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DIGEST OF THESIS ON COMBUSTION GAS TURBINES FOR AIRPLANES

This paper contains a theoretical study of various
thermodynamic cycles for Gas-Turbine-propeller propulsion units
for aircraft.

The object of the study was to evaluate the turbine-
propeller engines as a source of power for fast, economical,
long range airplanes. Hence, the consumption of fuel and the
total weight of fuel and power plant were the main criterion for
the evaluation. Since the weights of the particular units were
not known, most of the results here are centered around the fuel
consumption per horsepower, emphasizing the design criteria and
‘throttle conditions for minimum values.,

In order to emphasize the maximum possible performance,
formulae for ideal engines were developed for all cases, These
relations are compared with the corresponding ones involving un-
known efficiencies. A summary table of these comparison formulae
is given &t the close of the thesis.

In the cage of the cycles where there was sufficient
experimental data available to estimate the performance of the
component parts, the relstions for power and specific fuel con=-
sumption were written in terms of three parameters which were

convenient for graphical use in design purposes.
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COMBUSTION GaS TUbINES FOR »IHPLANES

1. Introduction: The purpose of this paper is to study the commercia

importance of iturbine erngines as & source of power for fast, cconomical long-

range aifplane cruising &t high sltitudes. One of the most import:int ltems
in this connection is specific fuel consuaption. This repoft sives the
development of formulae for specific fuel consu.ption, which are sufficiently
accurate for the purpose of engineering exploration of possibilities and
which shows the effects ol compression ratio, temperatury rutio, compressor

efficiency and turbine efficiency. Foramulae for ideal, useful, znd lost -

horsepower are zlso developed.

o]

2. Combustion Ges Turbine: A turbine enzine is composed of a diffuser,

compressor, o burner, & bturtine and & nozzle in sejuence. iy enters the
motor thioush o diffuser which reduces its speed, thereby compressing 1t.

It is furiher compressed by an axial or cenlyrifugel coupressor, then is
passed throush & comiustion chamber wiere it is heated at spproximately cone-
stant pressure. The heated gases (the air and zeses formed by conbustion)
are then passed through & turtdne wheie the ges pressure is reduced Lo at-

mospheric pressure and most of the availztle ener converted intoe zechani-

cel energy in a shaft. Part of the shaft power is uscd to drive the coupros—

ey
sor and the remsinder is svailable to o externsl work. The romaining cveil-

able criergy, which was not taxen out by the turbine, gives the exit guis a

a velocity ¥J, which ususlly exceeds the lnitis1l velocity, Vg, of the enter-

3

inz 2ir. ‘When the cnsine is in an airplene the difference in the kinetic
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energy of the entering snd exiting gas may ve utilized to supply additional
Jjet thrust.
There is one main difference between the jet engine and the turbtine

engine. As the names indicate the mein source of power for the gas jet en-

oa

]

gine is from the Jet but the muin source of power for the combustion gas tur-
bine engine is the turbine. In the jet motor the turbine develops only
enough power to run the compressor, the thrust is wholly determined by the

difference in the momenta of the entering end leaving zases; while in the

w

1

turbine engine, the turbine develops as much power as possible, only part
of this power is used to run the compressor, the remainder is used to do ex-
ternal work, only a small part of the total power is obtsined from the jet

¥

thrust.

3. Definition of Symbolsiy In order to understand the developments which
follow it is necessary to cleerly define the symbols employed.
The points 0, 1, 2, 35 4y - - = in the enthalpy-entropy diagream repre-
sent the properties of the gas at the various stages.
0. Intrance to diffuser.
1. Intrance to coupressor.
2. Entrance of burner,

el

3. Entrance of turbine.
L. Ixit of nozzle.
5. Bntrance to second turbine.

6. Exit of nozzle after second turbine.

7. Exit of first turbine-entrance to second burner.
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R sc

denotes
aenotes

denotes

denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes

denotes

denotes

8. Ixit of refrigerator-entrance to compressor.
9. Fxit of compressor in refrigeration cycle.
10. Hxit of heat exchanger.
11. Exit of nozzle in jet motor.

<. Entrance to intercooler.

13. Ekxit of intercooler-entrance to second compressor.

14. #xit of second compressor,

the pressure at the stage i, 1 =0, 1, 2, 3, 4, - - - -, 14
the actual temperétures at stage i, 1 =0, 1, 2, 3, 4, - , 14
the ideal temperature to obtain the actual pressure st stage 1,
120,131, 2, 3, 4y = = -, 14,
the entering velocity of air (forward speed of eirplane).
the Jet vélocity.
the velocity of air at stage 1, 1 =1, 2, 3, 4, 5, - - , 14,
diffuser efficiency.
turvine efficiency.
compressor efficiency.
burner combustion eificiency.
jet efficiency.
2
Froude efficiency, &g ST+ Y

(Y

propeller efficiency.
small staege efficiency of turbine.

small stage efficlency of compressor.
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Qsd denotes smell stage efficiency of diffuser.
Q s denotes small stage efficiency of jet.

J)e efficiency of heat exchanger.

}’Zr efficiency of refrigerator.

ng efficiency of gears,

Wy = rate of zir flow. (1b./sec.)

Wp = fuel rate. (1b./hr.)

g = acceleration due to gravity. (ft./sec.)

J = 788 (ft.lbs./B.T.U.)

Cp = specific heat at constuant pressure.

cy = specific heat at constent volume.

. Hg = shaft power. (ft.lbs./sec.)
.= quentity of heat added.. (B.T.U./sec.)
h = enthelpy.
a; = velocity of sound in air at Temperaturc 5.
c
Mi = —a%- Mach Number at Temperature Ti.
Y = Se.
Cy

R = J (c. =~ 2
( b cv) gas constant.

P P2 P P
g o em—— - - - 2
PD po 2 ec - Pl 3 Fb - P =3 Pt - -f;;—-, 6) ~ _p;-—°
T T5
T= 22 -2
T, l 27 T,
&~
a = e ¥
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s.f.c. = Opecific fuel consumption for Cycle I.
e; = 1ideal power coefficient.

e, = useful power coefficient for Cycle I.
e = ey -e lost horsepower coefficient.
P = total propulsive horsepower.

Homan superscripts on €.’ s.f.c., HS, Wy, = - -, refer to the cycle number,
Ir, 117, IV, - -~ -

~ denotes an approximate equality.

Lo Thermodynamic Cycle I - Simple Combustion Gas Tubex biwe

It is assumed that the pressure changes in the diffuser, compressor, and

turtine obey the adiabatic law. It is to be noted that an irreversible adia-
batic change of state 1s nol ruled out. In the idezl case, where &ll the

'

components ol the engine are 100% efficient, the coumpression of the gas

7

by
ram and by the compressor wouia ralse the tempersture from T, to T2', the
heat added would raise the teuperature to TB’ and the turbine would return
the gas Lo atmospheric pressure at a temperature Th'° 3ince the component
parts are not 100% efficient,entropy is lest juring each stage. HKence,the
lines on the enthalpy-entropy diazraa are to the right of the vertical and
less energy is available to do work. Fven in the idesl case the efficiency
of the engine is mot 100% of that of & Carnot Cycle becsuse the eir has a
higher tempersture when it leaves the engine than when it entered. nergy

is dissipated. The process is nonreversible.
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In the discussion of the problem it is convenient to follow a thermodynamic

cycle. Figure 1 gives a graph of the cycle in an enthalpy-entropy diagram.

h (ENTHALPY)

Y

S (ENTROPY)

Figure 1I.

Since energy cannot Le created or destroyed, an eyuation which relates
the energy of the entering air and the exit air will reveal the possible outs
put ir shaft work such an engine could be expected to deliver. The increase
in weight of the exit gas due to combustion is neglected in this report.

