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SUMMARY

Several turboJet engines wilth bobth constent- and variable-area noz-
zles have been investigated in the NACA TLewls altltude wind tunnel over
a wide range of flight conditions with and without afterburning cycles
(burning of additional fuel in the tall plpe). The pertinent date from
these many studiles have been collected and analyzed to extend full-scale
nozzle performence Lo higher exhaust-nozzle pressure rablos anmd to
investigate the effecks of constant- and variasble~area nozzles on
turbojet-engine operation. Velocity coefflclente from 0.94 to 0.99 and
flow coeffliclents from 0.95 to 0.99 were obbtained for the conical noz-
zles with exhauat-nozzle pressure ratios up to 3.6. For a varlable-aresa
nozzle that was almost planar in both the open and closed positions, a
constant veloclity coefficient of about 0.98 above the critlcal pressure
ratio was obtained.

Engine performance of several turbojet engines with both constent-
ares and varlable-area nozzles was Investigated over a range of thrusts.
The time rate of thrust change of a turbolet engine could be materially
improved by use of a varisble-area as compared wlbth & consbtant-area
exhaus®t nozzle; at 45,000 feelt, a 25-percent thrust change with a variable-
ares nozzle required only 7 percent of the tlime requilred witk a constant-
area nozzle. The specific fuel consumption obtalnable at a glven thrust
was gbout the same for both types of exhaust nozzle. For the particular
turbojet engine and afterburner Investigated with a two-position exhaust
nozzle, the nozzle aresa was too small to permit afterburning to maximum
exhaust-gas tempersture at an altitude of 5000 feet and too large for the
attainment of limiting turbine-outlet tempersture at an altitude of
45,000 feet. Specific fuel consumption with afterburning is also penal-
ized at thrusts below the design value for the two-position nozzle because
of lowered turbine-outlet tempersture and pressure; at 120 percent of rated
net thrust (where the two-position nozzle was designed for 135 percent
of rated thrust), the specific fuel consumptions were 2.40 and 1.88 for
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the two-position and variable-area nozzle, respectively. With a
variable-area nozzle, the thrust and specific fuel consumpbtion can be
improved becaise the avea can be adjusted to maintain constant turbine-
outlet temperature and pressure. .

INTRODUCTION

It is a well-known faot that the function of the exhaust nozzle on
a turbojet engine is to change the availeble energy of a hot-gas stream
into thrust. Because of thls service, the nozzle efficiency influences
directly the Jet thrust of the engine. Of equal lmportance 1s the con-
tribution which a varisble-area nozzle can mske to the operational per-
formance of the englne.

Most exhaust nozzles 1n use today have a relatively high efficilency,
aend Improvements In nozzle deslgn therefore do not afford es significant
Improvement 1n engine performance as can be realized by a substantial
improvement in some of the other less efficlent components such as the
compressor or the turbilne. Probably because the nozzle efficlency 1s so
high, very few quantitative data on nozzles are avallable although such
data are esgsentlial to the designer of a Jet powerplant and to the evalu-
atlon of Jet-englne performsnce. Performence daba on full-scale
congtant- and variasble-ares exhaust nozzles at nozzle pressure ratlos up
to 2.0 which were obtalned fram sea-level static turbojet-engine investi-
gations are reported in references 1 and 2. Investigations of small-
scale nozzles with cold air for pressure ratles. up to 3.2 are reported
in references 3, 4, and 5. The performance data on full-scale constant-
and variasble-area nozzles were extended herein to exhaust-nozzle pres-
sure retios of 3.6 by a serles of lnvestlgations on several turbojet
englnes under a variety of flight comdlitlons. A comparison of these
dsta with the small-scale nozzle data 1n the literature is made.

The application of the varlable-area nmozzle to & turbolet engine
Incresges the flexlbility of the englne performance and under certaln
operating condltions msy afford en increasse in avalleble thrust and &
deoreage in speclfic fuel consumption. Thrust modulation at a fixed
engline speed 18 possible by changing the exhaust-nozzle area, and a
much faester rete of change in thrust is posslble by changing the exhaust-
nozzle area at a fixed englne speed than by changing the engine sgpeed
whlle holding the exhaust-nozzle area constant. Because the same thrust
1ls avallable over a range of engine speeds 1f a variable-area nozzle is
used, the engine may be operated at the speed and the temperature at
which minlmum specific fuel consumptlon is obbtained. The area of a
constant-area nozzle for a turbojet engine is weually chosen to glve
limiting turbine-outlet temperature at rated speed for a static sea-level
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flight condition. Because of Reynolds number effects on the engins at
altitude, limiting bemperature is often reached at an engine mpeed less
than rated. A change in area from the sea-level. value could meke rated
speed and rabted tempersture coincldent at altitude, 1f the engine were
equipped with & variable-ares nozzle. When an afterburner 1s added to a
turbojet engine, a verisble-area nozzle is essential if rated engine speed
and turbine-outlet temperature and high afterburner efficiency are to be
maintained for a range of afterburner fuel flows and flight conditions.
Some experimental date taken from burbojJet-engine investigations are
presented herein by which the quantitative effect of a variable-area
nozzle on engine performasnce variables can be evaluated. This investi-
gatlon was done at the NACA Lewls lsborabtory.

