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ABSTRACT

The performance of the turbojet engine for high component
efficiency is approximated by an ideal expression (efficiencies
equal unity) plus the first terms of a Taylor Series expansion for
the purpose of isolating the individual effects of the components.

The analytical solution to two optimizations is presented;
namely:

(A) For fixed burner outlet temperature, flight Mach
number, and component efficiency, what is the compressor pres-
sure ratio corresponding to maximum jet velocity (maximum
thrust per unit mass flow)?

(B) For fixed flight Mach number, compressor pressure
ratio and component efficiency, what is the burner outlet temper-

ature corresponding to minimum specific fuel consumption?
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I. INTRODUCTION

Currently the turbojet engine, in the field of aircraft power-
plants, holds a unique position in that it solely appears capable of
satisfactory operation over the entire speed range defined by per-
formance estimates of powerplant and airframe combinations to be
available in the foreseeable future. Although its performance dom-
inance over the conventional engine, turbine propeller and ramjet
is analyzed to be restricted to a relatively narrow range in the vi-
cinity of high subsonic and transonic speeds, the turbojet is singular
in its indicated potentialities for spanning the extremes of static
thrust operation and super’sonic flight. This flexibility of operation
is related to the integrated behavior of its principal components
rather than the ability of individual elements to adapt their func-
tioning to varied flight conditions. The principal components in
the order of thermodynamic cycle process are the diffuser, com-
pressor, burner, turbine and jet nozzle (Figure 1.) The compres-
sor assumes prime importance for static thrust and low speed op-
eration; at higher speeds the diffusion process contributes more
effectively to performance and there is increasingly less return
for energy expended in mechanical compression. Supersonic op-
eration introduces shock phenomena which complicate the diffuser

design in that the efficiency of pressure recovery, which is high
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and relatively independent of Mach number in the subsonic re-
gime, becomes critically dependent upon the correct matching
of diffuser configuration with Mach number. This effect is ad-
verse to flexibility of operation but it is an effect common to
supersonic powerplants which are sustained by the atmosphere,
The maximum thrust of the unit is determined principally by
the heat resistivity of the materials that make up the turbine
assembly. This limitation can be circumvented where the pri-
mary concern is thrust augmentation rather than economy of
operation by the installation of an auxiliary burner downstream
of the turbine (afterburner). The problem of determining the
conditions corresponding to minimum specific fuel consumption
is more subtle; it concerns the design for pressure and temp-
erature levels at the turbine exhaust which will effect maximum
jet velocity., Because the state of the exhaust gas is a function
of the turbine work of compression, an optimum design is sug-
gested,

The performance of the turbojet may be expressed as
a function of flight Mach number, compressor pressure ratio,
burner 6ut1et temperature, and the efficiencies of the compon-

ents:

Cp or S =f(Mg, m.s Topo s Rys Ny) (1)
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where these significant parameters are defined in the listing of
the symbols., By the introduction of the thrust coefficient and
the recognition of the functional independence of specific fuel
consumption, the mass flow through the turbojet has been con-
veniently deleted from discussion. For the purposes of this in-
vestigation the parameters are considered functionally indepen-
dent, an assumption which does not accurately represent the
behavior of any single turbojet installation but which becomes
significant when viewed as the description of a multiple number
of units. For instance, if an arbitrary value is assigned to
each of the parameters, presumably the resulting performance
is representative of some particular unit. The performance
comparisons presented are relative on the basis of submission
to similar ambient conditions, thus the effect of altitude upon
operation is not pertinent, The analysis is in the form of a set
of dimensionless ratios for convenience of presentation.

The following assumptions will be common to all dis-
cussion:

a) The diffuser efficiency equals unity for the subsonic

regime,
b) The velocity of the air at the burner inlet is low enough

such that the drag of the burner component and the mo-

mentum pressure drop associated with the heat addition
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may be neglected.

