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Perforasnce charts for a jet-propulsion system consisting of a compressor, a
ocombustion chamber, and a turbine

National Advisory Coittee for Aeronsutics, Washington, D, Ce
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Charts are presented for computing thrust, fuel consumption, and other performance
values of a jJet-propulsion gystem consigting of a compressor, ccmbustion chamber, turbine,
and exhaust nozsle. Conclusions of the anslysis shoew that maximum thrust per mit nase
rate of alr flow occurs at a lower corpressor pressure ratio than minimum specific fael
congurpti end that inocrease in combustion chember dischargs temperature causes an in=
crease in However, an optimm chamber discharge temparature exists at which mini-
nun gpecifio fuel on is obtained and this temperature is somstimes less than the
limits imposed by the strength~temperature characteristics of used materials,
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SUMMARY Q\f |

% Convenlent cherts are presented for computing the thrust, fuel
congumpticn, and otlier nerformance values of a Jet-propulsion system
consisting of & cum-ressor, a cambusticn chamber, a turbine, end a
dischurge nozzle. Thesv charts take into accouat the effects of ranm
presaure, compressor pressure ratio, ratio of combustion-chamber
ocutlet temperature to atwmospheric temperature, ccmpressor efficlency,
turbine efflciency, coumbustion efflciency, dischurge-nozzle coeffi-
clent, losses in total preassure In tho inlet to the Jlet-propulsion
unit and in the combustion chamber, and variation in specific heats
with tenperature. Tue principal performance charts show clearly the
effects of the primary varisbles and correction charts provide the
effects of the secondary variasbles.

The performence of illustrative cases of Jet-propulsion systema
of this type is glven. It is shown that maximum thrust per unit mass
raute of air flcw occurs at a lowsr compressor pressure ratlio than
ninimum specific fuel consumption. The thrust per unit mass rate of
alr flow incrsases as the combustion-chamber discharge temperature
incroesca. For minimunm specific fuel consumption, however, an opti-
mur ccmbustion-chambor discharge temperaturs oxists, wiich in some
cagus may boe less than the limiting temperature imposed by the
strongth tenperature charucteristics of present materlals.

INTRCIUCTION

The Jot-propulsion system consisting of & compresscr, a ccrbus-
ticn chamber, & turbine, and a discharge nozzle, which is generally
knewn as the turbojot, 1s now under extensive dcvelopment for the
propulsion of high-speed airplancs. A simplified study of this Jet-
propulsion system in which gencral trends are shown has toen pro-
sonted In rofercnces 1 and €,




An analyeis was mnde of the performance of such a gystem at the
NACA Cleveland laboratory during 1944 for the purpose cf providing
convenient churts from which the performance of this system can be
qulickly and accurstely c¢dbtained for any glven set of operating con-
ditlons and system perameters. An attempt wee made to predict sccu-
rete values of actual verformance by the intreducticn of factors
that account fcr the change in phyaical preperties of the gas as 1t
nusses through the cycle and the effect of the change in mass by the
addition of fuel. The churts teke intc acconnt turblne efficieucy,
compresscr efficiency, combustion efficiency, discharge-nozzle
caef'f'fclent, lossea in totel pressure in the inlet duct and combus-
tlon cLember, ambient atmogpheric copditions, t'iignt velocity, com-
vressor preasure ratio, and combuaticn-chamber cutlet totel tempera-
turs. Thege variables sru grouped in a few almple charts frum which
thelr e1Tects cn performance can be readily obtained. The charis
and the analysia are presented horoin.

The pertformance of the subJect Jet-nropulsion system 1o given
for ssveral interesting cesea to Illuatrato some of the character-
‘atics -1 the srstem.

ANALYSIS

A dlagrun off the Jet-propalelon device undor discussicn is shown
In {gure 1. Alr is Inducted into the intake of the unit and dellv-
ored to the compresaor inlet, Part of thu dynunic premsurc of the
Tirce aly gtream s convorted into statlc prevasiru at the compressor
tnlot by tho diffusing weticon of the 1nlet duct. The alr is further
conpressed in passing through the compressor and is deliversd to the
corbustion chanber where fuel 1g injected and burned., The prcducts
f conbustion then pass through the turbliue nozzles and buckets where
an apprecinble drop in prossure occurs and finally are digcharged
roarwardly through the ¢ischarge rnozzle to provide thrust.

The variablea atfecting the perfcrmance are divided intuv a
rimary group snd a seccndury group. The variables of the primary
creuan are shown on the uvrincipal churts four determining the perform-
ance of the Jet-provulsion unit., The varlambles ¢f the secondary
greun are shown on an auxiliary chart for detemining & factor €
usually close tc unity, which alac appears as & var'able cn the prin-
2iral porformance cherta,

The primary grour of varicbles !ncludes:

{a) Comrressor efficiensy

.
¢

(b) Comareescr total-rrassure ratic p,/pl
[

-
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Burner efficiency 10,

Ratio of combustion-chamber outlet tctal temperature to
free atmospheric temperature T./T,

Turbine efficiency Nt
Afrplane velocity Vo

tmogpheric temperature To

Discharge-nczzle veloclty coefficient Cy, which includes
loases in the tail pipe following the turbine

secondury moup inciudes:

Drop in total pressure across the lnlet ducting caused by
friction and turbulence Apd

Drop in total pressure ucrosa the cumbuetion chamber ccused
by both the mechanicul obstruction of the burners and the
nmomentun increass of the guses durlng cmbustlen A‘ﬂ(,_ﬂ‘.’)

Effect of the difference between the plyaical properties of
hot exhaust gases durling the expansion nrocesses snd cold
air (The effect of change in agpecific heat of the gas

during the other processes is included in tre principal
charta.)

