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eperating pareneters. 5y this means the engine performance |
mggann“torw“unmuéumrcuh‘m‘dnt
insight in provided inte the shange of performance |
pozzible through change in the parsmsters, The
prinsisel performance ¢ eontains ul:mlmd
parameters, The eflect minor paremeters are

through & correction fector given in a eupplementary chart,




The primery group of varicbles ineludest
(a) Compresscr efficiemey 17,

(») Wumm'n{u
(¢) Burner effietensy 1,

¢) Ratic of combustioneshamber cutlet temperature
2 te free atmcspheric temporature :7: j‘

(o) m»m g
(£) Atrplane velooity V,
(8) Atmwepheric temperature %o

n coefticient which |
) muumm: the turbine

vﬁmMm:

An) in total pressure across mmmun.m
”gmmum Apg ;

(8) Drop in total mmuﬂumm
i - caused hmmmum
e - m" ﬂnmﬁuwu’ﬁomm
MA’M’

obtained
eorresponding to «Nmzwurmmw.
his fector émmﬁn”wcn principal
performance charts,

m symbols appesaring in the charts
and in the mm‘m“uml

A ratio of compressor pressure retic to
- Peference pressure ratic (pg/py) e

An effective exhaust nozzle ‘area, sq. ft.
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8y by © factors that measure offests prodused by secondary
'R vertables -

ouihworm.nhums’nl

'.N G‘v ry “O

i | Mm muun. (°l)

P T~

B
pihh ).lat) of turbine
yolosity mxmm ol dhm aonh
net thrust, (15) |
fuslesir ratio -
“ lower heating rql.u of fuel, (Btu/:ua)
mchn&nl cqu:vumt ot’ hoat. 778 (:t-»/mu) : |
| ratic atﬁuom muutnum
of air flow mn ot M canpresser . .
_ tip speed, P w
e & : mnnho:mmv ttlna/m) | |
Py ‘amu M statio wum. (Lb/utt
r e ”-t«n s-).‘ at mm mn, (h/n n
Y ':ummm &t :mw mut. m/u &6
Py | totad ynlm st harbine inlet, (1b/sq £t M)
bpg drop in totel pressure aeross tnlet éut. m:/u L)
. Ap over-all drop in totel ure meross combustion -
o bl ; mmu.anﬁ::'a»wuaumw :
tun ineresse of gases mm unbutum, SR
( 8q %) 5
Pae . Tk _L.um pressure at tmm mut
¥ . mm Mum imt |
*0 . ."tu)”n ' A
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compressor-inlet total temporature, (f’l)
compressor-outlet total tomperature, (°R)
combusticn-ghsmber outlet totel tempersture, (°R)

airplane veloeity, (ft/sec)

axisl ¢ of gas velocity at turdine discharge
(Nms ’

Jot welocity, (£t/se0)

inerease in jet velecity due to offect of turbines
loss rohncé, (r\/m;'

theoreticsl turbine mm Jot velosity eorrespending

to idesl expansion of ges from turbine inlet total
pressure qutm t¢ turbine ocutlet static
presaure, (£

m -,mmwammuum. g1

mmmttvm)
‘”‘M“M} (1v/my)
otr-mzwor&uumm

mmtmuhotnr
at temperature T ,

nuo-rmumuatur
eorrec mmtmummwrnu
'w&zwmmhs

wam.xu.mmm
ialst toi: tezperature and pressure $0 compressor
mﬁmmau“»mw

.qnuu- stage efficiency

,muzm;umuunmncmmm
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m:' efficiency, 1;;. t::”m ‘:x‘nrt power divided
1desl power ges expending
frox turdbine inlet
ummummm«m-um
g the kinetic power corresponding to
Wﬂnm:wﬁmmum
turbine exit, .

efficiency, L.¢+ tupbine shalt power divided
“nlmorﬂu t sxpending
3;». m%uwmm

umuatmmhmm
xﬁ}uu). L0, 5.=Mu0 0y = ))/m‘.

mm u standard sea level
ugm)f le0e Q. = 91 = Vmg ote.

(9g/Py)pus - [(t*? gy ¢ ,:Tw:”

mmmm-mm

The oquations
listed in sppendix 4 und are derived in reference 8.

dﬁ‘thm

LISCUSESICHE OF CHARTS

= The net thrust of the Jetepropulsion
ormmmtummuc.u

PEM(V, V) (2a)
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¥hen the effeet of M weight 1s m:.uu. the thrust is
given by

PoE(VymVo) THVy (1v)
The net 'mt horsepower thp is given by
thp 7 Vo/850 (®)

mmmsmwuum-mu
alyr is expressed as

T/t LV %y 'o z/e80
_ 5678 2 (7,./819) |
- . %he compresser-inlet total temperature is ebtalned from
| B/l 3, Y | (4)

mm::wtinn mtm-rm«mm-u
umam mmxwmwmmmmmm

(%)

t,/b 1 T e (M
B: means of equations (1) to (8) and the eurves of ﬂmu
2 %o 7 pu-tm.or the turbojet engine and some asso-
elated c uuu interest ean be uug).y determined, Ths

in a form which shows the effects of the
-wt veriables and enables sither very sccurste computes
tions or rapid but less mocurste mnum to be made.

Curves for obtaining m nun Kach number, the values
of X, mdmu.n totel pressure for vardcus
,vnuuorturum [T¢ &re shown in figure 8. The

mcm&nlot total Wm is obtained from the value eof

- The gquantity z is mtm unut ﬁn muv um- 4
ressure vablo ma ¥ 1n figws 5, e copresior yomr (mi
8 on .
vnlu of 24 The m& of the variation um I&Mu heat of alr
epa during mﬂum is a:glum n; this plot, -
troducad less than 1 percent for the rauge ssor
pressure ratics shown in figure 3 snd for compressor
“uzporatures up te 5850° R,