(c) Energy expended in overcoming bearing friction in the
transmission of turbine power to the mechanical com-
pressor has been neglected.

(d) The static pressure at the nozzle exit is equal to am-
bient pressure, i.,e. the nozzle is correctly expanded.

(e) The nozzle efficiency equals unity.

This investigation will be concerned with: (1) establishing
the relative importance of the principal components for a given
set of operating conditions; (2) determining analytical expressions
for the relations between the significant parameters which corres-
pond to optimum performance.,

Because normal operation corresponds to high component
efficiency, the performance of the turbojet can be approximated
by an ideal expression (efficiencies equal unity) plus the first terms
of a Taylor series expansion which correspond to the individual ef-
fects of the non-ideal behavior of the components. This represen-
tation has the advantage of directly indicating the contribution of
design improvement in a particular component upon the overall
pe,rforxﬁance of the unit, i.e. the objective of (1).

The condition of maximum performance imposes a func-
tional relationship between flight speed, mechanical compression,

and burner outlet temperature which is affected by component ef-
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ficiency. Having isolated the effects of component efficiency by
a limited Taylor series representation of performance, these ex-
pressions were first investigated for the optimum relation between
parameters, i.e. the objective of (2), Difficulty was encountered
because the approximations introduced prevented an accurate rep-
resentation of turbojet operation where performance was criti-
cally sensitive to variation of the parameters., Also the complexity
of the expressions obtained from the limited Taylor series repre-
sentation of performance did not permit the derivative operation
necessary to the determining of the optimum relations.

It was, however, possible to obtain an approximate anal-
ytical solution to two optimizations by the examination of the com-
plex expressions for exact performance formulated from the as-
sumptions previously set forth in this discussion; the optimization
problems are:

A. For fixed burner outlet temperature, flight Mach number
and component efficiency, what is the compressor pressure ratio
corresponding to maximum jet velocity (maximum thrust per unit
mass flow) ?

-B. For fixed flight Mach number, compressor pressure
ratio and component efficiency, what is the burner outlet temper-

ature corresponding to minimum specific fuel consumption?
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II. THERMODYNAMICS OF TURBOJET

This section will be concerned with the derivation of exact
expressions for turbojet performance within the assumptions pre-
scribed in the INTRODUCTION. The symbols used are defined in
a separate listing.

The performance of the turbojet may be described in terms
of thrust output and specific fuel consumption defined by the fol-

lowing relations:

F=m(Uy - U) (2)

o FT - Tp ] °p
F T 2o, -
m [Ué UO\

To eliminate mass flow from further consideration we de-

S = (3)

fine the thrust coefficient as the ratio of the thrust to the product
of free stream dynamic pressure (incompressible) and a charac-

teristic area usually taken as the cross-sectional area of the turbine.

PvoUo [U()'Uo] Ao Ue
C. = = 2 — — =1 (4)
F 1 2 A U,
2 Po? Yo

The specific fuel consumption can be conveniently non-

dimensionalized,

(5)

To(T- T, T <y (tm-'fr'fc) T
o el

Uoig(’ } Hh, © {Pfi ) 1'! HN 2,

o Uo



1 (T-T.TO)

S* = S(non-dimensionalized)z &/ ————— (6)
M
o {Ys/y, -1}

It is evident for a given burner efficiency that S* varies as
S. From an examination of relations (4) and (6) it is seen that it
remains to express the velocity ratio (ratio of jet velocity to air
speed) in terms of the significant parameters. This expression
can be determined by an analysis of the various component proces-
ses.

