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Performance charts for a Jet-proTulolon system consisting of • conpr«isaor, a 
ceabustion chanber, and a turbina 

Rational Advisory Corritte? for Aeronautics, Washington, D. C. 

C.S. *«*;• Reatr.  Jir.'!" 53 diajr, ^aphs 

Charts aro presented for eonpuUn^ thrust, facl consuaption, and ether performance 
values of a Jet-propulsion ay stem consicttrs of a ooapressor, ceabustion chamber, turbine, 
and exhaust nozzle. Conclusions of the analysis show that maadaura thrust per unit iw 
rate of air flow occurs at a lower ovpressor pressure ratio than ninlaua specific fuel 
conewptton, and that increase In combustion chamber discharge tcnpenkrso causes an in* 
creaae in thrust. However, an optima chamber diioharge tweparature exists at which mini- 
mum specific fuel oonaumption la obtained and thia temperature is sn»st1 mas lass than the 
limits iapoaed by the atrength-taaporaturo charaoterietlos of normally used materials. 

NOTEi Bequests for copies of this report must be addressed tot K.A.C.A., Washington, D.C. 
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PERFORMANCE CHARTS FOR A JET'-PROPULSION SYSTEM CONSISTING 05 A 

COMPRESSOR, A COMBUSTION CHAMBER, AND A TURBINE 

By Benjamin P:nkel and Irving M. Karp 

SUMMARY ff*>J 
U  Convenient charts are presented fa* computing the thrust, fuel 

consumption., ar.l other performance values of a Jet-propulsion system 
consisting cf u otaemitt, a combustion chamber, a turbine, and a 
d ischorge nozzle. These charts take Into account the effects of ran 
pressure, compressor pressure ratio, ratio of combustion-chamber 
outlet temperature to atmospheric temperature, compressor efficiency, 
turbine efficiency, combustion efficiency, discharge -nozzle coeffi- 
cient, losses .'.n total pressure In the Inlet to the Jet-propulsion 
unit and In the combustion chamber, and variation in specific heats 
with temperature. The principal performance charts show clearly the 
effects of the primary variables and correction charts provide the ^ 
effects of the secondary variables. ' 

The performance of illustrative cases of Jet-propulsion systems 
of this type is g'ven. It is shown that maximum thrust per unit mass 
rute of air flow occurs at a lower compressor pressure ratio than 
minimum specific fuel consumption. The thrust per unit mass rate of 
a!r flow incraases as the combustion-chamber discharge temperature 
increases. For minimum specific fuel consumption, however, an opti- 
mum crmbustion-chamber discharge temperature uxist3, which in some 
canes may be l.;ss tnan the limiting temperature imposed by the 
strength temperature characteristics of present materials. 

INTRODUCTION 

The Jet-propulsion system consisting of a compressor, a combus- 
tion chamber, a turbine, and a discharge nozzle, which is generally 
known as th. turb )Jot, Is now undi-r axtenalf* development for the 
propulsion of high-speed airplanes. A simplified study of this Jet- 
propulsion system in which general trends are shown has been pre- 
sented in references 1 and Z, 

RiSBTRiaTCD 
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An analysis was made of the porfonaance cf nob a system at the 
HACA Cleveland laborator:.  during 1944 for the purpose cf provld.n#» 
convenient charts from which the performance of this aj stem can be 
quickly and accurately obtained for any given art of operating con- 
ditions and system parameters.    An attempt was made to predict accu- 
rate values of actual performance by the introduction of factors 
that account, fcr the change in physical properties of the gar? an  It 
masses through the cycle and the effect of  the change in mass by the 
addition of fuel.    The Oharta take into account turbine efficiency, 
compressor efficiency, combustion efficiency, dischar^je-nozzle 
30Sffloisnt,  losses  in total  pressure in the inlet duct and comhus- 
t'.:::\ ohwubcr,  azab last rvtmospheric  sao&ltlcOS,  t'i'Rht velocity,  co:a- 
r>rosso,r pressure ratio,  a;id combustion-chamber outlst totel  tempera- 
ture,    These variables aro grouped in a few simple charts frca vhich 
their effects on performance can be readily obtained.    The charts 
and the analysis are presented h-.reln. 

Tbo porfornaaae of the subject .jut-propulsion system la £A\oa 
for seYorsl interesting cases to Illustrate s>vao of tiio char.icter- 
stlcs    f the system. 

AEALYSIS 

A dlasirum Of the Jet-propulsion device under discussion is shown 
In :"1gurc i. A'r la Inducted into the intake of the unit and dt iiv- 
ered to tho compressor inlet. Part of tho dynamic pressure of tho 
fr a air stream is ocavorted Into static proas ire at the compressor 
Inlet b; the diffusing action of tho lnlot duct. The air is further 
compressed in passing through tho compressor and '.a delivered to tho 
O'ff.bustion char.ber where fuel is injected and burned. The products 
'if c i:.bustlon then pass through the turbine nozzles and buckets whore 
an appreciable drag in pressure occurs and finally are dlachurfyd 
rearward ly through the discharge nozzle to provide thrust. 

The variables affecting the perf'.rmar.ee are divided into a 
irlmary croup end a nec-.ndury group. The variables of the primary 
group are shorn on the principal oharta for determining the perfi.rm- 
ar.ee of the Jet-propulsion unit. The valuables of the secondary 
group are shown on an auxiliary chart for determining a factor c 
usually close to unity, which also appears as a var'ablo on the prin- 
cipal THTforr.ancd charts'. 

The pr:mary group of variables includes: 

(a) Compressor efficiency r\ 
a 

(b) Conpreascar total-pressure ratio   Vn/v-i 

•   ' -1 
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(c) Burner efficiency    r\ 

(d) Ratio of combust l-.n-chamber outlet total temperature to 
free atmospheric temperature T^/T,-, 

(e) Turbine efficiency T)t 

(f) Airplane velocity V 

(g) Atmospheric temperature T o 

(h) Discharge-nczzle velocity coefficient   Cy,    which includes 
losses  in the tail oipe following the turbine 

The secondary tfroup includes: 

(a) Drop in total pressure BSTOM the  lalst dusting caused by 
frjctlon and turbulence    Apd 

(b) Drop  in total pressure across the ctsabuet..on chamber caused 
by both the mechanlc-.il obstruction of  the burners and tLo 
momentum increuse of the gases durint; ooBbuation 

**<*-*) 

(c) Effect of the difference between the plv.iical properties cf 
hot exhaust gases during the expansion ^rjcossea and oc&d 
air (The effect of change in specific heat of tht* gas 
during the other processes is Included tn tne principal 
charts.) 