5
§



The value of (po/P))..p Plotted against the fector

’ﬂ.’ﬁté;t (‘-}."}' umoammtwms.‘mum

comprossor pressure ratic v./pl divided by the quantity
(Pg/Py)rer d8fines tho value of the facter A used in Cigure
4(a)s The fector € ascounts for the o:mu of sure

umu.nmmumuum in the
thovn.\ad'm
musmn: lorthoa ifie heats of the

!:nom mm&am&o yine and the noszle.
mzummwvuwor € is elose to or
slightly greater than unity,

iy mmmutormotnm“a).
Jotevoloolity fdetor V,\FE;EJ mumun
funotion of ﬁ.ﬁ_,'e mmom A or )/a @um
flight speed. A ulmﬁmmtx. n»mu- A
{a)
velocities o
the

n is um in figure 4(a) that for givea unu o: Tigs

g T, if € remains constent as
u-tu M \go variation of Jet velooity wi nm ratio

oscurs along the constant 1 1, € ;3 line, In this eass, Vy

has & maxismun value when 4 4 t¢ unity, which ocecurs
st a preossure retic egual to "1)1-01" Aotually, however,

for a given unit as po/py m&u,thovd\uu‘ € ghanges
slightly snd henoe " ¢ € !t chenges, with the result that
| | o »



'J has 3 maxismam value for a value of :,b;mmismm
than (pg/Pylpeps It Should also be nobed that (pe/p,) ...

‘18 changed by the chsnge in € and this new value must be used
in computing the now value of A vwhan p,/pl is vardied. In
any event, the value of :! corresponding o A = 1 is a close

- approximation to the jet vilooity for maxlimum thrust per unit
mass rate of alr flow K for a glven set of walues of T,,

Tor and component efficienciss., Similarly for a case m.a
"q. varies with p./p1 ‘eoneideration of flgures 3 and 4(m) show
that the maximum value of 'j maaﬁuvﬁnoofa somewhat

different from unity,

As an example of the use er figures l. 3, and 4(a) roa- A
rapid appraximate eomputation of the thrust per unit mass rate
of alr flow, F/M, consider.the following ease:’

Diecharge noszle velocity ecosfficient, C, Ue 90
Compressor orﬂumy. N i 0.88
Mh&m .rrhxmy. W o _ \ 6.!0
Turbine m«u temperature, T, %% | 2000
 Atwospheric temperature, T, °R 800
Alrplane veloeity, V., ft/sec 753
~co-prum muun ratio, p’/pl _ 4
Assume G = 1, then from th. abpvo qmtttuu
Y, VB19/%g » ft/ase | b e
Y (from figure #) ' 0,089
TgWg € T4/Ts - | 3.08
NaWe € !.ﬁ.um T .88
(Pg/Py) gp (from igure 8) - SR8
1/ 1.8
\/’_’ r (from rigure u.;). n/m 2000
ST n/m 2020



¥/ (equation 1(s)), 1v/(siug/see) 1267

Subsequent charts and discussion introduce corrections
that permit s high degree of ucourscy when desired, :

The losses in kinetic anergy in the turblne passages
appear -as heat energy the gas leaving the turbine. This
energy will be t:md tur::u—l:;; reheat,” m” th:n a.:l{n-
ther expansion of the gas in passing through the jet nos
(esused by s reduction in static pressure in pa from the
turbine exit to the jet-nessle exit), a sonversion of part of
the turbine-loss rsheat to kinetic energy occcurs in the jet.
I, bowever, the velocity at the turdine exit 1s substan 1ally
equal to the final jet velocity, no further sxpansion vecurs
and no kinetie energy is recoversd from the turbine-1o8s
-reheat. The curves of figure 4(a) correspond to this case.
The ratio of the increase in m veloaity to the final jet wel-
ocity -ﬂ‘: § obtained when veloeity at the turbine die~

‘oharge Vg 15 less than the final jet weloecity 1s shown in
. Pigure 4(b) shows that 8Vy/Ng= O when CVg/Vy = 1 ,
for all values of turbine efficisney., It is ale that

aV4/N 4 approsches 0 as turbine efficiency approaches 1 for
niux_ubaer ey

§/Vy decause the turbine-loss reheat spproaches
0 with increase L\ hgun efficlency. 2 _

It 1s evident from figure 4(d) that & given turbine
efflclency, the smsller the ratio of c,'3 V 40 'gl mnorhl: |
the recovery of turbine-loss reheat. Deerests in turbin %
discharge veloeity Vg 1s obtained by increase in annular area

swept by the turbine buckets. Bucket stress is one of the
yﬂngtnl lmitations on bucket height and thus on bucket-
snoulus ares, : o

The compressor-outlet total temperature T plotted
ageinst the feotor 7, ( figu
This curve inoludes tg- variation in the speeiric heat of the
air during compression and was computed using reference 7,

 The fuel-air ratlo fac lotted '
AL I e Bt 2 Gl

azalnst T, - 7, (the ri temperature ;
u-huuu‘ ch‘bcr) for various values of T,. These curves
were constructed using reference £ based on tho latest availe
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able Informsmtion on specific heats of alr and exhaust-gas
mixtures and are for & fusl having = lower heat value of
18,900 Btu per poundind a hydrogen-carbon ratio of 0,188,

Por fuele having other wvalues h, the value of f glven
in figure & corrected accurately by multiplying 1t the
factor 18,900, ~The effect of the hydrogen-carbdon ratio of
the fuel on £ 18 generally ssall and for a range of uarorn-
earbon ratios from C.,16 to O,21 the error due to the deviation
from the value of 0,185 is less than one-half of 1 percent,

The fuel consumption per unit mass rate of air flow is odtalned
from the value of £ and equation (85).

The walue of € , which takes cars of the effect of the
secondary group of variadles, is obtained from figure 7. The
quantity € 1s glven by the relation €= 1l - a =~ Db &+ ¢,
where a, b, and ¢ are given in figures 7. The effect of the
drop in total pressure across the inlet duct 8pg 4is shown
in figure 7(a). The effect of the over-all drop in total
pressure acroes the combustion chamber AP (2.4) is introduced

in figure 7(b). Reference 9, which discusses combustion in a
chamber of constant flow ares, is useful in evaluating the
momaen ssure drop in the combustion chamber, A correc—
tion for the difference between the physical properties of the
hot gases snd the cold air, involved in the computation of the
expansgion ases through the turdbine and the jet nozsle i1z

iven in ure 7(e)s Al € does not Aiffer appreciadbly
_ unity, a change in ¢ 1 percent in some cases may
introduce & change of several perecent in the thrust.