The Diffuser (0 - 2)

The function of the diffuser is to convert free stream ve-
locity to static pressure., The subsonic flight condition is a fam-
iliar design problem and can be effected efficiently. Efficient dif-
fusion of supersonic flow depends upon the avoidance of an initial
normal shock with accompanying large increment in entropy. Cur-
rent design plans the pressure recovery by effecting a series of
oblique shocks terminating in a normal shock followed by subsonic
diffusion. The design for oblique shock critically involves the
diffuser configuration. A variance in flight speed demands an al-
teratioﬁ of geometry to maintain optimum diffusion,

The efficiency of subsonic diffusion has been taken to be

unity. Writing the isentropic energy relation across the diffuser,
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the total pressure and temperature ratios are:

Py . X Y
2 - -1 v-T
— = [1 + S MOZ] Y = Tr Y (subsonic) (7)
pO
T’Cz 1 2
Y—.
— =T = 1+5-M, (8)
O

To differentiate supersonic from subsonic diffusion and to
account for the unavoidable entropy increase of the former process,
we introduce the diffuser efficiency. It is a measure of the depar-

ture from isentropic compression,

y-1
P, Y
3
n &, ! (9)
d q; —
L
to
N
o y-1

2/p0 = [\1 +\\d(fr - 1)\ (supersonic) (10)

To establish a functional relation between the diffuser ef-
ficiency and the flight Mach number for purposes of this investi-
gation, vélues have been assigned nd which correspond to the dif-
fusion 6f a single oblique shock followed by a normal shock as
discussed in NACA T .M. No. 1140 (Figure 2). This diffusion is
ideal in the sense that the efficiencies selected are those theoreti-

cally possible within the limitation of the described process,
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The Mechanical Compressor (2 - 3)

The significant parameters are the compressor pressure
ratio and the compressor efficiency. The definition of the latter

is similar to the diffuser efficiency.

P’t Tt
3 3
_3 . = 11)
P Te T (

t 2 th c

Pt Ty
Tes fn /——3 -1 w2
Y

Pt3 -1 y-1 (13)

—_— = 1 -1 :

The Burner (3 - 4)

The burner outlet temperature is significant because there
is a limitation on its value set by the heat resistivity of the mater-
ials that make up the turbine assembly. The corresponding dimen-
sionless parameter is:

Tt

tm = _4 = maximum temperature ratio of
To the cycle

(14)

. Loss in total pressure across the burner caused by the
drag of the burner component and heat addition to the fluid has

been neglected,
Py = Py

3 4 (15)



-10 -

The Turbine (4 - 5)

The turbine extracts enthalpy from the fluid for the mech-
anical work of compression. It is necessary to determine the
total temperature at turbine outlet in terms of the previously de-
fined parameters to establish the quantity of available energy in
the fluid for conversion to jet velocity. The principle that the
enthalpy extracted from fluid at the turbine is equal to the enthal-
py increase of the air at the mechanical compressor is utilized.
The small diff(:rence between the mass flow through the turbine
and compressor due to the addition of fuel and any difference in
specific heat of the fluids has been neglected.’

Ty

- Tgg = Ty, =T or

4 t2

(16)
Tts = TO[Tm -T (T~ 1)]

The turbine efficiency relates total temperature ratio to

total pressure ratio across turbine,

1 s
| Y
Ny ;; v* -1 &
L]
4
y*-1
Py T 1 | %5 Tn-T (-1
=) =1+——{T—_-}-1 1| tm r<c‘>_] (18)
Pty Wy Lty wli  Ta
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The Nozzle (5 - 6)
The nozzle transforms the available enthalpy at the tur-
bine to jet velocity. Equating energy between station 5 and 6‘
assuming the nozzle configuration is correct for the expansion

process, the result is:

y¥=1
\("k
Zy*R
=1 [T -T y~ 5 Tts 1- (———-\ (19)
vi-1 y¥-1
P v* P ptz bt Pty ¥¥
but, »,__9"\) = (pto 5 5 5 - )
t
Pt 2 Tty Tty s
and using expressions (10), (13), (16) and (18),
2 2 1
U= ['C -T(T -l 1-
yH-1

_ _ _‘Cr (t.C—l)
[T -0} (T, 111 ‘{:ﬁn—]