A churt is glven from which a factcr € can be uvbtained corre-
aponding to the values of the secondary group of variublea. This

tactor € appears in the parameters on the principal performance
charte,

The compregsor etfliciency 1 in this report is defined ag the
!sentropic work done in the compressor, including the ditference
between the kinetic energy of the alr at the compresaor cutlet and
at the compressor inlet, divided by the compressor shaft work. The
turbine e¢fficlency 9. as defined In thls report is the shef't work
divided by the differonce betwoun the isentropic work avalleblie in
expanding the gus from turbine inlet conditions to the static rruvs-
sure at turbine discharge and the klaetic vnergy of the gus at t}
turbine disclurge. It la enphasized that, in these definlitions &
compressor and turbine efficlencies, the kinetic vnergy of the pus
lenving the comprussor or turbine is not charged egulinast the regpec-
tive unit as an envrgy loas.
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The symbcls used solely in the derivatione cf performance equu-
tione are listed in appendix A. The significance of the symbole
appearing in the charts and in the subsequent discusaion are as
frnllows:

A ratioc of compressor pressure ratlo Pz/Pl to reference
pressure ratio (palpl)ref

a4, b, ¢ factors that measure effects produced by secondary
variubles

velocity ccefficisnt of discharge nozzle

net Jet tixuet, (1b)

fuel-air ratlc

lower heating velue of fucl, (Btu/1b)

mechanicel eguivalent of heut, 778 (f£t-lb/Btu)

rasa rate of alr flow, (slug/sec)

atmospheric free-air statlc pressure, (tb/aq f't abaolute)

total pressure ot comnressor inlet, (lb/ﬂq 't ubsolute)

totul prossure ut comuressasr outlet, (lb/sq ft abaolute)

drop in totul pressure ucross iulet duct, (1bfag ft)
ver-all drop (n tcotal pregsure across combuation
cranber duv to mochunical cbatruction of the burners
end momentum increase of geseo during combustion,
(1b/aq £t)

comrressor-ghart horsepower input

utmesnlieric temverature, (°R)

compressor~inlet total temperature (CR)

canpressor-outlet totel tempernture, (°R)

combust lon-chamber cutlet total tumperature

i)

sirplane velocity, (ft/sce)
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gms velocity at turbine discharge, (ft/sec)
Jet velocity, (ft/sec)

increase in jJet velocity due to effect of turbine-loss
reheat, (ft/sec)

weight flow of fuel, (1lb/hr)

retio of ram teuperature rise to free-air atmospheric

temperature, \'02/2 T 05e Tg

ratio of compressor power per unit mass rate of air
flow to enthalpy of air at temperature To,
550 B /J cpg M T,

ratio of spec.fic heats of alr

correction factor that accounts for cver-all effects
produced by secondary variables

canpressor efficiency
cfflciency of ccmbustion of fuel in combustion cherber

turbine efficlency

7a
e 558 7, 7D
(Py/Py) g = 'l(_r:?) Ml € 5

(v, /P.) aleso equal to the comi:ressor preassure ratio for naximum
2/ Y pef v

thrust per unit mass rate of alr flow when the rate of change of €
with conpressor pressurv ratio 1s negligible.

All veloclities are ax!al and all except V, are relative to the
unit.

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

In sue cases, when a large proessure dron occurs across the
finul Jet-discharge nozzle, re¢heat associated with the energy losues
in the turbine has an appreciable etffect on the Jet velocity. A
chart is given wherocby thu effect of rchewat on the jet velocity can
be readily deternined.
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DISCUSSICN COF CHARTS

Useful equations. - The net thrust of the Jet-propulsion device,
when tho offect of the fuel weight 1s neglected. is given by the
oquation

F=M (VJ - Vo) (1a)
When the effect of fuel weight 1e included, the thruet ie given by
F=M(Vy-V)+f MV, (1b)
The net thrust horsepowsr thp 1e givon by
thp = F V,./550 (2)

The compressor-ehaft horeeopower per slug per second of alr ile
expregsed as
)

Po/M = J cye T 2/550

(3)
= 5675 2 (T,/519)

The compreseor-inlet total tenperature is obtained from

'rl/'ro =1+Y (4)

The fucl coneunmption pur unit maes rate of air flow 1e given
in terms of the fusl-air ratio by the following relation

W./M = 115,920 £ (s)

By means of equations (1) to (5) and the curves «f figures 2 to 7
tho perforrmance of the turbojet engine and some associated quantitioas
of intereet can be readily determined. The curvee are given in a
form which shows the effecte of the important varisbles and enables

elther very accurate cumputatione or rapid but leas accurate compu-
tations to be made.

Curves for obtaining the flight Mach number, the valuee of Y,
and the campreesor-inlet total preesure for varioue valuee of thre

facter V, "'519/'1‘0 are shown in flgure 2. The compreesor-inlet
total termperature le obtained from the value of Y and equation (4).

The quantity qcz is plotted againet the compreseor total-
pressure ratio and Y in figure 3. The compreescr power (and lence
the turbine nower) is computed from equation (3) and the value of 2Z.

6
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The offoct of the variation in the specific keat of air during conm-
prossion is ncglocted in this plot, the eorror introduced Ueing less
than 1 percent for the range of compressor pressurc ratios shovn in
figure 3 and for comprossor inlet tcmporatures up to 550° R.

The value of
he valuo of (pp/py)

’ pletted against the facter

2
4 l s 1 o Py
NNy, € T_o (-1——+ T is also given in figure 3. The actual comprossor

pressure ratioc pg/pl divided by tho quantity (pz/pl)rof

the value of the factor A used in figure 4(a). This quantity
(PZ/Pl)ref is usoful in that it is oqual to the compicssor prcasurc

roatio for maximum thrust pcr unit mass rzcte of air flow Zor any

defines

X 2 T4 (/ 1 \2 $
glven valuo of 1NNy € ,I-t \TTY; ; 1f the rate of chanse of the
factor € with rcspect to a change in pressurc ratio is rogligible.
The factor € 13 cne which accounts for the effects of »reesure
losses in tho inlot duct to the systom, pressurec drep in thoe com-
bustion chamber, and the deviation from the value of the spocific
hoet of air at 519° R of tho spocific heats of the gases during the
oxpansion through the turbino and the nozzle. In a well designed
system the valuo of € 1is cleso te or siightly grocter than unity
ard doos not vary approcicbly with po/p;.

When the chenge in € with Pa/Pl is eppreciable, thon
(pz/pl) ¢ is lcoas than the comprosscr prossurc ratic giving moxi-
ro

mum thrust per unit mess reto of air flow; howover, oven in this
caso the thrust per unit mass rate of cir flow corresponding to
(pz/Pl)ref is genorally within 1 pcreent of the truo maximum, Henco

figure 3 permits & rapid approximation of the prossurc rctic for
moximum thrust por unit monss ratc of air flow.

Frcm tho loft-hand sot of curves of figurc 4(a), tle jet-voloclity
It 519 I

factor VJ 5 '\/’1‘— can be dotermined as o function of NNy € o
Cy [¢] T o
and the peramctor A or 1/A for zoro flight spocd. (Whon A is
lcess than unity, the veluc of l/A is used in reading velucs from
fig. 4(a).) The Jet-velocity factor cen be cbiained for airplene
volocitice other than zero by moving horizontally across the graph to
tho doeircd volocity curvo on the right-hand sot of curves cnd ticn
rooding the value on the lower ebscissa. The thrust can then bo
corputed from the value of V, ond oquation (la)., As proviously
mentioned, the velue of A 18 found by dividing thoe compressor

T
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pressure ratic pp/p; by the value of (PZ/Pl)rof obtained from

figure 3 correspending to the valucs of tho parametors 1,, Ny, €,
T4, Tg, and Y Deing investigated.

