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NATTONAL ADVISORY COMMITTEE FOR AFRONAUTICS

B

ADVANCE RESTRICTED REPORT

PERFOEMANCE CHARTS FOR A TURBOJET SYSTEM

By Benjamin Pinkel and Irving M. Karp

SUMMARY

‘

Convenient charts are presented for computing the thrust, fuel
consumption, and other performance values of a turbojet system.
These charts take into account the effects of ram Pressure, com-
Pressor pressure ratio, ratio of combustion-chamber-outlet tempexr-
ature to atmospheric temperature, compressor efficiency, turbine
efficiency, combustion efficiency, discharge-nozzle coefficient,
logses in total pressure in the inlet to the Jet-propulsion unit
and in the combustion chamber, and variation in gspecific heats
with temperature. The principal performance charts show clearly the
effects of the primary varisbles and correction charts provide the
erfects of the secondary varisbles.

The performance of illustrative cases of turbojet systems is
given. It is shown that maximum thrust per unit mass rate of air
flow occurs at a lower compressor pressure ratio than minimum
specific fuel consumption. The thrust per unit mass rate of air
flow increases as the combustion-chember discharge temperature
increases. For minimum specific fuel consumption, however, an
optimum combustion-chamber discharge temperature exists, which in
some cases may be less than the limiting temperature imposed by the
strength temperature characteristics of present materials.

INTROLDUCTION

The Jet-propulsion system consisting of a compressor, a com-
bustion chember, a turbine, and a discharge nozzle, which is generally
known as the turbojet, is now under extensive development for the
propulsion of high-speed airplanes.
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n analysis was msde of the performance of such a system at the
NACA Cleveland laborabory during 1944 for the purvose of providing
convenient charte from which the performance of this system can be
quickly and accurately obtained foir any given set of orerating con-
ditions and system paremeters. An attempt was made to predict accu-
rate values of actual performence by the Introduction of factor
that account for the change in physical properties of the gas as it
pesses through the cycle and the effect of the change in mass by the
addition of fuel. The charts take into account turbine efficilency,
compressor efficiency, combustion efficiency, discharge-nczzle
coefficient, losses in total pressure in the inlet duct and combus-
tion chember, ambisnt atmospheric conditions, flight velocity, com=
Pressor pressure ratio, and corbustion~chamber-outlet total tempera-
ture. Theee variables are grouped in a few simple charts from which
their effscts on performance can be readily obtained. The charts
and the analysis are presented herein.

The performence of the subject Jet-propulsion system is given
for several interesting cases to illustrate some of the character-
istics of the system.

ANALYSTS

A diagram of the turbojet is shown in figure 1. Ailr is inducted
into the intalke of the unit and delivered to the compressor inlet.
Part of the dynemic pressure of the free air stream is converted into
static pressure at the compressor inlet by the diffusing action of
the inlet duct. The air is further compressed in passing through the
compressor and 1s delivered to the combustion chamber where fuel is
injected and burned. The products of combustion then pass through
the turbine nozzles and buckets where an appreciable drop in pressure
occurs and finally are discharged rearwardly through the discharge
nozzle to provide thrust.

The variables affecting the performance are divided into a
privery group and a secondary group. The variables of the primary
group are shown on the principal charts for determining the perform-
ance of the Jet-propulsion unit. The variables of the secondary
group are shown on an auxiliary chart for determining a factor €
usually close to unity, which also appears as a variebhle on the prin-
cipal performance charts.

The primery group of variables includes:
(a) Compressor efficiency Tg

(b) Compressor totel-pressure ratio Dn/P;
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(c) Burner ‘efficiency .
(d) Ratio of combustion-chamberecttlet total temperature to
free atmospheric temperature T4/TO

(e) Turbine efficiency yM
(f) Airplane velocity i
(g) Atmospheric temperature it

(h) Discharge-nozzle velocity coefficient C , which includesn
' logses in the tail pipe follcwing the gurbine

'

The secondary group includes:

-{a) Drop in total pressure across the inlet ducting caused by
friction and turbnlence Apd

(p) Drop in total pressure across the combustion chamber caused
by both the mechanicgl obstruction of the burners and the
momentun increase of the gases during ccmbustion Ap(9 4)

(c) Effect of the difference between the phys’zal properties of
hot exhaust gases during the expansion processes and cold
air (The effect of chenge in specific heat of the gas
during the other processes is included in the principal
charts.)

A chart 1s given from which a factor € can be obtained ccrre-
sponding to the values of the secondary group of variables. This
facter ¢ appears in the parameters on the principal performance
charts,

The compressor efficiency e in this report is defined as the
isentropic work done in the compressor, including the difference
between the kinetic energy of the air at the compressor outlet and
at the compressor inlet, divided by the compressor shaft work. The
turbine efficiency 7 ag defined in this report is the shaft work
divided by the difference between the isentropic work aveilable in
expanding the gas i'rom turbine inlet conditions to the static pres-
sure at turbine discharge and the kinetic energy of the gas at the
turbine discharge, It is emphasized that, in these definiticns of
ccmpressor and turbine efficiencies, the kinetic energy of the gas
leaving the compressor or turbine is not charged against the regpec-
tive unit as an encrgy loss. -
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The symbols used solely in the derivations of performance equa-

tions are listed in appendix A. The significance of the symbols
appearing in the charts and in the subsequent 1liscussion are as
“ollows:

A ratio of compressor pressuve ratio pz/pl to reference
pressure ratio (pq/pl b

a5y bywe factors that measure effects produced by secondary
variables i

Cv velocity coefficient of discharge nozzle

' cpa specific heat of air at constant pressure at T, = 519° R,
; 7.73 (Btu)/(slug) (°F)

F net jet thrust, (1b)

it fuel-air ratio

o e lower heating value of fusl,' (Btu/lb)

J mechanical equivalent of heat, 778 (ft-1b/Btu)

M mass rats of air flow, (slug/sec)

PC compressor-shaft horsepower input

Py atmospheric free-air static pressure, (lb/sq £% absolute)

Py total pressure at compressor inlet, (1b/sq ft absolute)

P total pressure at compressor outlet, (1v/sq ft absolute)

Apg drop in total pressure across inlet duct, (lb/sq ft)

Ap(2_4) over-all drop in total pressure across combustioﬁ
chamber due to mechanical obstruction of the burners
and momentum increase of gases during combustion,
(1b/sq £t)

T atmospheric temperature, (°R)

Ty compressor-inlet total temperature, (°R)

Ty compressor-outlet total temperature, (°R)

T4 combiistion-chamber-outlet total temperature, (°R)

\

e airplane velocity, (ft/sec)
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Ve gas velocity ‘at turbine discharge, (ft/sec)
. A
Vj Jet velocity, (ft/sec)
AVi increase in Jet velocity due to effect of turbine-loass
: reheat, (ft/sec)
Wy weight flow of fuel, (1b/hr)
¥ ratic of ram temperature rige to free-air atmospheric
STy 2 -
temperature, Vo feéd °pa T,
Z ratic of compressor power per unit mass rate of ‘air
flow to enthalpy of alr at tenperature 1
550 : ' 4
560 B /T c,q M T,
it ratio of specific heats of -air
c cerrection factor that accounts for over-all effects
prcduced by gecondary variables
N, compreagor efficiency
e efficiency of combustion of fuel in combustion chanber
qi turbine efiiciency
Ja
!—" 4 i i?( &‘l"
D, /P.) = |+ e &y
( 5/ Lyer I\L + NN
£ o
(PB/P1) . &lso mgual to tlie comnressor pressure ratio for meximum
et

&

Gthrust pver unit mass rate of air fluw when the rate of change of ¢
with compresscr »ressure ratio is negligible.