The velocity ratio is obtained finally after expression (8)

is introduced. (vy* = \{)

—
c

(o] O\
v

[T' ’(‘ (T ) o 1 i (20)
SRR AN PN TR [y

where 1 + Yld(Tr—l) is reduced to T‘r for subsonic flight conditions.
It is interesting to solve for the jet velocity corresponding to
static thrust operation. Multiplying both sides of Equation (20)

by the flight velocity squared and setting the ram total temperature
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ratio equal to unity, the result is:

U62 =§:—Y§£<T0[Tm‘('fc'l>‘{1 -

(static thrust operation)

[l+ hA(T,

1 (21)
paa

It can be noted that in contrast to the ram-jet the turbojet

is capable of producing static thrust., Finally the velocity ratio

for the ideal behavior of the unit, i.e, component efficiencies

equal unity, is the simple result:

1
Ut Tl mw)- G
U_ T -1

r

(ideal operation)

(22)
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III. EFFECT OF COMPONENT

EFFICIENCY UPCN PERFORMANCE

To gain insight into the effect of changes in the behavior
of the various components upon the turbojet performance, the
thrust coefficient and specific fuel consumption may be approxi-
mated by the first terms of a Taylor series expansion from ideal

operation (efficiencies equal unity).

oC

C.=C —F (@-n 1-
F F1+a(1—’ic) ) 8(1 ( " 8(“1 Ty )
and
9S% 85* aS%
St = 8%+ 3(I-n.) )+ sy R) (1-Ry)+ o(1-n.) (1) (24

The advantage of this type of representation is that the ef-
fectiveness of individual components may be isolated and examined.
Consider the thrust coefficient. The general expression for the

partial derivatives is:

oCp  dcy {Ué/U] 8(U6/U

so~ 4 UeyUS [(U%o)zj P

- z
A1 U 8(6/
E‘z 80‘ (25)

where @ represents unity minus efficiency., The first two deriva-

tives are common to all differentiations., The last is obtained by
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differentiating the exact expression for the velocity ratio (Equa-

tion (20)). It is specifically for the case of compressor efficiency:

8[(U6/Uo )2] __a[(U()/UO)Z} - Tm"l;-(rc"l) Tc"l 1

8N 8(1-N.) T, -1 (1+'7C(t’c-1)}2 'c'r[l_ %ﬁ%::ﬁ

Since the Taylor series expansion describes deviation
from ideal behavior, the derivatives are evaluated for the condi-

tion of component efficiencies equal unity.

Ug 2

o [Crv,)"] o T Ty (26)
N, S T (T-Te

(ideal)

The corresponding expressions for the diffuser and tur-

bine efficiency are:

2
3 [(Ué/Uo )Z] T o [(Ué/UO ) ] T -1T

=_~m_ . =€ Lt (27

My TT ¢ oh, (tr-l)[fm-g(t;-l)]? )

(ideal) (ideal) ¢

Equation (23) may now be written explicitly by the inser-

tion of relations (25), (26) and (27).

. Tm Tc"l A
® AO[U()_i} _—ﬁ' {‘::1_— l""C 1- nt + ’G"l (1'nd)“ (23a)

Bel6 11Tt T @ T T2 )
N ol |

where the velocity ratio corresponds to ideal operation and is

given by expression (22). The equivalent explicit expression for

J
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specific fuel consumption is obtained most directly by noting the

effect upon S of a small change of Cp for fixed fuel consumption.

f f f . £ ACF
S=—==—o——; S+tAS = —u—"—"— —— = Q- )
F A K C.+aC A
Crd, (Cp+aCplaA crq A Co
AS . ACp
therefore, e (28)
F .

Thus (24) may be rewritten as:

Tm Tc'l
Sx 2 [ENL 1+7tc_ (S l'nchl"\t +G-l l-hd]
_m L, Us (Vs ]’(;TC T -T(TD) G-t Trzj
O[TJ_ "] ——‘— -1

UO UO

(24a)

O

where the velocity ratio corresponds to ideal operation and is given
by (22).

