

Equation (20) was evaluated for various values of 7j and pll/PJO’
and the results are pIOUted in figure 10 with -3—— ag a function
%T1o

]o/pl1 may be determined by

of 74 end Plo/pll'
by considering all the pressure ratios in the power plant:

The valus of T

'911 po F1 Py P5 Pg I’9

For a cycle without regeneration
Ps P10 _ (22)

The work of propulsion from the jet in foot-pounds per pound of air
entering the compressor is expressed as

Wy =2 Jae) vy - ) (23)

Over-all powsr=-plant perférmance. - The net thrust work of the

power plant in foot-pounds per pound of air entering the compressor
is expressged as

= {:(l+f) Wy - “’c] ni,) + Wy (2k)
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The specific fuel consumption in pounﬁs of fuel per net thrust
horgepower-hour is expresged ag.

= 1.98 x 106 &+ (25)

Wn

Sample calculations are given in asppendix E for each cycle.,

DISCUSSION OF CYCLE ANALYSES
Application of Analysis

The Toregoing method of analysis was used to analyze the per-
formance of gas-turbine power plante at their deslgn points. Four
cycles of opevation were considered: - (1) the basic cycle, (2) the
intercooling cycle, (3) the reheating cycle, and (1) the regenerating
cycle. A flight speed of L0O miles per hour wag selected. One set
of calculations was run with the altitude varying from sea level to
30,000 feet in order to show the effect of sltitude; another set of
calculations was run with the turbine-inlet temperature varying from
2000° to 2500° R to show the effect of peak cycle temperature. The
other calculations were made for an altitude of 30,000 feet and a
turbine-inlet temperature of 2000° R corresponding to a ratio of
turbine~inlet temperature to compressor-inlet temperature of 4.5,
The compressors were assumed to have over-all adisbatic and shaft
efficiencies of 0.85 and 0.84, respectively, and the turbines were
agsumed to have over-all adiabatic and shaft efficlencies of 0.90

“and 0.89, respectively. The assumed velocity coefficient of the
exhaust nozzle was 0.97. The combustion efficiency was assumed to
be 0.90, and a propeller efficiency of 1.00 was assigned to- obtain
a congervetive estimate of the equivalent shaft work. A list of
the cycles analyzed and a summary of the operating conditions are
presented in table T,

It was assumed that the combustion takes place with no logs in
total pressure. This assumption results in values for the specific
power oubtpub and the specific fuel congumption that are from 2 to
5 percent higher and lower than the specific power output and specific
fuel consumption, regpectively, of a power plant with a totsl-pressure
loss of 5 percent during combustion. The flow through the intercooling
and regenerating heat exchangers was agsgumed to take place with no
logs in total pressure or heat. The drag produced by a change in
momentum of the cooling air passing through the intercooling heat
exchanger was not congidersd.
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The ratio of the total pressures across the compressor was
agsigned equal to the ratlo of the total pressures ascross the tur-
bines.  This assumption, in combination with the assumption of no
pressure losses in the combustion chambers, intercooling heat
exchanger, and regenerating heat exchenger, fixes the pressure
ratio across the exhaust nozzle at the same value as the pressure
ratio acrose the inlet diffuser. FPreliminary calculations showed
that this condition gives a specific fuel consumption 3 to 5 percent
higher than the consumption obtained with the opiimum exhaust-jet
velocity. Reference 10 presents data that support this statement.
With the same pressure ratio acrocs the exhaust npzzle and inlet
diffuser, the jJet work is gemerally a small part of the net work.
For over-~all pressure ratios greater than 4.0, the Jet work is less
than 12 percent of the net work.

It was necessary to reassign the compressor efficiencles when
intercooling wag used and to reassign the turbine efficiencies when
reheating was used. The reassigned efficlencies were selected by
trial and error. In assigning the new efficiencies, the expansion
of compression was divided into two stages without reheating or
intercooling between the stagee. The efficiencles of the first
stage were kept equel to the efficiencies of the second stage, and
the values of these efficiencies were varied unitil a set of values
was found for which the work of the two-stage process was equal to
the worl of the ocne-stage process. When reheeting or intercooling
wag added betwsen the stages, the efficiencies were not changed from
the efficiencies that were found by trial and error.

The curves in this report do not represent the performance of
an actuwal power plant under variable operating conditions. In an
actual power plant, pressure losses will occur in the inlet diffuser,
the combustion chamber, the exhaust nozzle, the intercooling heat
exchanger, and the regenerating heat exchanger. These pressure
losses, in addition to reducing the output of the power plant and
raising the specific fuel consumption, change the pressure ratios
at which the maximum specific power output and the minimum specific
" fuel consumption are obtained. In all cases the performance curves
ghow the best possible results for the design operating conditions.

‘Bagic Cyele .

. The high specific power output and the low specific fuel con-
sumption that result from operating a gas-turbine power plant at
high altitudes are clearly ghown in figure 11l. The increase in the
specific power output as the altitude is increased with a corresgponding
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decrease in ambient atmospheric temperature partly compensates for
the low air flow through the engine at high'altitude. At an alti-
tude of 30,000 feet, a gas-turbine power plant operating on the

basic cycle can have a minimum specific fuel consumption of 0.37 pound
of fuel per horsepower-hour (fig. 11(b)}).

The familiar gains in power and econcmy to be expected for opera-
tion at high maximum cycle temperatures are shown in figure 12,
Appreciable gains in fuel economy with high turbine-inlet tempera~
tures are obtained only at very high pressure ratios (fig. 12(b)).

The chief advantage in high turbine-inlet temperatures is the large
specific power output. These improvements in performance indicate
the valve of developing the means of operating gas-turbine power
plants at high turbine-inlet temperatures.