Thus, the energy equation is

2

<1>wA2V§+h°+Q :WAZL;+h,,+Hs

or
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Now, for a perfect gas

ho-h4 = WA CP J(TO..TA'-) )

and
Q= W.c, (T,-T,) [B'T‘U'/SEC.]
or W,c, J (szhT:L) [FT- LBS/SEC'] ’
Therefore,
- (Y
Hg = WA(Zg 29)+ Wacp J(T7Te) + Wacp J(T;~T,)
= Wy, d (11T (5T wy (35 - )

= Wacp T [(T-T)HT-T)+(TT)H(-T) + (T-T)] + Wy 2,; z\;)

(2) Hg = W, CPJ[(Tg-E)‘(Tz“I)“(ﬂ"E)] + W, ({;‘z - ,{%’) .

In a moving alrplane the shaft power is supplemented by the jel power

2 2
Vi Ve } |
WA 23 Zﬂ U.-w,. Liat.

2., 1s ejual to the Froude efficiency (the propulsive efficiency of the

Jet) and that the gear efficiency is 100%, the sum of the thrust horsepower

of the jet and the shaft yields.

(g P = Waled [(7-1)-(n-1)-(1-T.)]

Tr
- B [3-)-B(5)- (5]
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This relation divided by =22-B.2@.  gives thc power coefficient -
550

W eg=g, [0 F) - (1) - ()]

The values of the temperature ratios may be esipressed in terms of the pres-
sure ratios. The relations for the diffuser, the compresser, the burner and

the turbine are considered in order.

The diffuser:

2 s ' |
oo L0= ¢, 7(T-Te) ,

29 24
Vo I T
ZﬁCPJTo ngpJ_rl TO To
Now,
’ 2
a, = 9*RT,
*R
cpd = ¥ -
Thus,

b = %(H =LmE)

In flight Ml is usually small compared to Mg, when iy 1is trezted as zero,
Tl is the stop temperature (relative to the airplane), under this hypothesis

T
b=z -1 . This assumption is made in the following derivations.

To
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By definition

- The Compressor:

Let Q - T,.— T
c Tz - 7—1
Then

- P ¥-!
Now, a= PLITIZ(_E&)T.(PI) ¥

_‘,]'

There is usually a mall drop in pressure over the burner,

EAY
T == 0 O+ te-ny
The Burner:

thus ("b < | Let L = F ]

Yot
(Lv

The Turbine:

Let )ztz ._T.;_"_:.E—-
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Then,
T I
=2 =1, (I~ )
Ts

NOW, (JD(OCPbP‘z:‘ )

el § | £
P ¥ i Y. — —
t Y o ?
P¥-0 o}
’ I;L
_7;.: € ¥
T3 t ’

Thus, the power coefficient is

(5) ey = %P['Zt’l‘(l“g‘)“}% :+(S—:)rgd ") _(b")} ’

oreu: np[;gtt(;—af)—- %* e] ’

where,
a-f _ b a - l) —(p-
(H(b*l)’ld (b )

©T he T n
_ b1
- L'—?—ci i P L1+ (b-07y] [(d-’)(’z"‘-‘) ")
+ de('—‘zc)]

)
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In order to gain analytic simplicity it is convenient to wrile an approximate

expression for €, by omitting 6' . The approximate value is then ~

\

©) |e, = %(’Z‘cht— d) 7,

If f= ’Zd = | » €, 1is positive and (6) gives a conservative es-

€

timate for the power coefficient. With the usual'expected efficiencies,

may be either positive or negative and (6) may ve in error as much as L%.

When ,2P= rzc: )zb: rzd:{-‘: [

relations (5) and (6) yield,

™ | es= 43 (T-a)

. This is the maximum value of the power ccefficient end is called the
ideal power coefficient. The expression for it is identical with the ideal
power coefficient for jet motors, discussed in Bollay's report on "Performance
Analysis of Gas-Turbine-Jet-Propulsion Units for Aircraft".

The difference between €, and €; shell be called the lost horse-

power coefficient and is denoted by el .

_ - a)(a-f)
(8) elz g_a_'_<’[._d)_ ,ZP(T'L;;?;ZC )( ’
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What are the values of T and Q which give the maximum value for
e, ? It is evident from relations (5) and (6) that the power coefficient
increzses linearly with T . From a practical point of view there is an
upper limit for the values of 'E , hence it is logical to ask whut should

be the design value of 2 which will make €u a meximum for a fixed T -

The logarithmic derivative of (6), with rcspect to a, yields

9 €u | )4
3 e _
da ; o, e L + T Sa  where

= —= t
a a-f -
e AT A= 1.

At the design values for a, . and yzt have their maximum, thus

72 -~ Ja Y-
d€u _

A necessary condition for a maxiimum velue of 6“ is 3a (@)

and when €y # O , this implies
o I _
~3taF T Aa -9

f _ _
i@ " Aa a=VAf .

On the interval | < @ <A , €y 7”0

-

end €u = 9] s when a="*f and a=A
thus, Q = vAf gives a maximun velue for €y .. It is

(1A -7F)"
/B

e.= I,
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Specific Fuel Consumption:

The specific fuel consumption is defined to be the ratio of the rate of

fuel per hour to the useful horsepower developed: i.e.,

(10) . 550 Wg
StcC, = -
o, J T, W, e,
Under the hypothesis that )2b:: | , and the lower com=—

bustion value of the fuel is 19,000 B.T.U. per 1ltb.,

19,000 0, = 3600 ¢, W, (T4-T,)

3600 cp W, To (2 - %)

(11) = '3600 ¢, W, T, [T-b (1 + 3 { s - ’})]
| ) . a-b d'(b-l)(*?d")]
(11) = 3600 oW, T, [T | b~ Pe + ﬂc[l’r(b"’)’?a}

d(b“f)(’?a‘l) )
)?‘,[“'(b"!) ’Zd]

Since this term is greater than or equal to zero, the true value of the fuel

Again, an approximation is made by deleting the term

consumption will be greater than or equal to the approximate value

d~
(1111) W, = 36 ,V\;AOC,,TZ, [T-b— Vlcb]
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i

Therefore, an approximate value of the specific fuel consumption is the ratio
of expression (11') to I . i opulsive powsr, or

1 (55)(36) T-b- T

s.f.c. = -

7, (19)(778) a- ‘f(m ChY,- )

Or,
| _ 34 a(B-a)
;(12) s.fc. = T:(d-f)(/\"d) ’
where
A=T
(13) Qc Qt

B= TR+ (I-1.)b

In the idesl case, where F = )zp= )?c: )?t = )20‘ = I,

(W  (s.fc)

For economical cruising the specific fuel consumption must be low. It
is natural to ask, "Khat should be the design values of & for optimum

s.f.c.?" Again, it is assumed that the 3 )?t =0 = 9 )? s

that is, the efficiencies have their maximum values at the design value of
a yet to be determined. The logarithmic derivative of (12) with respect to

a is:
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From relations (13)

B-a
)?t A-a

= |+

- A -
B=p t(1-1)b

”t(B“d> = (A—d) T a (I—yzt) t (1-”(,) thlo)
a(l=1n) +(1-7)N; b

A-aq

s implies the right hand side of equution

d(s.f.c.)
da S R | I
¥ T5fc T a7 aF " F-a TAa
a(s.f.c)
53 =0, sfc.# 0
(15) vanishes. This relation coupled with relations (13) leads to & quad=-
ratic equation in x, where X = If:‘; .
The verification follows:
I L =
T GF B-a’ Aa 9>
+ | /
d(a-f)  B-a A-a -~ 9
~ A=a _ f(A-a)
B-a a(a-f)
or
I f(A-a)
w (1~ 1) = £
( X a(a-7)
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Replzcing (A-a) by its value in (16) yields -

(l_ t) (/_ c Lb
()th-l) = d(,__Z_)Z(d‘vg))}? ’
X/ F

(. x-DU-%)=¢C"

W“mc, all=R) +(1=p) b
N | a(a~f)

.F
an  pox*~(1+n,+ Clx +1 =0 Q.E.D.