A comparison of (23a) and (24a) indicates within the approxi-
mation that the effect of variation of component efficiency upon
thrust coefficient is equal to minus the effect upon specific fuel
consumption, However, it is emphasized that (24a) represents
a greater deviation from exact representation of performance be-

of
cause/the additional approximation introduced in the derivation of
(28). The degree of approximation of the limited Taylor series

representation of performance is shown by comparison with exact

representation in Figures 3, 4 and 5. Figures 3 and 4 present
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the variation of thrust coefficient with compressor pressure
ratio and burner outlet temperature for various flight speeds,
Figure 5 presents the variation of specific fuel consumption
with burner outlet temperature for various flight speeds. For
turbine and compressor efficiency equal 0.90, (23a) is shown
to accurately describe the thrust coefficient., The approxima-
tion to specific fuel consumption, (24a), is seen to be valid
only for burner outlet temperatures above the condition of
minimum specific fuel consumption, The accuracy of repre-
sentation of both (23a) and (24a) increases with flight speed.

Comparisons of the relative effectiveness of the com-
ponent efficiencies upon the thrust coefficient may be obtained
directly from expression (23a). Effectiveness is defined as
the partial derivative of the performance with respect to com-
ponent efficiency. Relative effectiveness is the ratio of partial

derivatives:

* 5C _ AT~ _TTZ (TT3_TT2\
"Cr/ome T POE/on T (T,-) T (Tr,-T,)

o T GEDH T o)
Cr/on, - op, T G Ce T, |

Expression (29) states that for equal diffuser and com-

pressor efficiency, the effectiveness of compressor efficiency
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compared to diffuser efficiency varies directly with the ratio of
compressor temperature rise to ram temperature rise and in-
versely as the ratio of compressor outlet absolute temperature
to diffuser outlet absolute temperature. This relative effect~
iveness, for a flight Mach number of 0,7 and a compressor
pressure ratio of five, has the value four. If the flight Mach
number is increased to 1.7, the relative effectiveness is reduced
to one, However, as previously noted, the character of diffusion
of supersonic flow makes difficult the design of an efficient dif-
fuser which enhances the effectiveness of improved diffuser per-

a

formance compared with that of/more efficient component. It
suffices to say that diffuser efficiency reaches a parity with
mechanical compressor efficiency in contribution to thrust out-
put near the transonic speed range.

The indication of relation (30) is that for equal efficiency
the relative effectiveness of compressor efficiency compared to
turbine efficiency varies inversely as the ratio of compressor
outlet absolute temperature to turbine outlet absolute temper-
ature. If the burner outlet temperature is limited to 2000°F
and the flight Mach number and compressor ratio are 0.70 and
5 respectively, the relative effectiveness is 2,5. The compressor

effici;ncy becomes relatively less dominant as flight Mach number
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or compressor pressure ratio is increased,
The effect of component efficiency upon specific fuel
consumption may be inferred directly from the discussion of

thrust coefficient.
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IV, OPTIMIZATION A

The strength of the turbine assembly at elevated tempera-
tures limits the magnitude of the jet velocity; however, there re-
mains the following problem:

For fixed burner outlet temperature, flight Mach number,
and component efficiencies, what is the compressor pressure ratio
corresponding to maximum jet velocity (maximum thrust per unit
mass flow)?

