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NATTIONAL ADVISORY COMMITTEE FOR AERONAUT;CS

RESEARCH MEMORANDUM

PERFORMANCE AND COMPONENT FRONTAL AREAS OF A HYPOTEETICAL TWO-
SPCOL TURBOJET ENGINE FOR THREE MODES OF OPERATION

By James F. Dugan, Jr.

SUMMARY

A hypothetical two-spool turbolet engine having a design compressor
pressure ratio of 7.0 and a design inner-turbine inlet tempersature of
2500° R is operated over a range of flight conditions for each of three
operating modes. At sea level, the flight Mech number is varied from O
to 0.9, while in the sitratosphere, Mach number is varied from 0.9 to 2.8.
For all three modes, inner-turbine inlet temperature is meintalned con-
stent at 2500° R. For mode I operation, outer-spool mechanical speed is
maintained constant at its design value. For mode IT, lnmner-spool mechan-
ical speed is maintained constant at its design value. For mode ITI,
outer~compressor egulvalent speed is maintained constant at 110 percent
of design for all engine-inlet temperatures less than 567° R; for higher
inlet temperatures, outer-compressor mechanical speed is maintained con-
stant at 115 percent design. Engine performance with afterburning and
with the afterburner incperative and component frontel arees are calcu-
lated for each operating mode.

Mode I engine pefformance is better than that for mode II over most
of the flight range. In general, thrust values are higher, while spe-
cific fuel consumption for the two modes is about the same. The inner-
spool centrifugal stress for mode I is 12 percent higher than for mode
II, while the outer-spool centrifugsl stress ls 12 percent higher for
mode II then for mode I. At Mach 2.8, the combustor frontal ares for
mode I is 6 percent larger than the compressor frontal srea. For the
range of f£light conditions considered, the combustor frontal area for
mode IT is always smaller than the compressor frontal area. The maximum
aefterburner frontal area for modes I and II is gbout 19 percent gresater
then the compressor frontal ares. At Mach 2.36 with the afterburner in-
opergtive, the ratio of exhaust-nozzle-exit area for complete expansion
to compressor frontal area is 1.59 for mode I, compared with 1.32 for
mode IT; with afterburning, the ratios are 2. 16 for mode I, compared with
1.78 for mode II.

Engine performance for mode IIT operation is better than that for
mode I. Thrust for mode ITT is higher, while specific fuel consumption

 JNCLASSIFIED



2 SUNEEES ], NACA RM ES55H31

for mode III is lese than that for mode I. The maximum outer-spool cen-
trifugal stress for mode IIT is 32 percent higher than thet for mode I,
while the inner-spool centrifugal stress is the same for modes IIT and I.
At Mach 2.8, the combustor frontal area for mode IIT is 11.5 percent
larger than.the compressor frontal area, while that for mode I is only 6
percent larger. The afterburner frontal area for mode IIT is 35 percent
greater. than the compressor frontal ares, while that for mode I is 18.5
percent greater. At Msch 2.8 with the aefterburner inoperative, the ratio
of exhaust-nozzle-exit area for complete expamslion to campressor frontal
ares is 2,13 for mode IIT compsared with 1.92 for mode I; with afterburn-
ing, the ratios are 3.05 for mode III compared with 2.62 for mode I.

INTRODUCTICN

A gas-turbine engine 1s designed for & specific flight conditilon,
such as sea-level take-off. At this condltion, the engine components
operate efficiently at the desired values of compressor-inlet equlvalent
specific welght flow, turbine~ to compressor-temperature ratio, and com-
pressor total-pressure retio. Component efficlencies, compressor-inlet
equivalent speciflc welght flow, turbine- to compressor-temperature ratilo,
end compressor total-pressure ratio vary at other flight condltions.
These variaetions, which determine the engine performance at other than
design flight conditions, depend on the mode of engine operatlon. The
opersting mode also affects the location of the component operating lines
on the performence mdgps. Over the full range of flight conditionse, the
compressor should operate at & high level of efficiency and specific
weight flow with adequate surge margin to permit accepteble accelerations
and steble operation. The turbine should operate at a high level of ef-
ficlency for all flight conditlons, and operation very close to limiting
loading should be avoided.” The velocltlies 1ln the combustor and after-
burner should not exceed specified limits. Co

Any gains in engine performance that result from a particular mode
of operation should be eveluated by consldering the concomitant effects
on the size and weight of the various components. For example, from the
standpoint of engine net thrust, the compressor specific weight flow
should be as high as possible at esrh flight condition. A higher specif-
ic weight flow, however, means lsrger frontal areas for combustor, after-
burner, and exhaust nozzle for a glven set of aerodynamic and structursl
limits. Lerger components result in an engine weight increase and a pos-
sible reduction in net thrust per unit engine frontal area or net thrust
per pound of engine weight over some portion of the operating range. -

This report compares the performence, centrifugal stresses, and com-
ponent frontasl asreas of a hypothetlcenl two-spool turbojet engine for three
modes of operation. The engine considered has a design gressure ratio of
7.0 and a design inner-turbine inlet temperature of 2500 .
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The makximum thrust at any £flight condition is achieved by operating
the engine at maximum values of component efficiencies, compressor inlet
equivalent weight flow, and turbine- to compressor-tempersture ratio, and
at a compressor totel-pressure ratic that depends on the flight condition,
the turbine- to compressor-tempergture ratlio, snd the component efficlen-
cles. However, for a two-spool turbojet engine having fixed-geometry com-
pressors and turbines, the performesnce at any flight condition is flxed by
specifying two independent engine quantities such as Inner-turbine inlet
temperature and englne speed. The maximum turbine- to compressor-
temperature ratio (consistent with the englne strength requirements) is
achieved by specifying an inner-turbine inlet temperature of 2500° R (the,
design value) during all flight conditions for all three operating modes.
An engine speed specification is desired so thet meximm compressor-inlet
equivalent weight flow will result at each flight condition.

