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SUMMARY

A cycle analysis of the turbine-propeller engine is given
in terms of the parameters of the cycle and the component ef-
ficiencies of the engine with and without regeneration. By means
of a Taylor expansion about the point of ideal efficiencies, total
power output, specific fuel consumption, and optimum jet pres-
sure ratic are given in terms of the ideal values plus corrections
for small variations in the component efficiencies from 1000/0.

In this way, the relative importance of component efficiencies

in affecting the performance of the ideal turboprop cycle is demon-
strated by means of simple analytical expressions involving the
basic cycle parameters and the component efficiencies.

The analysis of the ideal turboprop cycle is given in terms
of three basic parameters which are functions of the forward
flight speed, the compressor pressure ratio, and the limiting
combustion chamber temperature. For the ideal cycle, the jet
pressure ratio for optimum division of power between propeller
and jet results in the total work of the cycle being done by the
propeller.

Of the component efficiencies, the turbine efficiency was
fpund to be the most important in affecting the performance cri-
teria of the ideal turboprop cycle. Since all work is done by
the propeller in the ideal cycle, the propeller efficiency was also

found to be important in affecting performance. Regeneration,



as considered in this analysis, decreased the total power output
and decreased the specific fuel consumption of the ideal turbine-

propeller engine.



-1-

INTRODUCTICN

In the analysis and design of an aircraft gas~turbine pro-
peller-driving power plant, it is important not only to have a
simplified method of analyzing the cycle with a convenient notation,
but also to find the relative effect on performance of small varia-
tions of the component efficiencies in the ideal cycle. In the actual
design work of component parts of a turboprop engine, the engineer
must work with complex performance and characteristics curves
in order to obtain guantitative data for the construction of the
machine. However, it would seem that a simple analytical ex-
pression, containing the known parameters of the cycle and giving
the relative effect of a small change in component efficiencies on
the performance of the ideal cycle, would be helpful in overall
design considerations.

The problem of analyzing the flow in the gas-turbine power
plant has been treated extensively (see References). A method
for determining the optimum division of power between jet and
propeller for maximum thrust has been graphically analyzed in
Reference 3. This method involves the use of complex curves in
order to find the optimum jet pressure ratio for maximum thrust
with a given set of engine operating conditions. It would seem
less cumbersome if a simple analytical expression could be de-

rived for the ideal cycle optimum jet pressure ratioc and the
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variation therefrom for a small change in component efficiencies.

An analysis of the basic turboprop cycle, with and without
regeneration, was made in terms of the parameters of the system.
In this analysis, the weight of fuel injected in the combustion
chamber and the variation of specific heats were neglected. Com-
bustion efficiency was assumed to be 1000/0, and the momentum
pressure loss in the combustion chamber was also neglected. Isen-
tropic, frictionless compression in the inlet diffuser was assumed.
From the cycle analysis, performance expressions were derived
for total power output and speciﬁé fuel consumption. A relation
defining the optimum jet pressure ratio was obtained from the
total power output of the cycle,

The relative effect on performance criteria of small
changes in component efficiencies was then investigated to show,
individually, the influence of losses in each component. Using
the relations derived for total power output, specific fuel consump-
tion, and optimum jet pressure ratio, a Taylor expansion was used
from the ideal operating point (all component efficiencies 1000/0) .
The coefficients of these derived expansions were then used to
show the relative effect of component efficiencies on the ideal per-

formance of the turboprop cycle.
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I. ANALYSIS OF THE BASIC TURBOPROP CYCLE

A schematic diagram of the basic turbine-propeller engine
without regeneration is presented as Figure 1. The various points
in the cycle through which the working fluid passes are numbered
and are referred to in the derivation. Symbols used in the analy-
sis are defined in Appendix A. Expressions for work output of
component parts, temperature ratios at various points in the ideal
and non-ideal cycle, and all performance criteria have been de-

rived in terms of four basic parameters of the cycle:

= —77% = 1+ M

The factor/b , therefore, is related to the aircraft flight speed.
T—-l

J': Ta- .—.( )
Pr
The factor d is related to the pressure ratio across the com-
pressor.
K= Tc

The factor K is related to the temperature rise in the combustion

chamber and, hence, to the quantity of fuel injected and burned.
!
e 7o

When the factors/a_ s cy, and K have been prescribed in any given
turboprop cycle, there is one additional parameter needed to de-

fine completely the performance. This parameter has been chosen
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as the jet pressure ratio X, and defines the pressure and temper-
ature ratio across the jet exhaust nozzle. The value of the jet
pressure ratio in any given cycle determines the proportion of
the total work of the engine that goes to driving the propeller and
the proportion that goes to jet thrust. If the optimum jet pressure
ratio X% for optimum division of power between propeller and jet,
is introduced in terms of/“-, J_, and K, then the performance cri-
teria of the complete ideal cycle can be expressed in terms of
these three parameters only.