All velcocities are axial and all except V. gre relative to the
(Zhakiin

The equations from which the charts are prepared are listed in
appendix B and are derived in appendix C.

In some cases, when a large pressure drop occurs across the
final jet-discharge nczzle, rehcat aggociated with the energy losaes
in the turbine has an appreciable effect on the jet velocity. A
chart is given whersby the eifect of reheat on the Jet velocity can
be readily determined.
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DISCUSSION OF CHARTS

Useful equations. - The net tlrust of the turbojet,
when the offoct of the fuel weight is neglected, is given by the
cquation '

F=M (v.j - VO) (1a)
When the effect of fuel weight is included, the thrust is given by
F=M(V,- vV )+t My (1b)
The net thrust horsepowsr thp is given by
thp = F V_/550 (2)

The compresgor-shaft horgepowor per slug per gecond of air is
expressed as

P./M=J cyy T, 2/550 }
(¢} i P& "o
(3)
- ; =19
= 5675 Z (T_/519) J
The compressor-inlet total temperature is obtained from
Tl/To =1+YX » (4)

The fiiel! ccnsuﬁpt‘oq per unit mass rate of air flow is given
in terms of the fuel-air ratio by the following relation

i
e

Wf/M = 115,920 ¢ (

By means of equations (1) to (5) and the curves of figures 2 to 7
the performance of. the turbojet engine and gome asscclated guantities
of interest can be readily determined. The curves are given in a
form which shows the effects of the important variables and enables
either very accurate conputations or rapid but less accurate compu-
tations to be made.

Cyrves for obtaining the flight Mach nuuber, the values of Y,
and the co.nreqsor—;nlet total pregsure for various values of the

factor V ’V510/m are shown in figure 2. The compreqsor»;nlet
total tor@era+urn is obtained from the value of Y and equation (4 )

The quantity nCZ is plotted against the compressor total -
pregsure ratio and Y in figure 3. The compressor power (and Lence
the turbine power) is cumnuteﬁ from equation (3) and the value of Z.
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The effect of the variation in the specific heat of air during com-
Pression is neglected in this plot, the error iatroduceld being less
than 1 percent for ths range of compressor pressure ratios shown in
figure 3 and for compressor inlet temperatures up to 550° R.

The value of /D) 1lotted against the factor
s (2a/P1)per ¥ o

T =
ﬂcntsTﬁ <:~}m;> is also given in figure 3.. The actual compressor
o :

1+ 7Y
Pressure ratio PZ/Pl divided by the guantity (pz/pl)ref def'ines
the value of the factor A used in figure 4(a). This quantity
(Pz/pl)ref is useful in that it is equal to the compressor pressure
ratio for maximum thrust per unit;gwss rate of air flow for any
/ A
T aky o
given value of N n4 e Eﬁl(i..__ }, 1if the rate of change of the
0 iz Y/‘
factor € with respect to a change in pressure ratio is negligible.
The factor ¢ 1is one which accounts for the effects of pressure
losses in the inlet duct to the system,pressure drop in the com-
bustion chamber, and the deviation from the value of the specific
heat of air at 519° R of the specific heats of the gases during the
expansion through the turbine and the nozzle. In a well designed
system the value of & 1is close to or slightly greater than unity
and does not vary appreciably with pz/plL

When the change in € with Pz/Pl is appreciable, then
(Pg/pl)ref is less than the compressor pressure ratio giving maxi-
mum thrust per unit mass rate of air flow; however, even in this
case the 'thrust per unit mass rate of air flow corresponding to
(p2/P1)per 1 generally within 1 percent of the true maximum., Hence
figure 3 permits a rapid approximation of the pressure ratio for
maximum thrust per unit mass rate of air flow.

The main performance chart for determining the jet velocity is
shown in figure 4(a), From the left-hand set of curves of figure 4(a),
T—.'w —————
Nt ' [548
the Jet-velocity factor Vj\'—~5— !E—— can be determined as a func-
\\ CV ‘ \1 i
tion of NGt € ;é and the parsmeter A or 1/A for zero flight
“0
speeds (When A is less than unity, the value of 1/A 1is used in
reading values from fig. 4(a),} The Jet-velocity factor can be obteined
from airplane velocities other than zero by moving horizontally across
the graph to the desired velocity curve on the right-hand set of curves
and then reading the value on the lower abscissa. The thrust can
then be computed from the value of Vj and equation (la), As previ-
ously mentioned, the value of A is found by dividing the compressor
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pressure ratio py/p; Dy the value of (p?/pl)1 08 tained from
3 "G

figure 3 corresponding to the values of the parameters Mg, Mty €,
Ty» Ty, and Y Deing investigated.

Tt is noted in figure 4(a) that for given valucs of Tg, M4,

Ty, and Ty, if* € remains constant as PZ/Pl oy A yaries, theu

the veriation of jet velocity with pressure ratio occurs along the
m
; “4 . : '
constant 1NNy € line. In this case, Vj has a maximum valuc
z ;

when A .is equal to unity, which occurs at a pressure ratio egqual
to (PZ/Pl)ref' Actually, hovever, for a given unit as pz/pl‘

y 5 o ) Ty
varies, the value of ¢ changes slightly and hence 0.0, € N
¢hanges, with the result that Vi has a maximum value for a valuc
of pg/pl somewhat greater than “(Pz/Pz)rup- It should also be
noted that (pZ/pl>rof is changed by the chango in ¢ end this now

value must be used in computing the new value of A wvhen p?/pl is
varied. In any event, the value of Vj corrcsponding to A =1 1s

a close approximation to the Jjet velocity for maximum thrust per unit
rase rate of air flow M for a given set of values of Ty, Ty, and
component efficiencies.