In the discusslon of the charts, the efrfect of the welight
of ected fuel was not mentioned, It is shown in appendix C
of re nee & that the effect of the welght of fuel on the jet
velocity can be taken into sccount by using for the value of
fg in the charts the product of the turbine efficlency and

(1 4 £)s This temn -»uqh the factor \q,eé(m)
in figure 3 used in finding (p ,1)’“, end in the factors

T 2
'3.'!.6'3 and Vg mony/C Y819/, of figure 4(a). The value
of ¥y determined is then used in equation (1b) which takes
into sccount the additionsl welght of fuel introduced.

As an example of the use of these figures, consider a

ly::u having the following performance and operating para-
moters;
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l. Ceupressor efficiency W'QQQOQOOOQOOOOQU”
B Turbine IfI0Lenty 7y o o o o6 5 ¢ 5 4 5. 5 s ¢ 000
S, Combustion officlenoy T « s o o s o o o o » o o » 097
4, Discharge-nozzle velooity ceefficient c' s s s s o0 008
Be mlmnmuyv,.(n/m).......... 733
8. Compressor totelepressure reto Po/Pi & s ¢ s s s+ 6

'?. Atmospheric free-alr static prossure  p., (ine Hg) « 29,9
Mlﬂmmﬁ” 'Ql (*B) s a5 400600 59
®s OCombustion-ghamber outlet totel temperature T4 .(°0) 1980
A0¢ Drop in tobal pressure asross inlet duet 4pg,

(08 HE) s v ¢ 0 s s s 2 s 0 s 0 s a0 s ons o 00
11, Drop in total pressure seross combustion chember

Ap( ‘“o") T R &
u.h.tl .o&.g...,.......g.'..n.m

m&mauo 3 |
* ‘W‘“)t.ti‘..oi...i...o ™

‘ mxmamnms

’.‘b' 0-91'0000

.. _."..‘..‘..ooouv
u.m“ DUAber « « o s o %% s s n 00686

'wmsmcmu.n«unma :
1"1‘53 V‘OQOGQOQOCQQDQOO00000000 0.720
From items 18 and 1

e o 4 8 85908660t t ss s e anwe 0,908

Using dtems 17 mahnﬂam (3) the mmmn
unit sase rate of alr Lflow ’0?'

M-P/i.(b)/(wud .0 R e U 5153 | )
From Ltems 8, 14, and 17 | '
u.!,(1+r-+:).(m~...-.f......-._...' 1085



- 13 -

Veing item 19 and figwe & , ok
Nofgo(oﬁ)'Qoncboocq§i‘_ojco.od.i."_w
Prom Ltems 20 and 9 (i Bl
llo'f‘-?,.(”) ooo.o..oo.-.toac-.”.-r o585
From items 91 and ¢ wnd figure 6 o
."“:f anoochopoogo.c.a'ﬁ-'}o"i{ﬂm'
Using 1tems 28 and 3 12 5k Mo, f
«ﬁn"f .."...“..‘;‘....‘..»‘ OM‘-::

8inee the lower xsuw? valus of the fuel is aqual n!m
Btu per pound (item u.smumuumupuu

"vt'utu- m and the “MN velue is

B4, T lOOCO00'0000!00.00QO..Q',’,Q-"‘!V‘.;_‘E.M.-:'

_‘-_mzmu m equatien (8) Wi
88 w,/-. B/ Sui/oe9) s 5.3 .

.
-
L4
-
-
-
-
-

Mim 7. 393 “ n ks
; 0:317

-

-

‘ A
w e '
™ e g

.

.

.

“G”J’g«topbtgcgoooo
"“P(H)h.OOQOOCOOQOQiOQQQOtt :9.10

while from ftems 14 and 18 |
“o!‘.’v -cci.oot’tt-.oiodcooo‘ov"Oéﬂ"
u-m xm “. 28, ﬁuﬁtm'ﬂﬁ

_“0‘ .0._‘0"’0"‘-060Q‘Qb.b"."0 00“
Using items 27, 58, and figure 7(b)

B0s Y s s s e s st r s e b e aie s D004
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mnm:mm-u

82..m...-..o...‘..ab....4.'..1;80.
'»uxuma,u.m_c '

s.oﬁ 0’900“000;_.-.000OCOQ‘OQIOOv.’x-..

-um; -t-n used with item § in figure 7(c) gives
u..........................,.'. Qe B8
Pros items 29, 30, snd 33 i

B4, €u1 e o008 = 008 +55088 s iuiih ik wh bovn ReORS
() vetermtnation of (pg/py)pee a0t & |

.ulha items 1, 2, 34, 9, a, and 14

el s xR

~ Pron item 35 and figure 3

"O‘,/’;)m!0..00000-»-000-000005!»"o”._
_mu—-emu | | b B g

37. l.oqoooc.op‘qgnoonoaau»nioooo:'o'.lom

ﬁrnLS&nr("mtn="r;
Bungalul. 2, 34, 9, u‘s

TI"'!’"” ""HSH’I

:”o %%6# t.ooioooooo'oooooooooo 2,787
non 1tems aa. 37, u. and figure 4(a) the J»-nxuu, factor

OV’VQ' “’ "n/m,ﬁ’Dtooooo.olQ 1806
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Q."’.(ﬁ/m)n-..o..........-... 2044

The net thrust unit mass rate of alr flow s obtalned from
Atens 40, 5, equation (la)

4. Plu, (1v)/lelug/ees) ....-'..-....---lm

The thrust horscpower per unit mess vate of alr flow 18 cal-
culated from Stems 41, 5, and equation (2)

e /S, CUIORIRAY 6 i b w iBde s o kv
From items 25 and 41 o | ‘

43, We/¥, (1v/hr)/(1b thrust) ............l.m-
and from items 85 and 42

. Bg/thp, (10)/(Uhp=te) .« v 4 s s s w s asu s OO

ho 'r”vn; Jecity snd Gwust 4

are more AcoUFAte Pesults are 86 the caleulstions
ars nade ing into account the effect of mm of
introduced uu the affest of Mrbm-lun M

nmmxn:amnumuuumr»mmn
of Mg the product of the turbine efflclency and (1 + f).

munmumwmmmsmmm

mamuauu
2

45. q‘n'é,i (r},) cres s e e e s 2,300
Prom figure 3 the sorresponding |
O ORI W BN S b
Prom Atems § and 46 :