The Basic Turbopropeller Cycle. In the basic cycle, air

passes from free stream at station 0 and is compressed isen=
tropically and without friction in the inlet diffuser to station 1.
Stagnation state conditions are considered at the compressor in-
let:

2-

Co (T —T5) = Yo

17J‘
T ¥l g > |
7 =1t 5 M (1)

B = (i )T “

Compression in the compressor is carried out between
stations 1 and 2. Introducing the notation described above, the

temperature ratio across the compressor is derived as follows:



T=T2 _/pe\'7

7 P:) /L=%
[ T2' =T,
—L. = 3 = L
7. due (3) <= -7

The work of the compressor for ideal and non-ideal compression is:

L\/C(ideal) = CP(T;I_T') =CP7; (%,‘I?é)

o

W ideal) = CpTo M (d-1) (Q,Z;y) (6)

<

WC:CP(T;,“W):CPH ‘%"%)

wWe= Cp7a /u(f]‘:l) (e (7)

The heat added at station 3 in the combustion chamber per pound
of air is given below. Combustion efficiency is assumed to be 100%
and the momentum pressure loss in the combustion chamber is

neglected.

Q= (BRI)=GT(F -Z) k=T
Qo= B[ Ko (1#5)] (B (®
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The turbine in the turboprop cycle not only supplies the
power to drive the compressor, but also drives the propeller.
A hypothetical point 4 of the turbine has been chosen to theoret-
ically divide the turbine work between compressor and propel-
ler. By equating the work of the compressor to the work of the

turbine to station 4, the following temperature ratios are derived:

_.7,2—'-_—.-_7:1:.2:3..:9,__._!5_ (9)
7o 7, Teo 7;1"d’;u,

Co(T2-T1) = Cp (T3-Tw) = Go e (T35~7%")

7%‘7—‘}'2 73&{0"*/)
/7c7t

E et K"}agf"l) (10)
7o Ae Ne

—T7-,‘.i= K- u(d=1) (1)
0 e

Having obtained an expression for the temperature ratio at point 4,

the work to drive the propeller can be derived by introducing the

jet pressure ratio X:
r-!

We= G (T4-T5)  X=(B2) = L&

pe P
(T3-73) = 9 (T3-75")

7o = T (12)
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7-75)= 0Tk (1-%,)
WP:: 7;!(,0 [(7’3‘73')‘[7-3 ‘7‘1).7

Wp =1 CoTo [ e (1-2)— ’)J (7) (13)

Ts _ -

=z =K/ 7(1-%)] (14)
= L[ (1-%)] (12)

Knowing these temperature ratios in terms of the cycle parameters,

the jet velocity Vb can be determined:

v

Vo= Cv rzgfcpn %—-,_Z_;:)

A [t
Vv, = Cv127TCP7;K[,—']'¢(I-£;)](/~-’%) ";2) (16)

Co(Ts-Te)=

The output of the turboprop cycle can be expressed either in pounds
thrust or in power dimensions. Since it is believed that the output
of the gas-turbine propeller-driving engine can best be given in
te.rms of power, these dimensions are used throughout the analysis.

Therefore, the power to thrust is expressed as:

"/ V,
Wi=fo5 (=) wreagreeme) )



P 1
W = ;zc,,n(,u—l)[cvy;::[l—qt(l~$)]('”f) "‘] (18)

The total output of the cycle without regeneration including

propeller work and work to thrust is:

Wiot = Np G5 [’]t- K(/*}"/«L) ~/4(;’;~1)]

+1cp7£6u~"[C"E’§:,D-9t (1-5)1(1-%) “’] (19)