Tic losses in kinetic energy in the turbine passages appoar as
heat cnergy in the gas leaving the turbine. This energy will be
tormed "turbinc-loss reheat."! IFf there is further expansion of the
gas in passing through the Jet nozzle (caused by a rcduction in
static pressure in passing from the turbine exit to the Jjeot-nozzle
oxit), a conversion of part of the turbine-loss reheat to kinetic
encigy occurs in the jet. If, however, the velocity at the turbinc
exit is substantially equal to the final jet velocity, no further
cxpansion cccurs and no kinetic encrgy is rccovercd from the turbine-~
logas rcheat. The curves of figurc 4(e) correspond to this casc.
The ratic of tho increesc in Jjot velocity to the final jot velocity
AVj/Vj obtained when tho velocity at the turbinc discharge Vg is
loss than the final jet velocity is shown in figurc 4(b).

Figurc 4(b) shows that AV;/Vy = 0 whon CyVs/Vy = 1 for all
velucs of turbine officioncy. It is alsc noted that Avj/vj
approaches O as turbine officicncy approaches 1 for all valucg of
CVV5/V3 because the turbinc-loss rehcat approaches O with increasc

in turbinc efficicncy.
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It is evident from figure 4(b) that, for a given turbine effi-
ciency, the smaller the ratio of CVVS/V , the greater is the
recovery of turbine-loss reheat. Decrease in turbine-discharge
velocity VS is obtained by increase in annular area swept by the
turbine buckets. Bucket stress is one of the principal limitations
on bucket height and thus on bucket-annulus area.

The compressor-outlet total temperature T, plotted against

the factor Ty (1 +Y +2Z) is shown in figure 5. This curve
includes the variation in the specific” heat of the air during com-
pregsion and was computed using reference 1.

The fuel-air ratio factor nNef is plotted in flgure 6 against
L (the rise in total temperature in the combustion chember)

for various values of T,. These curves were constructed using
data on specific heats of air and exhaust-gas mixtures given in
reference 2 and are for a fuel having a lower heating value of
18,900 Btu per pound and a hydrogen-carbon ratio of 0.185. For
fuels having other values of h, the value of f given in fig-
ure 6 is corrected accurately by multiplying it by the factor
18,900/h. The effect of the hydrogen-carbon ratio of the fuel
on f 1is generally small and for a range of hydrogen-carbon
ratios from 0.16 to 0.2L the error due to the deviation from the
value of 0.185 is less than one-half of 1 percent. The fuel con-
sumption per unit mass rate of air flow is obtained from the value
of f and equation (5).

The value of €, which takes care of' the effect of the second-
ary group of variables, ig obtained from figure 7. The quantity ¢
is given by the relation ¢ =1 -a -Db +c, where a, b, and ¢
are given in figure 7. The effect of the drop in total pressure
across the inlet duct Apg is shown in figure 7(a). The effect of
the over-all drop in total pressure across the combustion chamber
Ap(2-4) 1is introduced in figure 7(b). Reference 3, which discusses
combustion in a chamber of constant flow area, is useful in evalu-
ating the momentum-pressure drop in the combustion chamber. A
correction for the difference between the physical properties of the
hot gases and the cold air; involved in the computation of the
expansion processes through the turbine and the Jjet nozzle 1s given
in figure 7(c). Although ¢ does not differ appreciably from unity,
a change in ¢ of 1 percent in some cases may introduce a change of
several percent in the thrust.

In the discussion of the charts, the effect of the weight of
injected fuel was not mentioned. It is shown in appendix C that
the effect of the weight of fuel on the Jjet velocity can be taken
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-4nto dccount by using for the value of y in the charts the pfoéuct

of the actual turbine efficiency and (1 + f). This term appears in

i

T . 2
daduil b : Byt "
the factor NNy, €T_(: QTY) in figure 3 used in finding (PE/PI;

and in the factor T4 ‘Ja B 29
and 1ir cbors .M, € = and Vj ncnt/cv vSlS’/TO of fig-

ure 4(a). The value of V, determined is then used in equation (1b)
which takes into account the additional weight of fuel introduccd.

As an example of the usge of these figures,consider a system
having the following performance and operesting parameters:

1, Coipreapor efflctonty : M- L 00Dy g il Mo B N B YAl Ve 0.80
2. Turbine efficiency 1 AR [ 0 o TR R S AP T W
] .
3. Combustion' efficiency 1. Q29
4. Dischargeenozzle velocity coefficient Cv SE TR S Sl
5. Airplane velocity V, (el apcl S o I T L e
6. Cumpressor total-pressure ratio p?/p1 o ofile, Lyl e 0K
7. Atmospheric free-eir static presgsure” p , (ihs Bea) . .08 atigdes

(¢6]

. Atmospheric temperature T, L IR R N R e

©

Sombuetion-chamber-outlet total tampérature T4, (CR) 25 7o 1LOBO
10. Drop in total pressure scross inlet duct Apg, (ins Hg)e' .~ VEx5:
11. Drop in totael pressurc across combustion chanmber :
Ap(2_4), (G T 3 BTN e, R g St R G e A
U8 B BRI s ithor e a0 ) iy A, 17 AT B L E Rl

(n) Determination of Y and flight Mach number

From items 5 and 8

[519
. T ,

o}

15, V_ g 1) P00 AP RNETORI g F R Sl o S RS e L

From item 13 and figure 2

T s ot a5 et s T, <6 i L ol et o = i A R nls i
16, "Hldght Maoh SEmber .o o sty wh el e es @ vt o e s i ollie B

v d

(b) Determination of Z and compressor power

Using items 6 and 14, read on figure 3

L LR, Sl ik B T o o g s T e B O

.,
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From items 16 and 1
VTR0 S e sl s e s s e SRR R INE R o sy 9010

Ueing items 17 and 8 in equation (3) the compressor power per unit
mass rate of air flow is

e ) [ (ahgfasc) L oG SR EREE. S e Bl 5

(¢) Determination of fuel-air ratio and fuel consumption

From items 8, 14, and 17

o i G B R TP G -8 SRR RR IR il o S N s R
Uging item 19 and figure 5

BN P IR i e T i e e e e e R 3085
From items 20 and 9

b SR gy S RPN IR - SR e D R
From items 21 end 9 and figure 6

R nff O, e Tl e e s SR (S SR S e IR Q)i
Using items 22 and 3

BRI o o e vl e e e et e e e e S e e g SO SRR TS S ORO 1] 4

Since the lower heating value of the fuel is equal to 18,500 Btu per

849
pound (item 12), item 25 has to be multiplied by the factor i¢J§99
and the adjusted value is 18,500
R R S T e R g e )

From item 24 and equation (5)
25 . Wf/M, (bl alup/sbc) e ot e S 5o bt o Ak T

(&) Determuination of the factor e

From figure 2 and item 13

Pyt AP
26.—-—-l 2

.

|
(S
(@) ]
(971

Po
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From items 26, 10, and 7

irg
31 :

while from items 7 and 11
Apz

oo

vl R e SRE RGO TR o M e R eSS S 0.013

28.