Thus, the minimum velue for the specific fuel consumption, for a given T°

and b is given by the relation:

134 ax ' :

p,(a-F)

(18) s.fc.

where x 1is the larger root of (17). When )th )?c: l , then

=0, x=1 and the specific fuel consumption reduces to its limiting

velue (14).

What is the effect of a change in T upon the specific fuel consump-
tion for the design value of a which gives the minimum s.f.c. for a cer~
tain T 2

(s fc)
at — )?c )?t'?c
s.fc. B-a A-Qa
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3(sfe) _ Melsfe) [, _ 0 B-a
27T B-a t A-a | -

(19)

R 7™ B—d
Thus, the s.f.c. increases or decreases with L according as |- }?tT\-:_Ci

is greater than or less than zero.

.iFrom(l’]) YZtX[)(—,]"[l+ C']x + | ::O)
X = 1+Ct X
Now, C > O and for a design value X >/ s thus
De X > | .

Consequently, ?_(.ff_c_)- < O
2T

Thus, for a fixed a the s.f.c. decreases with an increase in T .
It is customary to estimate the efficlencies Ylt and )7C
s It - n 2 Y > < 11 1
from their "small stage efficiencies"”, thS and }?cs respectively,

by the following relations:

a -
o )?c: @(%) = (__—37_“2;___,_ y )?csz .84
b —

1 Vs
0= (a) ~ | - (&) , W= .86.

These are the maximum values for 'Zc and )Yt for a given design

and the relations do not account for the veriations in the efficiency off the

design point. This topic will be taken up later.
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What is the effect of changes of )?C and

From (12),
d(s.1.¢.) N
(22) e - Ltk
s.f.c. A-aQ
d(s.fc)
(23) a}?c - — T‘Zt -~ ..'_ T_b [
s.f.c. A-a B—a
Whence,
(s fc)
. a’?t . )20 .
(2) 3 (s.f.c) _ 1= k7
lg X

3.
/8

However, the rate of decrease is greater for an increase in

Thus, the s.f.c. decreases with an increase in either

for the same increase in

X '/2 'Zt 5 Qr
d(s.fc.)
(25) N ~ Rl
a<5.‘ﬁC-) }Zt
AN,

is about twice as great zs that for a corresponding change in

range of operations.

In the range of operztions

th on the s.f.c.?

}Yc. °

)2t than

or

Or in words, the change in specific fuel consumption with a change in Qt

. in the
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p . . . ™
This ratio increases with a and L and as a and ?: decrease to one
the ratio decreases to ?;6% .
t

The change in s.f.c. with b is so small it is not considered here.

5. Thermod ¢ Cvcle : =~ Two Turbines with Second Burner Between Them.

An increase in the top temperature produces both of the desired re-
sults; an increase in power and a decrease in s.f.c. Unfortunately, this
top temperature is limited by the physical properties of the unit, so the
question arises; whet can be done to increase the power? Many modifications
in design which might produce such a desired result may be studied. Of
these the most desirable designs would maintain as nearly as possible this
top temperature. An application of heat between each stage of the turbine
would produce en approximation to the desired condition. A simple design
which gives a partial effect is one containing two burners and two turbines;
a burner in front of each turbine, the first turbine delivering power for
the compréssor only, with the second turbine delivering the powerlfor the
propeller., To summarize: the design consists of a diffuser, a compressor,
a burner, a turbine (which runs compressor), a burner and a turbine (which-

runs propeller) in series.

The corresponding enthalpy eﬁtropy diagram follows in Figure 2.
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h (ENTHALPY)

S (ENTROPY)

Figure 2.

Since this modificapion in design doesknot effect the weight of air flow,
the effect of the change on the power may be determined by considering the
power coefficient which shall be denoted by ef . The only factors to
consider in the power coefficicent are the adiabatic heads of the second tur-
bine and of the ram, tecause the compressor is just balanced by the first
turbine. Thus,

(%) cr = 0, [(u—;m ‘(T'—FT") ,
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T~ T4 .
Now, —— - = —_ =
R o L TR s (P

b
) VT
\
T 3#
and </ - %;]) may be determined from €, ,

n-T. _ L,-T
To To
eo= 2[(T-T)~(L-T) - (T-T.)]

:"‘[—*f[<7 4) T‘T;)]

- fB-B)-G1)
o(-3)- Blerns]
T

bt e Bk - 3w -
T. T - —Q)Q'[H(b 00, ']
7= T‘%[H(b{l)mﬂ]

-——_.-_.._-—_._..-.__——-————-.—-.—_.,-..,_-.n-_,_.-_

Since, neglecting bearing loss,

But

s . Ts . '

This estimate of ( | — %-,7) is not exactly correct, for )z + depends upon
the pressure drop. The exuct relation will be considered later when dis-
cussing stage efficiencies,




PREPAREDR BY

BUREAU OF AERONAUTICS DATE
NAVY DEPARTMENT - 0D -
CHECKED BY __ _ _ PAGE .
WASHINGTON, D. C.
AVIATION DESIGN RESEARCH SECTIGN REPORT NO.

hus, T : -() Re
T 2o (! T?) [ 7 (b l] T - b[m ,]

Consequently,
I_p T, K.
€u = te €yt ’?p (b~I) B )?P(b~l))
e 0.T- b[-——~——~—l+(b T l] [ | ]
e _ Ny T o Nelb-D) [0 Ta
Cu

R e IV A Sy .y

Or, when de = |

eJI nz )?
Wn t‘)_
(27) = a~b + € where
€u 'L‘ -~ 7 }?t )
)?P (b— I) [ YZt Tz, ] :
€= . — ~ || 5and the
€u ’?" )?t T~ drz b ’

subscript 2 on ,D and ,?‘L' refers to the values for the second turbtine.

It is evident from relation (27) that the modified design will give an

increase in power if 'Ez = T . #hat zboul the specific fuel con=-
consumption?
I_ (7:?——’;)+(T5'T7)
sfc = 134 ~——RL 5 10
I, €y

o »_ T T Iz
srct= igs L) (G z)
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T ’L‘ -b
(28) sfc. = 134 ——;*r“

u

How does this compare with s.f.c.?

T-b~- v (a-b)

s.fc. = 134
€u
Hence, if }24 = 1 as in the approximate value of s.f.c.
N
S‘RC. ~— Cu . Tl — b

sfc.  eX rop- 8-k

e

Now, if in relation (27) )Ztl—-' }?t and € 1is neglected.
e ™ d“b
sfc. __ LA 72 T,-b
—_—— o~ ¢ _b 3
s.f.c, Tz. T-p- 2
e
s | - b
stc T2
—TT N
(29) s.f.c. | — b
T - (®-b)
e
T a-b
Si T,z =— = - | ! i
ince L, T T 7. under the above hypothesis,
s.f.c.. Z s.f.c. This also follows in the general case. Although the
I
s.f.c.

€ term omitted increases ,it approaches O as /L\z ap-

proaches L
5]
To

s.t.c.

Thus, the modified design affords a unit with much greater power and a

higher specific fuel consumption.
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6.  Thermodynamic Cycle IIT - Heat Exchanger: (The effect of a heat ex-

changer can be seen by inserting one in a simple gas coubustion turbine
eycle.) In a heat excnanger the warm exhaust gas is passed in a counter-
flow manner over the air betwecn the compressor and the burner. The thermo-
dynamic ecycle in this case is given in the diagram. The air is heated from

Tp to Typ by the exhaust gas, then from T1p to T4 by the burner.

A

(ENTHALPY)
5
+

h

Y

S (ENTROPY)

Under these conditions, where the reduction in Vj is assumed converted

into heat energy.
2

H = W, cpJ[(Ts T~ (LT +(T-T)] - W, (2;; 7.Vog)

7.