It is noted in figure 4(a) that for given valucs of Nesr Mo
Ty, and T,, if ¢ romains constant as pz/p; or A varies, then
the variation of jot velocity with pressure ratic occurs along the
T
constant nng chi line. In this casc, V; has a maximm valuo
(¢}

vhen A 1is oqual to unity, which occurs at a pressurc ratic cqual
to (pz/pl)rof. Actually, however, for a given unit as ps/p;

T
varies, the value of ¢ changes slightly and henco NNy, € "1‘1
o

changos, with the reosult that V; has a maximum valuc for a valuc
of p,/p, somewhat greator than (pg/pl)rof. It should also be
noted that (p2/pl)rof is changod by tho chengo in ¢ and this now
value must be usod in computing the new valuc of A whon pa/p; is
varied. In any cvont, the value of VJ corresponding to A =1 is
a close approximation te the jot volocity for maximum thrust per unit

mass rate of air flow M for a given set of velues of T4, T,, and
component efficioncics.

The losses in kinetic encrgy in the turbinc passagos appcar as
hoat cnergy in the gas lecaving the turbine. This cnorgy will be
termed "turbine-leoss rcheat.," If there is further oxpansion of the
gas in passing through the jot nozzlo (caused by a reduction in
static pressuro in passing from tho turbine oxit to tho jot-nozzle
oxit), a conversion of part of thc turbine-leoss rchoat to kinetic
onorgy occurs in the jot. If, however, the volocity at the turbine
exit is substantially cqual to tho final jot velocity, no furthor
oxpansion cccurs and no kinotic encrgy is rocovered from the turbine-
loss rchoat. The curves of figuro 4(a) corrospond to this casc.
The ratic of the incroasc in jot volocity to the finsl jot voloclty
AVJ/V j obtainod when tho volocity at tho turbino discharge Vg is

loss than the final jet volocity is shown in figurc 4(b).

Figuro 4(b) shows that AVy/Vy = 0 when CyV5/Vy = 1 for all
values of turbinc officiecncy. It is alsc notcd that AVJ /VJ
approaches O as turbinc officioncy approaches 1 for all valucs of
c,,vs/v 3 becausc the turbinc-less rcheat approaches O with incroaso
in turbinc officicncy.
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It is evident frum figure 4(b) that, for a given turbine effi-
cisncy, the smaller the ratic of cvvs/v,, the greater Ig the
recovery of turbine-loss rehea:. Decrease, in turbins-dlscharge
velcecity V5 is obtained by incroase in annular ares swept by th
turbine buckets. Bucket stress 1s one of the princigel limitaticns
on bucket height end thus on bucket-annulus area.

The comprezsor-outlet total temperature To plotted against
the factor T, (1 + Y + Z) I3 ghown in figure 5. Thias curvs

includss the variation in ths specific heat of the air during com-
pression and wag camputed using reference 3.

The fuel-air ratio fector nff is plotted in figurs 6 against
Ty - T, (the rise in total temperature in the combustion chamber)
for various values of T,. Thess curves were ccastructed using
unpublighed date baseld on “he latest available information on spe-
cific heats of air and oxkLuust-gas mixtwres and are for a fusl having
e lower heating value of 13,900 Btu per pcund ani a hydrogen-cerben
ratio of 0.185. For fusls having other values of h, the value of
f given in figure 6 is corrected accurately by multiplying it oy
the factor 18,9C0/h. The effect of the hydrogen-cerbon ratio of
the fuel on f i3 generally smali and for a range of hydrugen-curbon
ratioa from 0.16 to J.21 the error due to the deviaticn from the
value of 0,185 is lesas than one-nalf of 1 percent. The fuel ccn-
sumption per unit mases rate of air flow is obtained from the value
of f and equation (S).

The value of ¢, which takes care cf the effect of the second-
ary gronp of variables, is obtained from figure 7. The quantity €
is given by ths relation ¢ =1 -a -b +c, where a, b, and ¢
are given in figure 7. The effect of the drop in total presaur
acrcss the inlst duct Apy i3 ghown in figurs 7(a). The effsct of
the over-all drop in total pressure across the combustion cheumber
8P(z.4) 18 introduced in figure 7(b). Refer:cnce 4, which discussvs
combustion in a chamber of congtant {'low area, is uscful in evalu-
ating the mamentum-preassure drocp in the combustion chLamber. A
correction for the difference between thc vhysicel properties of the
hot gases and the cold air, invoived in tho coamputatlon of the
expansion processes through the turbine and the Jet nozzle iz given
in figure 7(c). Although ¢ does nct differ appreciably from unity,
a change in € of 1 percent in some cascs may introduce a change of
several percent in the thrust.

In the dfscussion of the charts, the effect o the wolght of
injected fucl wes not mentioned. It is shown in eppoendix C that
tho effect of tho welght of fucl on the Jet velocity can be taken
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‘ into nccount by uasing for the value of nt in the charts the product }
of the nctunl turbine efficiency nnd (1 + f£). This term appears in
T 2
4 i
}". s S e m— p
the fuctor n q, ¢ T, Q : Y) in figure 3 used in finding (P,/ l)ref
2 {
4 2
and & s =
.nd in the fuctors LI and VJ/chqt/Cv VSIQ/TO of fig
ure 4(a). The value of V, determined !s then used in equation (1b) i
which tnkos into account tho additioncl weight of fuel introduced.