APPARATUS

Pertinent data on the axial-flow engines used in this investigation
are glven iIn the following teble:

Engine | Rated thrust | Engine Engine Compressor Conical
(1p) pressure | temperature | pressure exhaust-
ratio reatio ratio nozzle area
(sgq in.)
A 5200 1.83 3.29 5.2 280
B 3200 1.82 2.95 3.8 171
c 4000 1.84 3.12 4.0 213

These englne data are for rated sea-level static condibtions. A
typlcal engine installabtion In the albtltude wind tunnel is shown in

figure 1.

The nozzle slzes and types, together with the range of pressure
ratlos investlgated, were as follows:
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P PR P T e e T = 2 Laac T S —==
Tham- Nozzle type "|Cone |Outlet|OQutlet [Instru-| Pres- [Total
ber half diem~| area |menta- {sure- nozzle
angle| eter [(sq in.)] tion |ratio [length
(deg)| (in.) diam~- |range (in.)

eter inveati-
ratio gated

19.08] 285 (0.995 l.2-2.9 17

1 |Conlcal, constant area | 3.4
2 |Conlcal, constant area | 3.4 | 19.06] 285 919 1l.2-2.9 17
3 |[Conlcal, constant areg | 2.3 } 18.88| 280 .995 11.1-2.0 20
4 |Conlical, constent area { 4.9 | 17.15| 231 .980 |1l.2-2.2 20
5 [(Conlcal, constant area | 8.2 | 14576 171 .981 |1l.2-3.6 20
6 [|Variable-area, non- See

planar clamshell ——— | me—— 147-270| text 1.2-3.4 -
7 |Variable-area, planar See

clamghell : === | ==w=~|316-462| text [1l.2-3.3 -

Instrumentetion diameter ratlo 1z defined as the ratlio of the
nozzle-exlt diameter to the dlameter at the nozzle Instrumented
measuring station. For nozzles I, 3, 4, and 5 in the foregoing table,
the measuring station was located 1 inch upstream of the exit. (See
downstream measuring station, fig. 2(a)) 1In addition, instrumentation

vas also located 147 inches upstream of the exit in nozzle 1; data

obtalned from thils measurling station are designated as nozzle 2 in the
foregoing table. (See upstream measuring statlon, fig. 2(a).)

Survey rakes for the varilable-area nozzles were placed l-inch
upstreem of the fixed Inner 1ip of these nozzles (fig. 2(b)). The areas
at the measuring stations were 298 and 500 sguare inches for nozzles 6
and 7, respectively., Veriable-area nozzle 6 1s designated the nonplenar
nozzle because the exlt shape 1s elliptical and nonplanar in the closed
position, although it is civrcular in the open position (fig. 3). This
nozzle was of the clamshell type wlth pivot points at the top and bottom
of the tall pipe. A motor-driven yoke was used to change the nozzle
area. Flexlible gteel seallng strips were lnstalled on the upstream edge
of the movable lips to minimize gas leakage. The exlt shape of nozzle 7,
designated as the planar variable-area nozzle, was almost clrcular and
in a single plane in both the open and closed positlons (fig. 4). The
mochanical constructlion of thls nozzle was similar to that of the non-
planar nozzle.

All nozzles were extensively instrumented for measuring total pres-
sure, statlc pressure, and temperatures. Typlcal exhaust-nozzle Instru-
mentation rakes installed In a conlcsl nozzle are illustrated in fig-
ure 5. The upstream lnstrumentation rake of nozzle 1 was in a hori-
zontal plane to minimlize the effect of 1lbts wake on the readlngs of the
downstreoam rake in the vertical plane. S o
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PROCEDURE

The performance data for the varlous nozzles were obtained from
invegtligations of axisl~flow burbojet englnes wlith and without after-
burners. These data were obtalned over a range of altitudes from 5000
to 45,000 feet and at simulated flight Mach numbers from 0.2 to 1.1.