and from items 14 and 16 ‘

2 Y_+ ncZ R G e el v R BUE B < R € - BN R R T

Using items 27 and 29 in figure 7(a)

15 S0 - A LN DU S R S S R R L

Using items 28 and 29 in figure 7(Db)

Bl B b b ol Tk TR e e e T B s T b el Bt GRS

From items 26, 10, 7, and 6

B2 iﬁ AEURY B TR ST A At i SR A ECR S
=0

which when used with items 9 and 24 in figure 7(c) gives

B e %, e get e o et e sin T e e e el g, Al oVt i SR

From items 30, 31, and 33

B4, @@= T 40,005 = 0004 + 0.084 2 de » o ST R LG 4 e 1ol ad 20ED

(e) Determination of (pz/pl)ref and A

Using items 1, 2, 34, 9, 8, and 14

35. 1M ﬂ.igﬁ Ball 2. S et g o S RS T SN s R NS 6
et so AL %

From item 35 and figure 3

36. Bt b ek T it g i s BRGNS
L L

Dividing item 36 by item 6

e TR iR S Ey iy SR SR R T s PR & e ST Wy L

0.10
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(f) Determination of Jet velocity, net thrust per unit mass
rate of air flow, and other pericrwsnce quantities

Using items 1, 2, 34, 9, and 8
Ty
38' ncnte FII—O— L 9/ =Y. e . e s ¥ el . VR ey e vam elie e e e e 2-7‘31 ’

From items 38, 37, 13, and figure 4(a) the jet-velocity factor is

T e o e R RS L e

< dnfe 2 T,
v

and from items 39, 1, 2, 4, and 8

40- VJ, (ft/SSC) By e At oom e e eretie; SR ey Bie g o gt L e S e 204:4:

The net thrust per unit mass rate of air flow is obtalned from
items 40, 5, and equation (la)

S Jedh T EERATT T S R 4 A LR PR

The thrust horsepowsr per unit mass rate of air flow is calculated
from items 41, 5, and equation (2)

B thpN, [ ERD) (1B Eech « ¢ o x gmis mliny e ba e e, ke L LBAT
From items 25 and 41

N T (I ey D, Bhruat) s vl e R s g et e B2
and from items 25 and 42

A (g, (1) /(Bhp-REY o + 4 v 4 s et o s B bR wis = e o 0059

(g) Effect of the weight of injected fuel and turbine-loss
reheat on jet velocity and thrust

Where more accurate results are desired, the calculations are
made taking into account the effect of the weight of fuel introduced
and the effect of turbine-loss rehsat. The effect of the fuel on
Jet velocity is handled by using for the value of Nt the product
of the turbine efficiency and (1 + f). This will now be done for
the case Jjust considered.

From items 24 and 35

Dyl N
45, e.__(.~____> R e e RS TR R
Teht TAT: T,
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¥rom figure 3 the corresponding

46. (P, /P By, S Ak o | e e el il b 50
v e l)ref -

From items 6 and 46

7R TG A e | Il Al I S AR TR B L Lt L

Similarly accounting for fuel flow, 1ltem 38 becomes
48. n 1 —Eé- . 2, 827
c tt_To TR s B er (e e o i AN TIOR3 SO e, Ted fe, Ty Oo

so that from items 47, 48, and 13, and figure 4(a)
IWCTH; 51./ .
‘j\/ = \/ Caulabe) e s S S e

Again takfng into account the effect of fuel by adjustlhg the

rin
RL e

HOL I, enfeeey = ot L6 0 TSR LR TG U A
which differs from item 40 by 1 pexrcent

The effect of reheat mey be important when 17, 1s considerably
lcgs than unity and the velocity at turbine disohafge is appreciably
legs than the final Jet velocity.. Let it be assumed in the example
being discussed that the turbine is designed to have a discharge
velocity of

51. Vo, - AR R e SERE R SR RO B L
Then from items 4, S0, and 51
52 p CRUETY /v i s B 0 e v s o S e AR i S SRR

¥rom items 85 0 W anatal 7
Tq

=
55k e e ES T M B T e il e e = g DeTi it e s S R S e i
L -

Frem figure 4(b) corresponding tc items 2, 52, and 53

oW s ey 1 S s SO S bl LS 8 8 A S RN e e
{ A

and from items 50 and 54

55. AV, £ SeBn L U bl W i

*y
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Using items 55 and 50
56. COI‘I‘eCted. VJ) (ft/SeC) o @ @ e ‘sywsmiw e Wle 9 e N E e 2090

Thus in this case, reheat provides an additional 1 percent increase
in the value of Vj.

The thrust per unit mass rate of air flow is obtained from items 56,
5, and equation (1b)

57. F/M, (lb) /( Slug/sec) 9 . L3 L4 . . . . . L] . - > . . e ° Ll 1357

compared with 1311 where the effects of fuel-and reheat were
neglected. '

From equation (2) and items 57 and 5

B iy My, (Ehp) /{slugfeec) v « il v iumds 58w & bt oty & b 1808
and using items 25 and 57

59. We/F, (1b/hr)/(1d) . 2 cl. v o I ;.. I R . S 7
and items 25 and 58 give

R U (IR /EBDelr) i o e S R B R0, 60

(h) Optimum thrust per unit mass flow of air

The value of V., corresponding to (p /p ) is very close to
J 2 1 xef

the value of Vj giving maximum thrust per unit mass rate of air flow.

The compressor pressure ratio pz/pl for maximum F/M is slightly

greater than (pz/Pl)ref because of the increase in € with pressure

ratio. The value of the maximum F/M and the corresponding value of
pz/pl can be obtained by computing Vj for a range of values of

i : 2 Y
p2/pl in the vicinity of and greater than (pz/pl)ref by the method

Previously illustrated for a compressor pressure ratio of 6. From a
plot of Vj against pZ/Pl the maximum value of VJ (and hence

F/M) and the corresponding value of PZ/Pl can be read. This

computation for the previously illustrated case was made and the
results are presented in the following table.

The effect of the weight of fuel and the turbine-loss reheat were
neglected in calculating the values given in the table. Since
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item 36 gave a value for (pz/pl)re of 4.5, the range of compressor

f
pressure ratios chosen started at this value. In the calculation of
¢ the values of Apd and Ap(2_4) wers assumed to remain constant

at the values given in items 10 and 11, as pz/pl varied.