W ¢ I(T-T)~(T-T) = (T-T.] = W( "%9

W:ECPJTO[ (1-%)- b(,‘f‘;ﬁ') b‘] (z\; ‘X;;)

]

{




PREPARED BY BUREAU OF AERCNAUTICS DATE
) NAVY DEPARTMENT - 25
CHECKED BY PAGE " -
WASHINGTON, D, C.

AVIATION DESIGN RESEARCH SECTION

REMORT NO.

Thus, the only change in the horsepower developed will be due to the change in
the values of- WA and f, where { now, and in the following cycles, includes

the loss in pressure due to the heat exchanger, both in the burner end in the e-

haust gases,

Now,
" 19,000 Wr = ¢, Wa (3600) (T, =To)
I . T ,a
We = % C”WA [ 3 T
Let,
To—T-z = -
Fe -y, then T,-T, - o (Ta-T2).
Thus
’ 7_50 Tl _Ti_Tl
- =TT '?e(n "7_";)
_ T4 T
ﬂ;, T + '%% (l —-&1:>
#nence,

T 3.6

We = d5 cp Wy T[T +Tp (-§)+ b(t%)(u?’c{mf’lm—t}

- Ii._ Ta T e T2
(30) sfc ;?'—31??" To - 34 T- 'Ze( 1)_=5fc !34'?e("r. 7;,}

»g,,T_TT‘f Ty H[TE R

T T .

This reveals what is known from e practical point of view, that wn

heat exchanier as described cannot ve of any value unless Th > Ty, or

T 12
4 7 £
Te To

[' '?t ’—_]>b y[ﬁ%}@ ‘]
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Under the asswaption that )? s then

’&(“"’) > bt dm ‘

This later inequality does not ensure the former but the two are approxi-

mately equivalent, .

a(T=TRI N + TR > ab (1) +a”
d2+d[b()zc‘/)—T)Zc(l"’?t)]-’“?t}?c <0 .

This shows that a heat exchanger is valuable, provided a satisfies the

T s I~ t)+ b()_ c | T’?c(’“’?f)fb('"‘fc) *
Cr.( ’72 J)_,_,[/[ 7 ]+'E}wt_

inequality,

< a<

At an altitude of 15,000 ft., speed 450 mph, T,= 1660, if
'Zc = .84, ﬂt = .86, the ineyuality reduces to
1 € a < 1.929.

The more accurate values obtained with ’?d = .9, £f=1.01 are

1 < a < 1.925.

Approximations, similar to those made in the study of thermodynamic

Cycle I, gives

134 a(B~)(I=1.) + Ap.(a—F)
e (a- f)(A-a)

m
sfc =~
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3(sfc”
(%d : 1, -al- R+ (8-2)(1-) + A Ve
sfc® - af 7 A-a d(B—d)(hVe)wLAi?e (a-f)

From which it follows, s..t‘.co'm:

is a minimum when

O (G (Y- [(-R)(BA-F)+ A ] LABE () + AN ]
(1= R )(B-f-A) + Ve A

. When YZe = ,75 the above assumed values give

a = 1.468

Whereas, in Cycle I, ( Qe =0

~£A +9(5AY + ABF (B-A-F)
B-A-f

and for the preceding assumed values,

a = 1.872.

Not only does a heat exchanger decrease the s.f.c. «3 but at the szme

time it permits a lower compression ratio.

Soderberg and Smith indicited that a value of )Ze .75 is not un-
reasonable. A design value of a = 1.5, ’Ze = .75 and the above values

give s.f.c. I o 4,09/ QP as compared to

a heat exchanger, a decrease of 25 percent.

= 545/ Y, without
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7. Thermodynanic Cvele IV. - Cooler and Heal Exchanger: — As was noted

above, the importance of a heat exchanger becomes more pronounced when

there is a greater temperature difference between the exhaust temperature
and the temperature of the air after compression. One means of increasing
this temperature difference is to introduce a cooling system which cools the
air before compression or cools the air after partial compression by &n ab-
sorption refrigeration systex, which is operated on the heat energy from the
exhaust gases. This method of cooling the alr would be quite attractive if
it were not for the low efficiencies and the additional weight, After the
temperature of the air has been increased by some compression it may De
cooled down by the outside air (mever quite as low as outside air) by means
of an intercooler. Since this means of cooling the air is less complicated
mechanically the cycle containing an intercooler and heal exchanger is
treated first. Precisely, the unit would consist of a diffuser, & COmpressor,

an intercooler, a second compressor, a burner, a2 turbine and a heat exchanger.

h (ENTHALPY)

Y

S (ENTROPY)
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It is assumed that the heat transfer is possible as long as there is

o .o
Y temperature difference,

Let T,3=T:,+ Y °

Tha
d= ==
T
/ ?‘5*1 T LQL
then a = (—,I:;—z') = 2.d. (—gi) 5
o i3 o
T _ a

SO P d(i+b-0n]

= L [(11) - (e T) - (- T)

5 T 134[ Ts—=Tio ]
Ve LT~ Ta-TutT—T,+To

TN s PE(R) R
Tl feoeq(E )
Bfon o (B

o f? =0, (-8) - ¢ E)ameoar ) - 7 @) =),

5 CJI ’34TI)?GL”t(I } (l Ke) (’+T;)(/+V2c{d[l+(b il ’}) J
T o -5) (o= =) - (14 ) ame 7 1) |

The optimum value for d for a minimum fuel consumption is about \[—/b
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For a design toAOperate at an altitude if 15,000 feet, speedlof 4,50
mep.h., T,% 1660; ir W = .84, W, =.s, f =1.0, Wy=.9, Y=50

a =1.5, and d = 1.15, then 1) = 3.57,

R v . 384
B.1.Co =
Hp
. ) <5L27
while the corresponding s.f.c. for the simple cycle is Thus,
P

under the assumed conditions the specific fuel consumption of Cycle IV is
29% less than that of the simple cycle.
If the intercooler is réplaced by an absorption refriseration system

cooling the air before compression, then,

Y

|
f?“ 3.7‘:[(Ts‘ﬂ)‘(ﬂ‘rv_rna)—(—rl_n)] s Ta=T 5
P .

T T~ Lo ;
T T ~ T.
O R St
where
'?,.(TM_To—'Y): T,— T ) and

T, 1 a

it — | — | .

T3 Jr'ﬂ[l—r(b#)'?ol
Whence,

Ts _ ’+ = +J2g_'2r
T, dtf_a
| )ze*z,. rlt /A [H(b ~1)Yu ’]
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With an assumed efficiency of r =3 and Ve Z (.75)
and other values assumed in evaluating the s.f.c. for the intercooler-heat
exchanger cycle, the cycle with an absorption refrigeration gives an s.f.c.
of .38

386/ 17,

Naturally, both types of coolers may be introduced into the same cycle

and, thereby, further reduce the s.i.c.

A

3
N
3 10
< 14
T
2 4
u 13
< 8
0
S (ENTROPY)
T[ T+ T, -T, +T, ~T,+T.]
P

-

.

F_ 134 T~ Te ]
A L P ey P DR

Khere T3 _,. Y 0 ,
T' d
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It is clear that an appropriate choice of d will give a low theoretical
value for s.f.c.

In order to clarify the effect of the absorption cooler, the following
results for a cycle with an absofption cooler without a heat exchenger sre

given:

h (ENTHALPY)
©

0

S (ENTROPY)

Wy cp I [(T-To) = (T=To)] = Wa ¢pd [T~ T, ]

W IT[T- 2B~ We I T [ L - ]

o
1

19,000 W; = 3,600 Wycp (T,-T,) >

Wy = 22 Wieo T (T-2)

- b
Sfc‘:':__ls‘q’ T T-’: T )
— 9 4
() T tl-FF
L. _ & _f
4 79 v [1-n.( )] ’

Al
|
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If it is assumed that 75% of the heat of the gas is recovered by counter-
flow, the refrigerator is 30% efficient and 75% of the refrigeration is

transferred to the entering gas, by counter flow exchanger, then

T,-T, = (75 (3)(T-T.) >

L Lo jeers(-1)

Lo b esrs (E-1)

Now, Tl —T
9 8 _

but TB

Thus,

Loy a1,
+)?c[l+(b-l);?d ‘]

pf—a T
'?(H(b*l))?d ’) b~ ’(’875(1{ ,>

J*

Now, in the simple cycle without the refrigeration

134

R
sfec. = — v
e

TR
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Therefore,
. ( | _ I./6875)
- = S - L
(1) S.f.C. - ]__'(Tc; ’)T To T %
Ts
s f.c. 1 (E-1)(1e873)
T-12

At an altitude of 15,000 feet, speed of 450 m.p.h., T, = 1660, if = L8,
P 3 [

=10, N,=.9, a =18 P, =.8%.