Optimum Jet Pressure Ratio, Equation (19) gives the total

power output of the turboprop cycle in terms of four basic param-
eters/u s a—, K, and X and the component efficiencies, By intro-
ducing the optimum jet pressure ratio X* for ideal division of power
between jet and propeller, the basic parameters for the ideal cycle
can be reduced to three, namely, J':,/(—E and K. In order to obtain
an expression defining the optimum jet pressure ratio X*, the total
work relation is differentiated with respect to X and set equal to
zero, The relation defining the optimum jet pressure ratio X* is

then found to be:

| ’ Vo Cvdalin) | ¢
_V;f,["’lf[h},&;)]("#) = et T S @

For ideal efficiencies (7P= I?t.'—‘- Cy =1 ) » this reduces

to the following simple expression:



x'= d’kﬁ%—:’)ihl (21)

It is interesting to note that the total work expression for the turbo-
prop cycle, with all component efficiencies 1000/0 and with optimum

jet pressure ratio, reduces to:

W,

o

fideal) = CpTo (afa—') (755.“—’) (22)

and is obtained with such a jet pressure ratio X* that the jet velocity
V¢ is equal to the free stream velocity VO‘ Thus for the ideal turbo-
prop cycle, the total work output would go to the propeller if the
condition of optimumn jet pressure ratio is imposed. This follows
from the definition of overall efficiency of the turbojet and propeller
cycles. From kinetic energy considerations, the following expres-
sion for overall efficiency of jet a‘nd propeller driven systems can

be easily derived:

A
=1+x (23)

(-]

Here V represents the jet velocity or the velocity behind the pro-
peller disc, and V, represents free stream velocity. Thus, maxi-
mum efficiency is obtained for a jet cycle when the velocity of the
jet is equal to the free stream velocity. The condition imposed on
the ideal turboprop cycle that propeller efficiency ’7!’ is 100%,

implies a propeller disc of infinite radius and an infinitesimal
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change in velocity across the disc. Since the propeller disc is
greater than the jet exhaust érea, it follows that for minimum
kinetic energy loss in the slipstream, ideally all work from the
turboprop cycle will be done by the propeller.

Effects of Small Changes in Basic Cycle Parameters,

In order to obtain an expression for the change in total work out-
put due to a small change € in the optimum jet pressure ratio
X%, the third term of the following Taylor expansion was calcu-
lated:

W )1'W 2 '
wt,t (x‘—bé)'-—"—k[tot (x‘)"‘ %“x‘)'e 'f-‘i" ———j—x'.._’xe + - (24)
X

£

W

where )k‘x . has been set equal to zero and defines the opti-
X

mum jet pressure ratio X%,

_ %,y o LW
AW = Wi (re) w09 = £ S|

o N .
~€¥Cpla Gy [kgu-)] "{(1‘7;‘) (7-%) H-0d( 9L ) (6x —‘/)+ez;t1 ) K*’}

*3 - * 1 %
4x* ([ rer 2K 1(1—5))* o6)

AW =

For ideal conditions (71‘: Co=( X*= of_t_t_é_,:_:l)+,) , this ex~-

!

pression reduces to:
2 3
¥ & (u-1)

(27)
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The effect on total work output of the cycle of a small
change € in ar(related to the pressure ratio across the com-

pressor) was found to be:

AW= ECpﬁ[']f’ 23-5_&) ~ Cy K e (x-1) (28)
e he TN E e (-0~ $)

For 7,, 7t- /7‘: Cv=l) x:x":: J/-ﬁ%ﬂ)-hl , this reduces to

o= <[5

The effect on total work of a small change € in K (related to temp-

erature rise in the combustion chamber) is:

aw = €67 e (-5) + B rmeli)0-) |

For e = s :Cvzl, X :X*z J___——-—/“{"f-,)‘f‘ / » this reduces to:

aw= €67 (2451 ) 1)

The effect on total work of a small change € irl/bb (related to

the forward flight velocity) is:

AW EGTe] BIEKX _ ol ey K(1-3£) (L2 +9ex)
du* Ye J/c’(,uq)_g[l_ (1-% (32)
i L e ’—d:u)J("Z(")
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For Bp= e =fe =Cy=(, x=x*:

ov= €T [ Ko7 ] ()

Effect of Small Changes in Component Efficiencies on the Power

Coefficient. The effect of small changes in component efficiencies

on the optimum jet pressure ratio X* for the idealized cycle was
found by determining the coefficients in the following Taylor ex-

pansion:

Kooy 16, 60)= K1)+ 35 (1) + 2 | (1)

”” ( ,7P) il

¥*
+2X_ l 1-fc) + 2% X }(f—cv) A+
un 9 v)

2 (1-e) 1= (34)