A direct approach to solution suggests differentiation of
the expression for the velocity ratio (20) with respect to Tc and
solving for the critical value of 'l’c Unfortunately the complexity
of the derivative of expression (20) does not permit an explicit
solution. An alternate approach is to find a suitable approxima-
tion of the velocity ratio relation which will allow the derivative
operation,

Expression (20) is rewritten with the following substitu-

tions:

A,‘2 = 1 ;a = Tr('l::_l) ;b= tr(tg—]‘)_

2

B = ! .
T o (RGO E D]
Ue 2 2
(fo) = A [Tm—a” 1- 1_1 l = Az(gz(l_B)J,Tm(aB-b-a) +ab (20)
Tm \ Tm—b

= A% ('('m(l-B)_b] [%2;% Al [Tm(l-B)-b](lJr ’l‘;-b (1-@}
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If the last bracketed term has a value close to one for all
operating conditions considered, a substantial simplification of

(20) can be effected,

Ly (=R
Tr(TC 1) n‘t
T T (Te-]) -
T~ ———
Ny

The conditions that a be small are that the turbine effic-~

T (k) =

(30)

iency be large and the burner outlet temperature minus the mech-
anical compressor temperature rise [Tm —Tr((::—l)l shall not be
small; both are consistent with maximum thrust operation. Re-
stricting the turbine efficiency between 0.8 and 1.0 and checking
the magnitude of a over operating conditions of intefest, its value
was found not to exceed 0.10. Neglecting the contribution of a to
the magnitude of the velocity ratio, hence, underestimates by less

than five per cent. The approximation of (20) therefore is:

Ug 1 ! BT} S
g [ mromemmy e

Expression (20a) may now be maximized by equating

Ug 27
9 (—-—))/8 to zero.
[0 /e

U6 2 1 Tmnc t’
Y ol .l )
[(UO) I/al'c Tr'l{(“"d('tr'l)][”'fc(té'ﬁ]z Y =0

2 Z—(—Y;Q Tm hc“t
[1+l‘(c('tc_1)] = m, Y = Tr[1+)ld(‘('r-1)]
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Y

_[Tm“c’lt } 2(y-1)
c & (1 g(r-0) )

(maximum thrust per
unit mass flow)

™ (31)
The optimum compressor ratio for maximum static thrust

is:

Y

™ =[Tmhc'lt ]Z(Y-l

(maximum static thrust

) (32)

per unit mass flow) ,

For a burner outlet temperature to ambient temperature
ratio of five and for component efficiencies of 0,80 and 0,90 opti-
mum compressor pressure ratio for maximum static thrust per
unit mass flow is 7.7 and 11.6, respectively.

For subsonic flight operation (,?d = 1) and fixed burner
outlet temperature and component efficiency, expression (31) in-
dicates that Trc"(;VJ—(T should remain constant, i.e. that the pro-
duct of ram pressure ratio and compressor pressure ratio should
be invariant for maximum jet velocity. Increased flight speed
demands a reduction in the enthalpy extracted from the fluid for
the mechanical work of compression per unit mass flow.

Figure 6 presents the variation of optimum compressor
pressure ratio with flight Mach number for various burner out-
let to ambient temperature ratios and component efficiencies.

It is seen that.beyond Mach one the optimum compressor pressure
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ratio rapidly approaches unity, This trend is a direct result of
the diminishing effect upon jet velocity of increased mechanical
compression at the high pressure levels; the turbine exhaust temp-
erature becomes dominant because of the excessive turbine work.
Figure 3 indicates a 20 per cent increase in burner outlet temp-
erature above 1500°F (Tm increased from 4 to 5) at a flight Mach
number of 1.5 effects approximately a 500/0 increment in the op-

timum compressor pressure ratio,
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V. OPTIMIZATION B

In section II a dimensionless ratio denoted S* was defined

which varied as specific fuel consumption.