For mode I operation, the mechaenical speed of the outer-spool is as-
gigned to be constant at ite design velue for all flight conditions. For
mode IT opersation, the inner-spool mechanicel speed is assligned to be con-
stant at its design wvalue for all flight conditions. Although these two
modes yleld the same design performance, the performence at other than
design conditlons wiill differ becamse of the different varlations in com-
ponent efficiencies, compressor totsl-pressure ratio, and compressor
equivalent specific weight flow.

For mode ITII operaetion, the mechanical speed of the ocuter spool 1s
varied so that either the outer-spool equivalent speed is 110 percent of
design or the mechanical speed of the outer spool is 115 percent of de- .
sign. Because of the higher outer-spool equivalent speed, the compressor
equlvalent weight flow will be higher for mode III than for mode I.
Therefore, the thrust at each flight condition is expected to be higher
for mode IITI than for mode I. The values of oubter-spool mechanical speed
and equivalent welght flow entering the combustor, afterburner, and ex-
haust nozzle will be greater for mode III than for mode I. Therefore,
the values of outer-spool centrifugal stress and component frontal area
will be higher for mode III than for mode T.

METHOD OF ANALYSIS

After compressor and turbine meps are obtained analytically, the gas-
generator pumping characteristics are obtained by matching the compressor,
combustor, and turblne components. Engine performence with afterburning
and with the afterburner inoperative is calculated for three modes of
operation over a range of flight conditions. Operating lines for each
mode are located on each of the compressor and turbine performance maps.

CONE
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The varlations of outer-spoocl eguivalent speed, outer-spool mechanical
speed, inner-spool mechanical speed, and outer-spool equivalent welght
flow with flight condlition are found.

The areas of the engine components are calculated from assigned aero-
dynamic and structural limits and the engine performence for esch operat-
ing mode. The compressor and turbine frontel areas are based on the
design-point cycle calculations and given limits so that they ere the same
for all three operating modes. The frontal areas of the combustor, after-
burner, and exhaust nozzle for complete expansion are based on engine per-
formance over the full_range of flight conditions sc that the meaximum
areas compatible with the assigned limits vary wlth operating mode. No
gttempt is maede to calculate engline welght.

Desecription of Engine

Design conditions. - A cross section of a two-spool turbojet engine
with an afterburner snd the designated axial stetions are shown in figure
1. (All symbols are defined in appendix A.) The two-spool-engine design
conditions for sea~level operation at a Mach number of zero gre as
follows: ' ' '

Over-all compressor pressure ratio . . . . e e e e s s e s s s o 1.0
Outer-compressor equivalent welght flow, Ib/sec e ¢+ « s e e e« . - 180
Outer- and inner-compressor pressure ratio . . . . . . « « « « « . 2.646
Outer- and inner-compressor polytroplc efficiency, percent . . . . . 90
Inner-turbine inlet temperature, °R . . . « « ¢ + « « « « « « « . » 2500
Inner-turbine equivalent specific work, Btu/lb e o s 4 e s = e« s« < s 12.8
Inner- and outer-turbine adisbatic efficlency, percenmt . . . . . . . 87
Outer-turbine equivalent specific work, Btu/lb . . . . . . . . . . . 10.3
Afterburner temperature, OR . . ¢ ¢ ¢ ¢ ¢ » = o ¢ s s s o« s s = « . 3500

Component performance. - The outer- and lnner-compressor performance
meps are shown in figures 2(a) and (b). Each map was obtained in three
steps: by calculating the "backbone" or line of maximum efficlency, the
compressor stall-limit line, and constant-speed lines. This procedure
and the required curves are presented in reference 1.

The inner- and outer-turbine performance meps (figs. 2(c) and (4))
were obtained from the one-stage~turbine performasnce map of reference 2,
as8 described in reference 1.

Pumping Characteristics

The pumping characteristics of a gas generator, as used in thils re-
port, are defined as the relations among the following quantities: T4/Tl,

N./A/@1s Ni/A/67, w14/6g/0g, Pg/Py, Tg/T1, and £/6;. The pumping char-
acteristics are obtained by plotting the compressor and ‘turbine component

L .
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performance in terms of quantities suitsble for matching and relating the
performances of the compressors, combustor, and turbines in order to sat-
isfy the matching relations. This was achieved by metching the Iinner com-
pressor, primary combustor, and inner turbine to obtain inner-spool per-
formance and then matching the imner spocl with the outer compressor and
outer turbine. Matching procedures, similar to those described in ref-
erence 3, are presented in appendix B.

Modes of Operation

Before the performance of a turbojet engine at a given f£flight Mach
number and altitude can be calculated, the manner in which the engine is
operated must be specified. For equilibrium operation, two engine quan-
tities must be specified. Three modes of operation are considered for
the hypothetlical two-spool turbojet. TFor all three modes, the inner-
turbine inlet temperature is assigned to be 2500° R, the design value.
(Lower thrust values would result from specifying a lower inner-turbine
inlet temperature.) For mode I operation, the second quantity assigned
is outer-spool mechanical speed; this is assigned to be constant at its
design value for all operating conditions. Inner-spool mechanical speed
for mode II 1is assigned to be constant at its design value for 211 £light
conditions. For sea-level operation at a Mach number of zero, then, the
two-spool engine operates at design conditions for modes I or II. For
mode IIT operetion, the outer-spool equivalent speed is assigned to be con-
stant at 110 percent deslgn for all values of engine-inlet temperature
less than 567° R. The two-spool engine does not operate at its design
conditions for mode IIT sea-level operation at a Mach number of zero. The
values of compressor equivalent weight flow and over-all compressor pres-
sure ratio are 170 pounds per secord and 7.98, respectively, instead of
150 pounds per second and 7.0. At ses level, engine-inlet temperature
increases from 518.7° to 567° R as flight Mach number increases from O to
0.88. In the stratosphere, engine-inlet temperature is less than 567° R
for rflight Mech numbers less than 1.51l. For all inlet temperstures
greater than 567° R (flight Masch numbers greater than 0.68 at sea level
and 1.51 in the stratosphere), outer-spool mechanical speed is held con-
stant at 115 percent design. At an inlet temperature of 567° R, an outer-
spool mechanical speed of 115 percent deslign corresponds to an outer-spool
equivalent speed of 110 percent design.