Intercooling Cycle

The intercooling cycle was first evaluated with equation (6)
for the pressure ratio of the first stage of compression to give
the maximum specific power output for the cycle. Becasuse no pres-
sure loss was assumed through the intercooling heat exchanger and
equal efficiencies were assigned, the maximum specific power output
is obtained when the pressure ratio across the firgt stage is the
square root of the over-all pressure ratio. Figure 13 shows that
the addition of an intercooling heat exchanger with an effectiveness
of 0.50 will increase the peak specific power output 12 percent over
the peak specific power output of the basic cycle. The change in
the specific fuel consumption produced by the addition of an inter-
cooling heat exchanger is negligible.

For intercooling at the point of lowest gpecific fuel consump-
tion, the pressure ratio of the first stage was evaluated from
equation (8), which gave pressure ratios for the first gtage less
than the square root of the over-all pressure ratio. A small
improvement in specific fuel consumption over that of the basgic
cycle is shown in figure 14(b). Because the difference between
the specific fuel consumptions with intercooling for the greatest
specific power output and with intercooling for the lowest specific
fuel consumption is small, the specific power output may be maxi-
mized with little regard for the specific fuel consumption.

Because the effects of power-plant weight and size have not
been considered in the analysis, it cannot be definitely concluded
whether a power plant with intercooling will perform better than
one without intercooling. For a temperature ratio Tr/Pl of 4.5,

a compresgor adiabatic efficiency of O. 85, and a turbine adiabatic
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efficiency of 0.90, these calculations indicate that, even with an
intercooling heat exchanger with no pressure losses, the possible
reduction in specific fuel consumption is very. small If the power
plant is to produce a given net power, the addition of an inter-
cooling heat exchanger will decrease the weight of the compressor,
the turbine, and the combustion chamber because the increase in
gpecific power output will allow a reduction in the air flow through
each of these components, and it will add to the power plant the
weight of the intercooling heat exchanger with its attendant ducting.
The intercooling heal exchanger selected should permit the airplane
to have the smallest weight of power plant and fuel. In order to

be a practical addition to the basic cycle, the intercooling heat
exchanger and its ducts must have a weight less than the reduction
in weight of the remainder of the engine. Intercooling in combina-
tion with regeneration may be more advantageous. '

Reheating Cycle

In order to obtain the maximum specific power output for the
cycle with reheating, the pressure ratio of the first stage of
expansion is determined from equation (15). With equal two-stage
efficiencies assigned and no pressure loss assumed during combus-
tion, the maximum output is obtained when the pressure ratio across
the first stage ig egual to the square root of the over-all pres-
sure ratio. The peak specific power outpubt of the reheating cycle
wilth reheating at the polnt for maximum specific power output is
33 percent greater than the pesk specific power output of the basic
cycle (fig. l5);'this added output is, however, obtained at the
expense of some loss in fuel economy.

When equation (16) was used to determine the pressure ratio
of the first stage of expansion, the performance equations were
evaluated with reheating at the point for best fuel economy. The
performance curves in figure 15 show a 15 percent gain in the
meximum specific power oubput over the basic cycle, and for pres-
sure ratios greater than 17, a slight reduction in the specific
fuel consumption. At pressure ratios less than 17, the specific
fuel consumption is slightly higher with reheating at the point for
the best fuel economy than for the basic cycle. This incongrulty
is the result of errors introduced by the simplifying assumptions
made in the derivation of equation (16).

This analysis indicates that the principal effect of the addi-
tion of reheating to the basic cycle is to increase the output of
the cycle. A supplementary snalysis has indicated that if the ‘pres-
sure ratio of the first stage of expansion ig carefully chosen, the
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specific power output may be 25 percent greater for the reheating
cycle than for the basic cycle and the specific fuel consumption
will not be changed.

When reheating is added to the basic cycle and the air flow
through the power plant is not changed, the weight of the power
plant will increage because a second combustion chamber must be
added and the turbine following the reheating combustion chamber
must be enlarged to’agcummo&ate the increased volume flow, The
power=plant components shead of the reheating combustion chember
are unchanged. In order to be a deairable addition to the basic

cycle, reheating must produce an increase in the specific power .
output that is proportlonahely greater than the increase in englne,
weight,

Begpnerating Cycle

The results of the regenerating~cycle analysis are shown in
figure 16. The curves were not extended beyond a pressure ratio
of about 17 because at higher pressure ratios the exhaust temperature
of the turbine is lower than the discharge temperature of the com-
pressor and a reversal of heat flow occurs in the regenereting heat
exchanger., TFor a pressure ratio greater than 17, the addition of
regeneration to the basic oycle results in an increage in the specific
fuel consumptlon. '

Large reductions in the specific fuel consumption are obtained
at low pressure ratios, but “the speciflc power output at a given
pressure ratio is only slightly affected by the addition of fegen-
eration. The reduction in the output is principally due to the
reduced temperature at the entrance of the exhaust nozzle, which in
turn reduces the thrust obtained from the exhaust Jet. The low fuel-
alr ratio accompanying regeneration slightly reduces the mass flow
through the turbine and the ezxhaust nozzle and increases the value
of 74, both of which reduce the output of the turbine and the Jjet.
For a temperature ratilo T6/Pl of 4.5, a compressor adiabatic effi-
ciency of 0.85, and a turbine adiabatic efficiency of 0.90, the
regenerating heat exchanger must have an effectiveness greater than
0.50 to obtain a minimum specific fuel consumption for the regener-

ating cycle lower than the minimnm specific fuel conswmption for
the basic cycle,

The design pressure ratio of a ?ower'plant'normally is between
the pressure ratio for maximum specific power oubtput and the pres-
sure ratlo that produces the minimum specific fuel consumption; the
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design pressure ratio of a power plant operating on the regenerating
cycle will be low compared with the other power plants. The low
design pressure ratio results in a low specific weight for the com-
pregsor and the turbine, but the powér plant will also be burdened
with the weight of a regenerating heat exchanger and its ducting.
The regenerating heat exchanger must pass a large volume of geg at

a high temperature, which the light metals cemnot withstand. The
regenerating heat exchanger will therefore be both larger and
heavier then a comparable intercooling heat exchanger.