= l ) -

| , /
Tt /pi> v, F/M Wo/M Wo/T
— | N {— A
N | il \ \ .
Py | Tl P . e [ Ab/ar \ |/1b/nr

[ , 2 | \sec, @lug/seq/ \§lug/seo i1k

|

4.5 | 1.017 2.765| 4.44 |1.014| 2049| 1316 1820 1.383
4.8 | 1.019] 2.771| 4.46 |1.076]| 2051 1318 1790 1.358
5.0 | 1.020| 2.773| 4.46 |1.120| 2052| 1319 1770 1.342
5.2 | 1.021f 2.776| 4.47 |1.163! 2051} 1318 1751 1.329
5.6 | 1.023] 2.782| 4.49 1.247} 2049 1316 1715, | 1.302
6.0 | 1.025| 2.787| 4.50 |1.333{ 2044f 1311 | 1675 1.278

The table shows the incrsase in € with increase in PZ/P1°
This causes an increase in The valﬁe @it ncntegﬁ and the correspond-
ing value of (pz/pl)ref" The percentage increase in A 1s slightly
less than the percentage increase in pa/pl because of the increase
in (PZ/pl)ref'~ The meximum value of F/M is 1319 as compared with

é value of F/M of 1316 obtained at a compressor pressure ratio of

4.5 which .was the (ps/p7) for the previous example (see item 36).
2/ F1/ yef

The values of Vj and F/M varied so slightly over the range of

compressor pressure ratios from 4.5 to 6.0 that they were calculated
using the formulas given in the appendixes rather than using the
charts in order to detect the variation. It is noted that the true
optimum occurs at a pz/pl of about 5.0 which is about 11 percent

greaser than the pz/pl of 4.5. If a maximum value of F/M is the

main design consideration, it is doubtful that the additional compli-
cation to obtain the higher compressor pressure ratio is warranted
by the small increase in F/M obtained. However, for the case where
a higher compressor-discharge pressure results in an increased mass
flow of gases through the engine (for example, when sonic flow in the
turbine nozzles instead of in the compressor limits the gas flow '
through an engine), the increase in F 1is greater than the Increase
in F/M, 8o that higher values of pg/pl may be Jjustified. When

fuel consumption is also an important consideration, the increase in
compressor pressure ratio may be desirable as indicated by the values
of Wg/F 1in the table.
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JET-PROPULSION~-UNIT PERFCRMANCE

For illustration of the performance and some of the char-
acteristics of the turbojet system, several casges of interegt will
be discussed.

The following parameters are assumed:

Compressor; efflelency M, & v o 3 als ' § o wpre o e w.o'd 0. 85
Turbine efficlengy Mgy  oiw s e s g #is v % & s 0 0 eion s 0.90
Discharge-nozzle velogity coefficient C R (Ol el
Combustion efficiency fNs + o ¢ o o o ke v R e SR « 1 ~0496
Heabing walve of fusl: hy; <(Btufibl  ¢is s o s wom v st s 5 » 28,900

€ - e o » ° . ° . « . . . . " 5 ® . L I . . > . . . e 0 0 luCO

. These compressor and turbine efficiencies are not unreascnably
high when it is considered that in the definition of efficiency in
this report the compressor and the turbine ars credited with the
kinetic energy of the gases at the compressor and turbine exits,
respectively.

The computed turbojet performence in this illustrative case
includes ths contribution of the fuel weight.

The values of component efficiencies and € for any given
turbojet engine vary with altitude and flight speed. In the pdresent
computations, the component efficiencies and € were assumed con-
stant et the values listed; hence, the illustrative curves represent
the performance of a series of turbojet emgines having the listed
characteristics. One curve is also given for a case in which the
variation of € with compressor pressure ratio is considered.

When Vo =0, T, = 519° R, figure 8 shows the rate of fuel con-
O 0 ) e

sumption per unit thrust and the static thrust per unit mass rate
of air flow plotted against the compressor pressure ratio for various
values of the gas total temveraturc at the combusticn-chamber exit.
It is notsd that minimum specific fvel consumption cccurs at a higher
compressor pressure ratio than maximum thrust per unit mass rate of
air flow. A curve for T, = 19600 R Whsre the variation im € with
Z/Pl is considered is also shown in figure 8. For this curve,
values of Apd/po =-0.,04 and Ap(2_4)/po = 0,10 were chosen and

assumed to remain constant. (For a given unit, however, Ap(a.4)

will alsc vary with pg/pl so that the determination of the actual
veriation in € with compressor pressure ratio becomes quite com-
lex.) It is seen from figure 8 that tho value of compressor pressure
ratio for a maximwum value of F/M is greater for the case where ¢
varies with pressure ratio than for the cass where € 1is assumed con-
gtant; and that the peak value of F/M for the first case 'is slightly
higher than that for the second case.

Lo}
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Figure 9(a) 18 a replot of figure 8 and shows compressor pres-
sure ratio and fusl consuwption per unit thrust plotted against
thrust per unit mass rate of air flow. Similar curves are presented
in figures 9(b) and 9(c) for other combinations of atomospheric tem-
perature and airplane velocity. A gcale of specific fuel consump-
tion in pounds per thrust horsepower-hour is added on figures 9(b)
and 9(c).

The amount of air handled by a unit is limited by the diameter
of the unit. When high thrust per unit mass rate of air flow rather
than low specific fuel consumption is the primary ccnslderation, 1t
18 apvarent from figure 9 that high combustion-chamber discharge
temperatureé gshould be used. High thrust 1s the more importent con-
sideration in take-off, climb, and meximum-speed operation.

The curves of figure 9 show that, with no limitation on com-
pressor pressure ratio. higher thrust per unit mass rate of air flow
and lower specific fuel consumption can be obtained by increasing
the ccmbustion-chamber-outlet temperature until the value giving
minimum specific fuel consumption is reached. For figures 9(a),
9(b), and 9(c), this temperature is lesa than 1460° R, about 2210° R,
and 1710° R, respectively. Further increase in temperature permits
an increase in thrust at the cost of increase in specific fuel con-
sumption, As the gas tempsrature at the combustion~-chamber outlet
is increased, a large increase in compressor presSsure ratio is
required to maintain nearly minimum specific fuel consumption.

If the available comprsssor pressure ratio is limited, the
combustion-chamber-outlet temperature for minimum specific fuel con~
sumption is very sensitive tc the other operating conditions. For
example, at a limiting compressor pressure ratio of 4, minimum spe-
cific fuel consumption occurs at a temperature below the lowest
values shown in figure 9. If the limiting compressor pressure ratio
is 8, the combustion-chamber discharge temperature for minimum spe-
cific fuel consumption is still less then the lowest temperature
shown in figure 9(c) for an atmospheric teuperature of 412° R but
approaches an intermediate value of approximately 1710° R for an
atmospheric temperature of 519° R (fig. 9(p)). The optimum
combugtion-gas temperature is also very sensitive to the efficiencies
of the components of the jet-propulsion units.