As an excmple of the use of thoge figures,consider o system
Yiaving the folluwing performence and opercting paromoters:

o

1. Comrrossor offlclency f .+ o ¢ ¢ « + o o o o o o o o« « o 0.80
2. Turbine efflclency n, A i - S A 1 D B b o)
3. Combustion efficiency qf et Bt L R AT - e ey 2 O (]
4. Discharge-nozzle velecity coefficlent C_ . . PRl G AR S
§. Alrplane velocity V_ (I‘t/m:ac.) e ey T o)
6. Cumprossor total- prcaauru ratio nz/p i) AR e AR
7. Atmoschoric free-air static pregsure p, (1n: Had, o a i 2952

¢ 8. Atmoapherle tempercture To" (SR sy et i e o S S
9. Combustion-chumber cutlet total temperaturo T,, (°R) . . 1960

3 10. Drop in totul pressure ncross inlet duct Apd\ {in. Hg). . 0.5
11. Drcp in totel pressure across combugtion chambor

Ap(z_),(in.}{g) B T P T, P yer P LRG| T o 28 25
IR0 W 02 /0 o [ S oy e ta Ak e e AR b e ML B AOON)
(z) Dctermination of Y and flight Mach number
- From ftema 65 and A :
¥y
3. v ‘z’lg,(rt/suc) : PR BT SIS e ST o g X
Ve | é

From (tem 13 and figure 2
1Y Sy G I S e s ot Ml ST T S i G e s e e S AOSOREN

Mg F"gxtbhchr.mber................... C.656

:'-"'w,

(b) Determination of 7 and comprussor power

B

Using itume 6 und 14, road on figure 3

16. 2

T
5
.
5
o
-
(3]
o

e

:
I.r
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From items 16 and 1
A ) S A T PO e et (e et e e O P IS S R e P e o e e IR (0)

Using items 1/ and 3 in equation (3) the compressor power per unit
mas3 rate of air flow is

18. 2 /M, (np)/(slngfeee) . . . i v o lbn e e on s e SEES

(¢) Determination of fuel-alr ratic and fuel conauantion

From itema 8, 14, and 17
19. 7 (1+Y+12), (650 | vt s TS e e e S s 5
Using item 19 and flgure S

M UG YRRt (R R IR e

From items 20 and 9
BEC e e b G < h e e e

From items 21 and 9 and figure 6

zz.nrf..........................0.01372
Using items 22 and 3

. 0.01414

Since the lower heating value of the fuel 1as equal to 135,500 Btu per

pound (item 12), item 23 has to be multiplled by .he factcr -—L—':‘ ?‘ﬂ“
and the adjusted value is » 50

o et e B e A e R L L e e A . 0.01445
From item 24 and equation (5)
25, M /M, (1b/Mr) [(81ug/8eC), . ‘.o .\ feie b ohowos e sielih e s L1878

(d) Determination of thy fuctor e

From items 7, 10, and 11

26. And/a A St el e Vb i e e E e St
27.Ap(2_4)/n0..................

>3

Bt i il X
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vhile from items 14 and 16
?8.1’+ncz. S .
Using items 26, 28, and figure 7(a)
O gl RO Aot Al e o ol
Using items 27, 22, and fligure 7(b)
B Diavie ‘ NG

From Tlgure 2 and item 13
2 Pl + n’d

Sl 2l 8

i Pigue 7(c) gives

Fraan ltens

i L0086 - 004 +

(e) Determination of (p.,/pl) . and A
ral PN

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

'l’lt (1+Y)

Frem item 35 and figure 3
36. (v,/9,)
i (./-ruf

From ltema € and 36

(') Determination of Jet velocity, net thrust per unit mass

rate of alr flow, aud Cthe rJ_t_rur'.:m € _q (Lumh-“em




Using items 1, 2, 34, 9, and 8 T R A Y
38. n c o L] L] L] L[] L] L] L] L[] L] L] L] L] L] L] L] L ] L] e W @ L] L] L] 2‘787 . L] f:.
ch T : . e :
From items 38, 37, 13, and figure 4(a) the jet-velocity factor is . v

39, VJ Ec—gz «/,‘rs.—I‘—g, (ft/ﬂﬁc) e e e 0 0 0 0 o v o - * o o 0 1806 - - Bt .., L ._.. ey
ch ° - R - TS P

o,

and from items 39, 1, 2, 4, 80 8 . . .. o
GO.VJ, (ft/sec) ou.o'll.l.lt't.;.tl:t.l.l. 20“

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

AL P/, (10)/(E2UB/BEC) « « o o o o o o o o o o o 0 o oo 1311 . X

The thrust horsepower per unit mase rate of air flow is calculated _
from items 41, S, and equaiion (2) o Hn B

42. thp/M} (thp)/(ﬂluG/Bec) e s 0 o o o l. .. e o 0 0 o o 0 1747 _:.:1 ! :. RS . :. ‘;.‘-.u
. From 1tems 25 and 41 e
43. Wf/F, lb/hl‘)/(lb th.ruat) ) nn 0 O "‘=-.._=. . : r.- .. - 1.278 i ) )

and from items 25 and 42 AP U P ey e
“o wf/thpl (lb)/(thP'hr) * & 9 & o 9 0 0 ¢ 0 0 t l..t . .- 01959 - ‘ ;":'

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

.

Where more accurate results are desired, tho calsulations are
made taking into account the efiect of thn waight of fuel introduced
and the efract o turbire-loss rzhect, Tie effoct of tha fuel on
Jet velocity is hendled by using for the velue of 1fy the product a0,
of the turbine eff'iciency and (1 + f). Thkis will row be done for .. .,
the caso just considered. R

Fron items 24 and 35

2 S : San e . " Py
T . . 1 . iy R ) . S
45. ﬂcﬂtc.i,% (1—-}_—9 K ..: Tue e 6le e s sie o 20593 . ;-’ T
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Frca flgure 3 the corresponding

€. (P, /P R e im0 0 S T e e S T e s ()

4 (2/1)ref

Frcm itema € and 46

BT B = e Tt e A S s b et e M R e O S S oS )

Similarly accounting for fuel flow, item 38 becomes

48 E R.88Y
'“cnt‘To""""""""""""""

80 that from items 47, 48, and 13, and figure 4(a)

My [519
090 4 fted /;——, ey, SRR S A E e S
J C"‘3 To
v

Again teking into account the effect of fuel by adusting the
%, term

BOL YU HBRIBNET v v e e e 4 g e e e b U R s e
vhich differs frum ltem 40 by 1 porcent

The cffect of rcheat mey be important whoen n, is congsideradly
loss then unity and ths velocity abt turblne discharge is apprscliebly
legs thun the flaal Jet velocity. Let 1t be assumed in the examplo
bulng diecusscd that the turbine is designod to have a dlscharge
velocity of
51. Vg, (CE/see) oy -1 Skt G e s e S 0
Then from items 4, 50, and S1
o 0 ;
52. €, vs/vJ e L S AR e e e = 6 o R

From items 8, &, and 17
T4

3. ,i;:—z' S G S ot e i o i ik Rl flel e i) R CateN ) s illey i flc M ol R UL
From figurc 4(b) corresponding tc items 2, 52, end 53

54. AV s LS AT i I e e B A e I e S S .01
5 A\J/VJ 0.012

and from items 50 and 54

55. &Yy, e S R R R e ae

[v]
(3]




" Using items 55 and 50

56.Coz'rectedVJ,(f‘b/sec)..........-'..... 2090 .