To obtain these coefficients, the relation defining the optimum jet
pressure ratio X* was differentiated in respect to the various ef-
ficiencies and evaluated at the point of ideal efficiency. The fol-

lowing derivatives were obtained:

Xt a:a(,a-,)[_l_ 4 ALk ]
3 (i-7e) K" [kt du (u-0)]

(35)

2x*  _ z2dulu-t)
I(1-np) K (36)

ax*
B(I"qc)

(37)
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P (I—Cv)

*
2X. = —2dulu-1)
K (38)

and the resulting Taylor expansion is:

* . ~u (-]

+ 280 (14) + o(1-p.) - 2 | (-0

(39)

The coefficients of this expansion give the changes in the optimum
jet pressure ratio X* from the ideal value when the component ef-
ficiencies are varied slightly from 100%,. The coefficients also
show the relative effects on X* of the various component efficiencies
of the cycle.

The effect on total work was obtained by a similar procedure.,
The expression for the optimum jet pressure ratio X* was inserted
in the total work equation, and the derivatives of total work in re=-
spect to the component efficiencies was obtained. In this case, X*
is a function of the éfficiencies also, and the derivatives obtained
above were inserted appropriately. The following derivatives were

obtained:

O Wer _ —CPT‘,[._JS—%—— - K
(-0 Kedufu-1)  du (40)

3_!4_/1&;& = —C, T DA -
2 (1-1p) Tef (G- Xg ’)]

(41)
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W,
St -omac)

(42)

IWar _ _ 5c,7;
s = o -1
2(-¢) pTo(u71) (43)

And a similar Taylor expansion for C_E , the power coefficient, is:

C.E '\/bt(qg:/ﬁ Ne,Cv) [é:u l)(_!S. ~u)] Lﬂ- ) -9:- ](I—7t

—~EJ)«—')(%;')](I~I7P)——Z:u(d‘—l)_](i-l]c) - [2-6144)] (1-¢v) (44)

Effect of Small Changes in Component Efficiencies on the

Specific Fuel Consumption. The effect of component efficiencies

on the specific fuel consumption S was obtained as follows:

~ 3600 f (lb fuel
W, (hp)  fpbr)

(45)

With the proper expressions for fuel consumption f and total work

in terms of the power coefficient C_E , this becomes:

2595 [Kali+ 2]
H Cp

§=

(46)

If the power coefficient C_f in the preceding Taylor expansion
is considered to be equal to C[o — &K , where C[o is the power
coefficient with all efficiencies 1009, and with optimum jet pressure

ratio X*, the above relation for S can be expanded into a similar
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form by neglecting squares of small quantities. The expansion

thus obtained for the specific fuel consumption is:

N R0 NN NN v/ Vo s PP
d)“l)(l '7P)+ (g—l)"(}(-dsﬂ)](, Q‘) + (J:a*l)m{K"d‘“)] (l C )

(47)
= 25‘/5( Ju ) . s
Here S, £21=[-2= and is the value of the specific fuel
(o] H J/‘L“’ p
consumption under ideal conditions. By evaluating the coefficients
of this expansion for any given set of cycle parameters, the rela-
tive effect of the component efficiencies on the specific fuel con-

sumption can be calculated.
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II. ANALYSIS OF CYCLE WITH REGENERATION

A schematic diagram of the turbine-propeller engine with
regeneration is given as Figure 2, It is assumed that an ideal
heat exchanger is installed after the compressor and after the
turbine so that a small amount of heat can be taken from the ex-
haust gases to heat the air leaving the compressor, The same
assumptions and symbols as for the basic cycle are used in the
development of the equations.

Compression in the diffuser:

= I+?£-' My (48)

;\H

= (I+ L;! /\107‘)3;;‘! (49)

Compression in the compressor:

T
r 1z _ i}
( ) 7o —/u (I+ flc (50)
= T Tz. =1 (51)
At TEe ()
Work of non-ideal compression:

W. = GT; l) (Bru 52)

Total heat added in the combustion chamber (including heat from

regeneration:

I<=% QC-.-C,,T.,[K—/L (h‘” ] 87y (53)
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Setting the work of the turbine (to station 4) equal to the work of

the compressor, the following relations are obtained:

7;~7";' :T;—“ﬁ’-“-/]t (T}"Ty')
E‘-’ K‘/.‘_‘_(._d::f_) 54
L L2 o
T . K

7o

T4 K-‘/“-_(___.g’") (55)