Neglecting the pressure losses in the regenerating heat
exchanger, as was done in this analysis, will affect both the
compressed alr entering the combustion chamber and the hot exhaust
gas entering the exhaust nozzle. In order to obtain high heat-
transfer coefficients and thereby limit the weight of the regener-
ating heat exchanger, the percentage loss in total pressure in the
regenerating heat exchanger will be made sufficiently large to have
a significant effect on the power-plant performence. For this
reason, the performance of a power plant opsrating on the regenera-
ting cycle will depart by a greater amount from the .performance
predicted by this analysis than will the performance of the thres
other cycles. Regensration combined with reheating or intercooling
may appeary more promising.

CONCLUSIONS

A method was developed for analyzing gas-turbine cycles to ald
in predicting the performance of propeller-driving power plante and
the state of the gas at various stations within the power plant.
The method takes into account the effects of ram, altitude, varia-
tion of specific heats,; increase in weight flow due to the addition
of fuel, and thrust from the exhaust Jet.

As an example of the application of the method, the performance
of propeller-driving power plants was determined for a flight speed
of 400 miles per hour, a ratic of turbine-inlet temperature to
compresgor-inlet temperature of 4.5, a compressor adiabatic effi-
ciency of 0.85, and a turbine adiabatic efficiency of 0.90; the
following conclusions were derived:

1. The basic gas-turbine power plant can cruise with a specific
fuel consumption as low ag 0.37 pound of fuel per horsepower-hour.
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2. The effect of the addition of intercooling or reheating to
the basic cycle is primarily to increase the gpecific power output
with only small changes in the specific fuel congmmption. The
reheating cycle yields a greater specific power output than the
intercooling cycle.

3. In order to obtain a minimum specific fuel consumption for
the regenerat:ng cycle lower than that for the basic cycle, the
regenerating heat exchanger must have an effectivensss greater
than 0.50.

L, When the turbine-inlet temperature is increased, the speclfic
power output is incressed and the specific fuel consumption is
decreased; if the ambient atmospheric temperature is increased by
decreaging the altitude, the specific power output is reduced and
the specific fuel consumption 18 increased,

Flight Propulsion Regearch Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, July 24, 1947.
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APPENDIX A

PRESSURE RATIOS OF COMPONENT COMPRESSORS FOR MINIMUM:
WORK OF COMPRESSION WHEN INTERCOOLING IS USED

In order to determine the pressure ratio across each of the
compressors the following assumptions were made:

1. The adisbatic and the shaft efficlenciles are equal for each
COMProseor.

2. There is no variation in the wvalue of ¥ c*
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By combining equations (7) and (27),
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By combining equations (26) and (28), -
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All of the varisbles except W, are assumed to be independent of
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APPEIDIX B

PRESSURE RATIOS OF COMPONENT COMPRESSORS FOR MAXIMUM
CYCLE EFFICTENCY WHEN INTERCOOLING IS USED

In order to determine the pressure ratio across each of the
compressors the following assumptions were made:

1. The value of 7 is constant for the cycle.
2. The weight of fuel passing through the turbine is neglected.

3. The adiabatic efficiency is equal to the shaft efficlency
for the turbine and for each of the compressors,

L4, There is no prossure loss through the combustion cheamber.

5. The Jet work is zero.

T
Wy = 2R Tg (1 -2 29)
T ( T ) (
T T
o 2 . 4 b
W= BTy (Tl, ) t S RT3 (T3 1) (30)
Tlo _ T Tg Ty T3 T1 (31)
T, T3 T,

=L
T .\’
_T9 ) (.}.)
1 =My |1 (32)
Tg ] P,
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=1
To o1 |(R2)
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By combining equations (29), (30), (31), (32), (33), (31+),‘and. (1),
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All of the variasbles except 1 o are assumed to be independent of
PQ/PJ.' When 1 is a maximum, ano/a(Pg/Pl) = 0, and
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where
T
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APPENDIX C

PRESSURE RATIOS OF COMPONENT TURBINES FOR MAXIMUM
" TURBINE WORK WHEN REHEATING IS USED

In order to determine the pressure ratio across each of the
turbines, the following assumptions were made:

1. The value of 74 1is constant.

2. The adiabatic efficiency is equal to the shaft efficiency
for each of the turbines.

3. The weight of fuel passing through the turbines may be
neglected.

.

7t"1 Yt‘l
: 74 7%
P P
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A1l of the variables except W, are assumed to be independent of
. . = " F -
P7/P6. When W, 1is a maximum, owt/a(d,Z/P’6) = 0, and
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PRESSURE RATIOS OF COMPONENT TURBINES FOR MAXIMUM

CICLE EFFICIENCY WHEN REHEATING IS USED

In order to determine the pressure ratio across esch of the
turbines, the following assumptions were made:

1. The value of 7 is constant.

2. The weight of fuel passing through the turbines is .

. neglected.

3. The adiabatic efficieﬁcy is equal to the shaft efficiency
for the compressor and for each of the turbines.

k. There is no pressure loss in the combustion chambers.