T Tl e A B RN S e

Similarly sccounting for fuel flow, item 38 becomes
T : .
- 48, Q‘\ee B0 .5 4 8 % 8 8 8 48 s s s e s aeae 260
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80 that from im, 67. (I. and u. and figure #(a)
j |

\jg ﬂ(“/m) L R T c'.,' m

mi.n taking into gecount the orrut of fuel b: adjusting tho
b g

49, v,

”:VJ.(N“C)oosoo.coo-ooo-oobow
which @4ffers from item 40 by 1 p-ncnt '

The: effect of reheat way be mmc when n' ’u |

 considerably less than unity and the veloeit .{ st turbine 4&&-
charge is eppreciably less than the final jot veloeclisy,

uuumummnnmummmmmm 4

is designed to have a dlscharge velocity of _

8. 's.(ﬁ/m).....c............Z'M
‘When from items 4, 80, and 81 . AT
“oc"ﬂ: orlOQOOOOOO'&OlGQOO.DA,Qb“E

Prom itess 8, 9, and 17 - - 5 ,
58, r‘g ......................' 41
B Rigane 4(b) corresponding to items 2, 82, snd 83
64, AV:/‘IJ B e e e
snd from items 80 and 54 e

L T LSRRG S T R L
Using items 55 and 60 |

86, Corvected Vi (£4/200) « o« ¢ o 4 o a6 s s o 'sn m

Thus in this case, reheat provides an additional 1 m

inorease in the vulue of v,.

mtm»mmtmiunorwnu uwuiaodtnu
1tens 56, 5, and squation (1v)

57. ’h",l"‘wm_)iqvouoo;tooot.o"o,nm



mﬁthlmwhﬁmwnmlmmnm
Prom equation (2) and items 07 and 8

68, thp/i, (Shp)/(01ug/600) o o « ¢ o o i4 o ¢ o+ o u 1808
snd using thoms 95 and 57

6. u,/r.m/m/uw‘...............mu.
tnazmalndllaw ; ;

60, 'r/th’p‘l‘/W’-too.oo-ooooootOo'“

:n-nom.umn rxamms
mt»uwuun:m tmcnucmotm
charactaristics of the sud 30!:;'@101“ qotu. nunl
casas of monn -m be ssed,
The touetu; ’untm m um

0.88 :

(4 ssor Offiﬂm AR N S S PR R e S
m.’m ‘Qo‘.oocoo.:'.’. Q.50
‘Discharge-nossle velecity ceefficlent €y « o « & ¢+ 0,07
' Cm“m m‘m’ w LT g e ISR e e T
: lutiug 'lm of fuel h, ‘M" TR N 18,9000
€ocO.c.oO.ogoov’oooOo-o'bdo’ lom

. Yhese compres m and turbinre efficiencies are not unressen~
rdgh when it 18 conslidered that in the definition of :
otcm: in this report the compressor and the turbine are ,
erodited with the kinetie energy of the gases at the compressor
~and turbine exite, mcuuu. ;

' The computed turdojet performence in this tunomuv- case
Ancludes the mtﬂb-uu of the fuel umi.

" ohe waluss of m‘ of/iciencies and € for sny gtvou
turbojet angine vary with altitude and flight speed, In the
present computations, the component efficiencies and < were
assumed constant at ho values listed; hence, the illustrative
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mn represent the performen ' c¢e of a serles of turbojet engines
having the 1isted characteristies. Ome curve 1s also given for
- @ 0ase in which the varlation of € with compressor pressure
ratic 1s considered. o }

When Y, a0, ¥, = 513° R, figare B shows the rate of
fuel consumption per unit thrust and the static thrust per
unit mass r::o 'g’nh 1"101 plottad mat__. th:og?eum
pressure rsatio ‘warious values o _ _ temperature
at th‘;tum m;um exit, x: “h?:‘:.‘.l that minimum
specific consumption ogcurs at a Y COmPressor :
xmum ratio than am thruet per unit mass rate of clex‘lc'.

surve for !‘-- ; the variation in € with

Pg/P; 18 considered is also shown iu figure 8. Por this ourve,
veluss of Apa/Pe = 0,04 and 8P (p.4)/Po = 0220 were chosen and

. masumed to remain constant. (For s given unit, however,
4P(2-4) will aleo vary with po/p; so that the determination of

the actual variation in € with acompressor pressure ratio becomes

quite complex.) It is seeén from re B8 that the value of \

compréssor pressure ratio for & maximum velue of P/¥ 1s sreater

for the caee where € varles with pressure ratio than for the

~ ease where € 1s assumed constanty anc that the peak vilue

of P/M for the first case is elightly nigher than that for the
sacond care, ' : 5 ;

_ Plgure 9(a) is a replot of rizure 8 and shows compressor

. pressure ratlo and fuel consumption per unit thrust plotted A
against Shrust per unit mase rate of alr flow. Oimilsr curves
are presented in figures 9(b) and 9(¢) for other combinations of .
8 ic temperature airplane veloelty, A secsle of ‘ :
specilc fuel consumption in smal-pcr thrust Lorsepows r-hour

1s added on figures 9(b) and 0(ec), A | -

The amount of air handled by s unit is limited by the
dlametor of the unit, When high thrust per unit mass rete
of air flow rather than low specific fuel consumption ia the
primary consideration, 1t 1r apparent from figure © that high
combustion-chamber discharge ratures should be used,
‘thrust 1s the more important consideration in takke-ol'f,
¢llab, and maximum-speod operation. £

The curves of rigure ¢ show that, with no limitstion on

-
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compressor pressure ratio, higher thrust per unit mass rate of
ailr flow and lower l’ulﬁo fuel consumption can be cbtained

by increasing the combustion-chamber outlet temperature until
the value glvﬁ mi)ua m:%r%c ml “nu-::hn in '{CIM :
For figures 9(a), 2(b), and 9(c 8 temperature is less than
nng R, about lhb‘ n: and 1?10‘ Ry respectively, Purther
inerease in temperature. permits an increase in thrust at the
cost of increase in speslfic fuel consumption. As the gas temp-
erature at the combustion-chamber ocutlet is increased, a large
increase in compressor pressurs ratic {s reguired to maintaln
nearly minimum specifie fuel consumption, '