Operation is consldered at sea level for £light Mach numbers from O
to 0.9 and in the stratosphere from 0.9 to 2.8, except for mode II opera-
tion. The minimm flight Mach number in the stratosphere for mode ITI is
1.08. At this flight condition, ocuter-spool equlvalent speed 1s 110 per-
cent of 1ts design value. The maximmm fllight Mach number for mode IT
1s 2.36; at this flight condition, outer-spool equivalent speed is 70 per-
cent of its design value. In order to extend the minimmm flight Mach num-
ber in the stratosphere from 1.08 to 0.9, the outer-compressor performance
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et speeds greater than 110 percent design would have to be estimated. The
curves of reference 1, from which compressor performence is estimsted, do
not exceed 110 percent design. In order to extend the maximum flight Mach
nunmber in the stratosphere from 2.36 and 2.8, outer-compressor performsnce
at speeds less than 70 percent design and outer-turbine performance at
speeds less than 83 percent design would have to be estimgted. Thils was
not done because it was believed that the range covered was sufficient to
make the comparisons between modes I and TII.

Component Operating Lines

Opereting lines are located on the compressor asnd turbine component
maps by finding the variations . of T4/Tl and Nb/\/@l with flight condi-

tion and then reading the component map varigbles from gas-generator plots
of the varlsbles agalnst T4/Tl for constant values of Nb/q/el.

For all three modes, the engine-inlet temperature at each flight con-
dition is calculated from

T, = tg (1 + I%E-Mg) (1)

vhere +t5 1s the ambient temperature at the specified altitude and Mj
is the specified flight Mach number. Since T4 18 assigned to be con-
stant, the variastion of T4/T1 with flight condition can be calculated.
For mode I operation, for which N, is assigned, the equivalent-speed
variastion with flight condition 1s calculsted from -

N, 515.7 /2
= N-0 T (2)
'\/61 1
For mode II operation, an iteration procedure was used to find the
variation of No/ﬂ/el with flight condition. The varlastion of Ni/qlel
with flight condition is found from

Ny 518.7\L/ 2
—= =Ny (25 (3)
/\/91 1

where N; 1s assigned to be the design value for all flight conditions.
For each flight condition, the value of N,/A/6] 1s found as follows:

382G
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(1) Values of T4/Tl and Ni/q/el are found from the veristion of
these varisbles with flight condition.

(2) Trial values of N,/A/6; end w;4/6g/8g are read from the-
pumping-characteristic plot, Té/Tl against wlA/es/Ss for constant
No/A/61, for the known T,/T,.

(3) A value of N;/4/6; is read from the gas-generator plot, N;/A/8;
against w;A/0g/8g for constant N,/A/6;, for the trial values of
No/A/67 and w Af85/8g5 from step (2). If this value does not equal the
known N;/A/8; value from step (1), steps (2) end (3) ere repeated until

agreement 1s reached. This iteration procedure gives more accurate results
than the more direct method of reading No/\/el values from a gas-

generstor plot, Ny/4/0; sagainst T4/Tl for constant N./A/61, for the
known velues of T,/T; and N;/A/6; at each flight condition.

For mode ITI operation, the No/ﬁféi variation with flight condition
is calculated from equation (2) when N, is assigned to be 1l5-percent de-
sign. For part of the flight range, a constant equivalent speed No/ﬂféz
of 110-percent design is assigned. Gas-generator_plots of PZ/Pl,
wi\/61/8), P3/Pp, wpA/02/8p, (Ey - B5)/64, wsNi/8y, (Hs - Hg)/6g, end
wsNo/8s against T,/T; for constant N,/A/6; are made. For each
flight condition, the compressor and turbine varigbles are read for the
knowvn velues of Té/Tl end Nb/q/@i. For each operating mode, operating
lines sre plotied on the compressor and turbine component maps.

Engine Performance

Thrust and specific-fuel-consumption values are calculated for after-
burning asnd inoperative-afterburner operation. The afterburning tempera-
ture is assigned to be constant at its design value, 3500° R.

The following procedure 1s used to calculate engine performance for
each operating mode:

(1) For an assigned flight condition, values of T4/Tl and No/ﬁ/al
are found as discussed previously.

(2) Values of win/6g/8g, Pg/Py, Tg/Ty, and £/6; eare read from the
pumping-characteristic curves for the values of Té/Tl and No/q/el.
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(3) The inlet total-pressure-recovery ratio Pl/PO 1s read from fig-
ure 2(e), a calculated plot of P,/P, against M, for a variable-
geometry I1nlet having two adjustable wedges and a by~pass duct.

(4) Exhaust-nozzle pressure ratlioc is calculated from

B " 30 Po B P “
where
=
P7/P6 = 0.98 for inoperative-afterburner operation
P7/P6 = 0.94¢ for afterburning operation
(5) Jet velocity is calculated from
IZ:E . a
Vy = Eiljrz-T 1 - EQ "
R Vi <P7) )

where Cv = 0.96, T; = Tg for inoperative-afterburner operstion, and
T; = 35000 R for afterburning operation.

(8) Net thrust is calculsted from

F, = % [+ 2) vy - v (7)

vhere wy 1is calculated from values of ﬁ14/96/66, Ts/Tl, PG/PlJ P,, and
T,5 Vg 1s calculated from )

Vo = Mo/reRtg (8)

and the fuel-air ratio is calculated from values of f£/67 amnd T, for

inoperstive-afterburner operation. For afterburning, the value of fuel-
air ratio for the afterburner is found by using figure 2 of reference 4.