In order to make & comparison of the specific fuel censumptions with
congtant- and variable-area nozzles, the three englnes were operated over
a wlde thrust range at several flight condltions wilth both exhaust noz-
zles. The time requlired to vary engine thrust by changling the nozzle
area at rated engine speed and by changing the rotabting speed with
constant nozzle area wes experimentally determined. By operabting an
engine at low and high altitude with both constant- and varlable-area
nozzles, 1t was possible to evaluabte the effect of changing nozzle aresa
at two alblitudes on the maximmm obtelineble thrust.

The effects of altitude on the performence of a turbojet engine
egulpped with an afterburner were obtained for both constant- and

varigble-ares nozzle operabtlon. The dabta for afterburning operation
with a two-position exhaust nozzle were obtained from tests with a larger
conical nozzle or by locking the planar varlable-sresa nozzle in the
wlde-open position.

Methods used for the reductlion of the data are presented in the
appendlx.

RESULTS AND DISCUSSION
Constant-Area-Nozzle Performance

Veloclity and flow coefflclents. - Nozzle performsnce ls presented
In terms of effective veloclty coefficlents and flow coefflcients. The
effective veloclty coefflcient 1s defined as the ratloc of actual Jet
velocity (determined from scale thrust measurements and mass flow) to
the effective jet veloclty (determined from pressure and temperature
measurements in the exhaust nozzle). The flow coefficlent is the ratio
of the actual mass flow as measured by lnstrumentatlon at the engine
inlet to the theoretlical mass flow determined from measurements In the
exhaust nozzle. The coefflclents are shown as a function of nozzle pres-
surs ratlo, which is deflined as the ratio of the total pressure at the
nozzle measuring statlion to the amblent statlc pressure.

The varlation of effectlve velocity coefficient (herelnafter called
velocity coefficient) with nozzle pressure ratio is shown in figure 6
for a nozzle in which both the upstream and downstream lnstrumentatlon
rekes were installed. Velocity coefflclents of &bout 0.95 and 0.99 were
obtained st nozzle pressure ratios of 1.4 end 2.8, respectively, for
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meagurements at both the upstream and dowhatream ingtrumented stations
(see fig. 6). The loss in total pressure between the two measuring
stations was not great enough to affect the velocity coefficilents
apprecilably. The princlpal pressure losses therefore occur between the
downstream instrumented station and the nozzle exlt; as a result, coef=
Flclents bagsed on a downstream instrumentation station for the subse-
guent nozzles are considexred wvalid.

Veloclty coefflclents for nozzles with cone half sngles of 2.3°,
4.9%, and 8.20 are shown in figure 7. Although a maximum scatter of
about 3 percent occurs in the data at low pressure ratios, & single
curve at & valus of about 0.97 fits the data for each nozzle. The
veloclty coefficlents presented In figures 6 and 7 were obtalned from
nozzles investigated on engines A and B, respectively. The differences
of the cutrves 1n these two figures are attributed to the varlation in
pregsure dlstributions of the flow entering the nozzles rather than to
the nozzle geometries.

Flow voefficlents are shown ag a functlon of nozzle pressure rabtlo
at diameter ratios of 0.919 and 0.896 in figure 8 for & nozzle with a
cone half angle of 3.4° and an outlet diameter of 19.068 inches. The flow
coefficlents for a diameter ratlo of 0.919 (fig. 8(a)) are about 1 per-
cent lower than the coefficlents obtalned at & diameter ratio of 0.995.
Flow coeffilcients for nozzles wilth cone half angles of 2.3°, 4.9°, and
8.2° are shown in figure 9. Coefficlents of 0.96 and 0.99 were obtained
at pressure ratios of 1.2 and 2.2, respectively, for both the 4.9° and
8.20 nozzles. Daba Por the 2.3° mozzle scatbered too much to determine
a definite curve.

Scale effects. - Conslderable performence data are avallable on
small-scale nozzles With cold alr (references 3, 4, and 5). Investi-
gations with full-scale nozzles on turbojet engines need not necessarily
give the same results. A comparison of full-scale data with small-scale
data obtalned from several different sources is shown in figure 10,
where veloclbty and flow coefficlents sre plotted as a functlon of noz-
zle pressure retio. Although somes differences 1n cone angles and
diameter ratlos for the nozzles are presented in this comparison, such
differences have bsen shown to have 1little effect om the veloclty coef-
ficlents. (See reoference 2.) However, differences in nozzle geometry
do affect the flow doefficlents; only nozzles with comparable cone angles
and dlameter ratlos are thue presented for the flow-coefflcilent
comparison.