If the avallable ¢ essor pressure ratio 1s 1imited
the combustion-chamber outlet temperature for minimus moiru
fuel consumption is very sensitive to the other opsrating
conditions, For example, at & limiting campressor pressure
ratio of 4, minlmum epecific fusl consumption sccurs at &
tomperature below the lowest values shown in figure 9. If
~the limiting compressor pressure ratio is 8, the combustion-
chamber uuum ature for minimus speeific fuel con~
sumption is still less than the lowest temparature show:in
figure ©(c) for an atmospheric temperature of 412° R but ;
approaches an intermediate value of mately 1710° R for
8n atmospheriec temperature of 519° R (fig. $(b)). The optimm
combu 8t ion-gas temperature is also very sensitive to the
efficisncies of the components of the jet-propulsion units,

In figure 10(a) the specific rul consumption and the

Airsidey SoE iy T e stetta i) ek ektust
veloe or condit 1 :

for the following cases: e s ﬂ&m

o T W

(a) c?n;m pressure ratio chosen to give values of
- ; , ;

(b) Compressor pressure ratis chosen to ve minimum
speeific fuel consumption i

It is noted that the specific fuel consumption for case (a)
is between 1U and 23 percent higher thsn for case (b) for
airplane veloclities between 300 and 800 feut per second; the
percentage difference in specific fuel consumption 1s greater

at the lower 'plane veloclities and at
_ut_ml.‘u" : the lower stmospheric

The thrust ' unit mass rate of ailr flow 1z betwesn
and 31 percent higher for case (a) than for case (b) for ag-
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mmzuuummmmrusmmm;m
grestor percentage dilference in thrust wnit mass rate of
uvﬂnumnmlmtupunn ities and the lower

mrzma,ouuumummtmma»
efficiency mmmtn“mtnm-orm
sure mtoo A8 the desired pressure ratio is inoreased, how-
ever, it becomes inereasingly di'ficult to desipn the compressor
to mainteln a high efficiency and a reducticn ia compressor
mm«ur:wu .:::. mnd:uoanm::tumbh
compressor offied increaze sure ratic will
reduse the gains C-rI

m-mumwwmmmmwma
& turbojet sagine uﬁ;ﬂunwmnuw
pressor cach stage of mm.mnmorzm

»mmmmmo-uumr #(b) b
iy g el b el R B R R por
unit mass rete of sir flow, snd specific fuel conswption of the

mtm t pressure ratiocs The pressure ratio is
ineressed by 8 to the compressor. It is noted

that elthough the sefficlency per stage was held constant the
over all efficloncy decreases with incresse in
pressure rat At a pressure ratic of 5 the compressor
cruuuy is &5 percent, She valus used in the computation for
F 4 Dotted on figure 1l are owves taken fyom
1 mmwummmtmm shown,

!uu in pressure ratiosis more pronounced
“ Ohl m ,‘.
nmnmmumm-u. e ratio by
inoresse in the pumber of stagea, tmuﬁ:

uzﬁmomwnmmwom ¢ 4s obtalined
by an increase in rotaticnel spoed whieh, at huh rotetional
speeds, 1s wsually scccompaniod by & redustion in coxpresaor



efficiency. This om will be dlscussed in greater detail
later, : :

.~ The sffect of the Incresse in pressurs ratio on turbine
efficiency 18 a Mmore complex matter and will not dbe considered
~in detall here. An incredse in the nusber of turbins stages with
A constont pressure ratio end efficisncy per stage will result
in &n increase in over all turbine efficiency, There will be
& tandency, however, to design Zor incresused pressure ratic

por atage in additioa to inereasing the number of stages when
inereased over all pressure ratios are desired, in order to
economize on the size and weight of the turbine, Operation
at incresased pressure ratio per stage may result in some
reduction in turbine orrulmx.ggr stage which may ollset
geins obtained from the ilndresred numder of qtug:a‘ The not
affoct on the over-all turbine efficliency will depend on the
compromies between présiure ratlo per stage and number of stages

deolded upon,

. The points on the curves of fisures § %o 11 rolate to a
seried of turbojet engines im which the components are chunged
to provide the desirsd charactoristics at easch point, It is
of some interest to examine over a varlety of operating con- |
dltions the charactaristics of & Surbojet engine having a gilven
turbine and compresaor. e - ,

The performance charaeberistics of the engine will depend
on the perfermancs characteristics of the particular compressor,
combustion chamber, and turbine chosen, however, the essontisl
trenda ‘be brought out by a consideration of seversl ;
fllustrative cases. The cheracteristics of a typlesl turbine,
sentrifugal compressor, and axlal flow compressor will be shown
followed by plota of tﬁo performance characteristics of two _
turbojet ensines incorprating these componenta, ths {irat engine
utilizing the centrifugal compressor and the second utiliszing
the axial flow compressors The charasteristics of the component
to be discussed sre purely illustrative and are not to be ’
interpreted as Indicative of the best performance obtainsble,
The dlscussion will be simplified by neglecting the welghs of
fuel in considering the turbine ontput and by assuming that the
pressure drop through the combustor is preportional to the
combustor Inlet pressure. The errors introduced by these
- afmplifications are sufficiently small 20 as not %o influence
the basiec trends to be 1llust de  In the computation of the
performancs of the i{llustrative turbojet engines the following
parameters are assumed: i g A

Discha velocity coefficient 0' R 80 0."
Combu on effie : UP & o6 6. 5 6 6 860 0 60 4% 59 +96
h, 1890C

fénuagmuofm B TR TR

‘ . - s 0
OCC_QOOOOO..OQOC;OQQ B R N 1.00
. . ;
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Plgure 12 shows tho formance characteristics of =
typleal single stage turd of low reaction, The mass flow
of gas through the turbine im presented-in figure 12(a) by a

plot of u:/wvza‘ agalnst py/ps.. The values of the upper

‘sbsclssa V » corresponding to the values of p./pg, are
-obtained from the velocity s U VR uE s e
i oy (20 T |
My '\,’lfi‘ L T Ll —(" ) 4

The values of the ordinate }V./0, are obtained by tsking the
product of My/Fg/og and Vg/\/Bg. Above & pressurs ratic of 2,5
across the turbine the value of My /B3/64 18 constant (L,s.
chokling occurs at the turbine nossle).