5. The Jet work is zero.

v
(Bx)”
\P1>

y P9\’
+ ntu ,}',":—Z BTB 1 - <P8>

!_J

(37)

71

(38)

(39)

(40)
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. Wy = Wo (41)
° 3/"2"'1 R (TgTy + Tg-Tv)

When equations (37), (38), (39), (40), and (41) are combined,
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By hypothesis, Py = Pg, Pg =Py, and Pg=Pg All of the veri-
ables except n, are assumed independent of P7 /P6, When 1, 1is
a maximum, 6no/a(P7/P6) = 0, and
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SAMPLE CALCULATION FOR GAS-TURBINE POWER PLANT

Basgic Cycle

The following conditions were assigned
the basic cycle;

Compressor pressure ratio, Py /P . . .

Maximum bemperature, Tg, B . . . . . .
NACA standard altitwde, £t . . . . , . .
glight speed, Vo, mph . .'v . . ., ..
na‘d)c . . ° . . o . L v L] . . . ® . - - » °
nad_,t . . . ’ . . « . . . . » . ¢ » U ) . .
Tl'b e 6 s e s &8 e 2 s e e L . .
np g e s 2 o & & s+ s 4 e e v » . ¢ e .
.qs’c * . . L3 .. . 4 . L] . .
ns’t . ® DR P S Y O Y Y . o e
Pl/:po « s e T 8 e & & 2 & & o & = & 8 8 o 2 a
P6/]?5 s e v @ * & 2 e . e e s« 8 s ‘e

for

calculabions of

. . 10.0
. . . 2000
. - « . 30,000
. . . 400
... 0,97
s b e e s .. 0.8
. e e . . e . 0.90
e e e e e . . 0.90
e e e e . . . 1,00
e e e e . . 0.84
e e e e ... 0.89

s e e e Plo/pll
» ] . L2 . 1.00

From figure 2, for 400 miles per hour and 30,000 feet

T, = LO° R
From figure 3
D, = 4,37 1b/sg in.
Py = 5.50 1b/sq in.
Pl/po = 5.50/4.37 = 1.26

From figure 4 at a pressure ratio of 10

-

AHad,c/]"l = 173

By substituting this value in eguation (W),

W, = (440/0.84) 173 = 90,600 £t-1b/1b air
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From equation (5)
Hy - By = (4k0/0.85) 173 = 89,500 -
From figure 5 | | |
Hy = 7800 + 89,500 =‘97,3OO ftilb/lb alr

Ty, = Tx = 9L7° R

5
From figure 6 for Ts = 917° R and ’TG = 2000° R
By substituting this value in equation (10):
© £ = 0.0157/0.90 = 0.0L7k4
From figure 8 at o pressure ratic of 10 and. Tg = 2000° R
Wy Mgy = 187,000
W, = 187,000 (0.89) = 166,400 £1-1b/1b gas
When equation (14) is used

Hg - Hy = 187,000 (0.90) = 168,300

9
Fr\om figure 9

Hg = 302,000

Hé = 302,000 - 168,300 = 133,700 ft-1b/1b gas
Therefore,

_ o)
T9 = 1214° R

From figure 10 at a pressure ratio PlO/Pll

= 1.26
vj/c/\[fg_= 28.0

vy = (28.0) (0.97) 4/121h = 946 £t /sec

1497
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By substituting in equation (23),: -

Wy = (587/32.2) [(1.0174) (946) - 587]
= 6800 ft-1b/1b air

By using equation (24),

Wy

it

[(1.0074) (166,400) - 90,600] (1.00) + 6800

85,500 £t-1b/1b air

i

i

155.4 hp-sec/lb air
Trom equation (25)

F = 1.98 x 10° (0.0074/85,500) = 0.403

- Intercooling Cycle

The following conditions were assigned for the intercooling
cycle:

Compressor pressure ratio, P, fq . . . . « . . . . ... .. 10.0
Meximum temperature, Tz, R « v ¢ v o v ¢« v v o o o o + & » 2000
NACA standard altitude, TL . +« + « o v o « o 4+ o « o « « » 30,000
Flight speed, Vi, mph, . o . v v v v v v v v e h s e e 400
C S e 8 4 B & & 8 8 s s s & 8 8 2 8 8 & e v L I Y 0.97
ei . » L I ¢« ». ¥ 2 o s & s s 4 e s & & & » s & 0a50
n&d t * & o & 4 4 s e & s 8 4 e 4 S @ s 0 + e A 3 s & ¢ s + 2 0090
n'b ,n LI A S T e e Y N I I I T B N 2 T T D D T T R D A 0090
np ¢+ a & ¢« o s e » & T & + a2 & » s+ v 2 e & & 2+ e o @ lvoo
n » () ° » A . L ] . . . L & . » L] - . . * . - [ ) » * ’ '. L 0‘8
8,t 9
Pl/po * s e & & v e+ b s & B s e & 4. s e 2 « & 0 « a ® PlO/pll

PE/P3 . L] . . 1] . . . » » .c » . < . LI ) L] s » . L] .. * c‘ LY ] . 1.00
P6/P5 » L4 - . L] . . ] ] . . * . . . . . . . . . . . L) . . . - 1000

The compressor adiasbatic efficiencies should be equal and ,
should be chosen so that if no intercooling takes place between the
two gtages, the change in enthalpy during compression 1s the same
a8 the change in enthalpy of a single.compresslon having the compres-
sor adisbatic efficiency equal to 0.85. After the adisbatic effi~
ciencies have been chosen for the two stages, the shaft efficiencies.
0.01 less than the adiabatic efficiencies will be chosen. The value

of Pp/P; will be 8o chosen that the specific power output will be
maximized.
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The following values are obtained from the calculations of the
basic cycle:
.,‘ . . O
T, = Mo°R
Pl/po = 1.26
From equation (6)
‘Pé/Pl = A10.0 = 3.16
In order to determine 1

and 70 = 0.873.