Regenerator heating effectiveness is defined as:

='-Ta
Ts— T2

b
|

(67)

Cp (7;."- Tz) = Cp (TS "'73'")

'75_1(__7"2' - '7';___7‘;_11
7s -7 [5-Tv =

Tse = T5 = hx (T5-73)

Power to drive the propeller:
Assuming no pressure loss across the regenerator, the jet pres-
sure ratios for the cycle with and without regeneration are the

same:

7T T

Wp = 7,Cp72ﬁfl< (-%.)- f—l')] (BTU) (60)
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k[ (1-5)] 2

”
The temperature ratios E and Ié.'.: are found to be:
o

Tt L Te'_ Ts )
X 7 7o X

T
7; =I5 7= _ T,
I " 7 ?Z“‘%,’:)
T5
7o

= K[l~7¢ (’~J~'E:u)_7(’"7’)+’7"/“—(’+ d—;—i) (62)

:%-z-,—g K(l*’?x)("’7t("5‘u))+'7"/"‘(”%)] (63)

'
With these temperature ratios the thrust velocity V" can be ob~

tained:

Cp (To=T;") —27,

vb" = Cv v;?J—CPE[K(I-?,‘)(I—/]t([—%u))f 7‘/“(1-}%)}(’;’64)

Power to thrust:

7’ "
W= Yo (V') (65)
277”

(/u ~()
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The total work output of the turboprop cycle with regeneration is:

Weot= v’7P Cp To [’7*"‘ (1-%) "/“-Cfl-%_') .7

+2CpT (-t [cvf{’((‘*'?')( l~/7e(l—3’§¢o)‘)b+ r))x,u (r+)}(1-%) T ’] (67)
-/

Fuel Consumption Decrease due to Regeneration. For the

basic cycle without regeneration, the actual fuel consumption in

M was found to be:
sec
. mGT. i\ (b Avel
f-m 7 *[ kou (14 50 ] (555 (¢8)

Assuming the same temperature rise in the combustion chamber
for the cycle with and without regeneration, the actual fuel con-

sumption with regeneration is found as follows:

HE'+mGonx (1:-T) = m GoTa [k (1T )] 69)

from which "' can be determined as:

[= /_’C‘_/gﬂl"’{[/(?u (14952 ) ](=0) + e K(/—a%‘;u} (70)

Thus, the actual fuel consumption decrease due to regeneration:

£ o[ ko ()] ek ()

Power Output Decrease due to Regeneration., The corres-

ponding work output decrease for the regenerative cycle (assuming
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the same temperature rise in the combustion chamber) becomes:

“ X1 » O(1-%)
W~W = f]tCPTB CV[K(”‘yt(I‘Eu)) —-/u_(l.[.d__;?_c)] V’ﬁz_l-q(t(’”%‘)] (72)

Optimum Jet Pressure Ratio with Regeneration, By dif-

ferentiating the total work expression for the regenerative cycle
with respect to X and setting the derivative equal to zero, the ex-

pression determining the optimum jet pressure ratio is determined

to be:
(o 1e(1-Z) + e (e ZO0-%5)  _
(u-t) -
(1-po | Cx. 24 (72e) 4 ¢y | o xCydn™ /H@)
fp he X*> e K e e XK** 7e

Effect of Small Changes in the Component Efficiencies of

the Regenerative Turboprop Cycle on Optimum Jet Pressure Ratio,

Power Coefficient and Specific Fuel Consumption. Similar Taylor

expansions were carried out for the turboprop cycle with regener-
ation to obtain expressions for optimum jet pressure ratio, total
work, and specific fuel consumption for small variations in 7‘!, ,

,7f’ ) l?c , Cyv and I7x . Because of the fact that the coefficients
are evaluated at the point of ideal efficiency, the derivatives of X*
a_Lnd wtot in respect to lzf s 7{0 s f]c and Cy remain un=

changed. The derivatives in respect to f]x were derived as:

2X? _ duu-)[ Fot(k-dulu-1)) _y
J /7 K [K+du (u-0)]>

(74)
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DV T 2
= C D/ L (75)
Df; pTo (se~1) K+ du(se~1) '.7

and the complete expansions for X* and Ut‘t about the point of

ideal efficiencies are:

_ [ Fulu- Sl L 4 Zulk=dm(u=-0] | pe)
"[&%— “J+ o ')[K [K+dou (- ,)]’] '7r

) da(k-2: u-o)
(76)

Cf [(a")(?—"')] [K-fd:a[xvl) J:u] (1=17) ﬁf/‘ ')(T")J(’WP)

et <Gt o o

(77)

The coefficients of these expansions are plotted in Figures 3 - 9
for various values of/u. s d—, and K, and show the relative effects
on optimum jet pressure ratio and total work output of small changes
in the component efficiencies from the ideal value.