A chart is p'.ven from which a factor e can be obtained corre- 
sponding to the values of the secondary croup of variables. This 
factor c appears In the parameters on the principal performance 
charts. 

The compressor efficiency n  in this report i3 defined as the 
c 

.'sentrcpic work done In the oompross'-r, including the difference 
between the kinutic energy of th<5 air at the compressor outlet and 
at the compressor inlet, divided by the compressor shaft work. The 
turbine efficiency i\.     as defined In this report is the shaft w rk 
divided by the difference between the launtrcpic work available- In 
•;xnand1n,-» the gas from turbine Inlet conditions to the static jr-;i- 
surt'; at turbine d aehurgo and the klaetic uncrcy oi the gas at the 
turbine discharge. It is emphasized that, In these definitions £ 
compressor and turbine efficiencies, the kinetic energy of the gas 
leaving the compressor or turbine is not charged against the r» so. c- 
tive unit as an eni-rgy loss. 

T. W" 
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The symbols U8ed solely in the derivations of performance equa- 
tions fu-a lasted  i.n appendix A.    The siffiifl.car.ee of the symbols 
appearing in the charts and  in the subsequent. AlsoUMion are as 
follova: 

A 

a, b, c 

Cv 

F 

f 

h 

J 

M 

Po 

•i 

P2 

Apd 

*P(2-4) 

ratio of conpressjr pressure ratio ^/^l to *•£••••»• 
pressure ratio ^zfiO-rnr 

factors tlat measure effects produced bj secondary 
variables 

velocity coefficient of discharge n zzle 

net Jet thrust, (lb) 

fuel-air ratio 

lower heatinp value of fuel,   (Btu/ib) 

mechanical equivalent of heat,  778 (ft-lb/Btu) 

nass pate of air flow, (slug/ate) 

atmospheric free-air static pressure,   (Ib/sq ft absolute) 

total pressure at compressor Inlet,  (lb/aq ft absolute) 

total pressure ut ooapressor outlet, (lb/sq ft absolute) 

drjp  In total pressure acroas Lnlet duct,   (ib/uq ft) 

over-all dr> p In trtai pressure- acrcss combustion 
chamber duu to mechanical obstruction of the burners 
and momentum increase of gaoea during combustion, 
(Ib/nq. ft) 

ooopreaaor-Bhaft horsepower input 

atmcsnherlc temperature,   (°h) 

ecnproaaor-lnlet total temperature    (°H) 

compross-r-outlet total temperature,   (°8) 

combust I on-chamber outlet total temperature    (°R) 

airplane velocity,   (ft/sec) 
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AV, 

"a 

c 

\ 

If 

.•an velocity at turbine discharge, (ft/sec) 

Jet velocity, (ft/aec) 

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

weight flow Of fuel, (lb/hr) 

ratio of ran temperature riae tc free-air atmospheric 

temperature, V 2/2 J c^ T0 

ratio of conwreasor power per unit mass rate of air 
flow to enthalpy of air at temperature T_, 
550 P /J e„.Mr c'      pa       o 

ratio of specific heats of air 

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

compressor effielency 

effLcloncj   of combustion of fuel in combustion chamber 

turbine efficiency 

iVhU • [(rri)\v^ 
7a 

(^/P-i) ~  alsi. equal to the convressor pressure ratio for maximum 
£'   i  ref 

thrust per unit mass rate of air flow when the rate of change of e 
with compressor pressure ratio is negligible. 

All velocities art- axial and all except V0 are relative to the 
unit. 

Th>. equations from which the charts are prepared are listed in 
appendLx B and are derived la appendix C. 

In Bjne cases, when a large pressure drop occurs across the 
final Jet-discharge nozzle, reheat associated with the energy losoea 
in the turbine has an appreciable effect on the Jot velocity. A 
chart is given wheruby the effect of reheat on the Jet velocity can 
be readily detem.'nod. 
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DISCUSSION OF CHARTS 

Useful equations.   - The net thrust of the Jet-propulsion device, 
whan tho offTMt of the fuel weight Is neglected,   is given by the 
equation 

f - M (Vj  - V0) (la) 

When the effect of fuol weight is included,  tho thrust is given by 

F = M (Vj  - T )  +f MV, (lb) 

The net thrust horsepower thp is given by 

thp = F V /550 (2) 

Thb compressor-Bhaft horsepower per slug per second of air is 
expressed as 

Pc/*4 " J cpa To z/550 

•  5675 Z  (Tn/519) 

1 

t 
The compressor-inlet total temperature 1B obtained from 

Tj/T = 1 + Y (4) 

The fuel consumption per unit mass rate of air flow is given 
in terns of the fuol-alr ratio by the following relation 

Wf/M =  115,920 f (5) 

By means of equations (1) to (5) and the curves of figures 2 to 7 
tho porfomance of the turbojet engine and 3ome associated quantities 
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 computations or rapid but leas accurate compu- 
tations to be made. 

Curves for obtaining the flight Much number, the values of Y, 
and tho compressor-inlet total pressure for various values of the 

factor VQ y519/T  are shown in figure 2. The compressor-inlet 

total temperature is obtained from the value of Y and equation (4). 

The quantity tj Z 1B plotted against the compressor total- 

pressure ratio and Y in figure 3. The compressor power (and hence 
the turbine lower) is computed from equation (3) and the value of Z. 

6 

T" 
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The effoct of tho variation In the spocific heat of air during com- 
pression is noplected in this plot, tho error introduced eoing less 
than 1 percent for the ranee of compressor pressuro ratios shown in 
figuro 3 and for compressor inlet temperatures up to 550° E. 

(Ps/p-i)   plotted against tho factor 
c    *•  ref 

T4 f   1 V 
=- f • ^)  is also given in figuro 3. 