ad,cV ad,c"’ try nad.,c' = 11x::u_l,c"
From figure 4 at a pressure ratio of 3.16,

AHad c'/Tl dd c"/r'j

By substituting this value in equation (5)
H, - E = (440/0.873) 72.5 = 500 f£t-1b/1b air
From figure 5

H, = 7800 + 36,500 = 44,300 ££-1b/1b air
: L
T, = 6370 R
With a,n”interc_:,oole_r effectiveﬁegs of zerfo

T2 = T3 = 637° R

From equa’r;ic;n (51) .
H, - Hy = (637/0.873) 72.5 = 52,900 £t-1b/1b air
For intercooling of zero effectiveness
(By - H3) + (Hy - Hy) = 52,900 + 36,500 = 89,400 ft~ib/ib,air
If this value for Hy - Hy is compared w1th the value of Hy - .Hy

in the basic cycle, it will be found to be very nearl;y the same;
therefore, the value for n ad,c! " and nad that +28 arbitrarily

selected 1s satisfactory.
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The compressor efficiencies are

0.873

i}

Nad,c' = Mad,c"

T‘s’cl = ns’cﬂ 0.863

When intercooling is used with an effectiveness of 0.50, the
‘conditions in the first stage of the compression do not change.

i

T, = 637° R

aHéd.,c‘/T3. =125
Wor = (440/0.863) 72.5 = 37,000 ££-1b/1b air -
From equation (7)
0.50 = (637-T3)/(637-4k0)
T,y = 539° R
AHa,d,c"/P?,‘ = T2.3
From eguation (&)
W = (539/0.863) 72.5 = 45,300 £-1b/1b air
From equation (5)
Hy - Hy = (539/0.873) 72.5 = kk,800 £5-1b/1b air

From figure 5
Hy, = 26,000 + 44,800 = 70,800 ££t-1b/1b air
Ty = T76° R
W,=W,, + W,
W, = 37,000 + 45,300 = 82,300 £t-1b/1b air

The remainder of the calculatlons for the intercooling cycle are
carried out in the same manner as for the basic cycle.
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Reheaiing Cycle

The following cohﬂitions were agsigned for calculations of the
reheating cycle:

. . ...10,0

... . 2000
. . . . 30,000
. . e .« . . . koo
. .-0-0.90097

Compressor pressure ratio, P)/Pq, . .
Meximum temperature, Tg = Tg, °R - . .
NACA standard altitude, ft . .
Flight speed, Vg, mph ... . ..

C . LI ° . e . LI ] . ] . s v e . .

o o 4 e

s e s .

* e . ®
.
. . »
e ‘e &
-
.

qa’d c ® ¢ & e B & 6 o & e @ s+ 82 & s + » « e . . a s 8 0 0085
nb : 3 . [] . 'Y . - - [ ] [] . LI ] . L] ;. . [] . 1 . [ ] . L] ° L4 L] L4 0'90
np T S O v. [ “o‘ ‘e v e e e 8 e s & e s e o & o 1.00
ns’c L) . . . O' - . . - . .‘ » . - .. L) 'v . [ .~ . . » * L] - . . * O.Sh
Pl/PO \d » L L4 . .‘ . . . '. - - . . L[] - * . . . . . . Plo/pll

Pefos =Pgfoq « v o o oo oo 100

The turbine adiabatic efficiencies should be equal and should be
chosen so that if no reheating tekes place between the two stages,
the change of enthalpy during the expansion is the same as the change
of enthalpy of a single expansion having a turbine adisbatic effi-
clency equal to 0.90. After the adiabatic efficiencies have been
chogen for the two stages, shaft efficiencies 0.0l less than the
adiabatic efficiencies will be chosen. The pressure ratio P /[Pg
will be so chosen that the specific power output will be maximized.

The following values are obtained from the calculations of the
basic cycle:

- (o}
‘:el = 4ho° R
W, = 90,600 ft-1b/1b air
- o Q
T), = Ty = 917 R

fg = £, = 0,017k

From equation (15),

P6/P7 = pf10.0 = 3.16

In order to determine - nad,t' and<!nad,tn;"try nad,t‘ = nad,t" = 0.880
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From figure 8 at a pressure ratio of 3.16, fg = 0.0174, and
Tg = 2000° R, :
W, /“s‘, 4t = 107,500 £t-1b/1b gas
From equation (14)
Hg - Hy = 107,500 (0.880) = 94,600 ft-1b/1b gas
As in the basic cycle

He = 302,000

{t

By

From figure 9

il

302,000 - 94,600 = 207,400 ££-1b/1b gas

- 0
TT = 1565%° R

From figure 8 at a temperature of 1565° R, f7 = 0.0174%, and at a
pressure ratio of 3,16

Wyn /g ¢ = 83,400 ££-1b/1b gae
Hy - Hg = 83,400 (0.880) = 73,400 ££-1b/1b gas
(Bg - H7) + (5’7 - 139) = 94,600 + 73,400 = 168,000 £t-1b/1b ges

If this value for Hg - Hg 1is compared with the value of H5 - H9

in the basic cycle, ‘it will be found to be very nearly the same;

therefore, the valuss for mngg v and Mg, t" that were arbitrarily
2 7

chosen are gatisfactory. .

The turbine efficiencies are

Nag, gt = Naa, g = 0-880

ns’t: = ﬂs’tn = 0'870

When reheating is used between the stages, the conditions in
the first stage of the expansion do not change.