=

3820
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In calculating the totel fuel-alr ratio, combustor efficiency is teken
equal to 0.95 and afterburner efflclency equal to 0.90. The fuel is as-

sumed to have a lower heating value of 18,700 Btu per pound and & hydrogen-

carbon ratio of 0.175.

(7) Specifiec fuel consumption is calculated from

gfe = M . (g)

Component Aresas

The component frontsl areas of the hypothetieal two-spool turbojet
engine were computed for the following design velues:

Air flow per unit frontal area at station 1, 1b/(sec)(sg ft). ... . . 35
Outer~compressor tip speed, ft/sec e s e s 2 s e e s s e s s s s « 1100
Outer-compressor entrance axiasl Mach number . « « « « « « » « « » « « 0.6

Ratio of Inner- to outer-compressor first-rotor tip relative

Mach mumber . o« «v o o o« o « = 2 o o s o s s « s a s s 2 « o « 2 « =
Retio of inner- to outer-compressor inlet axial velocity . . . . . .
Inner- and outer-compressor exit tangential veloclty, ft/sec e e
Inner-turbine exit axlial-velocity ratio, Vx,S/acr,S e e 4 s e s s e

Number of inmner-turbine stages . « ¢« ¢ ¢ ¢ o o ¢« 5o o ¢ s o ¢« o o o &
Inner-turbine loading parameter, Jg(H, - Hs)/U§,5 e e e e e e e .
Outer-turbine exit sxisl-veloclty retio, Vy gfacy g « « « « + « » « -
Number of outer-turbine stages . . . . . s e s a2 s s s e s s
Outer-turbine loading parameter, Jg(Hs - HS)/Uh R

Primery-combustor reference velocity, ftfsec . . .« « ¢ . . . . . . .
Primary-combustor hub-tip radius ratio . « « ¢« ¢ ¢ ¢ ¢ o ¢ ¢ o« o o &
Afterburner velocity, £L/B€C .« ¢ ¢« ¢ 4 ¢ 4 4 e e s e s e s e e s

mONE\)- O N s M
8P8HI—‘UI|—'I—‘U|OOO

Outer-compressor frontal area was calculated from the values of air
flow and elr flow per unit frontal ares; Inner-compressor frontal aresa
was assigned equal to outer-compressor frontal area. Values of outer-
compressof tip speed and entrance axial Mach number ylelded values of

_rotor tip relative Mach number end hub-tip radius retio. Guide vanes

were not used. TInner-spool tip speed and Inner-compressor first-rotor
hub-tip radius ratio were calculated from the velues of equivalent weight
flow, temperature, axial velocity, and rotor tip relative Mach number &t
the entrance of the inner spool.

The exit-asnnulus area of each turbine was computed from design point
cycle calculetions which geve values of turbine-exit equivelent weight
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flow, and the selected value of turbine-exlt axial-velocity ratio, which
gave values of turbine-exlt equivalent specific welght flow. The hub
radius of each turblne was calculated from design values of turbine spe-
cific work, stage loading perameter, and angular velocity. This hub-
radius value, together with the value of anmilus area, determined the
frontal area and exit hub-tip radius ratio of esch turbine. Constant
rotor tip radius was sssumed for each turbine. Rotor blade hub centrif-
ugal stresses were calculated for assigned values of blade taper factor,
0.7, and density of materisal, 480 pounds per cubic foot.

At each flight condition, the primary-combustor frontal ares was
calculated from the followlng equations:

wsAOs W A/BL VT (3) (20)
Y1

8s 8y  Pz/P;

Vg _ Vz | (11)

ST,3  A/TLERT,

_1
; Tz-1
1 /v
Pz T3 3
-p—- = 1 - T - (12)
7,3 21,3

WaN O T8 Pz \/ V3
S = 2116 518.7 ® (13)
3 811,3 * pT,S aT,3

(14)

Ar,z = S (15)

3820
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The values of Vz in equation (11) and Zp,3 in equation (15) were as-
signed to be 200 feet per second and 0.4, respectively.
The preceding equations with statlon 6a replascing station 3 were used

to calculate the afterburner frontal area st each flight condition. The
value Vg, 18 assigned to be 550 feet per second and Zh, 68 to be zero,

At each flight condition, the exhaust-nozzle-exit area required for
complete expansion was cslculated from the followlng equations:

) EEUGEE

) Pg/Pg

To-1l
wABY N 87" \2
(.\ T e VT (l 7 MB) (7)

/

Ag = (W_:C—s)a (18)

BA

4)

where Mg 1s found from the values of PB/PO and yg. For operatibn
without afterburning, TB/TG egualed 1.0 and PS/PS was assigned equal
to 0.96. For operation with afterburning, Tg = 3500° R and Pg/Pg was

assigned equal to 0.94. Exhaust-nozzle-throat areas were calculated from
the gbove equations with station 7a replacing statlon 8 and Mo, = 1.0.

The total-pressure and total-itemperature values at statlon 7z were as-
sumed. equal to the values at statlon 8.

RESULTS AND DISCUSSION
Component QOpersating Lines
The operating lines for the three modes of operstion are shown on
the two-spool turbojet compressor and turbine component meps (fig. 3).
Each operating line corresponds to the full range of flight conditions

considered, but only the minimum end meximum flight Mach numbers in the
stratosphere are noted in the tables.
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Outer compressor. - All three operating lines on the outer-compressor
performance map asre parallel to the stall-limit line (fig. 3(a)). For
modes I gnd II, the operating lines pass through the maximum-efficiency
region., The operating line for mode IIT lies closer to the stall-limit
line because the compressor and turbine components were sized for the
zero Mach number sea-level conditions of modes I and II. The components
could be designed for other conditions so that the mode IXII opersasting
line would pass through the maxlmim-efficiency range, and the margin be-~
tween the operaeting line and the stall-l1imit line would be improved.