Then T= 3.57 ,
T . _g)] _
L= ss7i-86(1-75)] = 2223,

T, _ _ /18 ]_
1- L = 557 ;.0755[“'84(”.0707 t) =162 ,

[ .
3.57 — [l +,‘stf(7'37%7-12][1.0735—,16375(/.223)]

= ),988.

T
-7

= | — .27

hence, .

sf 1617~ 116875 (.503)
| = 1= 1223 [~ 1223(1.16875)
1.988

= .873

Sfc.= .5427 ,

Sfc. = .474 N
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8. Other Thermodynamic Cycles:

The thermodynemic cycles I and II are just special cases of Gas Com~
bustion Turbine ilotors. More complicated engines may Le constructed by in-
troducing coolers and heat exchangers into the system. In outline form a

constant~pressure gas turbine cycle consists of

(1) 1 or more compressors,
(2) 0 or more coolers,
a. There must be one intercooler between compressors and
there might be a cooler before compreséing,
(3) 1 or more burners at ¢ constant pressure,
(4) 1 or more turbines, and

(5) © or one hsat exchanger to recover the exhaust heat.

The power coefficient and the specific fuel consumption for any: one
of these cycles can be easily computed.

A unit which contains each of the five basic elcmen£s is representa-
tive of the entire group. The following schematic representation of z unit

. *
showing the thermal and mechanical hook-up was given by Soderbergz and Smith.

E-3

"The Gas Turbine for Use on Ships", warine Enzineering,
Feb., March, 1944.
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Ty = High Pressure Turbine

Low Pressurc Turbine

o
[ o\

T;, ¢y = Low Pressure Compressor
P Ls\‘\\\\~ co = High Pressure Compressor
8 3
10 i I.C. = Intercooler
IC B = High Pressure Combustion
ah Chamber
2 .
82 -~ Low Pressure Combustion
C i Chamber
R = Regenerator
P = Propeller

h (ENTHALPY)

5 (ENTROPY)
Typical Combustion Gas Turbine.

The gnlt in the above diagram has two shafts, this is not necessary,

ell of the elements may be on the same shaft.
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"In order to facilitate the identification of different cycles, the
following nomenclature, originally suggested by Lysholm, will bve helpful.
Each cycle is identified by three numbers -

(a, b, ¢), where,
(a) is the number of combustion chambers, which is also eyusl to the number

of turbine expansions,

(b) is the number of intercoolers, which is 2lso egual to the number of com=

pressors less one,

(c) is the regenerator efficiency.”
‘In terms of these symbols, the typical turiine would be characterized
as (2, 1, 0.75).

Tﬁermodynamic Cycle I = (1, 0, 0) end the representation is

P Tl B‘ %C’lii

Thermodynanic Cycle II = (2, 0, 0) and

B. B,
PGP T




PREPARED BY - : BUREAU OF AERONAUTICS DATE
NAVY DEPARTMENT

WASHINGTON, D. C.

AVIATION DESIGN RESEARCH SECTION REPORT NO. _

CHECKED BY ____ PAGE = 38 -

9. Throttling: By a variation of the cdesign or a change in Lhe siue of
the unit, or both, a motor may be produced which will give uny desired power.
kegardless of the desizn of the unit when it is plcoced in operation it must
develop varying wnounts of power. How should one produce this variztion in
power? Or, in other words, wﬁat should be changed in order to vary the
power output and still keep the specific fuel consumption z minimum? In the
calculations of s.f.c. and e, the efficiencies of the component parts
of the motor enter as factors. A slight change in anyone of these effi-
ciencies produces an apprecisble change in both s.f.c. and e, . Unfor-
tunately, the efficlencies of compressors and turbines are not the same for
all points in the operating range. If & turbine or compressor is designed
to operate at a glven pressure ratio the efficiency is less tor any other
pressure ratio.

The power developed is proportional to the weight of air flow Wy as
well as e, - Hence, it is necessary to have an estimate of W, before the

Juestion of throttling can Le answered. From empiricsl considerations, the

gquantity may be written as follows:

(32) Wu= K%(d—b),

where K is a constant, & and @ the ratio of the pressure and tem-
perature at flight azltitude to the pressure and temperaturs, respectively,

at sea level (according to the Standard Atmosphere Table).

From (3) and (6)

P ladl (1) nr-a) or
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) . CPJK|8{§- _ d“F —_
(33 P = 550 (a-b) v, (Tr?c)?t a) >

where K, = Took s Too = ‘the temperature at ce. level.

Ir. terms of the above definition where only power developed Ly the en-
gine (not considering power nece.sary for the airplane) end the s.f.c. are
considered, the best way to throttle is to incCreasc the wltitude, keeping
+he R.P.i. and top temperature constant. ielation (33) reveals the power
becomes less with an increase in altitude; although the increase in T in-
creases the power, the decrezse in the product 5‘J€f is‘the'dominating
effect, and the total power is decreased. Moreover, the increzse in T
with altitude decresses the s.f.c. Hence, both the power and s.f.c. may be

" reduced by increzsing the flight altitude. Of course, there iz s 1limit to
the amount the altitude may e increased when the engine s in am'airplane
for then the power developed must eyual tihe power reguired.

when the altitude and the velocity of the plane is a constant, P and

s.f.c. are functions of a a&and T alone, i.e.

p=%(a,l), »
sfc. = f(d,/b\)_

(31)

The winimum specific fuel consumption for e constant value of P, will

d(s.fc)
d7T
y  disfe) _ d(s.fc.)
(35 . - % + 2 :

occur only if

o , or

d(sfc) da _ 0. .

rp——
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Now,

0= 2P 4 9P da

— — mmr— o .

(36) 3 3

o

These two relations are consistent if, and only if,

3 (s.fc. ) P)

(37) = O ,

d(a,T)

I7 eguations (34) are viewed as a family of curves in the s.f.c., = P

\

plane, one curve for each values of 1} , each given in paramgetric repres

of the envelop curve. (See Appendix AL for thé proof.) This curve can be

easily  cousbructed, and, since it happens to be the .ainisum velues (not

totion in  a; then, equations (34) and (237) give & purametric representation

meximum, or other stationary values) it is the throttling curve for a fisxed
altitude., That is, for'a given P the corresponding s.f.c. on this en-
velope curve is the minimum s.f.c. which muy be obtzined for o fixed alti-

tude and speed. The values of a and 'E #hiich delermine the :i.P.M. and

m
tanecusly. This anelytic relstion between a and U is given in Appen-

dix B.

consumption for combustion gas turbines it was convenlent to combine the
shaft power and the jet power. However, when it comes to the provlems of

practical design it is neoesssry to separate thesé two yuantities.

the top temperaturs T, may be obtained b, solving the ¢cynuations (34) simul-

10. Formula: for Design Purposes: In estimating the possibilities of fuel
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From relation (2),

w_g],

Ho=Wycpd [(E*E)'(T;T.)'(TFT;)] - W, [Zg 29

Ve _(T-
and sinc 7 7e = (T. To) )

o o= e, [B0-E) - £ 0] -

This relation was developed under the hypothesis of 100% zear efficiency.