P2/P1 divided by the quantity 

V>t€ 

pressure ratio 

tho value of tho factor 
Wl-lW 

given value of T4 
Vlt^i^Y, 

\2 
if tho rate of chango of tho 

Tho value of 

2 
Tho actual compressor 

(P2/Pi)rof definoB 

A used in figure 4(a). This quantity 
is useful in that it ia equal to the compressor pNHVe 

ratio for maximum thrust per unit mass rate of air flow Tor any 

_1 
xO 

factor e with respect to a change in pressure ratio is r.of-ligible. 
The factor e is one which accounts for tho offsets of pressure 
losses in the inlot duct to the system, pressure drop in tho com- 
bustion chamber, and the deviation frot; tho value of the specific 
hoat of air at 519° B of the specific heats of tho gasos during tho 
expansion through tho turbine and the nozzle. In a well designed 
system the value of £ is closo to or slightly greater than unity 
and does not vary appreciably with pg/pi. 

When tho change in e with p^/p, is appreciable, thon 
(P0/P1)   is less then tho compressor prossurc ratio giving naxi- 

c-    J- rof 
mum thrust per unit mass rate of air flow; however, oven in this 
cas-i the thrust per unit mass rate of air flow corresponding to 
(P2/P].) f *8 generally within 1 percent of tho true maximum. Eenco 

figure 3 permits a rapid approximation of tho prossurc ratio for 
maximum thrust per unit mass rate of air flow. 

From tho loft-hand 3ot of curves of figure 4(a), tho Jot-velocity 

factor V, 
3 

/519 
can bo determined as a function of i\„\  C 

and the parameter A or l/A for zero flight •pood. (When A is 
less than unity, the value of l/A is used in reading values from 
fig. 4(a).) The Jet-velocity factor sar. be obtained for airplane 
velocities othor than zero by moving horizontally across the graph to 
the desired velocity curve on tho right-hand set of curves and than. 
reading tho value on tho lowor abscissa. The thrust con then bo 
conputod from tho value of 
mentioned, tho valuo of A 

Vj and equation (la). As provio-'.sly 
is found by dividing tho compressor 
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pressure ratio P2/P1 ^y *he valuo of (P2/Pl.)rof 
figuro 3 corresponding to the values of the parameters 
T4, T0, and Y being investigated. 

obtainod from 

1c* 1t> C, 

It is noted in figuro 4(a) that for given values of r\0>  T)t, 
T4, and T0, if e remains constant as Vz/V\   or A varies, then 
tho variation of jot velocity with pressuro ratio occurs along the 

constant I^T^ e •s- lino. In this case, V. has a maximum valuo 

when A is equal to unity, vhich occurs at a pressure ratio equal 
*° (P2/P1) •• Actually, however, for a given unit as P2/P1 

varies, tho valuo of e changes slightly and hence w c 5; 
changes, with tho rosult that V« has a maximum valuo for a valuo 
of P2/P1 somewhat greater than (P2/Pi)r f• I* should also be 

noted that (P2/P1)-. *    is changod by tho change in c and this now 

valuo must bo usod in computing tho new value of A whon P2/P1 is 
varied. In any ovont, tho value of V« corresponding to A = 1 1B 

a close approximation to tho Jot velocity for maximum thrust per unit 
mass rate of air flow 
componont efficiencies. 

for a givon sot of valuo B of T4, T, 0' and 

The losses in kinotic energy in tho turbine passagos appear as 
hoat energy in tho gas leaving tho turbino. This enorgy will bo 
termed "turbine-loss reheat." If there is further expansion of tho 
gas in passing through tho Jet nozzlo (causod by a roduction in 
static prossure in passing from tho turbino exit to tho Jot-nozzlo 
exit), a convorsion of part of the turbino-loss rohoat to kinetic 
onorgy occurs in tho Jot. If, however, tho velocity at tho turbino 
oxit is substantially oqual to tho final jot volocity, no further 
expansion occurs and no kinetic energy is rocovorod from tho turbino- 
loss rchoat. The curves of figuro 4(a) correspond to this caBo. 
Tho ratio of tho incroaso in Jet volocity to tho final Jot volocity 
AV./V. obtained whon tho volocity at tho turbino discharge Vg is 
loss than tho final Jet volocity is shown in figuro 4(b). 

Figuro 4(b) shows that 4Vj/Vj = 0 whon CyVs/Vj = 1 for all 
values of turbino efficiency. It is also noted that AVj/V« 
approaches 0 as turbine officiency approachos 1 for all values of 
CyVs/Yj because tho turbino-loss rohoat approachos 0 with incroaso 

in turbino officioncy. 

8 
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It is evident from figure 4(b) that, for a given t.irbine effi- 
ciency, the smaller the ratio of C_T-/V«| the greaiier Is the 
recovery of turbine-loss reheat. Decrease,in turbine-discharge 
velocity V5 is obtained by increase in annular area swept b;- the 
turbine buckets. Bucket stress is one of the principal limitations 
on bucket height and thus on bucket-annuius area. 

The compressor-outlet total temperature Tg plotted against 
the factor T0 (1 + Y + Z) is shown in figure 5. This curve 
Includes the variation in the specific heat of the air during com- 
pression and was computed usin^ reference 3. 

The fuel-air ratio factor r\  f is plotted in figure 6 against 
T.   - To (the rise in total temperature In the combustion chamber) 
for various values of T^. These curves were constructed using 
unpublished data based on the latest available information on spe- 
cific heats of air and oxhauet-gas mixtures and are for a fuel having 
e lower heating value of 13,900 Btu per pound ani a hydrogen-cerben 
ratio cf 0.185. For fuels having other values of h, tha value of 
f given in figure 6 is corrected accurately by multiplying it by 
the factor 19,9CC/h. The effect of the hydrogen-carbon ratio of 
the fuel on f is generally small and for a range of hidrogen-curbon 
ratios from 0.16 to 0.21 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 c, which takes care cf the effect of the second- 
ary group of variables, is obtained from figure 7. The quantit.v e 
is given by the relation e = i-&-b',"c> whore a, b, and ^ 
are given in figure 7. The effect of the drop ia tot*] pressure 
across the inlet duct Apd is shown in figure 7(a). The effect of 
the over-all drop In total pressure across the combustion chamber 
Ap/o_4>  1s introduced in figure 7(b). Reference 4, which discusses 

combustion in a chamber of constant flow area, is useful in evalu- 
ating the momentum-presgure drop in tlM combustion chamber. A 
correction for the difference betweo-n the physical properties of the 
hot gases and the cold air, involved in the computation of the 
expansion processes through the turb:ne and the Jet nozzle is given 
in figure 7(c). Although e does not differ appreciably from  unity, 
a change in c of 1 percent in some cases may introduce a ffhfUQ" of 
several percent in the thruBt. 