Inner compressor. - The inner compressor operates at peak efficiency
only at speeds Ni/q/ez near design, because the slopes of the operating

lines on the lnner-compressor performance maep are greseter than the slope
of the stall-limit line (fig. 3(b)). For all three modes, the inner-
compressor equivalent-speed range is less than the corresponding ocuter-
compressor equlvalent-speed range. The minimum inner-compressor effi-
ciency is 0.71 for mode III operatlon, 0.77 for mode I operatlon, and
0.85 for mode II operation. However, these minimum-efficlency polnts
correspond to different flight Mach numbers “in the stratosphere - 2.80
for modes I end IIT end 2.36 for mode IT. In order to evaluate the three
modes of operation, comperisons will be made of varilous quantities plotted
against flight Mach number for the three modes. For this engine, nelther
compressor is restricted by its stall-limit line for any of the operating
modes,

Inner turbine. - The operating lines for the three modes of operation
are shown on the inner-turbine map (fig. 3(c)). The design value of
equlvalent specific work 1s not exceeded for any of the operating modes.
For mode I, specific work is constant at 1ts deslign value while the flow
parameter varies from 25.5 to 27.4.  For mode II, the flow parameter is
constant at its design value while specific work varles from 12.5 to 12.8
Btu per pound. For mode III, speciflc work is constant at its design
value while the flow perameter varies from 25.6 to 27.9 Btu per pound.
For sll three operating modes, the Inner turbine operates very close to
its design point for the full range of fllight conditions. Turbine effi-
ciency varles only slightly between 0.87 and 0.88.

Outer turblne. - Operating lines for the three modes of operstion
are shown on the outer-turbine performance mep (f£fig. 3(d)). For mode I,
specific work varies from 10.0 to 11.4 while flow perameter is counstant
at its design value. Efficlency is nearly constant st 0.87. For mode II
operation, specific work varies from 8.3 to 1ll.4 while flow parameter
verles from 28.2 to 35.8. Efficiency is nearly constant at 0.87. TFor
mode III operatlon, specific work varies from 10.6 to 16.4 while flow
perameter varies from 34.7 to 38.9. TFor operation during which equivalent
speed N,/A/05 varles, the turbine efficiency varies between 0.87 and
0.85. Tor operatlon during which equivalent speed No/ﬂ/ég is constant,

the turbine efficiency variles between 0.85 and about 0.79. At the high

<HEman.
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Mach number end of the mode IIT operating line, operstion 1s very close
to the estimated limiting-loading line. For opersting modes I and II,
the ocuter-turbine efficlency is nearly constant, while for mode III, it
varies from 0.87 to gbout 0.79.

Engine Speed Varistions

Equivalent speed of outer compressor. - The outer-compressor equiva-
lent speed variations serve to indicate the engine equivalent welght flow
variations and hence the engine thrust veristions. The variation of
outer-compressor equilvalent speed with flight Msch number for the three
operating modes is shown in figure 4. The equivalent speed values for
mode IIT are highest over the entire flight range. The values for mode
I are higher than for mode II except for the Mach number range 0.9 to 1.3
in the stratosphere. Because the calculations were limited to the outer-
compressor equivalent speed range 70 to 110 percent design, the range of
flight Mach numbers in the stratosphere for mode IT operation extends from
1.08 to 2.36.

Outer-spool mechanical speed. - The variation of outer-spool mechant-
cal speed with flight Mach number is shown in figure 5(a). The ocuter-
spool mechanical speed veriations lndlcate the centrifugal stress level in
the outer-spool compressor and turbine because centrifugel stress 1s pro-
portional to the squaere of the rotational speed. An engine is constructed
to withstand safely the highest stress level encountered during the flight
plan. For mode I, the outer-spool speed is specified to be comnstant over
the entire flight range. For mode II, the highest outer-spool speed oc-
curs at a flight Mach number of 1.08 in the stratosphere. The peak value
of 106-percent design would result In outer-spool stresses 12 percent
higher than for mode I. For mode IIT, the mechanical speed was. allowed
to increase to a value of 115-percent design which prevails over a large
part of the flight range. This resulis in a maximum outer-spool stress
level 32 percent higher than for mode I. Because a heavier structure is
required to withstand these higher stresses, improvements in performance
for mode IIT would be partially offset by the increased weight of the

outer spool.

Inner-spool mechanical speed. - The inner-spool mechanical speed
veriation with flight Mach number is shown in figure 5(b). For mode II
operation, the inner-spool speed is specified to be constant over the
entire flight range. The maximum value of inner-spool speed for modes I
and IIT 1Is sbout 6 percent higher than for mode IT. The stress level In
the inner-spool compressor and turbine would be 12 percent higher for
modes I and IIT than for mode II. From a centrifugal stress considera-
tion, the inner-spool for mode III operation would not be heavier than
for mode I operation so that any gaine in thrust for mode III over mode I
would not be lessened by inner-spool weight increases.

A
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Welght-Flow Verlations

The variation of engine equivalent weight flow with flight Mach num-
ber for the three modes of operation is shown in fligure 6. These weight-
flow variations influence the engine thrust varistions because thrust is
proportionsl to weight flow. T . _

At sea level, the weight flow for mode I operation is as great or
greater than that for mode II. At Mach (0.9, equivalent weight flow is
about 14 percent greater for mode I than for mode ITI. 1In the stratosphere,
mode I weight flow exceeds mode II weight flow for all Mach numbers greater
then ebout 1.3, while at lower Mach numbers, weight flow for mode II is
greater. At Mech 2.36, mode I weight flow is dbout 19 percent greater
than thet for mode II. At Mach 1.08, mode II welght flow is sbout 10 per-

cent higher.