In figure 10(a) the specific fuel consumption and the thrust
per unit mass rate of air flow are plotted against airplane velocity
for the conditions listed in the figure for the following cases:

(a) Compressor pressure ratio chosen to give values of A =1

(b) Compressor pressure ratio chosen to give minimum specific
fuel consumption

-
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-

Tt is noted that the specific fuel consumption for case (a) is
between 15 and 23 percent higher then for.cese (b) for airplane
velocities between 300 and 800 feet per second; the percentage dit'-
ference in specific fuel consumption is greater at the lower air-
plane velocities and at the lower atmospheric temperatures.

The thrust per unit mass rate of air flow is between 21 and
51 percent higher for case (a) than for case (b) for airplane veloc-
ities between 300 and 800 feet per second; the greater percentage
difference in thruct per unit mass rate of air flow occurs at the
lower airplane velocities and the lower atmospheric temperature.

Figure 10(b) shows the compressor pressure ratios and the
values of A +that are associated with the performance values given
in figure 10(a). The large increase in required pressure ratio from
the condition of A =1 to the condition of minimum specific fuel
consumption is noted.

CONCLUSIONS

The following conclusions are based on an analysis of a turbojet
gystem:

1. Maximum thrust per unit mass rate of air flow occurs at a
lower compressor pressure ratio than minimum specific fuel con-
sumption.

2. Increase in combustion-chamber discharge temperature causes
an increase in thrust. An optimum temperature, however, exists at
which minimum specific fuel consumption is obtained. This tempera-
ture for minimum specific fuel consumption-is at some conditions
less than the temperature limit imposed by the strength-temperature
characteristics of the materials of present turbojet units.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX A
ADDITIONAL SYMBOLS USED IN THE DERIVATIONS OF PERFORMANCE EQUATIONS

Symbols used in the derivaticns of performance equations, in
addition to those given in the report, are:

Ta~1 Ya-l
Ta ¥
Al factor defined as equal to[‘ gzlgl_m:] GF Al
, : -(Eé/Pl)refI
p average specific heat at constant pressure of the exhaust

gases during the expansion process. This term, when used
with the temperature change accompanying the expansion,
gives the change in enthalpy per unit mass.
(Btu)/(slug)(°F)

Eé average specific heat at constant pressure of the gases
during the combustion process. This term, when used with
the temperature change during combusticn, is used to deter-
mine the fuel consumption. (Btu)/(slug)(°F)

CpaZ specific heat of alr at constant pressure at compressor-
outlet total temperature. It is equal to the enthalpy per
unit masa (zero enthalpy arbitrarily fixed at absolute zero
Lar ~ture) divided by the total temperature.

(Bou ) slug J(°F)

K, K! . yatios » “nnctions expressed in terms of physical properties
=l sznhn=ust gas to same functions expressed in terms o .
payical properties of cold air. Thege functions are
descrised in appendix C.

Py total pressure at turbine inlet, (1v/sq ft absolute)

D5y static pressure at turbine discharge, (lb/sq ft absolute)

Py turbine-shalt horsepower output

R gas constant of exhaust gas, (£t-1b)/(sLug)(°F)

By gas constant of air, (ft-lb)/(slug)(OF)

Tcg gas temperature at turbine discharge, (°R)




=
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ATs reheat due to6 net turbine loss, (OF)

Wth work obtainable from isentropic expansion of exhaust gas,
(ft-1b)/(slug)

77 ratio of specific heats of exhaust gas

oy density of atmospheric air, (slug/cu ft)

The subscript 1 refers to the hypothetical case of no burning, no
turbine in system, compressor-shaft power input NP, compressor

efficiency 100 percent, and no losses in system beyond compressor.
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APPENDIX B

EQUATTONS FOR THE PERFORMANCE FIGURES

The equation numbers correspond to those in the derivation given

in appendix C.

Bigunre -2k

2 )
EEE " Bibnde ! Sl il o X
EREEL o TR s R ’VTO 3 '
Ta
. e Yot
p0 | T BT o, 519\ (o i
; il /. /518
Flight Mach number = (V /—--—> (c72)
i 3 i Q f
’\/(7a 1) J ey 519\ ’\/ i
Figure 3:
78.
- ¥ i
D F2Na
Lo R (c67)
By LK 1Y
7a
r 2 T é—<7a"‘l—y
) e 0 : it
=) =l 3%) nemeq (Gt
Fl/per LY o] '
Figure 4(a)
Mot 518 ﬁg T, IS
J| 6—_ T Yo +2Jﬁ“3519 o0y © ‘ A' T.) lv ey, UE;JF 11
p&ihY; % =
7a-1 (C37)
-

wherée AY = A

H
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Figure 4(b):

2
‘l_ l-(CvVS\‘/i_O
2
AVJ 1 \ Vj,/_} Ny
i e .
J .22“ 5 o 1
To Z cpg
Figure 5:
¢
R 699. T, (14 T4 B)
% paait
Figure 6:
_0p (Ty - Tp)
e 32.2 h

. Where EF is determined from unpublished data

Figure 7(a):

Figure 7(b):

Figure 7(c):

(cee)

(€87

(C43)

(cas)

(¢c50)
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APPENDIX C

DERTVATION OF EQUATIONS FOR JET VELOCITY, THRUST, THRUET
HORSEPOWER, FUEL CONSUMPTION, SPECIFIC FUEL
CONSUMPTION, AND MiSCELLANEOUS EXPRESSIONS

Trom the momentum equebicn the net jet thrust, when the effect
of the mass of fuel is neglected, 1is :

F=M(V,- i (Cla)
and when the mags of fuel is included
F=M (vé - Wb + £ MY, (Clo)
The thrust horgepowcr developed by the Jet 1s

thp = F V./550 Loz

Jet Velocity end Thrust

Consider the hypothetical case of a unit running with a com-
preasor efficiency of 100 percent but with a compreogsor~shaf't power
input equal to nCPC (that is, the product of the actual compregscr
efficiency by the actual shaft power input). Also assume no turbine
in the system and no burning (that is, the compresscr is congidered
£o be driven by an engine). The available jet kinetic energy,
assuming no losses after the compressor but accounting for the losaes
in the intake system leading to the compressor, is

S A'p
LB UTE Bl
MV © =3 MV," + 550 9.F; - 5 M (c3)

o=

The following approximation is accurate for a wide range of
Ty and DPp/Po. :

i"‘ =
| 7ol
| -
s, eI
L o

L
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From the conservation of energy,

2
. °pa2 Thy = Ty = 950 Reke + Yo (cs)
A Pl il T el
By definition
2 o
v g A e g e (c8)
Z = 550 P, /J opg M T, (c7)
then
Cpa2
S22, =T, (L+ Y+ 2) (c8)
Cpa ot 2 C
and
i & LX“
£l il / e i
V3i® =V e (1l + .5 1 2 ;) (C9)
\\\ 2l o/
Now
Apg Apg Ca =30 217 bog Bl Uns ’/ya - T\ ; 1S
FrTm— = ¥ il = S o i )
1 G D 7a ,) v2 - Po \ 7a b
and equation (C9) beccmes
A .. N o
2 2 Zz _ °Pd/7%a - 1\1
Vi1© = Vo l”“’Y'Po(?a /Yj (c11)