- o}
‘I‘7 = 1565° R
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It}

wt'/ns,t' 107,500 £t~1b/1b gas

W

fi

g+ = 107,500 (0.870) = 93,500 ft-1b/1b gas

The method of finding the fuel-air ratio after the reheating
combustion chamber (see discussion of combustion in Analysis section
of this report) is as follows: The conditions at the entrange to
the reheating combustion chamber (T7 = 1565° R, £, = 0.0174%) cor-

respond to a fictitious initial temperature of less than. 500° R at
the entrance to the imaginary combustion cheamber. The point that
describes the conditions in the imaginary combustion chamber may be
located on figure 6 because T+ and f- are known, and the distance
of this point above the line of 500° R initial temperature may be
determined, On the vertical line of 2000° R discharge temperature

at a point that is an equal distance above the line of 500° R initial
temperature, ‘ -

£ = 0,024k
id,8 ¢

From equation (11)

0,024k ~ 0,0LTh
0.90

fg = 0.0L74 +
| f8 = 00,0252
Frcm’figure 8

107,500 (0.870) = 93,500 ft—lb/lb gas

W.tn =
Wy = Wgr + Wyn = 93,500 + 93,500 £t-1b/Lb gas
W, = 167,000 £t-1b/1b gas
Hg - H9 = 107,500 (0.880) = 94,600 ft-1b/1b gas

From figure 9 at a temperature Tg  of 2000° R, and fq = 0.0252

Hg = 306,000 £4-1b/1b gas

Hy = 306,000 - 94,600 = 211,400 £t-1b/1b gas
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From figure 9
Ty = 1574° R

b1

The rest of the calculations for the reheating cycle are carried
out in the same menner as those for the basic cyecle.

Regenerating Cycle

The following conditions were assigned
regenerating cycle:

Compressor pressure ratio, P /Pq,.
Maximum temperature, Tg, v
NACA standard altitude, £t
Flight speed, V., mph .
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L
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3
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Y
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L
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.
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»
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* e e o @ & » e ¢ 4 ¢ s e+ 2 2 s s »

. L} . L ) * @ . » s e . LI ) . .

P6/P5.-:P10/P9 5 e e e e e ..‘.'.' .

i

for

- - - L3 L] - -
-

calculations of the

e e e ... 10,0

e« s . . . 2000
. . <« .. 30,000
I 174!
I ¢ X ¢
s e e e ... 050
C e e e . e . 085

. . 0.90
e s e e+« 0.90
e v e 4 s .« Y.00
e .. 084
e .. 0.89

e 4 ¢ o v @ ?lO/Pll
e e a e . . 1.00

The following values are cbtained from the calculations of the

bagic cycle: '

- (o]
T, = 4uo” R
W, = 90,600 ££-1b/1b

alr

The temperature Tg may be estimated by assigning it equal to Tg

of the basic cycle as a first. approximation.

T = 1214° R

9
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Substituting into equation (18)

0.50 = Te - 917
121h - 91
T, = 1065° R

From figure 6 for Ts = 1065° R - and Tg = 2000° R

+

f,. = 0.0139

id
Substituting into equation (10)

¢ = 220039 _ o, 0154
. 0.90. :

From figure 8 at a pressure ratio éf 10 and »T6 = 2000° R .

i

¥y = 107,000

Wy,

it
i

,187,000 (0.89) 166,#00 ft«lﬁ/ib-gasw
From ¢quation (1) ‘ | l |
- Hé'; Hy = 187,000 (0.90) = 168,300 ££-1b/1b gas
From figure 9
He = 302,000 £t-1b/1b gas
B
T

= 302,000 ~ 168,300 = 133,700 f4-1b/1b gas

_ 0
9 = 1214° R

The difference between the fuel-air ratio of the regenerating cycle
and that of the bagic cycle has a negligible effect on the exit
turbine temperature To. A second approximation is therefore
unnecessary. From figlre 5-at Ty = 1065° R and Ty = 917° R

E. = 126,000 £t-1b/1b air

>
H, = 97,300 £t-1b/1b alr
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Substituting in equation (19)

000 - 97,300
133,700 - By, = 220,000 = F1.3

105,400 f4-1b/1b gas .

i

‘B

“1077° R

i

The rest of the calculations for the regenerating cycle are carried
out in the same manner as those for the basic cycle.
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TABLE | - A TRBULATION OF THE CYCLES ANALYZED AND THE ASSUMED CONDITIONS

Cycle Atti=-| Air ve- ] Compressor jCompressor} Turbine Tutbine . | Combustion | Turbine - intercooleriRegenerator Reheat [Results primarily
tude | locity adiabatic |shaft ef- |adiabatic [shaft efficiency,! intet  leffective- [effective- | turbine-show the effects
{ft) | (ftssec)| efficiency,|ficiency, [efficiency, efficiency,|ng ] %emper%- ness, e; ness, e, ;nlet of:
. N . 1 ure, empera~-
. Nad,c Mg, ¢ ad,t s, t ) (3 ture, Tg
(OR)
0 ;
Basic tﬁ.OOg 586 0.85 0.84 0.80 0.89 0.90 2000 ——— el - Altitude
. 2000
Basic 30,000] 586 0.85 0.84 0.90 0.89 0.90 2250 ——— - —— Turbinewiniet
2500 temperature
: ‘ - U Intercosiing at
Intercooling 30,000 586 ety (t) 0.90 Q.88 0.80 2000 50 - === |the point for
R 1.00 greatest power
output
) ] Intercooling at
Intercoo! ing 30,0001 586 (i) (1) 0.80 0.89 0.90 2000 .50 e ——— the point for
: +.00 }M?St specific
- - ; con ti
Reheating 30,000] 986 0,85 0.84 {2} (2) 0.90 2000 —— - 2000 Reheating during
! expansion
¥}
Regenerating| 30,000 586 0.85 0.84 0.90 0.89 0.90 2000 -- -28

.
.
i.

v !Recenerati on

_

(1} Efficiencies of compressor stages with intercooting chosen somewhat higher to give performance equivalent to single stage or basic cycle

at same over-all pressure ratio.