The introduction of u gear efficiency and further simpiification ylelds
2
b)

s oo (et tlrtom)-48

or

V; *
(51) m = |76.4 ’?3 (T 6 - C) - )?3%%2— )

f
where (‘3: )?t( —-a—) 3

Aw—g_ WA
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It is assunmed that the ratio of the Jet velocity under operating condition
to the jet decizn velocity may be determined from the temperature ratio of
the exit gas to the desizn exit gaes. Under this wssumption, the develop-
ment is as follows. (Quantities with the subscript - U denote desizn Value§.

The V's denote volumes and the c¢'s velocities.)

P4,V4_:RT4 ; P4DV4.D=RT4D 3

3 _ Cq, A
M= P Wt

£
>

J

Note: V's here are volunes,

__C_’i = Wa Vq. __—I_; = Ri Va c's are velocities.
Csq : -
° WAt) V;

I

whare 'I .

keturning to the V. notation;

(52) Vi :( '
v—é V=9=: D ALOD T"D
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o LoD Eeq(i-pl-5])=t0-8)

Thus,

G| =(Y) p BUZEL | pofe
(53) .Vé- = V—e-D D Tu(’“@,,) ) shere D Awn

Samaras has shosn that the concgition for maximum total thrust is

o (), = 7,

Froam (51), (53) and (54),

How - 76t Dy (16-C)= DT T2(1-0) (_vo_)’(_l__)"
(55) o). 570 - 'Zs( 6-0) oog T5(1-8)* \ve/, \ % 1.

In zelation (11), the efficiency of the burner was assuned 1007, the

intreoduction of )?b in this relation ylelds

W = :1396 —%_;?:—Z—’_[T b~ ”c(lfkb '))?d I)J

or

(s6) | _We _ 236D [’L‘—(HC)] ,
Awp 676 R,
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Jet Thrust =

e s e o i s v A et <

Jet Thrust - _!Z_( \G V%

where

dOO

leval, Thus, from (53) zna (54)

(%),
Yo 3 (%o)p )

according as

and

)?t Q 064 or —.l10S5
N [dv]

(57) JEE-EE:.I::&:& - D [-_Il (ﬂ) T-6) _

Aw R RA/ASCUN G,
Empiricel relations obtained from wWestinghouse data:
. N
(58)  Aw = (.0041] +.000365 M, )F )
I.4+

e | M

(59) — = —W—"" >
©D ( //€Q§)D

(,O) rzc d/b ozl or — 18

is velocity of

]

where the exponent is EZ 0
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11. Small Stage Efficiency:

The author is of the opinion that efficiencies customarily used in the -
reports on combustion gas turbines, viz., the ratio of temperature differen~-
ces, are not the ones which should be employed. The natural efficiencies to
employ for this type of problem are defined as the ratio of the difference
of the logarithms of the temperatures. This premise is based upon the usual
hypothesis that the actual processes are polytropic and the ideal proceuses
are isentropic. Here efficiencies are defined in terms of energy, then
these relations reduced to the definition in terms of logarithus, and thence
shown that these definitions are eguivelent to the small stage efficiencies
mentioned in the previous sections of this report. (This discussion is

based upon the usual arsumption, that C, is & constant.)
enthalpy added ~ heat lost _ energy retained
enthalpy added " energy supplied

0 o (T,-T) = cu(T2-T)
> CP(Tz‘Ta) ?

(63) }?SC: | = %?; )

CRA

where, Cp as defined by Faires is the specific heat of a polytropic

process,

) cp = ¢, (L=D) .
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Thus, _ ‘_Cv(M—n) s
‘)?sc- Ce\ |—n

n(l-%)

Mse = *r(1-n)

or

455 n-I = .E‘:__‘_-
(65) ( n ) )?sc b

Now, 1f Tl denotes the initial temperature, ’1‘2 and Tp' denote

the final temperatures of the polytropic and isentropic processes which pro-

duce ‘the same pressure ratio, then

(P)”— T, (a)%’_ T’
) T > ® T 7T

- nety. vt
d (&)YZSC( n ) _ (&) ¥ ]
P, P. ’

’o T‘ - Io T.
(67) D = =4t .
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In the definition of )?c useu in the first sections of this report

Tzl—'Tt
= —=t—
te =7,

and by (21)

thus, xr-i L (
Rl Al A e Ll
U = .

I L

T

which is equivalent to (66) from which (67) follows immecdiately.

Turbine: In the case of the turbine, define '?51; =S Iollows:

(63) )? - enthalpy drop

st enthalpy darop 4 heal loss
If, sccording to the usuul notation above, ’I'3 is the entering tempurature,
T, and T," are the exit temperaturss for the polyiropic and isentropic pro-

cesses, rsspectively, then from the avove definition:

— Cp(E"n)
e = QM T) v en(Te T

in this process

— Cp
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1o_ e
(69) = |- C b
Wee P

and, as above,

- ‘ 3 -
(70) ——gnn’ = (———-‘X’> ygst )
n-l ¥

. P:L n TJ pl fif‘—~— T-;
(71) - = = , - ==
P [ P, T4

Thus, it follows

’ T3 TS Hst
(72) —_— = | ==7
4 I4 D
or
(73) _ 'o‘g -,-3 - ,og T4.
Wse log T3 — log T4

Now, from the two definitions of ’?t

) n- L.

|- ‘/f:%‘ - TL-T

= ()™ - 7T

(- /T, [ 7T?I/T3 ’
[T ) Vst T4

(=) - %

from whence (73) follows.
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Diffuser:  In an analogous manner the efficiency of the ciflfucer way be

defined as

/Q
T ! Sd
( ‘1‘*.) :

L
o T

—

The abové definitions of efficiencies have a big aavantage over the
temperature difference ratio definition. When a process is carried out in
two steps or stages, with equal efficiency us deflined zbove, the efficiency
for the two stages is erual to the efficiency of each stage. This is not
true for the temperature difference ratio delinition. In purticular, the

logarithinic definition is most applicable when one desires to compare the

jet and the turbine motors, for then the turbine efficiency for the entire

enthelpy drop may be employed to compute the enthalpy drop which may ve re-
moved by a jet. loreover, in the design of & turbine, the provlen of reheat
is eliminated if %Lt is known.

In terms of these stage efficiencles the formulae for ey and s.i.c.

for various cycles ol the combustion ges turbine end of the Jjet-turvine are

developed.
Thermodynamic Cveie 1. A
+ T x
’?PT(T?» ~T. ) 5
T, LT T
:)?P __3_-.:_7—_1...3...._{_ T'_ + | ;
o 13 T; o W
‘ ’?St Ta Nse <=
= %L T-T=H (;Tr b T+ ,;] -

s (ENTROPY)
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Now, =inc T = =7 ’
T, ‘
.E;-_E_”.L._E‘—E‘.-Ti.l— db’std p)
T LT T T T ’
Rst I sc 1= % c
(75) ey = 1, [’L\T(af ~a % b T+ ] >
134 -’;—Tz
sfc. = =
Ye L-T,-LtT ’
Ve ||
(o= I3 T-a™b
S.T.c. ™ Ys Vitsc |- Hsd 2
N P Y
f )Vst
| -1+7T (/d
(76) s fc. = 134[7?“ 1
ut
| J
Jet liotor: €y;= )?f -%[’];—]:‘—'111-7;] , E
-
_ | <
€u; = ?[ T —L)-(T-n)+(L-T.,)] z
- [e“t LE _7_”_)] g
f o T4— : <=
T-T, = T.-T,
cner, rosiechig T Lot it wn Conn S (ENTROPY}
|
v e = [E (BT -b +1]
T- _
‘é‘; eut ’) = T+ (T:- - I) 3 (I/’?p) €uy t+ b =1 __( )Vsr ,
T )