An expansion for specific fuel consumption S of the regen-
erative cycle was obtained by a method similar to that described
previously. By dropping terms such as Tx (/"/]t) and I]x{l-l]c)

as being of higher order, the following result was obtained:
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AL~

S= 2545 d:« 1545 Kdu K. 1),
H JA-' t d:wl (' ) 1, (Pu~)(K-du) (de:aéw) )(I re)

du(F1) ](I-f/‘c) + '*'/”"M/"' ](’ ~¢o)

(Fn-1)(k-du) P —1) = K~4)
Bl Suu) (P ,)] r
Gou-a) (k-2x) @u-, Vo r-du) \ it daga—1) (78)

Relative values of the coefficients of this expansion are plotted on
. P> .
Figure 10 for Mg = .50, Pl - 3 and various values of K to show

the effects of component efficiencies on the specific fuel consump-

tion of the turboprop cycle with regeneration.
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111, DISCUSSION OF RESULTS

By the technique described in the foregoing sections, it
is possible to determine the relative effects on performance cri-
teria of a small change in any of the component efficiencies of
the cycle from their ideal values. The expansions submitted
as Equations (76), (77), and (78) give these variations as func-
tions of only three of the cycle parameters J-g/u., and K. This
simplification was made possible by the introduction of the op-
timum jet pressure ratio X*. The value of X* for the ideal cycle
(all component efficiencies 1000/0) was found to be an explicit
function of f,/b, and K, and had a value such that all of the
work output of the cycle went to drive the propeller, none going
to jet thrust,

The expansion (Equation 76) for the optimum jet pres-
sure ratio X* as a function of the cycle parameters and effic-

iencies was found to be:

’ -1 L K—é‘;“(il_‘_’l) -1¢)
X¥= [f’“._,[{-‘- )-H] -+ dJ«(A-')[K + d[itﬁa;u[,a-rﬂ{]ﬂ rls

1{ 7—4;_“'2(&“")](1‘010) - [ zéﬂ_gg%](,acv) + 0(1-1¢)

[ doa(K~dulu-0) _
1.duﬁf0['ALIK fad Caid) l]7x

[KtDu (au~)T* (76)
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As the efficiencies of the turbine and propeller decrease from
the ideal value, the value of the optimum jet pressure ratio is
found fo increase, showing an increase in power to jet thrust.
The effect of a change in ’]t or 7p on X* is of the same order,
the turbine efficiency having the greater value. The efifect of
a decrease in the jet exhaust nozzle coefficient Cy or an in-
crease in regenerator effectiveness HRx is shown f.;o lower the
value of X*. Compressor efficiency f is found to have no ef-
fect. The relative importance of changes in component effic-
iencies on the value of the optimum jet pressure ratio X* is
shown in Figures 3-6, Part VII, for various values of d ,/u,
and K.

A simple expression can be derived from Fquations
(76) and (77) to show how the ratio of jet work to propeller work
varies as the value of jet pressure ratio varies from the opti-
mum. Assuming, as a first approximation, that (X"‘X*) <1

the following ratio is obtained:

Jet Work d"/u_ ](K-—K*)
Propeller Work ")[T ,.,)

The coefficient of (X—X*) gives the slope of the straight line
showing the above ratio. For Mo = ,50, -%‘-‘- = 3, and K = 4,
s

this relation is plotted as Figure 10.
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The power coefficient expansion Cf (Equation (77)) as

a function of the cycle parameters and efficiencies was found to be:

[( A ")] [K+d:u[u ) 1.“;2]("7*)

—[@’ﬂ-o(%ﬁ]o—w ~ [t ~ [als0] 0

—lu l)[l K+du (a I)J >

A decrease in the component efficiencies fh, s 7,‘, , Cv:

(77)

and f]c, from their ideal values is shown to result in a correspond-
ing decrease in C..E and hence in the power output of the cycle,