{2} Efficiencies of turbine slages with reheating chosen somewhat fower to give performance equivalent to single stage of basic cycle at same
over-all pressure ratio.
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{(a) Basic cycle. (b) Intercooling cycle.

Figure I. - Temperature-entropy diagram of gas-turbine cycles for propellier-driving power plant.
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Figure 1. - Concluded. Temperature-entropy diagram of gas-turbine cycies for propelier-driving power
plant.
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Jotal temperature, °R
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Figure 2. - Variation of compressor-inlet total temperature with altitude and speed.
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Total pressure, Ib/sq in. absolute

i ; T NATIONAL ADVISORY
& COMMITTEE FOR AERONAUTICS
8 g
2‘:W.
2
1::
12
= SEuui
Flight speed
8 . HE  (mph)
1750
700
P 680
800
F 500
‘ =
0
i
-0 4000 8000 12,000 16,000 20,000 24,000 28,000 32,000 36,000

NACA standard altitude, ft

Figure 3. -~ Variation of compressor-inlet total pressure with attitude and speed.
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Figure 4. - Chart for evaluating isentropic compressor work for initial
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Enthalpy, H x 10°3, ft-ib/1b
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Figure 5. - Variation of enthalpy of air with temperature. |(Data from
reference 11.]1 Base temperature, H = 0 at 400° R.
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Figure 6. - Variation of ideal fuel-air ratio with the temperatures before and after combustion for
the complete combustion of octane with dry air. (Data from reference l4.) Composition of air
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ideal turbine work, Wy/ng ¢ x 103, ft-I1n/ib

NACA TN No. 1497 55

3 O 2 07 105008 5 O 0 O WL 00 S B R A O g A Z RSN AR AN IERE) v SREENEEDD

“ma_, NATIONAL ADV1ISORY i ;gg@ﬁ%@
H__COMMITTEE FOR AERONAUTICS ; i : 25 (it teapgrsiors.

H 5 — .% 3000

010

- % 040 2000

T

e
bl

320 H T

i
=)
~
8

=S

300

N
ot

280

H i U0 W 2200

h

,
AN

i

S

-~

Sl 348 i 2100

mna

4 A 2010 2000

240

e - 040 HHH 1900

220 040 1800

- ¢ 040 1700

i

b

38
g

06
s B

I

2} 040 [ | o

ifuns -

R
X

SRR

B

i 1 £

NN

& 29744 s ~g“;‘g| 100

100

1
f
1

it L
Iy
H

f

i
.067 i
067 1000 i

80

LPLA»JF
|
ERaNIEd
SN GANNNE
.
1
T
11
T

Nk

NS

N
i
N
13
T

40

11
T

NN
AT
R
\

T

3
l‘ {‘Htl" 1T
N
N
Y

T

T

2

i1
H

1

H
hs

RREI
M
S5

h .5 ] 4 5 6 7 8 9 10 [ 20 0 40
Turdbine pressure ratio

Figure 8. -~ Ideal turbine work for various turbine-inlet temperatures,

fuel-air ratios, and turbine pressure ratios. (A 17 in. by 22 in,

print of this chart is enclosed.)



I8 00 2000 2100 2200 300 2400 2500 2600 2700 2800 2800 3000
'Fua[-air ratip, f
320 HH )
.0
Fif H 500
280 £ :&F:g
450
Ee]
ig 240
& @
o 200
o :
- i 380
b 3 2
x |60
8 340
2
<120
m "
= HH 300
80;{
ey :i% 260
40 . 2

Figure 9. - Variation of enthalpy of combustion products with temperature for various fuel-air ratios.

( Data from reference

900 1000 1100 1200

8.

1300 1400 1500 1600 1700 1800 1900

Temperature, °R NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Base temperature, H = 0 at 540° R,

2000

“ON NL VOVN

L6Y |



foz

NACA TN No. 1497

I

1 T
M W) ¥ *

& H

H A

n

£ ey

i - f

Lagl

! 2o

Oz {

H + @ f
5 WEm
1 Y O <
H < H
zd

1 - OB

< u i

z '

i o uwH

s (S ol

H < +— H

LA H N..Mln

omm“wmm = H

3PM,H (=8 =

° T o H

— 4 :

1T
T
it
T

e | .40

L3t

Ratio of specific heats, ¥;j

(O 0 06000 G W OR300 O S
0 00O U 00030 R 0 Y S A 0000 0

TR e R e O L T e e T

HR ERAAE N TE O ENRE AR R SRR A RAAG F R AR SRS Y

3.8

3.4

3.0

2.6

2.2
Jet pressure ratio, Plolp“

1.8

1.4

o 3 3 ? 2 5 = =
011 p9/ A *13f 1Sneyxa jo xapu| Jaqunu ydew

1.0

Figure 10, - Variation of Mach number index of exhaust jet with jet pressure ratio.



58 NACA TN No. 1497

NAT |ONAL ADV ISORY
COMMITTEE FOR AERONAUT ICS
160
//// \\

| \
C 140 A A
© st ~td
o x/ ,/// \
3 vd \ Altitude
® y N (ft)
v 120 N
P T | T \
5 //(; ,!/,/’ N\\\ ‘ 30,000
g 100 / /// N \
g 1/ N \
2 /
s |/ \
E 80 ) N
3 / \ 15,000
Q.
(7]

60’/

\\ Sea

\Ievetgg
1.5 2 3 4 5 8 8 10 15 20 30 40
Pressure ratio

(a) Specific power output.