In tho discussion of the charts, the effect of the weight of 
injected ftwl was not mentioned. It is shown in appendix C that 
tho offset of tho weight cf fuel on the Jet velocity can be taken 
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into account by using for the value of rj  in the charts the product 

of the actual turbine efficiency and (1 * f). This term appears in 
j     *   .     ^ 

thf> fictor   T) T>. e =i (i  L v I    in figure 3 used in finding (P2/
P

T)     , 
c t    l_ \i 4- I j •        rel 

and in the factors    T^ TJ  C—   and   V  -W'TJ T)t/Cy
2 4fcl9/TQ    of fig- 

urn 4(a).    The value of    V     determined  's then uaed in equation (lb) 
which takes into account th.i additional weight of fuel introduced. 

As -in example of the u.je at those figures,consider a system 
having the following p&rformcnce and operating parameters: 

1. Coiivirossor efficiency    r\ 0.80 
2. Turbine efficiency    TJ      9 0.90 

3. Combustion efficiency   i\„ 0.97 
4. Elschargfj-nozzlt- velocit;  coefficient    Cy 0.06 
5. Airplane velocitj    V ,     (ft/eea)           733 
6. Coaproasor total-pressuru ratio    Pp/Pi      ' 
7. Atmrsohorlc frue-atr static pruwOTC    p ,     (in. Hg)   ....  29.9 
6. Atmcapiitiric tt-mperature   T ,     (CR)     • 519 
9. Combustion-chamber cutlet total temperature)    T.,     (°R)     .   .  1960 
10. Drop in total pressure scries inlet duct    Ap,,   (ir.. Eg).   .    0.5 
11. Drop in total pressure across combustion chamber 

Ap(2-4)'   (lJ1- HR) 3 

12. h.   (Btu/lb) 18,500 

(ri) Bl ^rni nation jf Y und flight Mach number 

From items 5 and <i 

13. V J^Z,   (ft/sue) 733 

Fr.tn item 13 and f igure 2 

14. Y 0.0861 
1.5. Flight Mach r.unbor C.656 

(b) Dutum-n-ttion of    Z    and compressor power 

Using itons 6 and 14, road on figure 3 

16.  T) Z 0.726 

10 
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From items 16 and 1 

17. Z 0.908 

Using items 17 and B in equation (3) the compressor pnver per unit 
masa rate of air flov is 

18. Pc/M,   (hp)/(slug/sec)        5153 

(c) Determination of fuol-alr ratio and fuel consumption 

From items 8,  14, and 17 

19. Tc  (1 + Y + Z),   (°R) 1035 

Using item 19 and figure 5 

20. T2,   (°R) 1025 

From items 20 and 9 

21. T4 - TgJ   (°F) SS5 

From item? 21 and 9 and figure 6 

22. tjf
f 0.01372 

Using items 22 and 3 

23. f 0.01414 

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

pound (item 12),   item 23 has to be multii/llud i>y  ,ho faottr   ^t^WP 
and thrt adjusted value is 18,50-: 

24. f 0.01445 

From item 24 and equation (5) 

25. Wf/M,  (Ih/hr)/(slug/sec)          1675 

(d) Determination of t?vj ftxtor  c 

From items 7, 10, wid 11 

26. Apd/p0 0.017 
27' AP

(2-4)
/T,

C 0.10 
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vMle from Items 14 and 16 

SG. Y + TJCZ 0.912 

UnJnp. items 26, 28, and f iRure 7(a) 

2P. B 0.006 

train/.; items 27,  2?, an&fipure 7(b) 

SO. b 0.004 

From f i^ure 2 and  Item 13 

Pi • *»* 31. ---- 5 1,335 
ro 

From items 31,  3t>, and 6 

32. -- 7.91 
o 

Uhloh v:,en used with .item S In figon 7(c) gives 

33. c 0.035 

Frail Items 29.  30, and 33 

34. c   -^  1  -   .006 -   .004  f  .035 1.025 

(e) Determination of  (p2/p,)        urd    A 

Using Iteas 1,  2..  34,  9, fi,  and 14 

T4 f   3    \* 

O       «. ' 

Fr^m item 35 and f.fiwre 3 

36. (po/^)rof 4.80 

From ltflCU 6 and 36 

37. A 1.333 

(f) Determination of Jet velocity,  net thru at per unit Eiaas 
rato of a i" flow," iui3 ~_t liu r pa rfcTaanse ^uantifi es 

12 
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2.787 

Value Items 1, 2, 34, 9, and 8 
I4 

o 
From items 36, 37, 13, and figure 4(a) the Jet-velocity factor la 

39. TTj Jf^r -l/f^> (ft/aao)   1806 

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

•0. V 4, \i t/SOC J  ......................   2044 

The net thrust per unit mass rate of air flow Is obtained from 
Items 40, 5, and equation (la) 

41. F/fo, (lb)/(elug/sec) 1311 

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

42. thp^l, (thp)/(slue/sec) .•   1747 

from items 25 and 41 

43. Wf/F, (lb/hr)/(lb thrust) . . . . . .... . . . . ;, . 1.278 

and from items 25 and 42 

44. Wf/thp, (lb)/(thp-hr)   ...... 0.959 

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

Whore more accurate results are desired, tho calculations are 
made taking into account the effect of tho weight of fuel introduced 
and the effect of turbir.e-losa reheat. The effect of tha fuel on 
Jet velocity is handled by using for the value of t)t tho product 
of the turbine efficiency and (l + f). This will now be done for 
the case Just considered. 

From items 24 and 35 

45. V)te 5^* vi" +" Y'    ••••*•  »: • .i:f  •  • :*  •  *  *•••$   •  •  •    2»S96 

Vi 

••••' vJ 
"^i?•"*!- ""v 
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;k-..-. 