For the entire f£light range, the greatest weight flow is achieved
for mode IIT operation. At sea level, the improvement over the welght
flow for mode I varies from 13 to 19 percent. In the stratosphere ihe
improvement is 6 to 20 percent. Over much of the flight range, the outer-
spool equivalent speed for mode IIT operation is greater than design.
Therefore, the weight-flow (and thrust) comparison between modes III and
I depends greatly on the overspeed weight-flow characteristics of the
outer compressor. For this particular engine, the equivalent welght flow
for mode IIY operation at 110 percent of the design outer-spool equivalent
speed is 112 {to 117 percent of the design equivalent weight flow. For
other englnes having high design values of inlet axial Mach nurber and
rotor tip relative Mach number, the increase in overspeed equivalent
weight flow might be considerebly less.- For such an engine, the geins in
engine thrust for mode III over mode I would be less than those discussed

in the following section.

Engine Performence

With inoperative afterburner. - Engine performence with the after-
burner 1lnoperative for the three modes of operation is shown In figure 7.
In figure 7(a) equivalent net thrust as percent design is plotted ageinst
flight Mach number. The design value of net thrust i1s 11,300 pounds. At
sea level, thrust for mode I operation is as great or greater than the
thrust for mode II. At Meach 0.9, mode I thrust is about 13 percent
greater. In the stratosphere, mode I thrust exceeds mode II thrust for
all Mech numbers greater than gbout 1.3, while at lower Msch mumbers,
thrust for mode IT exceeds. At Mach 2.36, mode I thrust is greater than
mode II thrust by dbout 20 percent. At Mach 1.08, mode ITI thrust is

gbout 10 percent greater.

3820
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For the entire flight range, the greaiest thrust 1s achieved for
mode IIT operation. AL sea level, the Improvement over the thrust for
mode I varles from 15 to 21 percent. In the stratosphere, the improve-
ment is 6 to 18 percent. .

Specific fuel consumption sfc as percent design is plotted agsinst
flight Mach number Mgy 1n figure 7(b). The design value of specific fuel

consumption is 1.166. At sea level, mode I specific fuel consumption is
less than or equal to that for mode IT. At Mach 0.9, mode I sfe is

agbout 3 percent less than that for mode II. In the stratosphere, mode I
sfc 1s less over part of the M, range while mode IT sfc is less for

other parts. The maximum difference between mode I and mode IT sfc is
gbout 3 percent. At sea level, mode IIT s8fc 1s 3 to 5 percent less
than mode I s8fe, whille in the siratosphere, the difference is 0.5 to 4
percent. . T ' .

With afterburning. - The trends for engine performance wilth after-
burning (fig. 8) are similar to the trends for engine performsnce with
the afterburner inoperative. At Mach 0.9 at sea level, mode I thrust is
16 percent greater than mode II thrust (fig. 8(a)). At Mach 2.36 in the
stratosphere, mode I thrust 1s 23 percent greater than mode IT thrust.
At sea level, mode IIT thrust is 16 to 22 percent greaster than mode I
thrust and in the stretosphere, 8 to 22 percent.

Qver most of the flight range, sfec for modes I and IT 1s ghout the
geme (fig. 8(b)). At all Mach nunbers less than 2.65, mode ITI sfec is
less than mode I sfc by O to 3 percent. At Mach 2.8, mode I sfec 1s
agbout 1 percent less than mode III sfec. '

Component Aresas

Compressor and turbine frontal areas. - The outer and ilnner compres-
sor of the hypothetical two-spool turbojet engine each has a frontal area
of 4.286 square feet. The frontal areas of the other components will be
referred to this compressor frontal area. The inner-turbine frontal ares
is gbout 12 percent smaller than the compressor frontal area, while that
of the outer turbine is sbout 1l percent larger. Oufer-turbine frontal
area would be reduced and inner-turbine frontal areas increased if the de-
sign value of outer-compressor pressure ratlo were reduced and the design
value of immer-compressor pressure ratio increased.

The compressor and turbine deslign values calculsied from the assigned
component design limits are as follows:
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Outer- and inner-compressor frontal ares, sq ft . . . . . . . . . . 4.286
Cuter-compressor first-rotor tip relative Mach number . . . . . . . 1.184
Cuter-compressor hub-tip radiue ratio . . . . . . . « . « . . . . . 0.397
Inner-compressor tip speed, ftfsec. « . « « + « « ¢ 4 4« 4 4 . . . . 1357
Imner-compressor first-rotor hub-tip radius ratio . . . . . . . . . 0.766
Imner-~turbine frontal area, sq £+ . . . . . « . . . . . . . . « . . 35.788
Imer-turbine-exit hub-tip radius ratio. . . . e s s s+« s« « 0.B7L
Inner-turbine centrifugsl stress at rotor hub, psi e+ e o s . 33,100
Outer-turbine frontal area, sq ft . . . . . e e s e e v s w s e . &£,739
Outer-turbine-exit hub-tip radius ratio . . . . e o s e s . s . 0.654
Cuter-turbine centrifugal stress at rotor hub, psi « s « s+ « « .« 29,800

Combustor frontal area. - Combustor frontal area is plotted against
flight Mach number for the three opersting modes in figure 9(a). For each
operating mode, the maximum combustor frontal area occurs at the highest
flight Mach number. At Mach 2.8, the combustor frontal area for mode I is
gbout 6 percent larger than the compressor frontal area. For the range of
flight conditions considered, the combustor frontal erea for mode II is
always smaller than the compressor frontal area. At Mach 2.8, the com-
bustor frontal areas for mode ITI is 11.5 pércent larger than the compres-
gor frontal area.

Afterburner frontal sres. - The varistlion of afterburner frountal area
with flight Mach number for the three modes of operation is shown in fig-
ure 9(b). The maximum frontal areas of the afterburners for modes I, II,
and III are 18.5, 19, and 35 percent grester than the compressor frontal

ares.