The effect of the turbine efficiency is predominant in decreasing
the power output, followed by propeller efficiency, compressor
efficiency, and jet exhaust nozzle coefficient in relative importance,
Regeneration was found to decrease the power output of the ideal
turboprop cycle. Figures 7-9, Part VII, show the relative im-
portance of these coefficients for various values of the cycle pa-
rameters, For typical cycle parameter values of /‘Lz ,50,L:’-=3
and K = 4, a 1% change in 7t results in a change in C_E of -.01146,
while a 10/0 change in Hc results in a change of ~-,00510 in the value
of C_f . The relative effects are apparent in this example., It

is interesting to note that the change in power coefficient due to a
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change in compressor efficiency is independent of the amount of
heat added in the combustion chamber and depends on flight speed
and compressor ratio only.

To show the variation of C_E with change in turbine and
compressor efficiency, values of power coefficient are plotted
against compressor pressure ratio on Figure 1l for [Mx=10, Np= 1.

Cy=1, M,= .50, and K = 4. The expansion given in Equation
(77) was used for the plot which shows how the compressor pres-
sure ratio for maximum power coefficient changes with the effic-
iencies of compressor and turbine,

Specific fuel consumption S as a function of the cycle pa-
rameters and component efficiencies is given as Equation (78).
The coefficients of this expansion are plotted on Figure 12 for a
typical set of values of J,/—b » and K. The turbine and propeller
efficiencies are seen to be predominant in increasing the fuel con-
sumption., Lesser effects are shown for compressor efficiency
and exhaust nozzle coefficient. For cycle parameter values of

M,,: .50, %' = 3, and K = 4, a 1% change in turbine efficiency

f?t results in an increase of the specific fuel consumption of
.0061 (Ib fuel/hp.hr.) while a 1%, change in compressor efficiency

'7C results in an increase of ,0015 (Ib.fuel/hp.hr.). These
typical values show the relative effect of turbine efficiency as

compared with compressor efficiency on the specific fuel consump-
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tion of the ideal turboprop cycle.

Regeneration, as considered in this analysis, decreases
the power coefficient and decreases the specific fuel consumption.,
For 7): = 100/0, and for the parameter values given above, it is
found that C.E is decreased by -.00246 while S is decreased by
178 (1b fuel/hp.hr.).

The results of these calculations can be used analytically
to immediately show the effect and importance of the efficiencies
in a turbine-propeller engine. The relative importance of the ef-
fects of these efficiencies on performance criteria can be easily
deduced from simple mathematical expressions without the use of
complex charts and graphs. As an example, by the use of Equa-~
tion (77) it is possible to show how the percentage work done by
the propeller changes with variations in component efficiencies.
For the ideal cycle with opti}num jet pressure ratio X*, it was
found that the total power output of the cycle went to propeller work,
As the component efficiencies change, the power division between
jet and propeller likewise changes.

This type of cycle analysis can be used to solve various
types of problems. As an example, Equation (29) can be used to
defermine the value of compressor pressure ratio that will give
the maximum power output of the cycle for any given values of

cycle parameters and efficiencies. Assuming 7:°= 75 =Cy =1
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in Equation (28) and introducing the value of the optimum jet

pressure ratio, the following expression is obtained:

A C.E B (C_e) K ]
—_— = — ——'/g__
€ d () [ffu 7e

This derivative is set equal to zero to find the value of d which

gives maximum C,E for the specified parameter values:

K _
Tu A;:':"

- VEE
P2 (for max, Cf)

This simple equation gives the value of compressor pressure
ratio for maximum power output and can be plotted for various
values of compressor efficiency to show the trend with change in
efficiency.

Similar problems can be likewise easily solved using
Equations (30) and (31) to give the values of A& and K for optimum

power output for a given set of cycle parameters.
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IV, CONCLUSIONS

From the results of this cycle analysis of the gas turbine
propeller-driving engine, it is concluded that:

1. A complete analysis of the performance of the ideal
turboprop cycle can be made in terms of three basic parameters
d’.,/,b, and K by introducing the optimum jet pressure ratio X*
as a means of dividing the power output between propeller and
jet thrust.

2. An analysis of the non ideal turboprop cycle, with or
without regeneration, can be made in terms of the four parame-
ters, J,/A, K and X and the component efficiencies of the system.
The relative effect of these efficiencies on performance criteria
can be shown by a Taylor expansion about the point of ideal effic-
iencies. In this method; the optimum jet pressure ratio X* can
again be introduced, and the resulting performance expressions
can be given in terms of three basic parameters J,/u., and K.