At the low pressure ratios, the velocity coefficients of the full-
gcale nozzles (which are the curves presented in figs. 6 and 7) are
between 0.95 and 0.97 and &t the high pressure ratiocs vary from 0.57 to
0.98. The veloclty-coefficient curve for the 7° small-scale nozzle
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(reference 5) is similar to the full-scale results, but there 1s con-
slderable disagreement between the curves for references 3 end 4 and
the curves of the full-scale nozzles.

The flow coefficients for the full-scale nozzles (data from figs. 8
and 9) incressed from 0.96 et low pressure ratlos to ebout 0.99 at high
Pressure ratios. The curves of reference 3 are from 3 to 5 percent
lower &t all nozzle pressure ratios. Two factors that may conbribute to
the differences In the nozzle coefficients are (1) temperature and pres-
sure gradients due to hot exhaust gas from the englnes used in the full-
scale lnvestigatlons, end (2) probable differences in boundary-layer
thlckness. :

Variable-Area Nozzles

Velocity coefficients for the two varlasble-asrea nozzles investl-~
gated are shown as a function of pressure ratio in figure 11. Although
a velocity coefficient (filg. 11(a)) of about 0.98 was obtained at a
presgure ratio of 1.3 for the nonplanar nozzle in the open position
(vwhere the exit shape was planar), coefficilents of 0.90 and lower were
obtalined at high pressure ratlos with the nozzle in the closed position
(where the exlt shape was elliptical and nonplanar). The low velocity
coefficients probably result from the fact that the Jet 1ssuing from the
nozzle in the closed position has & redial component; hence, some of the
momentum of the exhaust gases does not contribute to the thrust force
produced by the nozzle.

Above the critical pressure ratio (about 1.85), a constant velocity
coefficient of 0.98 was obtained for the planar clamshell varisble-area
exhaust nozzle (fig. 11(b)). AL a pressure ratio of 1.2, a veloclty
coefflcient of 0.97 was obtalned for the planar nozzle in the open posl-
tion, and 0.93 in the half-open pogitlion where the nozzle was lesast
planar. From these data on varigble-area nozzles it is apparent 4hat
the degree of plansrity of the nozzle exlt has an Important effect on
the veloclty coeffilclent.

Flow coefficlents for the varlable-area nozzles are presented in
figure 12. The nozzle area proJected on & plane perpendicular to the
engine center llne was used in compubing the theoretical mass flow;
therefore, chaenges in nozzle area have a large effect on the flow coef-
Piclents for the nonplanar nozzle (fig. 12(a)). Flow coefficients in
excess of 1.0 abttesat to the dlspersal of soms of the flow in a direction
other than axial when the nozzle is in the closed position. Flow coef-
ficients for the planar variable-area nozzls, which are not affected by
changes in exhaust nozzle area, reach a maximum of about 0.96 at a
pressure ratlo of 3.2 (fig. 12(b)).
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EFFECTS OF EXHAUST NOZZLES ON FERFORMANCE OF TURBOJET ENGINES

Iims required for thrust changes. - Fram a tactical point of view,
the time required to change the thrust of & turbojet engine is of great
Importance. Conslderations such as sircraft accelerstion or decelera-
tlon are directly dependent upon the degree of thrust change obbtainable
wlthin a glven time. Thrust conbtrol of a turbojet englne equipped with
& constant-area exhaust nozzle is effected by varlations in rotating
speed. DBecause of the decreased alr denslty at higher altltudes, less
turbine power is available to accelerate the engine while the inertia
of the rotating parts remains constant; as a result, the time required
to change the thrust lncreases with altitude for a turbojet engine with
& conatant-~area nozzle. For an eénglne equlpped with a variable-ares
exhaugt nozzle, thrust control can be obtained merely by varying the
exhaust-nozzle area. A comparison of the time regqulred to increese the
Jot thrust from 30 percent and 75 percent to 100 percent of rated Jeb
thruet for engine A operating with each btype of exhaust nozzle is shown

by the following data at a flight Mach number of 0.21:

Altitude| Exhaust= | dJet thrust Required englue |Time required
(£+) nozzle | (percent rated)| speed (sec)
area (percent rated)

From’ To From To
15,000 | Constent | 30 100 57.8 100 7.8
Variable | 30 100 64.9 100 5.2
Constent { 75 100 82.2 100 4.2
Variable | 75 00 | 100 .. | 100 1.8
45,000 | Constant | 30 100 67.2 100 37.4
Variable | 30 100 70.6 100 20.4
Constant | 75 100 81.8 100 24.6
Verisble | 75 100 | 10 | 100 1.8
_ b - R " .