Thus in this case, reheat provldes an additional 1 percent inorease : 3 I
- 1n the value of V. . R

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

57. FAI, (rb)/(BluB/BQC) e 8 o & 0 0 0 & 0 0 0 0 0 0 s 0 e 1357

aa . ,.. 2 courpared with 1311 where the effects of fuel and reheat were Lo
e . neglected. o
A From equation (2) and items 57 amd S _ I

58, ‘bhp/M, (thp)/(slug/sec) o 0 0 0 0 s o o o e'e o o 0 - ) me

and using items 25 and 57 Co T

59, We/F, (15/hr)/(11) « v o o W viein o b e 0 o n s 0 os Li236
L and items 25 and 58 give - ) .
. 60, “f/‘bhp, (1b/‘bhp-hr) e o 6 0 0 0 o .. e o 0 o . e o..o e« o 0,928 _. -

(h) Optimm thrust per unit mass flow of air

As previously pointed out, the value of V4I corresponding to
(palpl)ref is very close to tle value of Vy giving mexirmm thrust

per unit mass rate ol air flow, The corpressor pressure ratio “2/1’1
for maximm F/M 1is slightiy yreater than (1)-/T‘nl) of because of
the increase in € with presauro ratio. Tho valuo ¢ the maximm
F/M and the corresponding valuo of Pz/Pl can be cbtairod by com=
puting V, for a rango of values of pz/p; in “ho viainity of and
groator than (pz/p]_)“cf by the mothod previously illustrated for a
compressor prescure ratio of 6, Froma plot of Vy against py/py
the maximum value of V, (and hence TF/M) and tho corresponding
value of pz/pl can be read. This -omputation for thu previcusly

1llustrated caso was mado and tho rosults are prosented in the
following tablo.

-

The effect of the welght of fuel and the turbine-loss rochoat were
neglectod in calculating the valuos given in tho table. Since
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‘item 38 gave a value for (Pz/Pl)r,f of 4.5, the rangs of compressor

pressure ratios chosen atarted at this velue. In the calculation of
¢ the values cf Ap‘1 and 4p 2-1 were assumed to remain constant

at the values given in items 10 and 11, as p,/p; varied.

P € c'lt '.[‘0 Py A [_f_-:-‘\ / _1b )/ 1yhr ) l"lb/hr
ref \8ec,’ |.slug/sec/|\ siug/sec/ |\ 1b
4.511.021) 2.778 4,47 1.007; 2257 1324 1826 1.378%
4.611.021| £.776 4.47 1.02%8} 2957 1224 1810 1.367
4.8/1.022} 2.779 4.48 1,071} 2058 1325 1791 1.352
5.0|1.022% 2.779 4.48 |1.118]| 2056 1323 1770 1.338
6.0{1.025% 2.787 4.50 1.3331 2044 1311 167E 1.278

The teble shows the inorease in € with increase in pa/p;.

T
This causes an increase ‘n the value of 'chte-i.,i and the ccrrespend-
O

ing value of (np/py) .. The percentaze increase in A 1is slightly
rei
leas than the percentage increase in Pa/Pl because of the increage
in (pp/p;) o The maximum valus of F/M 1is 1325 as compared with
r

a value of F/M of 1324 obtained at a compressor pressure ratio of
4.5 vhich was the (pa/pl) ™ for the previous example (see item 36).

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

c ompressor presst'ire ratica from 4.5 to 5.0 that they were calculated
using the formulas given in the appendixes rather than using the
charts in order to detect the variation. It 18 noted that the true
optimum occurs at a p.‘./pl of about 4.8 which 1is abcut 7 percent
Breater than the p,/p; of 4.5. If a maximum valus of F/M 1is the
main design consideration, it is dcubtful that the additional compli-
cation to obtain the higher compressor vressure ratic is warranted
by the small increase in F/M cbtained. When fuel ccnsumption is
also an important consideration, the increase ln compressor preasure
ratio may be desirable as indicated by the values of Hf/F in the
table.

JET-PROPULSION-UNIT PERFORMANCE

For the 1llustration of the performance and same of the char-
acteristics of the subject Jet-propulsion aystsm, several cases of
interest will be discussed.
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' The following parameters are assumed:

Canpressor efficiency 1 . « « « + « o o o s s o o se o o 0.85
Turbine efficiency 1 1 S ¢ 1 ]
Discharge-nozzle velocity coefficiont Cyu o ¢ o oo ¢ o o o 0
Combustion efficiency U o o 0 o o o v s

Heating valuo of fuel h, (Btu/lb) . . . « ¢ « ¢ « « « « . 18,900
S T o)

These compresscr and turbine efficiencies are not unreasonably
high vhen it is considered that in the definition of efficlency in
this report the compressor and the turbine are credited with the
kinstic energy of the gases at the compressor and turbine exits,
respectively.

The computed turbojet perforumence in this illustrative case
includes the contributicn of the fuel welght.

The values of component efficlencies and ¢ for any given
turbojet engine vary with altitude and flight speed. In the present
computations, the component efficiencies ani ¢ were assuned con-
stant at the values listed; hence, tne illustrative curves represent
the performance of a serices of turbojet engines having the listed
characterigtics. One curve is also glven for a cace in which the
variation of € with comprussor pressure ratlo is considered.

When V, =0, T, = 518° R,figure 3 shows the rate of fuel con-
sumption per unit thrust and the static thrust per unit mass rete
of alr flow nlotted against the c:ompressor prassure ratio for various
values of the gas total temperzture at the crmbusiion-chamber exit.
It i1s noted that minimum spuciific fuel consumption occurs at a higher
compregssor pregsure ratio than maximum thrust. A curve for
Tq = 1960° R where the verieticn in ¢ with po/p; ls c.nsidered
is also shown In f'gure 8. For this curve, vaiuus of' 4rg/py = 0.04
and Ap(2_4) Py = .10 were chcsen and assumed to remain constant.
(For a given unit, however, 4p(p.4) Will alsc very with p2/p) ®0
that the dstermination of the actual veriaticn in ¢ with compressor
pressure ratio beccmes quite camplex.) It Is soon from figure 3 that
the value of campressor pressurc retlo for a maximum valuc of F/M
is greator for the cage wher: ¢ varles with prussure ratlc than four
thc case where ¢ 1s assumed constant; and that the peak value of
F/M for the first case 1s slightly higher than that for the seound
case,

Figure 9(a) 1s a replot of figure 8 and shcws compresscr prese
sure ratio and fuel consumption per unit thrust plctted agalnst
thrust por unit mass rate of air flow. Similer curves are presented
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in figures 9(d) and 9(c) for other combinations of atmospheric tem-

. perature and airplane velocity. A scale of gpecific fuel consump-

tion 1(.n)pcunds per thrust horsepowor-hour is added cn figures 9(d)
and 9(c).