The turdine effisiency 'n'v as shown in figure 12(d) is

principally a function of the turbine blasde to theoretlcal turbdine
Jot veloeity ’\'\‘V snd to a much lesser extent a function of |
the pressure I dm flow Reynolds number. The dlade

% 1z messured along the blade piteh ecircumference, The turbine
Jet veloclity ¥, 1s defined as the theorstical Jet velocity

dovaloped by :nf:l wl’ through the turbine nozsle
from turbine inlet total ¢ atwre and pressurs to turbine
dlscharge static pressure, Curves for v, are also shown in
figure 12(h), The turbine efficlency wy is defined as -

%.W ,‘ 8y

where l' n_ the mass flow of gas through the turbine und
nence § ¥,V; 1s the theoretical kinetis energy avallable
for work. : ' : '

In this definition the turbine is not credited with the
kinetic energy corresponding to the average axial velocity of
the gas at the turbine exit,

In compreasor u'uﬂ.u it is convenient to defind a
quantity K, (called the slip factor) as followe;



where U 4s the ommu:lﬁuaw ¥  4s the mass
‘rate of alr rlow threough the comprsssor.  The gquantity
K, for s contrifugal compressor 1s usually somownat less

than unity and doos not yvary appréelebly with change in .
operuting condivions, 5 2

In a turbojet engine the dmlm yevér iz equal to
the turbine power henee Irom ecuations (6) snd {7)

B T S SRR
(The aifference betwsen W nd ¥, has been neglected).
If B 1s defined as the ratis of the compressor tip speed
U to the turbine blade speed u and hence 48 & constaat
for any given turbojet engine, equation (£) becomes

| ‘e’z"'b(':'!j’“é Gl sk

Because 7y, 1s ;"mmumvwwuy of | uwhrg, the vilue of .
%/iy and hence my and my are detsrmined by the valus of
o+ VUhen Ke 1s known the valus of |ni/(u/V,) 1s evalusted
from equation (9), then using figure 12(b) the values of
/g, vge @md ny  ave found., For & compressor for whieh B
is neurly censtant {(for example the centrifugsl cosprassor ;
Fufie-and banes pnely Swisas Lo L oias 0 Jet e, -

entire operating range of the sniine | | :
| Plgure 13 shows the cenventional prosentation of performance
eurves for a ityplecal centrifugal e ssor, The coupressor
pressure ratic po/py, adiabatic eff oleney 7v,, and slip
factor K,, are plotted againet the mass flow facter

w8, /0, , for varisus values of the tip speed Caotor «UA/q.

increasing the tip speed Doth the pressure ratis and
mass [low can be incressed, the compressor efficiency, however,
- decreasing, At & gzlven tip speed a reduction in mase flow by
throttling the compresser ocutlet results in an inerease in
pressure ratio and afficiency ts peak values, Stalling of the
eompressor accompanied buwe g Of the flow ocecurs at =
mcuﬁ:' throttling at ¢ positions indicated by the dot-dashed
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: Over the oparating rangs or fb uqironor the value of
th? slip facter Ky varies betweon ,80 and 1.00, The sorpes—
ponéing turbine efficlencies obtained from figuve 12(%) and
ogu-uon (8) are shswn plotted in figure 13 for various values
of Koo The walue of Mg 1o substuntially constant over ihe
entire range of operation as shown in fioure 13.”

Dotted lines represénting constant Fatls of turbins tnlet
to compressor lnlet: rature r./rl are also shown in

figure 13. Thess linss are obtainsd as follows: ¥When the
difference betwsen & and Hy 1z neglected, |

b ik

Let r represent the ratio of the comdbustor presaure anp '
o the combustor inlet pressure, l.e, :

Dg=Ps = ¥ po
Py (eripy
or

Y S N, | , '
bt R T
WAt bligh rotor apeeds of the turbojet eniiné whave chok, |
of the flow at the turbine nozsle uoui’-i, :?n‘ valus of ’-58
My VB0, becomes eonstant, (For example in the reglon of
pressure ratios pg/pe, avove 2,° for the turbine shown in
figure 12(a)), When this value of BRg/04 1a substituted
into squation (10) and a Value 18 assumed for r 1t is poesible
fran this equation to compute the velue T,/%- for desired design
“values of 1 4nd pg/pi. In the oking zene the

value of W/, is not se easily determined and the more
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Mnmammmgmamum

peint 4n figure 13 is & possible cperating point
provided t the turbojet enzine 12 equipped with & varisble
area dischargs nossle, At any given rotative speed and
eompressor inlet W-m !1, ineressing the combustor
outlet t-pontm is equivalent to thretiling the
COmPTOBIOT,. uu‘u an increase in compresscr pressuwre
ratic and umumo efficiency unsil a pesk valuo is resched,
Exceseive combustor cutlot temperature will carry mnuoa
past peak sonditions to surging.

When the engine is provided with a fixed disoharge noxzle
then for any given ght Each number, cperation at any one tip
spead factor U/ 18 limited to one value of Tg/T4i PFlgure
13 shows for sn illustrative nosuls area A, the lines of <
operation at Y 2 0 and ¥ = 0,1 (the method used to detarmine
thase 1ines is deseridbed 1o Wl: C)le In the region of high
rotative speeds m Jot veloeity beconesd supersoniec ;
80 that the noszle is and the curves fon
various velues of ‘merge inte & slongle curve, For a constant
uuhu-  mostle drea 8t any glven valus of ¥ and ccupressor
inlet ereture Ty, 2a the combustion ochamber a1
to-ptrnwo T¢ 4s redused the compressor tilp spesd Gocrcases
and nuen &t a redusec eemomv pmm nuo must be

Ui

o mmummmt:uu J.mmum
unit mese rate of aiy tlov rum ¥/ s sné the speeific
fuel consumption facter s Of the tnwbejﬂ.

ngine
corresponding to the om:. m shm in figure 13 for values
of Y of O and 0.1; (1.0, flight Nech numbers of O eod
‘ 0'707 respectively).