The compressor energy transferred to the gas in this hypothet-
ical cage is equal to the ugeful energy transferred to the gas in
the actual case where the shaf't power input is PC and the compressor
efflciency is 1n_. Thus, the compressor-discharge pressure .p, is
the seme in both cases. The ccmpressor-discharge temperature for the
hypothetical case T,y dliffers from the true compressor-discharge
temperaturc. When Vji and Tp; are eliminated from equations (C4),
(c8), and (Cll), the following relation is obtained:
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M —I

=
N |
Z P L
2 J cpg Tg (L+Y+n, 2) |1- O Leny 8. F ;“;\ 5!
) L_ Y p 8 7 Ly
| (012)

which is used later to evaluate the compressor ocutlet pressuré Dol
By definition e

550 Py :
= — 13)
1, T (c
, Y S
ek (1 +%) M V2
(L+ £f) MJI op Ty |1 -\ - 5
*4: ¢

Now congider the actual system with burning taking place and
turbine power being removed to drive the compressor. The jet
velocity (when the effect of reheat due to the turbine loss, which
occurs in the further expansion of the gases from turbine-discharge
static pressure to atmospheric pressure, is neglected) is given by

7—

. _/§3>
¥, =0y \/ZJC T |1 (G,

i
!
|
b
J % M N (. =i

For gsimplification, the effect of the weight of the fuel injected
will be neglected by dropping the term f in equation (€14). The
effect of the presence of the fuel on the Jet velocity V. can be

taken into account in the subsequent equations and charts for V.
by using, for the value of N> the proeduct of the turbine of -
ciency and 1 + f, as the quantities ym and f appear only as
the product ny (1 + f) in equation (C14). Now

i Ny

ZiN

(\ = E%) (; - égiglél (C13)
Dy / Do A Do

When the last term of equation (C1S) is expanded into a series,

“
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D)
-~

v-1 ,
( Ap(a. 4>< ) Loyt £ AD(2-4) e

7 D,

for small AP(gaA)/Pg' Since only enough turbine power is remcved
to drive the compressor

ko)

When.equations (c15), (C16), and (C1l7) are substituted into
equation (Cl14),

I .Z:l.‘ p Lo
~ 7
i {Bo /T /oy - T\OP(2.4) - 550 P,
Vy=Coqf2c Ty j1-{==) |-2Jc T, Po’) (2 ( )_1
ot : l P2/ PENP/ N Pa =M,
(c18)
Let i
-1|
P
5 ?Ei)
ot B
K== r (c19)
7a-l Cpa g
78.
s _¢>
55 B
and
(/ :) /7 — l cp
8 / -~
s (cz20)
a
%L




When equations (C7), (C12), (C19), and (c20) are used in equation (C18),
; P »
/ - e
| ‘ g A fy 21% 2d6 AT 2 sp N Ve
7 AP Y = 1 ’ P(2_4_) Yoty < pa’o /‘DO /
g olpan SRl > / ) \T’ (1 + 1+ no2) 2
3 . [ B ol cY P \7,/7Y b Ba 2P D2/ = e
3= V/\ T % s X
o (1+Y+n,2) 7z Apg {75-1) g
¥ ling == — -y TN
V Y po 78, // Y
= (ca1)
or
/
{ oy voz@ + g ? v, 2z
VJ = bv/\ ,/ T € = — (022)
y © l4Y+n.2 neY
where € 1is defined by the relation
\ I~ Y-l o
bp(2.4) (7 -1\ [23c T\ D\ 7a
= ! —} — {(L+Y Z
i Ay /73—1\\ 1 H—} Ps x\\ 5 ) \\ V.2 ) Do L
s o e S L R AL (c23)
Lo Na / FenZ iy
12 Kl o K AP o 7y = \
= 1 7 { 7a 1
o + n." £ e :__-._ -~ E Y
i S \ /a/
oy . i . (%

Iy VOVN

N

Y iE9E *O

¥
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Equation (C22) can be written
2
/ [1 + 'qc L arag) Mol ol
=V, € ;~ . (c24)
'\lv T, A1 %% #n 5y T, §
When equation (C24) is substituted in equation (Cla)
5 Beng A o2z ‘
= M VO F CV [ l':'["‘:) Z—l{» Y+ T]C Z)’ - '{]'D Y -1 ((J.'_.\),.' L

and equation (C6) is used in equation (C25)

AR P 7z fNn 2
! 2 -4 Ne e ; i
€ - Y Cc;ib)
\/C:r o LT m, 2} (/n T‘t\ (
R,

MYT.
v
i A

Tuel Consumption

S
i
2

g, (T4 - To)
= P 4 < 27
e s EEzm ee7)
From the conservation of energy
VO2 550 P, ;
Cpa2 = ®pa Ty + 7% T (czs)
so that
Cpa
T, = L (L+Y+Z) (c29)
e o)
paz
Pressure Ratio for Optimum Thrust
neglecting the

TC-. T'4-l Ner» Mt and CV)
the maximum thrust per unit

For a given V,,
due to a change in N %5

change in ¢
mess rate of air flow with respect uO compressor power input (or

pressure ratio) is obtained when
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[¥ [5'1?9)
MAT, . & E
\1 V 2 2 Ty 1 CV \
a (mn, 2 o VL '+ Y% nal -l
from which
1 +Y + (T]c Z)ref = \/no N € T (C@3un)
o
Define A' by the relation
L+ X il 4
A' = e Z (c32)
+ ¥ + (ng A
SR
: : 4
1+ + e & =.A2 )\j'ncntei,—— (C33) :
o}

Jet Velocity, Thrust, and Specific Fuel Consumption
in Terms of the Factor A

Equation (C24) can be written

Vo o Ty (Y + ng 2) Cvz Mg 2 :
V= —= p{Cy" € == - o (C34)
Ts-fameite . &) Ne Mg

When eguation (C33) is usel in.equation (C34),

Al /’:nw?:‘; i 1\‘ Y
Vi .V_9, i:'/CVZ i (ncntc_T_‘%\ \ Ve ) 2 Oy .’,Av;\/n‘;Eé i ~~;)
IV i:/\\ncn?/ . L i\/'nc 8 %é ot s__\ \ T ;
| X (C35) ‘
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My Vo

B s A U Rl oot I ! o i 236

i el nnt T (A - > MMt € O+1+Y (C36)

When-equation (C6) is subatituted in equation (C38),

o D el pasw[w oG Do o

S SRR

( \3'/
Equation (C26) becomes in terms of A
y ~ r___ .o : ']
= T
519 / 4 )
Sl = --——-— m Al ) e o LR
T, v 1ot o, - (e g, et or -t
(C38)