NACA AHH Bo. ^6Ei4 

From figure 3 tho corresponding 

48.  (P./M 4.61 

Frcm Items 6 and 46 

47.  A 1.30 

Similarly accounting fur fuel flow,  Item 38 becomes 
m 

«. \\*r 2-827 

s-> that from Items 47, 48, and 13, and figure 4(a) 

«. TjJ^r yr*' (ft/st0) 1838 

Again taking Into account the effect of fuel by adjusting the 
B. term 
B 

50. V,, (ft/sec) £065 

vhish differs frua Item 40 by 1 porcent 

The off jet 'if reheat nay be Important vhon T)  *s considerably 
less thnn unity tuid tho velocity at turbine discharge is apprac.'ably 
less than the final Jot velocity. Let it bo ascumed in the example 
being discussed that the turbine is designed to have a discharge 
Vel .city 1' 

51. r ,   (ft/sfic) 700 

Then frcm items 4,  50, and 51 

52. Cy V5/Vj 0.33 

From items 0.  &, and 17 
T4 

65 • K* 4-16 

From figure 4(b) corresponding to items 2,  52,  and 53 

54. AV./Vj 0.012 

and from items 50 and 54 

55. AYj,   (ft/sec) 25 

14 
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Using items 55 and 50 

56. Corrected Vj, (ft/seo) • •   2090 • 

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

Tho thrust per unit mass rate of air flow is obtained from items 56, 
5, and equation (lb) 

57. F/M,  (lb)/(slug/sec)       1357 

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

From equation (2) end Items 57 and 5 

58. thp/to, (thp)/(slug/sec) . , , , , .... 

and using items 25 and 57 

59. Vffr,  (lb/hr)/(lb) .... .... . i ....... . 

and items 25 and 58 give 

60. Wf/thp, (lb/thp-hr)  

(h) Optimum thrust per unit mass flow of air 

1808 

1.254 

0.926 

As previously pointed out, the value of V- corresponding to 

(pg/Pi)_ f is very close to the value of Vj giving maximum thrust 

per unit mass rate of air flow. The compressor pressure ratio Pg/pi 
for maximum F^i is slightly greater than (pg/pi)- f because of 
the increase in e with pros3uro ratio. Tho value cf tho maximum 
F^i and the corresponding value of P2/P1 can bo obtairod by com- 
puting V* for a rango of values of V?Jv±   in J-ho vijlnity of and 
groator than (pr>/pn) - by tho method previously Illustrated for a 

compressor proscure ratio of 6. From a plot of V. against Pg/p^ 
tho maximum value of V* (and nonce F/M) and tho corresponding 

value of Pg/Pi can be read. This lomputation for tho previously 

illustrated case was mado and tho results are presented in the 
following tablo. 

The effect of the weight of fuel and the turbine-loss reheat were 
neglected in calculating the values given in the tablo. Since 
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item 36 gave a value far (PgA^) . of 4.5, the ranee of compressor 

pressure ratios chosen started at this value. In the calculation of 
were assumed to remain constant C the values of &p, and £p (2-1 

at the values given in items 10 and 11, as Pg/Px varied 

?1 
Pi 

e 
T4 (*2\ 

ref 
A 

7J 

vpec.' 

F/K 

•vSlug/aec/ 

Wf/M 

f  lh/hr   > 
*> 03 lug/sec/ 

Wf/F 

(\\>/hr\ 

4.5 
4.6 
4.8 
5.0 
6.0 

1.021 
1.021 
1.022 
1.022 
1.025 

2.776 
2.776 
2.779 
2.779 
2.737 

4.47 
4.47 
4.48 
4.48 
4.50 

1.007 
1.02S 
1.071 
1.116 
1.333 

2057 
£057 
2058 
2056 
2044 

1324 
1324 
1325 
1323 
1311 

182 G 
1810 
1791 
1770 
1675 

1.375 
1.367 
1.352 
1.338 
1.278 

The table shows the increase in £ with increase in Pg/pi- 
T4 

This causes an increase In the value of TUTl+.em~ and the correspond- 

ing value of (r>?/pi)  • The percentage increase in A is slightly c       ref 
less than the percentage increase in Pg/px because of the increase 

in (Pg/p^)  . The maximum value of F/M is 1325 as compared with 
ref 

a value of F/M of 1324 obtained at a compressor pressure ratio of 
4.5 which was the (pp/th )    for the previous example (see item 36). c " ,ref 
The values of V, and F/M varied so slightly over the ranse of 
compressor pressure ratios 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 is noted that the true 
optimum occurs at a Po/p^ of about 4.8 which is about 7 percent 
greater than the P2/pi 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. When fuel consumption is 
also an important consideration, the increase in compressor pressure 
ratio may be desirable as indicated by the values of Wf/F in the 
table. 

JET-PROPULSION-UNIT PERFORMANCE 

For the illustration of the performance and some of the char- 
acteristics of the subject Jet-propulsion system, several oasea of 
interest will he discussed. 
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The following parameters are assumed: 

Compressor efficiency   i\   .  .  . ,    0.85 
Turbine efficiency    r\t    °.     0.90 
Discharge-nozzle velocity coefficient    0_ .   .   . 0.97 
Combustion efficiency    TJ^. 0.96 
Heating value of fuel   h,    (Btu/lb) 18,900 
c        1.00 

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

The computed turbojet performance in this Illustrative case 
includes the contribution of the fuel weight. 

' 

The values of component efficiencies and c for any gJven 
turbojet engine vary with altitude and flight speed. In the present 
computations, the component efficiencies and c were assumed con- 
stant at the values listed; hence, the illustrative curves represent 
the performance of a series of turbojet engines having the listed 
characteristics. One curve is also given for a caee in Which the 
variation of e with compressor pressure ratio is considered. 

When V„ T_ = 519° Ejflgure 3 shows the rate of fuel con- 
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 temperature at the crmbustion-chamber exit. 
It Is noted that minimum specific fuel consumption occurs at a higher 
compressor pressure ratio than maximum thrust. A curve for 
T4 « 1560° H where the variation in e with Pg/pi -'s considered 
is also shown in figure 8. For this curve, valu-js of ip^/p0 * 0.04 
and ^P(Z-A)I^O  C fJ.10 were chc-sen and assumed to remain constant. 
(For a given unit, however, ^P(2-4) 

w111 alBC varv wlth p2/Pi so 
that the determination of the actv.al variation in %.     with compressor 
pressure ratio becomes quite complex.) It is soon from figure 8 that 
the value of compressor pressure ratio for a maximum <raluo of F/M 
Is greator for the case whero e varies with pressure ratio than for 
the case where c Is assumed constant; and that the peak value of 
F/M for the first case Is slightly higher than that for the se^nd 
case. 