The smount of air handled by & unit is limited by the dlemeter
of the unit. Whon high thrust pur unit mass rate of alr flow rather
than low specific fuel consumption ls tho primary consideration, 1t
is apparcnt from figzurv 9 that high combustion-chambur discharge
temporaturvs should be usud. High thrust is the mors important con-
gldoration In taks-off, climdb, and max!mum-spevd operation.

The curves of rigurc 9 show ’f:nat, with ne l:mivarion on coni-
pressor preussure ratio, higher thrust por unit mass rate of air flow
and lower spocific fucl consumption can bc obtainod by increasing
the combustion~chamber cutloet tomporaturo until tho valuc giving
minimum sp:cific fucl consumption is rvached., For figurvs 9(a),
9(b), and 9(c), this tomp.raturc is less 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 tomperature at the combustion-chamber outlet
is increasecd, a large increase in compressor prussure ratio is
required to maintain nearly minimum specific fuel consumption.

If the available compressor pressure ratio 1s limited, the
cambugtion-chumbor outlet temperature for minimun specific fuel con-
sumption is very sonsitive to the other operating conditions. For
oxenplu, at a limiting camprossor pressurc ratic of 4, minimn spe-
cific fuvl conswiption occurs at a temperaturc below tho lowest
valuug shown in figurc 9. If the linmiting comprussor prossure ratio
1s 8, tho combustion-chamber dischargy tonperstury for minimum spe-
cific fuel conswaption is still leogs than the lowcat tuzporature
shown in figure 9(c) for an atmospheric tempsrature of 412° R but
approaches an intermediate value of approximately 1710° R for an
atmospheric temperature of 519° R (fig. 9(b)). The optimun
combustion-gas temperature is also very sensitive to the efficilencies
of the componunts 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 velooity
for the conditions listed in thu figure for the following cases:

{a) Compressor preaéure ratic chogen to glve values of A =1

{b) Compressor pressure ratic chosen to give minimun specific
fuel conavption

18
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It is noted that the specific fuel consumption for caso (a) is
between 15 and 23 percent Ligher than for case (b) for airplane
velocities between 300 and 800 feet por second; the percontage dif-
ference in specific fuel consumption is greater at the lowur air-
plane velocities and at the lowor atmospheric temperaturas.

The thrust per unit mass rate of air flow ls between 21 and
31 percent highor for case (a) than for case (b) for airplanc veloc-
ities botwoen 300 and 800 fuut por sccond; the griat.r pircontage
difference in thrust por unit mass rate of air flow occurs at the
lower airplane velocities and the lower atmoapheric temperature.

Figure 10(b) shows the ccapressor pressure ratios and the
values of A that arc assuclated with thu purformance valucs glvon
in figure 10(a). The large increase in required pressurv ratio from
the condition of A = 1 to the condition of minimum spucific fuel
consumption ls noted.

CONCLUSIONS

The following conclusions are based on an anaslysis of a Jot-
propulsion systen comprising a compreassor, a conmbustion chamber, a
turbine, and a discharge nozsle:

1. Maximum thrust por unit mass ratc of alr flow occurs at a
lower compressor prossurcv ratio than minimum spocific fucl con-
sumption.

2. Incroaso in combustion-chambur dlaschargc timpurature causes
an increase in thrust. An optinum tumperuaturo, howovur, exists at
vhich ninimun specific fuel consumption is obtained. This tempera-
ture for minirum specific fuel consumption is at some conditions
less than the temperature limit imposed by the strength-temperature
characteristics of the materials of present Jot-propulsion unita.

Alrcraft Engine Reaearch Laboratory,
National Advisory Camittee for Asronautics,
Cleveland, Ohio.
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APPENDIX A
ADDITIONAL SYMBOLS USED IN THE DERIVATIONS OF PERFORMANCE EQJATIONS

Symbols used in the derivations of performance equations, in
addition tc those given in the report, are:

7a-1 Ya~l
A factor defined 1t z_E;ZE%__;W & A e
ractor ned as equal to or
- P2/P1 rer
op' ’ average aspecific heat at constant pressure of the exhaust

gases during the expansion process. Thls term, when used
with the temperature change accomvanying the expeansicn,
ives the change in enthalpy per unit mass,

Btu) /(slug)(°F)

8, average specii'ic heat at constant pressure of the gases

during the combustfon process. This term, when used with
the temperature change during cumbustion, s used to deter-
mine the fuel consumption. (Btu)/(siug)(”F)

Spa specific neat of air at constant pressure at a T, = 519° R,
7.73 (Buu)/(s1ug)(°F)

o".z specific heat of air at conatant pressure at compresacr

h outlet totai temperature. It is equal to the enthalpy per
unit mass {zero enthalpy erbitrarily fixed at absclute zero
temperature) d!vided by the tntal temperature.
(Btu)/(slug)(°F)

K, X&' ratios of functions expressed in terms of paysical properties -

of exhaust gas tc same functions expressed in terms of
physical properties «f cold air. These functiong are
described in appsndix C.

P total pressure at turbine inlet, (1b/sq ft absolute)
PS- . static pressure at turbine discharge, (1b/sq £t absoclute)
Pt turbine-shaft horsepower output

gas constant cof exheust gas, (ft-1b)/(slug)(°F)
gas constant of air, (ft-1b)/(slug){(°F)

Tss gas temperature at turbine dlscharge, (°R) . B
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M‘ul reheat due to net turbine loss, (°F)

vth vork obtainable from isentropic expansion of exhaust gms,
(£t-1b) /{slug) S

oy ratio of specific heats of exhaust gas
Pq 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 “cpc’ compressor

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

EQUATICNS FOR THE PERFORMAKCE FIGURES

y .. The equation numbers correspond tc thosc in the derivation given R I
“4in appendix C. . O

risuro 2 'Wh..:l.;if5‘.