The fuel consumption per unit thrust is obtained from equa-
tions (C27) and (C38) and is

PR O VENR et i
£ RS9 ™R, ETC,, 519 >

Penl P " e B
W —

v | Ty < 1\ Ty |
g’ 17150 5 0 0 8T b =] ——~+J+Y~A/Yl
%,\ ncnt Vnc i T '\Tl nt C J
b 7 R ;
; (C393)
Evaluation of the Correction Factor €

From equations (C12) and (C6)

ol 7 W A
-.?'._._. Y + Tl Z - __..d; (_8;_._.__.
po 7& 1 po 7& ( A0
P, g L¥Y4n z 4

(@
R
e
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When equation (C40) is used in eguation (C23),
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B =SNG '
Apd 78.-1\ l pz \ 75. po \ 7a ‘/'éli\
€= |1 - - 5 -?Zj K A e Ly
Po 7a / X *+ng Apg (Vo ¥ i
2 Y + Tlc Z — T \——;-- i
B Gy T |
(cal)
or
i / N iosa L
et (202
PAAL A% by (7a'*\-( 1 \I o AP(2-4) (7a"l> L\ 7a
S S / Y Vg §o) ‘ 7
| Pe \\ 7a ) \ Ne /—‘ 12 i Ya (Y e T}C _4>
(c42)
let
Apd }/"’Ya ~ N / ale \ s
bl po !\ 7,‘1 / [\Y at nc Z/ (C43) -
e A
and. s
fu L Boy el B3 l\\}
; l+ :
Ap iy N \ /
{epa){ s TSR0 Kida 7] (Cas)
Po Ve Y+n, 2 :
bpg {721\
When equation (C40) is used in equation (C44) and the Y__‘ =]
Mokl 8
ALY

with unity,

AP(2_4) /7a % I\

term in the numerator is neglected because it is small in compariscn

Ya
\7a—l

(C45)

ce=K (1L -a)-K'D

/( L ‘
i B R \L + T+ ng Z]

When equations (C43) and (C45) are substituted into eguation (C42),

\

=y
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The terms K and  K' are close to unity in value whereas tlc
values of & and- b-are smell in comparison with unity; therefore,
only a very small .error isg introduced by letting

€ =K-a-» e (Cas)

Defining the quantity c¢ as

@ = e o (C47
then
¢=.1l-a8~b+ec (C48)
Now
fiss wt“EfR EL e = (c49)
| % il
TN ; e Lt
7% '—2) [? _\§5§ !

where the valueg of wth/R T4 are obtained from reference 5. Thege

values correspond to the required temperature T4 and pregsure
ratio po/p,. Therefore,

Wth/R T4: tR SErY
el Lo | (c50)
Ra

G o

Correction for Reheat Accompaenying Irreversibility in the Turbins

The actual jet velocity inciuding the reheat in the turbine is
given by the equaticn

E_ 2-1]

¥ 2 P\ S

—'iz—- 5 =2JcpTSS]1-/D~°—-- (c51) |
L ' L _58/
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from which the fellowing equation in terms of differentials is
obtained:

r 7-1

o N
SR N (cse)
> ! r) 58
Ea & \Pss ./ B

v V SN
Cy NEe /=58
Ty 1s the independent variable, therefore
Alsg = Tsg

For small values of ATSS the following equation is very neerly
true’

AV, = &V, (C54)
, If these expregsilions for dTSs and dV., are used in equa-
tiom {@53) i L
(t 2|
AWy 1 g CyVs\ | ATsg by
CRYRIR L G55
aoe ‘ \V Tss

LT-, 1s the amount of reheat and is equal to

550 Py o :
AT, = g S L 1) (C56)
‘“0 \T‘t

a
S

whereas the gas temperature at the turbine discharge

) Py Vea
??

=
Uil
i
&3
e~
i
'

'Tf

When equations (C6), (C7), and (C1l7) arec used in equa-
tions (C56) and (C57),

ATSS = TO (S_Dg') <’.~];_ Al ]> (058)

Uik |

e
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G N V~2
Teg = Ty ~ B T 0 FEURG SEERg T ok (59)
g et \ ¢ ) 0 ¢ =
J 2
J¢ o P
and, when Lquations (C58) and (C52) are substituted into equa-
G e (@ 55)
i \Z.‘i
Ve c 3
L fl A ZE Y o e oY
2 V. (Ol ] ".T) —/
AVj L S i Pl A8 :
s E T (ce0)
. ®ra S c)a
T, = F T, =5 s . st
) °p o 4 °p
i ®)
Sy
i i1
i N2 |
Ly . {Cofomiiil . of
&y EE NI
-2 - = - o (Cel)
Vi Ty oy e Y '
% r.rl___y_ i |
i ¥ g

: Z 2 : 3 . : S ;
The Vg Y/VO“ Z term in the denominator is smalil in comparison

with (T4 / To Z) (cp/cpa) -1 and can be neglected, resulting in

(ce2)

Derivation of Miscellaneous Expressions

D

(W

.
550 2,

MJ cyg To 2

(a) e = B (Ce3)

where the compressor power is accurately given for a wide range of
compressor pressure ratios and compresgsor inlet temperatures by the
relation

MR o e e
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| |
T ~ £ 7% |
d o IhElcnsN “a |
P = —ye—— T G (C84)
2oV Mg \Pl/ J
and
2
Vo
Ty 2 Ty s rmee R B, (1+7) (c85)
Da
When equations (C64) and (C65) are used In equation (C63),
s
B Y i
a2 a |
1 z=(1+y)i’\~i\. -1 (Ce8)
or
7a
P 7 n Z\7a—L
R *TQ"“'Y\' (c67)
pl G il

7a
- ~E7-1)
N l/ LV 7, ()
(;r. = (= }omen, €5 ' (ces)
;1/ L +Y/ Tc B
i et = i
(c) The ideal rem pressure ratio is
Ta
Py + 0Py (Tl\ o
———— (ce9)
pO \TO/
and when equabions (C65) and (C6) are used in equation (C69)
y
: ¥ | 5 i
Py + Lpg T 519\2~l :
m——=(1+Y)2 = 1{l+ 535 ,\ (C70)
B Cpa

(d) The Mach number at the inlet to the unit (or the flight
Mach number) is

‘I
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Flight Mach number Vq/l/7a Rt _ (c71)

It

1

i

B C /; ﬁ|§f§\
{ fEe
/(;va =~ 198 Cpa 519 '-\O VTO )

or, when equation (C6) is used in equation (C71),

Flight Mach number = e

- =
N Cq
® o
ool
o ©
—
3 o]o
| =<
It
<:i:
N
= | |
|t)
Ly
v
gl
S
N
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(b) Compressor pressure ratios and A at various airplane velocities.

Figure 10,- Concluded.
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