Figure 9(a) is a replot of figure 8 and shews compressor pres- 
sure ratio and fuel consumption per unit thrust plotted against 
thrust por unit mass rate of air flow, similar curves are presented 

•!^W^ 

aS, '•• 
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In figures 9(b) and. 9(c) for other combinations of atmospheric tem- 
perature and airplane velocity. A scale of specific fuel consump- 
tion In pounds per thrust horaepowor-hour Is added on figures 9(h) 
and 9(c). 

The amount of air handled bj a unit is limited by the diameter 
of the unit. When high thrust pur unit mass rate of air flow rather 
than low specific fuel consumption is tho primary consideration, it 
is apparent from i Iguro 9 that high C'sabust ion-chamber discharge; 
temperatures should he usod. High thrust la the more important con- 
sideration In takt-txff, climb, and maximum-speed operation. 

Tho curves of iiguro 9 ahev'tnat, with no 'umitaxion on com- 
pressor pressure ratio, higher thrust per unit mass rate of air flow 
and lower spoclfic fuol consumption can he obtained by increasing 
the ccnbu3tion-chamber outlot temperature until tho value giving 
minimum specific fuel consumption Is reached. For figures 9(a), 
9(b), and 9(c), this tomporaturo Is less than 1460° B, about 2210° B, 
and 1710° R, respectively. Further increase in temperature permits 
an Increase In thrust at the cost of Increase In specific fuol con- 
sumption. As the gas temperature at the combustion-chamber outlet 
is Increased, a large increase in compressor pressure ratio Is 
required to maintain nearly minimum specific fuel consumption. 

If tho available compressor pressure ratio is limited, the 
combustion-chanber outlet temperature for minimum specific fuel con- 
sumption is very sensitive to the other operating conditions. For 
example, at a limiting compressor pressure ratio of 4, minimum spe- 
cific fuol consumption occurs at a temperature below tho lovoet 
values shown In figure 9. If the limiting compressor pressure ratio 
1B 8, tho combustion-chamber discharge tomperoture for minimum spe- 
cific fuel consumption is still less than the lowest temperature 
shown In figure 9(c) for an atmospheric temperature of 412° B but 
approaches an intermediate value of approximately 1710° B for an 
atmospheric temperature of 519° B (fig. 9(b)). Tho optimum 
combustion-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 tho 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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It is noted that the specific fuel consumption for cano (a) la 
between 15 and 23 percent higher than for case (to) for airplane 
velocities between 300 and 800 feet per second; the percentage dif- 
ference In specific fuel consumption Is greater at the lower air- 
plane velocities and at the lover atmospheric temperatures. 

The thrust per unit mass rate of uir flow is between 21 and 
31 percent higher for caso (a) than for case (to) for airplane veloc- 
ities between 300 and 800 foot per second; the greater pircontago 
difference in thrust 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 tht> purf ormanco vuluus given 
in figure 10(a). The large Increase in requirod pri-souru 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 Jet- 
propulsion system comprising a compressor, a combustion chamber, a 
turbine, and a discharge nozxle: 

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

2. Incroaso in combustion-chambor discharge- temperature causes 
an increase in thrust. An optimum tonporuturo, however, exists at 
which minimum specific fuel consumption Is obtained. This tempera- 
ture for minimum specific fuel consumption is at some conditions 
leas than the temperature limit imposed by the strength-temperature 
characteristics of the materials of present Jet-propulsion units. 

Aircraft Engine Research Laboratory, 
Rational Advisory Comlttee for Aeronautics, 

Cleveland, Ohio. 
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APPENDIX A 

**&. 

ADDITIONAL SYMBOLS USED IN ffiE DERIVATIONS OF PERFORMANCE ESjJATIONS 

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

factor defined as equal to 

ya-i 
7. 

7a-l 

or A 

°pa2 

»4 

P5s 

?t 

R 

average specific heat at constant pressure of the exhaust 
gases during the expansion process. This term, when used 
vith the temperature change accompanying the expansion, 
gives the change in enthalpy per unit mass. 
(3tu)/(slug)(°F) 

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

specific heat of air at constant pressure at a TQ = 519° R, 
7.73 (Btu)/(slug)(°F) 

specific heat of air at constant pressure at compressor 
outlet total temperature. It is equal to the enthalpy per 
unit mass (zero enthalpy arbitrarily fixed at absolute zero 
temperature) divided by the total tamDerature. 
(Btu)/(slug)(°F) 

ratios cf functions expressed in terms of physical properties 
of exhaust gas tc same functions expressed in terms of 
physical properties of  cold air. These functions are 
described in appendix C. 

total pressure at turbine inlet, (lb/sq ft absolute) 

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

turbine-shaft horsepower output 

gas constant cf exhaust gas, (ft-lb)/(slug)(°F) 

gas constant of air, (ft-lb)/(slug)(°F) 

gas temperature at turbine discharge, (°R) 
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ATgg       reheat due to net turbine loss,  (°F) 

W**. work obtainable from lsentropic expansion of exhaust gas, 
(ft-lb)/(elug) 

y ratio of specific heats of exhaust gas 

p. density of atmospheric air,   (alug/cu ft) 

The subscript    1    refers to the hypothetical case of no burning, no 
turbine in system, compressor-shaft power input    1CF_>    compressor 
efficiency 100 percent, and no losses in system beyond compressor. 

«t»j-Ur;'- ••>>: 
-Kg,- ,. 

jtoiw?^ 
•? :?v 

' Jfc, 
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APPENDIX B 

STATIONS FOR THE PERFORMANCE FIGURES 

The equation numbers correspond to those In the derivation given 
In appendix C. 

Figure 2: 

V 2 ¥o 
2 J Opa Tc " 2 J o ̂ (M/f)*     > 

PI • &Pd r. 4    j. /_ /5i5N2]a 

V (ra - D1J Cpa 5i9 (*<> yi^) Flight Mach number - 

Figure 3: 

a 

(C70) 

(C72) 

/a 

(067) 

(C68) 

Figure 4(a): 

ra-i 
(C37) 

Khere   A< - A. 
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Figure 4(D): 

^»['-<$8<fe-o 
Figure 61 

Figure 6: 

V^'o^^*) 

„ _ Cp (T4 - T2) 
nff'  ssTzh 

vfaere cp la determined, f rcm unpublished data 

Figure 7(a): 

a > 
Apd/7a-A ! 