S /519> SURTERERLE §
, _lY 27T opa T, chp, 519( (“) o

: Py + Apg 51 BT : .
T [ "E'T' 513 o‘\/ )} (cvo)
;.. .'  Flight Mach mmber .‘/( 5 L - 519( / ) 1)

l‘igure 3: ’

A . ,. - == o1 » o .
: " : e fi B by ‘::'_ pz nc z \a ! oy, i ey "t o L
SR D gy e (oey

o)

( ) [( T%_f 2 %ntc%

."liﬂrot(a):

Mg 519 [519
1/“‘ ,‘/ v,2 + 200 519E'c“t -—-@' )V"c"t T +1J

76-1 (057)

vhord A' = & Lo T e
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 where Gp 1s determined from unpublished data
Figure 7(a):
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APPENDIX C

" TERTVATION OF EQUATIONS FOR JKT VELOCITY, THRUST, THRUST
HORSEPOWER, FUEL CONSUMPTION, SPECIFIC FUEL

CONSUMPTION, AND MISCELLANEOUS EXPRESSIONS

From the momentum eguation the net Jet thrust, when the effect
d’ the mass of fuel i neglacted, is

F=M (v'j -v,) : (Cia)

and vhen the mass of fuel is included ' -
FaM(V,-V)+fMV, L ..»_(le)

The thrust horsepower devcloped by the Jot ia ' '

thp = F V_/550 B (c2)

Jet Velooity and Thrust

" Comsider the hypothetical case of a unit running wlth a com-
pressor efficiency of 100 percent but with a compressor-shaft powor
input oqual to 1 ® (that 1s, thu product of thu actual compressor
officivncy by tho actual shaft powor input). Aisc agsumv nc turblne
in the system and no burning (that 1s, the cumpresaor is cunsidored
to be driven by an cngine). The available Jet kinetic energy,
asguming nc lossus after the compressor but accounting for the losses
in the intakv system leading tn the compresscr, is

1 2 1 a Apy
FMV;% = 2 MVE + 550 q B --;—u (c3)

The following approximation is accurate for a wide range of
Ty ®d pp/p,.
73‘1

?,
1 2 o\‘
MY =MJ T 1 - =
L Rl °paz %21 (p2/
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. " Prom the conservation of energy,

By definition

them s "-;:' T

c
-pag -
cpa 21 "To" TS

Y uVE 23 00 T,

S B=SS0R /T opa MT e e

-2-‘-2—1'21-'1'" (1+Y+n,2) L

B . p . Py, o
T I .'Jl - ' 21+ "cf-——i—f g e {c9)
. . e : z Po Vo S0

Novw

Apy
1 2" p T
2P Y i

Apd/7a."]>2-’°

L&TO Apd(7 )
2
vQ
2 2 z _APa(7a
V‘u -Vo [1'.'“(:? ( )]

The compressor energy transferred tu the gas in th.s hypothet-

(c10) ~'

amd equation (C9) becomes

(c11)

'ical case is equal to the usefui eunerygy transferruvd tu the gas in

the actual case whure the shaft power input is P, and the compressor
efficiency is 1n_ . Thus, the c.mpressor-diechargu progsure p, ls

tho same In both cusss. Thu comprussor-discharg. tompurature for the
hypothetical casc Tp; diffors from the truc campressor-dischargc

temperaturc. When Vy; and Tp; arc uliminated from uquations (C4),
(c8), and (C1l), thc following relation is obtaincd:

25

. &,
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N 7a-1

' Po\ ‘@ 2 2 B8pa /7a-1\,

ZJO”TO (1+Y+'|° Z) 1-(»—;) =V, [1+1.|° f-i)-‘;— Ta ¥

' (c12)

vhich is used later to evaluate the compressor outlet pressure Py
By definition y

550 P.
% " — 21 Lo
?
Pse (1 +1) M Vg

(1+f)MJ°pT4 l-q 5

Now coneider the actual aystem with burning teking place and
turbine power being removed to drive the compressor. The Jet
velocity (when the effect of reheat due to the turbline loss, which

occurs in the further expansion of the gases from turbine-discharge
static pressure to atmospheric pressure, is neglected) is given by

2-1

Y4
Po 55C Py
vduﬂ‘. 2JOPT4 1-<—p4 -

T (C14)
sMa, (1 +1)

Yor simplification, the effect of the weight of the fuel 1ngected
w{ll be neglected by dropping the term I in equatlon (Cl4). The
effect of the presence of the fuel on the jJet velocity V; can be

taken intc account in the subsequent equations and charts fcr V
by ueing, for the value of g £ the product of the turbine effi-
clency and 1 + f, as the quantitios n, and f appear only as
the product n, (1 + £) in equation (012). Now

&z,

2=1 =1
7 Y
1 - 22) =1-(p_:> Q_-_.(__).Ap 2“)
Py P P3

When the last term of equation (C15) is expanded into a lerieé,

26 o S

(c1s) -
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G )

'i':for mal) 6P(g.4)/p2. Since only enough turbine power is removed
~ to drive the compressor

Py = Py (c17)

When equations (C15), (C16), and (C17) are substituted into

" oquation (Cl4),

'J -Cv ZJOPT4 1l -C-p—;)

- 2001 () (7_..\“’42-41 290 %o
p4 P
2 -Mqt

(ci8)

| | : T \Pg) /L-‘) P | ‘ -

oy . wL e
1,,271.'.1:‘%;‘_). . (c16)
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. .. Zquation (C22) can be written

(e S Rl LRSI FICTERAE
J-Vovcv € T T+Tvn, 2 "t (C24).. " S

" Wnen equatlion (C24) is substituted in equation (Cla) ST LR P

rg (147 (z/)] ¢z .

e -F-H(VJ-VO)-MVO Cv C.I.mnty'l (cz28) '
: " and equation (C6) 1s used in equation (C25) C Tt [ "':, o

| : T, (Y+n, 2) ' ]

r FlS = 2 4 e Ne 2 e ;
. u T_(, 2 d Opa 519 ‘J(;v € T—o (T+1+ Mo Z) Ccn“ (czs.) = e

. v / D L

Fuel Consumption

ool 5 (4 - T2)

U s T e

From the conservation of energy

Y L4

. _ Vo,© 550 P S
X I PPN -1 S

} :“ ) .y H .. : . . ¢ . . ] . c . . N 5 M . H
- e T T, =BT (Levez) o (C29)
o ' Pressure Ratic for Optimum Thrust
e . T,
. "+ Foragiven V,, T,, T4, TNe, TNt and Cy, neglecting the
' . change In ¢ due to a change in N % the maximum thrust per unit .
N mass rate of alr flow with respect tc compresscr power 1nput (or o
pressure ratic) is cobtalned when : o
. 1 I
‘ 29 : ‘
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2 C:
"‘( 3 s (c30)
o‘l+Y+'ch qcnt

from which

A 'I‘4
L+ ¥+ (Ng Z)per = Ne My € 7
o

Define A' by the relation

L+Y4+n,2
1]