1 ™ Z'.r‘l.c

[T ] v

S*

Uo

) ¢
h Ug [Tm'tr(z;_l) 1- :
S Al S R

U
ttm

H

o

Expression (6) suggests for fixed flight Mach number, com-
pressor pressure ratio, and component efficiency, an optimum
burner outlet temperature corresponding to minimum specific fuel
consumption,

Figure 5 illustrates the functional dependence of the specific
fuel consumption upon burner outlet temperature, It may be noted
that the existence of an optimum burner outlet temperature is a
property of the departure of the components from ideal operation;
there exists no minimum specific fuel consumption condition for
turbine and compressor efficiency equal unity, The optimum is
more sharply defined for the lower flight Mach numbers, The trend
for the level of S* to be increased with flight Mach number may be
expldined from an examination of the behavior of the jet velocity;

the jet velocity increases at a much slower rate than the velocity
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of the air entering the unit as flight speed is increased because
the effect upon the former of a buildup in ram pressure is rela-
tively small for normal operation. For a compressor pressure
ratio of five and a burner outlet temperature to ambient temper-
ature ratio of four, the jet velocity increases less than 15 per
cent as the free stream velocity is increased fourfold (Mg, = 0.25
to 1,0). Another flight Mach number effect is that the specific
fuel consumption is indicated to be less sensitive to burner out-
let temperature at the higher flight speeds,
1
The solution of optimization B will yield an analytical
expression for t-m corresponding to minimum S* indicated in
Figure 5, ‘The analytical procedure will be to take the partial
:‘derivative of expression (6) with respect to Tm and equate the

result to zero,

(33)

The determination of the partial derivative of the velocity
ratio with respect to Tm which occurs in the above relation and
the sul;sequent solution for the oEtimum burner outlet temperature
is described in the Appendix, The result is a quadratic expression
for Tm which is approximate in that relation (20a) of section IV

was introduced for the velocity ratio in the final analysis to permit
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an explicit solution, The solution is:

Te ={—- TrTC 1+Yf1- (34)

2 C 4 C
(for min.S%) v QZ -4 G- 5)

T.(C-Y

where b = ).( c
t

B=1- 1

[1+ Qd(!tfr-l).” 1+ Yzc(’tc—l )]

The quotient under the radical represents the ratio of two
terms nearly equal, however in extracting the square root, the
contribution of the second bracketed term to the value of Tm be-
comes significant and cannot be neglected,

Applying relation (34) to the operating conditions presented

=
in Figure 5, the ratio of burner outlet temperature to ambient
temperature corresponding to minimum specific fuel consump-
tion for flight Mach numbers of 0.30, 0,80 and 1,5 is determined
to be 2,45, 2.95 and 3,85 respectively, which check closely the
valuesrindicated by the graphical representation of Equation (6).
Figures 7 and 8 present the variation of optimum burner

‘outlet temperature with flight Mach number for various compres-

sor pressure ratios and component efficiencies, The influence of
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flight speed is similar for all turbojet operating conditions; that
is,,changes in compressor efficiencies affect the general level
of Tm values only, The burner outlet to burner inlet» absolute
temperature ratio for best economy operation is primarily a
function of component efficiency, insensitive to moderate changes
in compressor pressure ratio, and independent of flight speed.
For component efficiencies equal 0,90, the optimum burner
temperature ratio was approximately 1.,5; for component effic-
iencies equal 0,80, the optimum burner temperature ratio was
approximately 2.0,

The corresponding variation of minimum specific fuel
consumption with operating conditions is shown in Figure 7,
The curves have been discontinued for Tm values larger than
6.5. An increase in component efficiency from 0.80 to 0.90
has a more pronounced effect upon economy of operation than

-

an increase in compressor pressure ratio from 5 to 20, Small
reduction in specific fuel consumption for increasing compressor

pressure ratio above 10 is indicated.
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CONCLUSIONS

l. For normal operating conditioﬁs, the expressions of
turbojet performance may be closely approximated by an ex-
pression of ideal performance plus the first terms of a Taylor
series expansion which represent the individual effects of non-
ideal operation of the components.

2. The relative effectiveness of compressor efficiency
compared with turbine efficiency in contributing to turbojet per-
formance varies inversely as the ratio of compressor outlet
absolute temperature to turbine outlet absolute temperature.