Exhaust-nozzle-throat area. - The variation of exhaust-nozzle-throat
ares with flight Mach number is shown in flgure 10. If the varietion in
exheust-nozzle-throat area is slight, no control of that area would be
needed. If the variation is large, a control would be required. For mode
I operation with the afterburner inoperative, the throat area of the ex-
haust nozzle must vary from 49.8 to 51.5 percent of the compressor frontal
ares (fig. 10(s)). TFor mode II, the variation is from 46.6 to 51.7 per-
cent, and for mode IIT from 50.6 to 59.5 percent.

For operation with afterburning (fig. 10(b)) the throat area varia-
tion is from 68.0 to 70.4 percent for mode I, from 62.1 to 70.S percent
for mode II, and from 638.2 to 82.3 percent for mode ITII.

Exhaust-nozzle-exit sres. - The variation in exhaust-nozzle-exit
aree for complete expansion with flight Mach number for the three modes
of operation is shown in figure 11. To obtain complete expansion in the
exhsust nozzle for engine operation with the afterburner inoperative,

nozzle-exlt areas greater than compressor frontal area are required for .

flight Mach numbers greater than sbout 1.3 to l.7, ‘depending on the mode
of engine operstion (fig. 11(a)). At Mach 2.36, the ratio of nozzle-exit

3820,
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area. to compressor frontal area is 1.59 for mode I compared with 1.32 for
mode ITI. At Mach 2.8, the rstio is 2.13 for mode III compared with 1.92
for mode I. If the exhaust-nozzle-exit area is made equal to the compres-
sor frontal area, the net thrust at Mach 2.8 1s reduced 15 percent for
mode ITIT operation and 11 percent for mode I operstion.

For engine operstion with afterburning (fig. 11(b)), nozzle-exit
areas grester than compressor area are required for all flight in the
stratosphere. At Mach 2.36, the ratio of nozzle-exlt area to compressor
frontal area is 2.16 for mode I compared with 1.78 for mode IT. At Mach
2.8, the ratio is 3.05 for mode III compared with 2.62 for mode I. If
the exhaust-nozzle-exit ares i1s made equal to the compressor frontsal area,
net thrust at Mach 2.8 1s reduced Z1 percent for mode IIT and 15 percent

for mode I. .

SUMMARY OF RESULTS

An snalytical investigation was made of a hypothetical two-spool
turbojet engine having a deslign compressor pressure ratio of 7.0 and =&
design inner-turbine inlet temperature of 2500° R. Engine performance
and component areas were calculated for three modes of engine operation.

For all three modes, inner~turbine inlet temperature was maintained
constant at 2500° R. For mode I, outer-spool mechanical speed was main-
tained constant at its design value. For mode IT operation, inner-spool
mechanical speed was maintained constant at its design value. For mode
III operation, outer-compressor equivalent speed was malntained constant
at 110 percent design for all englne Inlet temperatures less than 567° R;
for higher inlet temperatures, outer-compressor mechanical speed was main-
tained constant at 115 percent design.

The following resulis were obtalned:

l. Engine performance with afterburning and with the afterburner in-
operative for mode I operstion i1s better than that for mode II over most
of the flight range. Mode I thrust values exceed mode ITI thrust values
by as much es 23 percent. The specific~-fuel-consumption values for the
two modes are gbout the seme, the meximum difference belng sbout 3
percent.

2. Engine performsnce with afterburning and with the afterburner in-
operative for mode III opération is better than that for mode I. Mode
ITIT thrust values exceed those for mode I by 8 to 22 percent. Over most
of the flight range, the speciflic fuel consumption for mode III is less
than that for mode I, the maximm difference is about 5 percent.
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3. The maximum value of inner-spool centrifugel stress 1s 12 percent
higher for mode I than for mode II, while the maximum value of outer-spool
centrifugal stress is 12 percent higher for mode II than for mode I.

4. The maximum outer-spool centrifugel stress for mode III is 32 per-
cent-higher than that for mode I, while the inner-spool centrifugal stress
is the same for modes III and I. o

5. At Mach 2.8, the combustor frontal area for modes I and IIT 18 6
and 11.5 percent larger than the compressor frontal area, respectively.
For the range of flight conditions considered, the combustor frontel ares
for mode II is always smaller than the compressor frontal area.

3820

6. The afterburner frontal ares exceeds the compressor frontal area
by 18.5, 19, and 35 percent for modes I, II, and III, respectively.

7. At Mach 2.36 with the afterburner inoperative, the ratio of
exhaust-nozzle~-exit asrea for complete expansion to compressor frontal
area is 1.59 for mode I compared with 1.32 for mode II; with afterburning,
the ratios are 2.16 for mode I compared with 1.78 for mode II. At Mach
2.8 with the afterburner inoperative, the ratio of exhaust-nozzle-exit
area is 2.13 for mode IIT compared with 1.92 for mode I; with afterburn-
ing, the ratios are 3.05 for mode III compared with Z.62 for mode I.

8. The outer and inner compressors are not restricted by their stell-
limit lines for any of the operating modes. For 2ll three modes, the
outer compressor tends to operate at meximum efficiency while the iuner
compressor opergtes at maximum efficlency only at speeds near design.

9. The lnner turbine operates very close to its design point over
the full range of flight conditions for each operating mode.

10. The outer turbine operstes at nearly constant efficiency for
modes I and II. During part of the flight range for mode III operation,
the outer turbine operates in a reduced-efficlency region close to limit-

ing loading.