=

L+Y 4+ (ng :)ref
g o
e

1+Y+7|c'7,=.1',\':]cqt:

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

Equation (C24) can be written

czc_g (1+ﬂc ’) )
VU To (14 Y+ 2)

When equaticn (C33) is used in oquation (C34),

P, S
i L,
s ik g e el EEE
NeNy, ( \.l.]' "l_e-[' i 9

(c3r)




o TR T LT NAGA ARR Mo, ESEL4 TR Y
T fem Yo Ty 1 Ty n
__VJ,\/% ?2 =J_Y LN eﬁ -CA' + A_'> chtc,r—o +1l+Y (c38)
- When equation (C6) is substituted' in equation (C36), ,
Sy °'"’ qlv'f-’z.r 519 c—-A+
SNV +ciCpa "c"t A MMy € T
(037)
lquution (C26) becomes in terms of A'
.‘E- 1[5 519 ’J:‘ntAchnt ’.[' A- A')1"\ 1, € '1' +1+Y.ﬁ
(c38)
S The fuel consumpticn per unit thrust is obtained from equa-
* 7" tions (C27) and (C38) and is
- . 3600 © T4 - Ta
“!'r 85 E e T
: i 1 !4
c“t‘f“" . '1' (A'+A_')‘J"cnt"r_(__ +1+Y =Y
(c39)
)  Evaluation of the Correction Fastor ¢ , .
" Prom equations (C12) end (C6) W
BT 7a") A1’(1 (74 ) o o
i, e
() 1+Y+qcz (060) o

RN
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When equation (C40) is used in equation (C23),

4pg 3 P2 7a Py \ 79.

75-1
= 1———— ——— K_Kl =
€ Po ( 7a ) zY + nc27 AId'/'y -1)
v/

Y+T]cu—5—

(C44)

P2

When equation (C40) ia used in eguation (C44) and th

’.pd /7_1-1‘)

1 b4
term in the numeratcr is neglected btecause it is amall ‘n compariscn
with unity,

¥y

8P(2.4) 2 - e

\ o
B \ ' / / 1 "L 1
= — ———— (ca5)
Y+ne 2 A1+'1(..'

When equations (C43) and (C45) ur> supatituted intc eguation (C42)

c=X (1 - » XK' b




s

g LR TR,
- .
- 1 - . <
He °
. .
= ]
o B . +
g 4.
3
. Deln i
P N . S S U gy B o~
- : 5 :

e .. DACA AR No. T6Ele . . -

. The terms K and K' are close to unity in value vhereas the

- values of a and b are amall in comparison with unity; therefore,
only a very small error is introduced by letting

. ¢=K-a-b : (cee)
Defining the quantity ¢ as '
c=K-1. _

Piy :

.'l_ " =.=I ! (c‘a) .

;.(cr'r). -

° .;.. . : .. o ' ‘" T ..: . . L. 'v:..
L K. th/R T4 -2 C o (ce9) .

T e 7a-1] R,

‘where the values of Wgn/R Ty are obtained fram reference 5. These

. ' values correspond to the required temperature T, and pressure
& ratio pp/p,. Therefors,

Wen/R T
th/® %4 R L (e
o Lo 7oL Ry ! e (050)
- \;.,.:z. %y =,::.>I . 73 " . 'x_:
N . LT . [ D 7 “yy, )
S @ket
R T a P2 :
. '-‘cmction for Reheat Accompanying Irreversibllity in the Turbine
The actual Jet velocity including the reheat in the turbine is
given by the equation '

Q
[
]

o ve - y _
I -L-vz-z.roprsg 1-@—‘:9 . {csn)




.. fiom which the following equation In torms of differentials is
~ bbtained: .
. =1

$58 /

. v 3037 ST
a;LéavJ:aJep - aTe, ,:(csg)

u v

Hhe__n_we'quat.ion (c51) is used in equation (C52),

. v a2 o I
, , ¢ Gy Tsa o i e
: " ' x.bx T
' . Tgy 1s the independent variable, therefore T T
ATSs = dTSB o .. "0

. 'Por small values of ATg, the following vquation is very -noa.i"l,y--
N tyuve: _
AV, = av, (c54)

: If those oxpressiong fcr (!.T55 and d.V are uged in equa- L
tion (c53) - Yo
“1 1 CyVs\ | ATsg : SR
Y=z (css) - . .
' ATg, 'is the amount of reheat and is equal to o
. ’ Lo X . 550 Pt ) : P o .
T AT, M'”("'t ) L ese) |

vhoroas the gas temperaturv at the turbins discharge -

5 . . 55(, P v 2 . . ."' o L
FETL . »

e When oguations (C6), (C7), and (C17) arv used in equa- ' C
t*ou (cs6) and (CS7), L
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c

2
/(m-v%YTo?E
/ Vﬁ“ P

and, when equations (CS&) and (C59) are substituted into equa-

tion (C35),
1 >“’]‘ e ( )
2 \V l ; -D \ o )

2

(Cs1)

The Vs2 Y/V,)2 Z term in the denciainator ls amell in comparison

with  (T4/To 2) (cp/cpe) - 1 end can be neglected, resulting in

Derivation of Miscellaneous Expressions

550 P,
(2) e 2 = Mg g

e MT cp T, (o5%)

where the compreasor power is accurately given for a wide range cf
campressor pressurs ratios and compressor inlet temperatures by the
relation

38
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~
7&'1 ]

MJcpe Ty (p_2\78. ) 1;
P/ |

T B8O n
c

Ty =T =T, (1 +Y)

vh
ST e
R dJcpa

When equations (C64) aund (C65) are used in equation (CE3),

(ce7)

into equetlon (C67),

(c) The ideal ram pressure ratlic is

7a
P + 'Bp‘l .J/ TL.)75.-1
P “\Th,

and when eguatiocns (C65) and (C6) are used in equation (CE9)

% ’e
) ol . - 7. -1
P + L&Dg 7. -1 | 1 S
o e (e T) A ,|-+,,—G 2194
P L h"hy‘a 519 .("\IT /‘1

(d) The Mach numbor a*t the ‘nlut to tko unit (or tho flight
Mach numboer) is

(c70)

36
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Flight Mach number = V./4/75 Rg To

(c71)

1 -
_V(?a-l)Jcpa 5196 '\/T > (c72)

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

2Jdc¢c
Flight Mach number = A2 3 epa T /\/’( )
'\[78. » 1o
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Charts are presented for computing thrust, fuel consumption, and other performance
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