3. Of the component efficiencies, the turbine efficiency
']t was found to be predominant in affecting the performance cri-
teria of the ideal turboprop cycle,

4. Propeller efficiency ’7P was also found to have an im-
portant effect on the performance of the ideal cycle since, for

ideal conditions, all work is done by the propeller,
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5. Regeneration, as considered in the analysis, has the
effect of decreasing the total power output and decreasing the

specific fuel consumption of the ideal turboprop cycle.
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I SCHEMATIC DIAGRAMS OF

TURBOPROP CYGLES
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FIG. 2

TURBOPROP CYGLE WITH REGENERATION
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Vi, APPENDIX A

SYMBOLS AND DEFINITICNS

sgro
Specific heat at constant pressure (73 eg/.
Power coefficient, defined as Weat
CPTO

Power coefficient with all efficiencies 1009, and optimum
jet pressure ratio.
exhaust nozzle velocity coefficient.
v-!
= (.E—"— K (related to pressure rise across the compressor),
A small change in a given parameter.
Efficiency of compressor.
Propeller efficiency, including "gear box losses and other
power transmission losses,
Turbine efficiency.
Regenerator heating effectiveness.

)

Acceleration due to gravity (32,17 ft/secz)

1b fuel
sec

Actual fuel consumption (

Ratio of specific heats

. BTU
Heat al f the fuel (m"——
ing value of the fue (1b fuel)
Mechanical ivalent of heat (77 3ftlb
echanical equivalent of heat (778, BTU
_—721- (related to the temperature rise in the combustion
L4
chamber

Local Mach number

lb air

sec

Mass air flow (

)
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(related to forward flight speed)

Static pressure (lb )
in?

BTU
(5~

Specific fuel consumption (:’b f];lel )
p~hour

Heat added per pound of air

Specific fuel consumption with all efficiencies equal to
1000/0 and with optimum jet pressure ratio

Free stream static temperature (OR)

Total temperature (°R)

Total temperature for an ideal isentropic process

Total temperature at certain points in the regenerative cycle

Velocity (ft/sec)

Work per pound of air (
-1

(_%57-’ ¥ = 'T'_7_€-_ (related to the pressure ratio across
6

the exhaust nozzle)

BTU
1b )

Optimum jet pressure ratio for ideal division of power

between propeller and jet
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PART VII

On the following Figures 3-6 are plotted the coefficients
of the expansion of optimum jet pressure ratio X* as a function
of the cycle parameters J-,/u, and K, and the component ef-

ficiencies 7‘,, 7,,, G I?c and 171.
Equati‘on (76):

¥_ - 1 du(K=-duiu) |,
X ’[ J&%")‘* (| + Ml ')[ < T [K+¢«(A-l)]*](' 7

+[ 22los) [y — [2849 | (1-c0) + (109

 dulu-)f Sa(k-dugu-n) _, | s
K L [kedugu-)"

The following notation has been used in plotting:
Z’ = [d_:_fu_[&‘_{)—f-[] (ideal optimum jet pressure ratio)
< :

—-L &(KQ&L(u‘!l) vCoe O - erm
2, d:u(,u—l)LK +[/<+afu(,a4)3”] (coef. of (L- 1) term)

Z2= 2_%_&“_’/)] (coef. of (1—7,,) term)

(coef. of (1-Cy) term)

Zj‘ = (coef. of (1 -—7¢) term)

Z.= J;ajﬂ'l)[J;‘L[K‘Ma-’)] —/] (coefficient of 17‘,term)
e K Kt (u-1)1*
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On the following Figures 7-9 are plotted the coefficients of
the expansion of the power coefficient C_B as a function of the

cycle parameters J_,/L, and K and the component efficiencies

ey ey Cvy e and fx .

Equation (77)

(d- “l)(é—s' ’) [K+J,'u6a-l) J}a, (- 7t) [(@*)('E&d)](’"?f)

m[z//t—/)] (1-<v) "[;&L(J'—I)](l‘ﬂc) { "')[ —K'l'f#(#") }7

The following notation has been used in plotting:

Z7 = (J:a_-—()(ﬁ—l) (ideal power coefficient)

7= [ KZ - !5—-] (coef. of (1 - p3,) term)
Ktdu(u-) Za (i

. [(wr)[%;;w)] = -

= "[/L l)[/ de.aa‘_’)] (coef. of I]xterm)
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