»o v y« /Y * %z 

Figure 7(b): 

Figure 7(c): 

Wth/B T4 

V1 

•GO' 

-1 
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APHSNUU C 

KRI7ATI0H OF EqOATIOBS FOB JET VELOCITY, TflHUST, THRUST 

HORSEPOWER, FUEL CONSUMPTION, SPECIFIC FUEL 

CONSUMPTION, AND MISCELLANEOUS EXPRESSIONS 

From the momentum equation the net Jet thrust, vhon the effect 
of the mass of fuel ia neglected, io 

F . M (Vj - T0) 

and when the mass of fuel la included 

F = M (Vj - Vc) + f M Vj 

The thrust horsepower developed by tho Jot Is 

thp = F V^MO 

Jet Velocity and Thrust 

(Cla) 

(Clb) 

(C2) 

Consider the hypothetical caso of a unit running vlth a com- 
pressor efficiency of 100 percent hut with a compressor-shaft rower 
Input equal to ij ?  (that is, thw product of tho actual compressor 
efficiency hy the actual shaft powor input). Also aaoumu no turbine 
In the system and no burning (that ia, the compressor is considered 
to he driven by an engine). The available Jet kinetic energy, 
assuming nc losses after tho compressor but accounting for the losses 
In the intake system leading to tho c.unprossor, Is 

i M Vji2 = I M V0
S • 550 1.Pe - -S M (cs) 

The following approximation Is accurate for a wide range of 
T21   and   p2/p0. 

£ M Yjt2 - M J cpaj, T81 

7-a"1 

Y£aV" «H> 

5iw   • 

..fie.:. 

..s*;^ 
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Frcm the conservation of energy, 

Seas 
cpa 

r2i T„ - 
550 f^P,, 
M J c P» 2 J c pa 

By definition 

I m-f'it J e pa *o 

Z - 550 Pc/J Cpa M T, 

then 

and 

°pa •21 To (1 • I • 1o Z) 

rJl" 
/T       2     Apd  \ 
f1 * IcY "I -f) 
V 2 Po W 

low 

Apd APd 

2poVo 

and equation (C9) becomes 

'Jl Hf-£(Hr>] 

(cs) 

(C6) 

(C7) 

(C8) 

tC«) 

^uj^.a^j   (0l0) 

(en) 

The compressor energy transferred to the gas in th.'.s hypothet- 
ical case la equal to the useful energy transferred, tv  the gas in 
the actual case where the shaft power input is Pc and the compressor 
efficiency Is r\ .    Thus, tho c impressor-discharge pressure p„ is 
tho same in both cases. Tho comprossor-dischargo temperature for the 

T2i differs from tho true compressor-discharge hypothetical caao 

temperature. When 

(C6), and (Cll), the following relation is obtained: 

Vj.; and T2i are eliminated from equations (C4), 
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r 

2 JOpgTo (1+T + * Z) 1- ^ bi-frGft*] 
(C12) 

which is used later to evaluate the compressor outlet pressure p„ 
By definition * 

550 Pt 

(Itf)MJc, T4 Of) 
r 

(CIS) 

(1 + f) M V5
Z 

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

V 2 J op T4 

fci 

•©' 550 P* 

k*\ &  +f> 
(C14) 

for simplification, the effect of the weight of the fuel injected 
will be neglected by dropping the term f in equation (C14). 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 t|., the product of the turbine off i- 
Olency and 1 + f, as the quantities T| and f appear only as 
the product T\±  (1 + f)  in equation (C14). How 

•© 
7 

*2 ) 

m 
(C15) 

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

;*-'. 

•:<?y.. 

I&Y v. 

*r;j 
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* 

'V 

V >2   / > *2 
(C18) 

'or Mall   Ap(2.4)/p2.    Since only enough turbine power la removed 
to drive the compressor 

Pt = *c (C17) 

When equations (C15), (CIS), and (C17) are substituted into 
equation (C14), 

Let 

2=1 

W-*t-®T -"*.©' ^V-IT 

(I) C^r) 

(CIS) 

(C19) 

(C20) 

ife 
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Equation (C22) can *• written 

T, - V, 

when equation 

V' 

F « M (Vj-Y0) . MVC 

^2   T4 & + nc (zA3    cv z 
'• € T0 (i • y + TJO z)    tjt * 

4)  ie substituted in equation (Cl 

il/c..2 € !i [1+Tic (z/y)] cv
2 Z 

Jv c T, (l*YfiU Z) 

and. equation (C6) is used In equation (C25) 

(CiM) 

(C25) 

F   5l9 
«VTo 

v^ J o^ 519 f^% (J_+JJc_Z) 
(1 + Y+ Hc Z) /^\     J (C26) 

Fuel Consumption 

ir °"p (T4 - T2) 
= J2. 

32.2 E (C«7) 

From the conservation of energy 

•       To"     S50?o 
Cp.2 T2 - V T0 • jy • -fi-y- <C2*> 

so that 

Tj. - S8*- T_ (1 • I • B) 
Z     °pa2 

(C29) L JESTS' 

Pressure Ratio for Optimum Thrust 

For a given V0, T0, T4l tic, t|t, and Cv, neglecting the 

change in e due to a change in n Z, the maximum thrust per unit 
mass rate of air flow vlth respect to compressor power Input (or 
pressure ratio) is obtained when m 
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S  (TI„ Z) 
= 0 = CT

2e 
T4 / 1 \2        V 
T0 \ 1 + Y + *c z/      ic T,t 

fr.-m which 

l • X • (TI0 Z)ref 

Define    A'    hy the relation 

V"0 "*£ % 

1 + I + V Z 
A'  = 

1+1+ (nc ") ref 

1 + Y + TIC Z = A-  A n8 nt c 5- 

(C30) 

(C31) 

(C32) 

(CSS) 

Jet Velocity, Thrust, and Specific Fuel Consumption 

in Terms of the Factor A: 

Equation (U24) can be written 

V, = V°v £ T, (i + y + ,0 
)    <V 1B 

z 

s Z)   1c lt 

When equation (C33) is used in oquation ('34), 

•i. 

(C34) 

[A'tfWtc* •i 
(C3! ) 

and 

3C 
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'^•flt^-(^f)^A tltl (C36) 

When equation (C6)  is euoatituted in equation (C36), 

/Tclt 519     Is. ^/ffvr-vlfvo2+ajcpa519 p»v^-^*i$i^t«%*lJ 
(C37) 

Equation (C26) heocmes in terns of A' 

s^-^v515 

(C38) 

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

T* "T2 

'nk^€^'(A' *£)Y°^K +j + Y V? 