Figure ll. - Performance of basic cycle at various NACA standard alti-
tudes. Maximum temperature, 2000° R; flight speed, 400 miles per
hour; Nad,c» 085 N, cs 0-84 MNag, tr 0-90; g t, 0.89; ny, 0.90;
C,0.97; no pressure loss through burner,

eaf



Fo3

NACA TN No. 1497 59

Sopecific fuel consumption, ib/hp-hr

.9 ‘
NAT IONAL ADV ISORY
: COMMITTEE FOR AERONAUTICS

\ | Al ti tude
7 \ | igee.

[Sea level

7

N y
AN
5 %\Q /
R N /
\\\\\\N\ / P |5, 000
Py
\\\I\ﬁ ///
" — | __1- 30,000
'3|.5 2 3 4 5 6 g8 10 5 20 30 40

Pressure ratio
(b) Specific fuel consumption,

Figure |l. - Concluded. Performance of basic cycle at various NACA
standard altitudes. Maximum temperature, 2000° R; flight speed, 400
miles per hourt; nad,c' 0.85; Ns, cs 0.84; Nad, tr 0.90; Ne, ts 0.89; 1y,
0.90; €,0.97; no pressure loss througn burner,



60 NACA TN No. 1497
260

NAT 1ONAL ADV ISORY Turbine=inlet

COMMITTEE FOR AERONAUT ICS temperature
/;/”——— p(°R)
//‘
]
240 : ] \\
4 N 2500
%
///
220 //
200 1 [~
/
/// \\\\
% 180 j4 N
2 4 )
3 / /| 2250
0
1| /
< 160 /
2 | AT
» y r/ -
3 / / //
® 140 q
= S5
] /Y
2 // ' ////
'gaZ) A
100 // //
80
/
60
40 - -
.5 2 3 4 5 6 8 10 15 20 30 40

Pressure ratio
(a) Specific power output.

Figure 12, - Performance of basic cycle at various peak temperatures.
NACA standard altitude, 30,000 feet; flight speed, 400 miles per hour;
nad,c' 0.85; ns’c, 0.84,; nad,t' 0.90; ns’t, 0.89; 1y, 0.90; C, 0.97;
no pressure loss through burner.
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Figure 12, - Concluded.
peratures.

Pressure ratio

Specific fuel consumption.

Performance of basic cycle at vgrious peak tem-

NACA standard altitude, 30,000 feet; flight speed, 400
miles per hour; Nad, ¢ 0.85; Ns, ¢ 0.84; Nad, tr 0.90; Ns, ts 0.89; Ny,
0.90; C, 0.97; no pressure loss through burner.
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(a) Specific power output.
Figure 13. - Pertormance of intercooling cycle with intercooling at point
for greatest power output. Maximum temperature, 2000° R; NACA standard
altitude, 30,000 feet; flight speed, 400 miles per hour; Nad, c» 0.85;

Ns,cr 0-84; Mag, ts 0-90; Ng ¢, 0.89; Ny, 0.90; C, 0.97; no pressure
loss through intercooler or burner.
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Figure 13, - Concluded. Performance of intercooling cycle with
cooling at point for greatest power output.

inter-

Maximum temperature,

2000°

R; NACA standard altitude, 30,000 feet; flight speed, 400 miles per
hour; Nad, c 0.85; Ns, ¢ 0.84; Nad, t 0.90, Ns, ts 0.89; np, 0.90; C,
0.97; no pressure loss through intercooler or burner.
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(a) Specific power output.
Figure 4. - Performance of intercooling cycle with intercooling at

point of lowest specific fuel consumption. Maximum temperature, 2000°
R; NACA standard altitude, 30,000 feet; flight speed, 400 miles per

hour; Nad,cr 9-855 Mg, cr 0.845 Nag,1s 0-905 Mg 1, 0.89; 7y, 0.90; G
0.97% no pressure loss through intercooler or burner.
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(b) Specific fuel consumption.

Figure 14, - Concluded. Performance of intercooling cycle with inter-
cooling at point of lowest specific fuel consumption. Maximum temper-
ature, 20009 R; NACA standard altitude, 30,000 feet; flight speed, 400
miles per hour; Nad, ¢ 0.85; Ns, 1 0.84; Nad, t7 0.90; Ns, tr 0.89; ny,
0.90; C, 0.97; no pressure loss through intercooler or burner.
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Figure’l5Q - Performance of reheating cycle with
points during expansion. Maximum temperature,
altitude, 30,000 feet; flight speed, 400 miles

Ns,cr 0.84; Mg ¢o 0.90; Ng ¢y, 0.89; Ny, 0.90;

loss through reheater or burner.

20 30 40

reheating at various
2000° R; NACA standard
per hour; Nad, c 0.85;

C, 0.97; no pressure
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Figure. 15. - Concluded. Performance of reheating cycle with reheating

at various points during expansion. Maximum temperature, 200° R;

NACA standard altitude, 30,000 feet; flight speed, 400 miles per hour;
Nad, c» 0-85; Mg, ¢» 0.84; Nad, t 0.90; ng, ¢» 0.89; ny, 0.90; C, 0.97;
no pressure loss through reheater or burner.
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Figure 16, -~ performance of regenerating cycle. Maximum temperature,
2000° R; NAGA standard altitude, 30,000 feet; flight speed, 400 miles
per hour; nad'c, 0.85; ns’c, 0.84; Nad, t- 0.90; ns't, 0.89; ny, 0.90;
C, 0.97; no pressure loss through regenerator or burner.
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Figure /6. - Concluded. Performance of regenerating cycle. Maximum

temperature, 2000° R; NACA standard altitude, 20,000 feet; flight
speed, 400 miles per hour; Nad, ¢ 0.85; Ns, s 0.84; Nad, tr 0.90; ns,t'
0.89; Ny, 0.90; C, 0.97; no pressure loss through regenerator or burn-
er.