Lewis Flight Propulsion Laboratory
Netionsel Advisory Committee for Aeronautics
Cleveland, Ohio, September 8, 19355
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APPENDIX A

SYMBOLS
The following symbols are used in this report:
area, s8gq ft
velocity of sound, f£t/sec
velocity coefficient
thrust, 1b
fuel-air ratio
standard gravitational acceleration, 32.174 ft/secz
stagnation enthalpy, Btu/lb
mechanical equivalent of heu., 778.2 ft-1b/Btu
Mach number
rotationsl speed, rpm
total pressure, Ib/sq t
static pressure, Ib/sq 't
gas constant, 53.345 £t-1b/(1b)(°R)
specific fuel consumption, 1b fuel/(hr)(ib thrust)
total temperature, °R
statlic temperature, °R
wheel speed, £t/sec
velocity, ft/sec
welght flow, 1b/sec
ratio of radius to tip radius
ratio of specific heat gt constant pressure to specific hegt at

constant volume

oo
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s} retio of total pressure to NACA standard sea-level pressure, P/les

4| adigbatic efficiency

e ratio of total temperature to NACA standard sea-level temperature,
T/518.7 : i

p density, slugs/cu ft

Subscripta:

an annular

cr eritical

d design

f frontal

h hub-

1 inner spool

J Jet

n net

o} outer spool

T total conditions

X sxial B

o anbient condlitions

1 outer-compressor inlet

2 inner-compressor inlet

3 combustor inlet

4 inner-turbine inlet ~

5 outer-turbine inlet

6 outer-turbine exit

6a afterburner inlet

3820
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7 exhaust-nozzle inlet
Ta exhaust-nozzle throat

8 exhaust-nozzle exit

028%
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APPENDIX B

MATCHING PROCEDURES
Inner-Spool Performance

The performance of the inner-spool was found by methods similar to
those described in reference 3., Inner-compressor performance wae plotted

2
()
3 2 4/—é oMy

ainst ——
% nessne 83(P4/P3) (N3 /A/02)4 )
Ny/Af6; T - ST T

—, Imner~turbine performance was plotted sas
(N3/A/92)g

3820

for constant values

Ny
(5, - Es) ——) .
VO2/a woly '
5 egainst for constant values of

Ny 8y (N3 /A/63)4
N3/A/04

-, The maps were superimposed to satlsfy the matchilng relations
(N3/N62)4

(@) 2 @
Vs N% K

WzNi _ W4Ni
53(Py/Pz) ~ 8 (ﬂ) (82)

Accessory power ls assumed to be negligible for matching purposes gso
that no accessory power term appears in equation (Bl). Turbine cooling
air would be required for operation at the assigned inner-turbine inlet
temperature of2500° R. The fuel added in the combustor was assumed to
compensate for the turbine cooling air bled from the compressor exit so
that wz/w4 wvas assigned equal to 1.0. The pressure ratlic across the

combustor was teken equal to 0.97. - - o i . -

At each match point common to the superimposed maps, the turbine-
t0 compressor-temperature ratioc was calculated from
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[ ny/4/57 72
Ty (N1/4/62)a

T (B3)

N

| (¥3/4/82)4

Other inner-spool gquentities were calculated or read from eppropriaete
plote so that inner-spool performence could be plotted as WZA/GZ/SZ

egainst wgA/65/85 for constant values of Tg/T,.

Inner-Spool Matching wilth Cuter-Spocl Components

2
N,
o
mz'ﬂl)(«/e" )
Quter-compressor performance was plotted as 5 1/4 and
N
o)
N, /\/6
Tz/Tl against w2§/92/82 for constant ..JEL..JL__, Outer-turbine per-
(No//\/el)d
N, V¥
(Es - Hg)
VO1/a W5y
formance was plotted as > against for
No 8S(NO/VGIL)G.
No/A/Bs .
constant -—————. The following ilterastion procedure was used to match
(No/AN@1)a

the inner spool with the outer compressor and outer turbine:

(1) An outer-compressor opersting point is assigned. This gives

2
N
(Hy - By){—= )
v/, N /46, S (Vel a
%2 7 (Ng/AVE1)g N3

v,/ V05
(No/VE1)a

is assigned, a contradiction wiil'a.rise, because speclfying an outer-
compressor opergting point is sufficient to fix the operatlion of all the
remeining components.

values of , and To/Tq.

(2) A trial value of is assigned. If the wrong value
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wN
(3) A value of.. S0 ——— 1ig read from the outer-turbire map for :
85 (No/ VE1)a
N 2
(85 - Hs)( o=
No/ VOs 81 a4
known values 0f ——————— and = £—. Because
(No/vel)d NS
2 Q
N \. Y]
o_
W1 = Wp = Wz = Wy = W5, the value of = L from step (1)
o

N >2
He - W—=-
o - () _ -

eqgusals

N5
(4) A val A/65/8: i lated f ¥ d ~
4 velue of w s calculate rom e an
5 5/ %5 -
85(No/ V81 )a
No/'\/_QS o - T
(No//\/—e_}_)d

(5) A value of Tg/T; is read from the inner-spool performance map
for known values of wpA /62/‘62 and W5IV95/85.

(6) A second value of TS/TZ’ which d.ep_ends on the relation between
the outer-spool component equivalent speeds, is calculated from

[ N /VEL ]
(N./V61)a
No/Vos5

Ts | (No/VB1)g |
I To/Ty -

(B4)

If this does not equal the value from step (5), steps (2) through (6) .
are repested until agreement is reached.
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All the two-spool ges-generator quentities required to compute the
pumping characteristics msy now be czlculated or reed from sppropriate
plots. The pumping characteristics are represenied by plots of Té/Tl,

Tg/T1, Pg/Py, N3/A67, and £/6; against wy4/65/8; for constant

values of N,/A/67.
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Total-pressure ratio, P2/Pl
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Equivalent net fhruat, F,,/0,, percent design
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Specific fuel conmsumption, sfc, percent deslgn
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Exhaust-nozzle~exit area for full expansion, percent of compressor frontal area
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Figure 11. - Variation of exhaust-nozzle-exit aree for full expansion
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