(C39) 

Evaluation of the Correction Factor C 

from equations (C12) and (C6) 

(M)'' 
•c   p K*r) 
1 + Y + n z 'c 

(C40) 

31 
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When equation (C40) is used in equation (C23), 

JAp 

K- K' 1 _ i2! l-£± 
T7) 

Pg       Wa  /! *o   \  'j, /JL 

+-3<$ i 
or 

e = K 

let 

and 

(C41) 

_ ** fei^ i   1   ^I   «. Ap(^) fv»\ r* \PQVV 5.J 
ft, Vwv ^«7 *«   TO    <Y ^v* 

b = 

- PO lv r. ) \f i nc i) 

AP;i/7a  ~   1\ I 

^(2-4)/^-^    '+~V"~ Jj 
Pi     \ 7a /        * + ne ' 

z) 
(C42) 

(C43) 

(C44) 

When equation (C40)  is used in •auatton (C44) -^id Oftl/V^N 
lld  th-^       — i -^—] 

l'o   \   ?a / 
term in the numerator Is neglected because it is small    n comparison 
with unity, 

t = (C45) 

When equations  (C43)   And (C4S)  :ir3 ej'nstitjted intc equation (C42), 

C- X (1 - a) •• K' b 
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The terms K and K' are close to unity in value whereas the 
values of a and b are small In comparison with unity; therefore, 
only a very small error is introduced by letting 

(C46) 

(C47) 

(C48) 

<C49) 

c- I : - a - b 

Defining the quantity c as 

o • X - 1 •,'".• 

then 

C• 1 - • : b • e 

•*• 

" Wth/BT4 R 

vi" Be 

:              W t(M)\ 
vhere the values of Wth/R T4 are obtained from reference 5. These 

equirod te 

Wth/« T4 

values correspond to the required temperature T4 and pressure 
ratio v%/v0.   Therefore, 

CrrH) 

vr 

1 -1 ^ 

fc-1 
(C50) 

Correction for Reheat Accompanying Irreverslbllity in the Turbine 

The actual jet velocity Including the reheat in the turbine is 
given by the equation 

Y12    2 
5S-V - » * «p T5e 
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from which the following aquation In tormo of differentials Is 
obtained: 

*: 

2 J_dVj.2Jcp 

7 
dT 5B (C52) 

Vhen equation (C51) la used In equation (C52), 

£-'•#-*)& (CSS) 

Tg8 Is the Independent variable, therefore 

*T5s^dT5s 

Tor small values at   &T5fl the following equation Is Tory nearly 
true: 

^1 '  dVJ (054) 

If those expressions fcr dTcB and dV, are used In equa- 
tion (C55) 

AV 

V ?•*[•&}]* 
ATc_ Is the amount of reheat and is equal to 

550 Pt ,x       ^ 

whereas the gao temperature at the turbine discharge 

550 Pt   V52 
l5e T4 M J op  2 J o.p 

(C5S) 

(CSS) 

(C57) 

Vhen equations (C6), (C7), and (C17) are used in equa- 
tions (C56) and (C57), 

»*-<£)(H (C59) 
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T5a = T4 " Z To x c„ / 
Y T„ -££ 

F /  •„ 
(59) 

and, when equations (OSS) and (CL9) are substituted Into equa- 
tion (OSS), 

2i 
V. J 

T,   -Sf.JB.--Lt T.. -*£ c o 
P       V o 

(CSO) 

!Li 
i.tePf r±-^ 

VJ > * .it J 

To z =pa vTs 

(C61) 

The   V5    Y/V,2 Z    term in the denominator is small  :n comparison 

vith      (T4/T0 Z)  (cp/cpe.)  - 1      and can be neglected, resulting in 

i'L&tf 
V 

&•*> 
T4    cp 

To z cpa 

(CG2) 

(a) 

Derivation of Miscellaneous Expressions 

*^0'»> r« 

''c Z * 1c M j Cpa TO (C63) 

where the compressor newer is accurately given for a wide range of 
compressor presaurs ratios and compressor inlet temperatures by the 
relation 

35 
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M-T cpaTl 
550 * 

7*± 
a 

(C64) 

TI = To + 2 J c = T0 (1 + Y) 
pa 

When equations  (CG4) and (C65) are usod in equation (C63), 

7a"1  1 

T)C Z = (1 t Y) f p2 V a 
— )   - 1! 

(C65) 

(C66) 

p2    /.    n0 z\ vV
1 

(C67) 

(b) When equation (Col) ia substituted into equation (C67), 

(^J   -KJTYJ Vt^ 
ref  '- — 

7a 

(C68) 

(c) The ideal ran pressure ratio 1B 

Pi + &Pd f ^lYa"1 

Po  \V (C69) 

and when equations  (C65) and (CP) are used In equation (C6S) 

>a -^r 
2Lli& .  (1 + y)V*      I"       j  £ -jSfl^"1 (C70) 

(d) Tho Mach numbor at the inlet to tho unit (or tho flight 
Mach number) 'e 
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Flight Macb number • Vc/y?a Ra Tc (C71) 

V^-^U 0^519(30^)      Ow» 

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

Flight Mach number 
>\j* J 2 J c__ T. Y /?    "    N 

,     pa    "- = AKT-II 
Y C7S 
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Figure 3. - Chart for determining the reference compressor 

pressure ratio for various values of r]ci7t i.   41 _J_ I  and 
TQ l + Y 

the compressor pressure ratio for various values of Y and 

Tf-Z.       IA 19—-in. b> 28-i". print of this chart is enclosed 
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igure 6. - Chart for determining the fuel-air ratio for 
various values of rise in total temperature across the 
combustion   chamber   and   combustion   chamber   outlet   total 

temperature.      Ih   •    18,900   Btu/lbl      (A   2 1-^-in.    by   3lii-ln. 
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eioure 3 " Cnort   for   determining    the   reference    compressor   pressure    ratio   for  vorious   volues   of   ncn,e ^(jVy) 
and   the   compressor   pressure   ratio     for   vorious   values    of    Y and    n^Z. 
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Figure 3.~ Chort   for determining    the  reference   compressor   pressure    ratio for various   values   of  nc1|6 -TCT^O* 
and   tha eompfMior   pniiiuri ratio    far  vorlous   values   of   Y ond   ntZ. "   r' 
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