( %)VZSt

T,7 Wse
(@

|

T( f/d)'?st

[’_*_ ('/Wp)eut+ b—|
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[, . (V) eue + bo—1 [Gi/le T,
T(Va)e: -y )
where by definition ‘
1_1:(,7_7)’&& w = doa T = leg T
—rll ] ’ SJ Og Tq /ocg T;(l

. Now, :I'l_g_ =. T’/T:L
T /T,

<Q?p)€ut"’)0 , I~
Thus, _T” — l+ /f/)’l«.t @?},)eut'f'b”lh’

T Celewre . | T A
Z’(f/d)i?st

Therelore,

s i [ e ) ]o]h??;
L e Vie () [Z‘— Qb Tt
(78) sfc.= 134 h. eu;

Relations (75), (76), (77), snd (73) show that the power coefficicnt

and the specific fuel consunption for the gas comfustion turbtine znd the

Cuy )?st )'?sz (/)? €up T Z (/j Qst>
)?‘F { d 'f '?5'& j
)Zo T( /)
. l-';s
- e Wsd '25,; S L _’Z___ St
(77) €uj = Qf{’% /'?“b Wsey |-T A&t(’:) J[ _ gy e 9 b

. P AT, e Y 2 v o v oa 3 . S o g - \‘. - . ~ .
jet motor would be practically euivalent if }?P )?F , since )?SJ N )?5t

&
Vst

V

J
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Since %& is much swmaller than K&, the jet motor develops less thrust
power and has a higher fuel consuwsption than the combustion gas turbine.
Whenever iLhe speed of the eirplane is sufficiently great to give an )?f
greater than %&, it would be advantageous to eliminate the propeller céms

pletely and employ only the jet.

Thermodymamic Cvele I1: Two Turbines with Second Burner Letween Then,

rel=f[n-T-TeT]

Hat,,

®
s
o+ .
-+
o
|
I
p
—
l
~
~
o
+
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0
£y
P

As was pointed out in a foot-note the [irst estimates of

Sinc
L _ G- L_ T
. T T T
- '?s«l
Log-a™p % +p
S0 - Y
’B - d'zsc L) Psc + b B (T7 )’?St
T(f/d)‘vst 'El .
Thus, |
'?St )?Stz_
T(%) Rst
N eu )?P' [2 l— /E'-d‘/'?$¢ b‘-%%ﬁ-b - b +'/ 5
s.tc 2[34 Ts _Toelr_f; To _ I34’ T, P
— Lz"‘ IO )?
=154 — 7 [ T(f/d)z Gs
Vise |1~ s¢
(30) sfcl = 134 |4+ -1+7, T~d1r. b~ %<+ b
Ko el

T
L and

were only approximately corrsct due Lo the interpretation of

cased upon a value ol )?t for « tempersaturc drop from T,
2

age efficiencies in the development

the value of T
: 7
to T instead of the tased unon the tomperature arop from T +0
t y: b 3
T . As a result of the uce of small st
7
) 3 I . L
the true values for €, end s.i.c. are determined.
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T

odynaaic Liclc I17. - Heat oxchanger.

Y © temnerature drop ls necessary for heub transfer.

gird f ’?st /IZS %;Z
(21) €, = QP[T—T(/Q) CIO + '] >

L o s 7 e e - g
Trherynodenamnic Cyele IV

In this aznd the following developmonis it is assuned that at least

*

i

r 3.6 iy . To-Tl .
We ““’S“CPWA (T3—T:a) ) Ve‘m )

wFﬂf:%;-cprn[-e,o y)"] Ik el Y,

Ksd

=36 c W, T.|T- ’Z»,T(i) - (I-1%.) dqgcb vt Ve(lo) >

9

_Ysd
b " en()

(52) sfc = 34| ,7 2l %)T )Hz’d
r eu.

Coolers anc Heet Excheanger.

*

pR——

A ~

— e
e —*

¢ o _ 134 T- :fq__.___,__,
s.fc. = =

T _ T4, lo_ T .
Ve | T = —_1—0—1-7—0 73+l

This assurption [for a heal ecichunger .as not essuned in Section 5.
It wes only assuwed for sn intorcooler.
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$ l
T (Iﬂ'i) Vs I’_‘?_ (Lg'_) /ysc:: 7-12. i
o Tis T ’ T, T
%:%(’-’?e)+}?e%—}?e% )
0
| IZ— A f_ vs‘l’; l)l: aQ )Vsc ] Vac
(23) @eu—f NORIGS o) =1 - bd®+
T};c Vst Y
v g T o (g d b ) "?eT(‘g‘) t Ve T2

)sfc—,? T—Taf)’?si(“' )

{F%Wa%i]‘bd%&+r S

( [+ m(’ ‘?e)(d b”“‘)

< /VSC |
+ bod #V

. v
(84%) S,f C.

o
[ “H‘T I- ’Ze)(:g)
A

_ Ysd
sC 2
‘ +l+>?,~>?e(

et @ ep e (00

The corresponding formulee for the absorption refriseration

L by ey
WL OB

'%sob gssj_ )(Z\(fé) . _)
VZst Y

_...._.___—

€u

4
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12. Sumnary Table: The following table zives & sumnery of the formulaze for

s.t.C., €4, and s.f.c.y for several cycles. A careful study

u?
of thess expressions will show the relutive merits of the various cycles,

All efficiencies are small stage efficiencies. It has been sssumed that the

tar e owmnoodpe B o
LY DY passing tne geés

loss in enercy, cuc to o reduction of the Jet velocl
through ¢ heat exchanger, has been converted into available heat energy;

o A 3 . 2 .3 £l
that Y’ drop in temperature is necessary for every heat trensfer excepl 1n
the idesl cusesy that the Froude efficiency for the jet on Lhe combustion

o

gas turbines 1s e uel to the propeller efficlency.