The thrust factor end thrust per unit mass rate of ur
flow faotor are scen to ineresdse appreciably with ilucreasze in
To/Ti+ The tavust per unit mass pate of air flow factor for

a constent T remains almosi constant or deeresses with
inercase in T & This 15 a consequence of the reducbion ia
cumpressor efficlenty whieh offsets the elfsct of incrensed
pressure ratio pp/py when U/ V8] iz ineressed. The thrust
fector, however, inersases wpprecisbly with U/ because

of the attaud'uf inerease in the mass {low fastor, Every point
on this figure Cunmtbhmratm»utumm
is mvtm with a variable area &ﬂ nogsles A line of

- oonstant nossle area 1s aleco ahown in figure,



fhe lowest value of the specific fusl consumption factor
in ngm 14 1is obtained at oU/\/B; of about 1350 f£t/sec and
& T4/T; of about 8. When operation is limited to the conatant

discharge nozzle area line it is found that for Y € 0.1 (fig.
14(b)); the speeific fuel consumption fastor is increassing as
the value of 1T,/T, is decressing %o 3 (the minimum value of

Wo/P/8] ocourring at a T, /T, of sbout 5,7). Hence the .
desirability of a vearisble area discharge nozzle 1s apparent.

The occurence of minimum IM at an Antermediate

turbine inlet temperature was anticipated from figure 9. The
large reduction of compresser efficiency with inerease in
compressor tip speed at ths range of high U//B] (see fig. 18)
resulted in the location of the peolint of mintmumespeelfic fuel
consumption factor in the range of intermediate tip speeds.
For any given tip spesd factor it iz noted in figure 13 that
operation at T./T, of 5 ocours at a lower py/p; and lower
ne ‘than operation at T,/Ty of 4, If low specific fuel
consumption were the primary objective of the design, then

by shoosing a turbins of smaller poszle area it would be
pessible to wove the location of the T /T; =3 line in

figure 13 to the position of the W" line end
realize at T./T * 8 enoimprovement in specific fusl con-

sunption resulting from the inereased pressure ratic and
compressor efficiency, In this case opersation at the high
values of T4/7) will be displaced into the surge zone snd
some reduction in weximum thrust of the enzine will result,
Hence to obtain the ultimate in both specifiec fuel consunp-
tioa end thrust from & given sugine . variable turbine nozsle
area as well as & variable area disgharge nozzle would be
beneficial, : s

Plzure 15 shows the perlormance charscteristics of &
;plul axial flow compressor, Uomparison of figures 15 and
shows the difference in charscteristies between the axial
flow and centrifugal compresscrs, At high tip speeds opera-
tien at any given tip speed is limited te 2 much narrower
range of mass flow for the axial flow than for the centrifug d
flow compressor, Heunce, the turbine rflow area must be dosiixmc
with greater accurascy for the axial flow than for the centr
fugal compressor te obtaln & proper matech of turbine and
compressor echarsctoristics at the design point,

The curve ot compressor efficiency for a tip speed factor
of 990 ft/sec is almost constant over the limited range of
pressure ratios shown in figure 15 for this speed; that is over
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the pressures ratic renge from :.a te 3.1. Outside this pressure
ratic range the effficiency may drop sharply, The shapes of .
these curves sre very sensitive to the details of the com=
pressor design snd the blade nf.n cottings, The axial flow
compressor shows lses loss in effieliency than the cemtrifugal
compressor with inereasse in pressure ratic in the range shown.
The axial flow compresuor has the adventages over the single

staze centrifugel compresser in that it cea be designed for
any desired pressure ratic by providiag sufiloient stages to ,
insure good stags efrficiencies, Far the sentrifugal eompressor,
an inoresnse in pressurs ratic 1s obtained by an ineresse in

tip speed and hence velosities at the impeller exit which are

in the transonie. and superecnis ranges are eventually invelved,
This gives rise to the predlom of sffieiontly sonvurting mu
uloouiu into pressure in the diffusers

The vvnum of ths feector is mueh mn» for m e
_axial flow then for the centrifugal compressors At the high
$ip spesda, however, the viplation in K, for the axisl flow
- sompressor iz sufficlently limited in the interesting Wnn.
w 82 to provide neerly constant turbine ottu&m The
: ;rruuum cm in figure 15 were ob ;m W
‘figurs 12 snd equation (9) and relote %o a mhojot engine
- ineerporse ﬂu m::: and axial low aemprossor uha'nmuu e
w the .m ﬂ;& 15 r«pnu'uxy. £ ‘ o

_ mum ét tmtut for this enzine were m\sﬂ
-Lummrbnmdin-p B Irom the data of figures
. A% sad 15, The linaes &rm truzvo constant nossle arsa
- Ay wre 0“- ;

The thrust fastor, mo por unit mass rete of alr flow
factor, ead spedilic fuel consumption lastor,ars shown in
{izune 16 for the turbejet eagzine eorrespo to the data of
- figure 15, ‘The minimus vslus of the speocifiec 1 consumption
factor ia fizurs 16 is obteined at & velue of 0 N A
and occurs at the highest tip speed factor showa,. faot that
mpcum- eflficieney does not fall off with inorease in tip

in th. mo mtubutn toc the cecourance ol '
-nl-u ‘&b the high \/li. 1t should be noted thn
the mm-muzn {low compressor do not cover as
& vange of pressure vatics as the curves for the gentri
msw, figures 13 and 10.
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Plgures 13 snd 14 or 18 and 18 for a turbe ¢ engine with
8 constant disoharge nossle sres indicute that for a tant
flight Heoh number (constant velue of ¥) the factors 7 Sy0

N8/ 0 PR, 2y/T), wmd Wo/P BT, esch should plot as &
single surve sgainst U/\A], regardless of the altitude of
operation (1.0, regerdless of stmos 16 pressure and
temperature), "mis 1s found to be in prastice except
for the specific fusl consumption faetors In this case, the
assumptions of a econstant combustion efficiency and a given
specills heat of gases during sombustion for =« given T./%,,

do mot held in sotual operation,

of optimum sharasteristics, it was
hoped, however, that the discussion of these illustrative
engines would provide some insight inte the menner in which
the performance churacteristies of the components influenced
mm:mcrmm,mdmmhtmdm. ~
- basic charseteristics sad limitations of this type of engine,



APPENDIX A

EQUATIONS FOR THE PERFORMANCE FIGURES

The equation numbers correspond to those in the deriva-
tion given in appendix C, rofonm 6.

Figure 2:
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Figure 4(a)s — g
fiasicah e R 5 |
"\j&gﬁ!' ~chi gl ”‘n“'[%'he;.:.-(u .H@, 1J 8

(c37)
| N
where A' = A Ta
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Figure §5;

c
’g-;% To (1 + Y + 2)

Pigure 6;
j (T4 ~Tg)
: Mph. » g
where ‘i, is determined from reference 8

Plgure 7(c):
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where values of Wy, /RT, are ob

tained &ﬁ reference 10.