3. The relative effectiveness of compressor efficiency
compared with diffuser efficiency in contributing to turbojet per-
formance varies directly as the ratio of compressor tempera-
ture rise to diffuser temperature rise and inversely as the ratio
of compressor outlet absolute temiperature to diffuser outlet
absolute temperature.

4. For maximum jet velocity the product of compressor
pressure ratio and ram temperature ratio should remain con-
stant with increaéing subsonic flight Mach number,

5. The compressor pressure ratio corresponding to max-

imum jet velocity is given by:

o Tm’(t’lc } 1.75
c (T, [1+nd(z'r_ 1)])
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6. The ratio of burner outlet temperature to burner inlet
temperature corresponding to minimum specific fuel consump-
tion is primarily a function of component efficiency, being inde-
pendent of flight speed and insensitive to moderate changes in
compressor pressure ratio.

7. The optimum burner outlet temperature for minimum
specific fuel consumption decreases with improved compressor
or turbine efficiency and increases with compressor pressure
ratio and flight Mach number,

8. For component efficiencies equal 0,90, the optimum
ratio of burner outlet absolute temperature to burner inlet
absolute temperature is approximately 1.5 for best economy
operation; for component efficiencies equal 0,80, the optimum

burner temperature ratio is approximately 2.0.
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APPENDIX

The following concerns the derivation of an expression
for an optimum burner outlet temperature corresponding to min-
imum specific fuel consumption., The partial derivative of rela-

S
tion (6) is taken with respect to Tm and equated to zero to

find the best economy condition,

T G
(6) S* = _I.Jé______
E
1
! z
h Ue {tm'Tr(z;_l) 2 1
whnere 'ﬁ— = - - - -
o T | [qu('l‘ -1)][1+’1C(‘cc-1)][1_ﬁt% 1)1
9S* Ug 9 Ué/Uo -
(i) aTm - [UO —‘1} _[rm_t‘rc] Bt’m =0
Ug 2 !
(%]
1 1 T Tr(tc'l)
= — ; = ‘ ;a = -1); b = ———
Let Asp T PRy ey T TR
1
' 1 1 >
Us > > T, 2(1-B)+ &, (aB-b-a)+ab
Then ﬁ‘; = A(’('m-a)2 {1 - Jb——‘r = A T_ b
le — m
Tm
] Ue,/Uo A2 UO[Tmz(l—B)-Ztmb(l—B)—b(aB-b)]
R (T, b
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Substituting into (i) and simplifying,
U U 2
[U—6 : 1] o (G, -%——[T rr]{ Tul G208 biam)

For turbine efficiencies nearly unity

-b(aB-b) = bZ(l- ‘E“B) = bz(l M4 B) = b2 (1 - B)

Therefore the condition for best economy operation becomes:

N S L e

An approximate expression which was derived in section IV

e

is now introduced for the velocity ratio to permit an explicit solu-
tion for optimum Tm; namely,
1
U, 2
— = A ['(' (1-B) -bl
U m
o
The conditions which permit the approximation are that the
turbine efficiency is nearly unity and the burner outlet temperature
is large compared to the mechanical compressor temperature rise;
both are consistent with best economy operation (See section IV).

With the substitution for velocity ratio expression (ii)

becomes:
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2 [(Tm-’('r‘l'c)(l— -2 ] - [t -5 -y i

A quadratic expression for Tm is obtained:

1
b+ —5 - 1

5 i AZ 2ipl wTT.  4pp+ A2) - g
T‘m +{2TrTC 4 ( " )}Tnﬁr 'l; ot Y

L
C

202 4k <
T T. -4 (LT*8)

Tm :{Zg--TrtC}{l*f' 1- -
TrZZ'CZ—4§(‘Z;‘(‘C-r-C§)

(best economy)

T.(T-Y TV
N i (0 T

where b =

1

=1 - [1+¥7d(’tr-1)](1+’zc(’(‘c-1)]
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