that there is no loss in pressure durins the coolin

2
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CYeilLE i € § RV V ' e ( T34 DEFINITIONS
oy T w.%..‘- — et —— e e o i w; st SR 1 . o
e e e | BV B
W ";{ S5 . '\7 _:__f_ ,:‘\__E\!’__,/,?“i J-/X_]_] ~f,__k7_' Eﬁf T-E —b)?'/ A= I._. (—f_))?st
s ) e A e b °‘
e U R y
0 -(i) "1
~ - \ _F - db™
SHAPLE TUFBINE ‘3“;" L [-a!l ';_aT‘ TA-E -b + | T-E-b
: TA-E b + | -
S E = q ”acb Wse — b
T ~ v gu_‘_' {' -A )+ o __.,’i ~ \‘/r '?;11 _ b
- S gt SRR R S A S b) T [ | - (M) ’?‘*J b+ L2
TH ELRNERS, T-a+bhk CI(0-a T e- (7 T +a - b, L\ T-E T.[- (L) o+ | [ 2(-a)
wreee 0,2 T-drke wHERE 1,2 T-E G= [T-KQ[l- nindd = D]-bld™
T
Ly ~ T o E - ~E-b-Ne LTU-A)-E-b ~H+
SIMPLE TURBINE, 2=l (T-a) =3 TAN-E bt t-E-b -1 [TU-A) H+ 1]
A g a , ~ TA-E ~b + |
HEAT EXCHANG R 2 Y
where Tz d wiere T(I-A)Z E+ b +H-I H=1+ T
-]
7T e a -
i ’C(%i—i) :d - bd +2 T 7§ TA - KO - bd Yise o T-K(Q+)-n[TO-A)-r(+D)-Kk+!] F‘
NTERCOOLER. ry 2 T s
watne 22d , TZ g4 wrERE Ve = d wHere TU-A) Z (D +1)+ K-1 H = Hb)?z)?’?z;; )V'?sc
‘ ) - b ?’5’1”’ 3 e tr L7
z T (bt ) 2k ) tA- F(E)-p+1 T-r(E+) = Re[PU-A)-T(§+)-K1]
HEAT EXCHANGER, @b ) —(b 1) 222 ‘ 5 —b+ 1 ko TA - () ~b + 1
REFRIGERATOR COGLER. i,
wHERE Y 2 % wrere  LT(I-A) Z r'('f?‘”) +H - NOTE:
Vi a-l ‘a T('Q;) g k ' 3
ALYy - <)) = pd + (g ~ 2y (e N o P T-K(+) =0 [TU-A)~H(2+1)=K+] THE FORMULAE FOR ¥ _CANNOT
REFRIGERATOR COOLER, (&) (a5 =) N C Py ) Sy A=K fi- 020 (d 1) - bd " 41 M(_mi[,?e[z (47 )] = bd 7o J BE OBTAINED FROM YI BY
NTERCOCLER, . TR Te R (d 705 = 1)) = +1 LETTING &) =d. THIS_DOE
HEAT EXCHANGER WHERE d/b > d WHERE T'_ d/ bd WHERE d/bo.sd > d - WHERE T(""A) z ,g((’[);x_;.,)A* K- ’(‘:lg‘gLE;’M’NATE THE INTER-
. :" 7 T Prge. .
VIL It(8L)- S5~ bd +b + | N [ £ — . KPP B T(-A) Vet 4 TH+bld™) =W |Tde ot Te) _w@w)w)|| THE AIR IS COOLED AND Rl
G vk 20 T-dycarkri] bd T |- / “ -t Ll HEATED AT THE SAME PRE:
INTERCOOLER, z: - wusrprrarny L ooy S 2L R =b(drme-1)) " AGZY Teritn I || sure i
TWC BURNERS, B [‘” TV LiveeT ~ bt y ta [" {C—I{n.~b(d Lz —b+ ‘
HEAT EXCHANGER. W HERE c,_- T- ¥ “bd + bt anD Y > wnere Toz T-r-bld ™=
LIF)rgredb) -2 v2] bt L~ "3*“*3*;‘]’"“‘*(“')*“"2 T,[1-G]~b +1 1~k [b- i Ne)fd" ] - [1.6 - k(r)-k+]
& - M\—— A& 0 -—-———~-~‘>_~ —— 2
CTwe BURNERS PrEre e szr’“f?a'izl;fz‘"“7“l"g=‘ 5| b T PIGT "*' ,
i VY jul¥! i d R Yo "5
HEAT EXCHANGE P. wrgpe T,2 T+ “ tb—dlb+!)~ 3“1 t+2 aND Y > od ° whepe 122 /E”hil["‘{’;(}(d A'I“'/]‘f'b(d "‘/,) ane .G Z H(Qfl)‘*‘ K-t
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APPENDIZ A,

Theorem: 4 necessary condition for

C(p=¢(T),
(2) {s.{c; Y(T),

to be the envelope of the family of curves

sfc.= £(a,1),
$(al)

(2)

is that the velus (1) satisfy simultaneously the relations (2) and

3 ( P, sfc)
3(a,T)

Proof: 4 curve 1o defined to e an envelope of & family of curves pro-
vided it intersects all curves of Lhe fandily, at points where itc tangents

coincide with the toungents of the curves of th

Tirst,

$(0)=8(a,1) ;3 ¥ =ED.

Thus,

ey 38 SR (7 = da o
$'(T)= 3;'%‘%7“5—{ , Yi(T)= 3“? ar *

A4

ind the slope of the tangent is the ratio of these two yuintities. OUn the

o Ve L et A b Lh s L A
other hsnd, the slope of the tangent to « curve of the faiily ( { = Const.)
is ratio dP to d(,s fc) thus

QP v
_ Cid. - 3(6Lf4;)
dP = ) d(sfc) = 55 da .
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Thus, if (1) is the envelope -

d(sfc)  da + d(sfc) _ K 3(s.f.c) .

3a  d°T T aT 3q g

2P da . 3P _ , 2P
da dT+3f_K8d

These relations are consistent if, and only 1if,

A(a, T )  da 3T 3T da

I Q(R.aﬁc)
3(a,T)

and [¢'(z)]z+ [‘f"(l‘)]z# o,

0 »

24

tives or their reciprocal exist and are equal.

and if (_D__E ’~+ (a(s.f_c.)
Jda

; O(Pisfe) _ 9P 3(sfe)  oP  A(sfc) - 4

)# o

then, (1) is the envelope of (2). For under these ccnditions the deriva-
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APPENDIX B

inalitic relatibns between @ and T on the throttling curve for
constan! power &t ¢ constent altitude; ( § 1z considorc. conulunt,
e natiolly o oeet)
p- _Kla-b)(a-f)(A-a)
| X a
_ I3 _a(B-a)
sfc.=
Ve (a-$)(A-a) °
P, 3A §_E__L+_L___I___a}7c/§d+3%d—’
T/p= 3T/A-a; da/p=ab'af a Re A-a
3Gf), PBor A skl +L 9Bs ~1 AL,
AT /s5¢” B-a A-a 9%&‘ a-f B-a A-a
, 5 S N L (V2 - S M — |
,;(P,s.&c) A-a Ja-b  a-f a 73 A-a :
= = , 5
Ma,T) " |38 B/ bl Asa-
B-a  A-a’ a-f  a B-a A-a
5 ., £ _ % | 2Hacl
o= | A2 a-b * a(a-f) e A- a ,
%‘% L Plep, 3B5a -
B-a > &k 7 B-a
. A-a o f(A-d) | & A My _
0= 73 Qt) a-b +d(a—¥) t e da +T)?° Ja !
~ (A-a)(B-a) ) . B-a b M a M _ ’
Y a-b B 3a W da




PREPARED BY BUREAU OF AERONALTICS pATE

) } NAVY DERPARTMENT B=2
CHECKED BY WASHINGTON, D. C. PAGE
AVIATION DESICN RESEARCH ZECTION REPORT MO. _ . . ...

. A'_ a f(A~' d) e 8 3 C '?c, 9 )?t '

I ;¢ ¥ JZ—; T4 2 L

o= Ze(a-b) * peala-f) Ry 24 e 9a e ;

. Bza _ b M, a M _

» a-b Ve da Ve 0a

N (B-a)-(A-a) f(A-a) L ay_L S b ah e s L
°* % (@a-b) Ra(a-9) * c(, )?t) Ja 1 3a T%ﬁ * e I

o obU-r) _ FA-a) Ty Y ()3 pMe e 1
0= d-b( Ve ala-7 +,201:d(l Vt) b]ad T’7t Ja ‘*_"21: .

— )?tb('” c) . ';(A"a) ﬁt __J_ - _3_23 — 9__’_?__ —_—
0= d—bL a(a-+) *’v’:[d(' '?t) b]éa Wesq ~M 1

Now, P K(a-b)a-f)(A-a)a
X D A=T,.
PD K (ao_b)(db"{')(/'\p"ao)a ) WHERE D 1] 72-0 Vto )
P 7 = _f,té_”il_ WHERE S = (ap-p)(@y,=f)(Ao=ay) ,
P (a-f)*{a-b) a(a-¥) '’ | Qp

r= _LL[PS + Pp (a—f)(d‘b)J
A P (a=f)(a~hb)

Thus, i

37

o= Meb(-1) _ Psf + %[w__s_)_b]yfg __@_[P.‘H R (a-f)(a-b)| 3y

- 2
a-b R (a-H)a-b) Re da Vel B(qa-f)(a-b) 194
Since silicioncey v ne closely sporeximatsd by o ucdraiic in a 5 b3

T TS U T B A
DEvs O @ auTion ol ! LULI LEeSree AN

) 0=0'NR (a-f)* [5(2‘)&)— a] =~ 0N [Pst - P, (d_)c)l(d_b)]
+ 0 (a8 @b [0 )- b1 3 - Raa-)[Ps+ By (a-Pla-H]3E
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Denote (6) by F (a) =0 , then by Newton's method of solution if

a is en approximste root, them &y 18 a closer approximation -,
F(a)
/

F'(a)

with respect to 2.

a= a-— , where F‘(a) denotes the derivative of F(a)
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