(cs2)
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{e27)
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Symbols used in these equaticn: in addition to those
given in the paper are?

c : average lpoolﬂo heat at constant mnm of the

o mtmmwon’mxvmm. T™is
un.mwu the temperature change .
m uam mha.u.mmow

unit mas
o) m«ﬁgt A,

{
fi¢ heoat at constant sure of the
m u-butun m”:: This term,
tun W M&u
-mnn. u ma to

consumption, (lts)/ (aluc) (°r)

']
mum ig ..G’.;:r‘;:‘ m:m“‘nsm at “ :

f-’ouru uu of u: at uuuut mnu}'c:’ o

hmuhzy‘:’mtm (zere snthalpy

arbltraril lute sero temperature g

diyided by the total bamperature, (Btu)/(slug )

ges omﬂnt of exhaust zes, (th:ﬂ’(n\m) (") ‘
aas senstent of air, (ﬂ-u)/(nu)(”) i

Mmchtm,thn/n

:i g

b



APPENDIX B

m ’rono-m is & prosedure for plotting iines of
sonstent T,/T; on compresscr characteristic ourves such
as figure 13 for a gim turtcjet engine,

fteuation (8) may be writtem

«3 e
*.'I;’iis‘ ﬂé;&-h | A

~“When t/tl is eliminated between umuons uo) sad (11)
the:o Mult

r e =5 ¢ () -’l!-!S-JF (ni

‘The method of uging Nuluon (12) ¢o obcu.n the sonstant

."4/'1‘1 dines will be Illustreted for ihe mbo}ot engine um &
= Mn cm» 50 N S0

g - Mnc.”maumun;vnnu U/\/ii
r./v; tnwznmnmu‘l‘/!; 1s desirsd. |

Road the corresponding values of W1/6), K,, wnd
.anmvd\uat Mg Mttw-m :

3, Corresponding tv the spproximate velus of T, plek

sn spproximate velue of ", from figurs 12 and compute an
approximate value of u/Vy, from equaticn (9).

4. For & given wveiue of r compute the spproximate value
of W V. /o, rmm.uoa (m. .

B+ Read from figurs 12(s) the value V./\/—l; ecorrsspond-
ing to the velues of M.V, /A, and w/¥y previcusly obtsined
end from the Ssme [igure resd t‘visz‘.

6. Compute T,/T) fvom equation (10)s This 1s & firvst
spproximaticn w ia uut ¢ases 18 sulficiently accurate,

7+ To svaluate a seoond spproximation of !‘/!1 first
cmunmvﬁﬂor W/ Vg from the Mty
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APPENDIX C

The following ie the method for losating m opera
lines of a turbojet engine with & constant exhsau
nossle area, such as are shown figure 13. '

The jet m,..wn
{ o / ReT | 3

'J =0 Jl"‘, "él'\p‘/f » e

where T is the total emnm at zmm discharge, °R

Py u.su total préssure at turbine discharge,
' et ok o4 (1b/cq re tbnluto) :

) 0%

ff. 'u“ %3 2 T B 1 i el AT NOR S
AV B M e
_‘*' .0 \\/ ‘30 819 L} =\ Ps ;;“ " L % |
The mass nn Mm the Mt noszle am h
unuud e P

’6

R

where u :ho Wuen a-nsu at turbine discharge, .
- . 4 (nu;u/oa ﬁ) o

Ny /B g\ ¥l o R R
S e (B yes DA

This equation is used until the oriticsl pressurs ratio 1s

~ reached, The value of the mass au factor remains constant
thereafter a8 po/pgy becomes less than the eriticsl pressure
ratio. Y ,

Prom energy considerations

3 4 .
Ty = Ty = ";'t

p
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from whish

.:.E Pt g}"u (7,*_;)! ' . am

m:.evmoiwrum
itis g G B
V4 B AV Y
which whe: us the definition for Y (see symbols)
‘and squaticn (4) becomes . '

v :
The prosedure for determining the design point nozzle area
and the loous of the constent nozsle area curve is cutlined
below and illustrated for the omse of & turbojet engine with a
centrifugal compressor operating at Y = 0,1, -

1, ‘Gmupouin; ‘to the «-n-u niup nhﬁ.ﬁu« from
& consideration of figures 13 and 14, read the values of pg/p,,
U/ VBT » T4/Tys ¥ /Y [S1y Koy end an epproximete velue of 7y

from figure 13, and the value of F/¥ /8] from rigure 14(b).

2. Correspending to the spproximate value of ", plek
an approximate valus of " from figure 12(b) and compute an
epproximate value of w/V, from equation (9).

. 8. Por a given value of the ratic of combustor pressure
drop to combus inlet preasure, »r, ccmpute the spproximate
value of My V,/Ss from equation (12),

¢, Read from figurs 12(a) the value of ¥¢/\/B7
corresponding te the values of M V./S§; and ¢ Previously
obtained, 3

6 Prom Ve/\/84 4 oaleulate €5/6, using equation (16).

6. Caleulate Vg/\/B] using the values of B/k /B,
and ¥ 4n equation (28)s



7. Prom the identity

Far. ,”ﬁ
Vo3 ACHHE T, TVE .
caloulate Vjy/ /@5 . Using this valus in equation (13)
dete mine polpa. '
8+ Using the value of pa/p5 in equation (14) detemmine the
mass flow factor %3_.. 4 |5 « If the velue of polps is less
a. 1% :

than the cwitical pmessure ratioc, then the seme value of +T:
: n
as occurs at the cwitical pressure ratic is used, :

9., Assuming e rem pressure loss, the velue of pl/po is

10 A, 1is then calculated from the identity

Once the design area has thus been found, the etional
peints of the engine with this constant exhaust noszle area
A, have to be determined at other rotational speeds, At any

given U/\/8] the exhaust nozzle ereas required for several

operating points ere determined by the method just outlined.
The operating point corresponding to the design A, at this

given U/ /87 , is then determined by interpolation. Tnis
process is repeated for a sufficient range of values of U/ /@y ,
end the line of constent A4, located.

To obtain the operating line of constant A, for another
flight speed the procedure is repeated using the new value for Y.

It 1is noted that the difference between M and M; was
neglected in this procedurs.
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