(For these thrust variations, the fuel valve was changed at such a rate
to keep the exhaust-gas tempergture wlthin the_pmescribgd limits.)

A thrust increase fram 30 percent to 100 percent of rated thrust
can be accomplished with a varlable-area nozzle in about 0.67 and 0.55
of the time required with a constant-area nozzle at 15,000 and

45,000 feet, respectively. A thrust lncresse from 75 percent to 100 per-

cent can be accomplished with a variable-area nozzle in a small fractlon
of the time required with a constant-arsa nozzle becausé no change in
engine speod 1s needed in.this thrust range with the varlable-area
exhaust nozzle.,
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Specific fuel consumptlon. - In order to determine the effects of
congtant- and varlable-area exhaust nozzles on speclfic fuel consumption,
data were obtalned from three engines that were operated over a wlde
range of thrust conditions with both nozzles. Thrust with the constant-
ares nozzle was varied by changing the engine speed; thrust wlth the
variable-aresa nozzle was varied by changlng the nozzle area at constanb
speed. Speciflic fuel congumption 1s plotted as a functlon of net thrust
for each of the englnes in figures 13 to 15. The thrust used for this
comparison was calculated from pressure mesasurements upstream of the
exhaust nozzle to ellminate the effects of velocity coefficlents from
the comparison. (From the data on velocity coefficlents previously
shown, 1t would be possible to use elther a constant- or planar varisble-
area nozzle with approximately the same veloclty coefflcients.) Resultse
of operatlng englne A with constant- and variable-area nozzles st alti-
tudes from 25,000 to 45,000 feet and a flight Mach number of 0.21 are
presented in figure 13. The maximum difference between constant-area -
varigble-speed and variable-area - optimm-speed operation (the speed
and nozzle-ares comblnabion that wlll result In the lowest value of
specific fuel conmsumption) 1s about 5 percent at an altitude of
35,000 feet and 70 percent of rated net thrust.

The operating lines for engine B equlpped with a constent-area noz-
zle indicate lower specific fusl consumptlons for some thrust values as
compared wilth the specific fuel consumptlons shown for the englne with a
variable-area nozzle. (See fig. 14.) Because it is possible to dupli-
cabe with the varlable-area nozzle any operating point of the constant-
ares nozzle, equally low specific fuel consumptions are obtainable wlth
both nozzles. Practically ldentical gpecific fuel consumptions were
obtained for the two modes of englne operatlon at each thrust investl-
gated for engine C (fig. 15).

In addition to the three experimental engines Investigated, the
variation of specific fuel consumpbion wilth thrust was calculated for a
hypothetical axial-flow engine where the component efficiencies were
assumed constant. The calculated results indicated that equal specific
fuel consumptions were cobtained for variable-speed and varisble-area -
constant-speed operation.

In general, sbout the seme speciflc fuel consumptions were there-
fore obtainable for engine operation with either a constant- or varisble-
ares. exhaust nozzle for three axlal-flow expsrimental engines and a
hypothetical engine with constant component efficiencles. However, 1f
widely different compressor efficiencies were encountered for the two
modes of engine operation, the specific fuel consumptions might no
longer agree at all thrust levels.

Variation of net thrust with exhsust-nozzle area. - The
relation between net thrust and nozzle area for btwo-axial-flow
engines at several altitudes and flight Mach numbers is shown in
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flgures 16 and 17. Rated net thrust for operation with the variable-~
area nozzles ls defined as the thrust obtained et limiting exhaust tem-
perature and rated engine speed for any one flight condition. Changes
In altitude between 15,000 and 45,000 feet did not affect the thrust
reductlon obtained for 8 glven :I.ncrease in nozzle area. (See figure 16.)
Increasing the nozzle area a glven amount produced different thrust
reduction for the two engines. Part of the difference in the effect of
area on thrust results from the different compressor pressure ratios of
the englines and differences in component efficiencies. The effect of
varlations 1ln flight Mach number on the relatlon between net thrust and
exhaust-nozzle area 1s shown in figure 17. Although a general trend
towerd incressed thruet reduction is noted at the higher flight Mach
numbers for a glven Iincrease In exhaust-nozzle area, this trend is
reversed for engine A at a flight Mach mmber of 0.92 (fig. 17).

The meximum thrust regulstion obtalnable with a change in hoth noz-
zle ares snd engine speed 1ls Indicated in figure 18 for engine B opera-
ting at an altitude of 25,000 feet and a flight Mach number of 1.05. At
rated englne speed, mcreasing the nozzle area from 1 to 1.93 times the
rated nozzle area reduced the net thrust from 100 to 24 percent of rated
net thrust (fig. 18(a)). Because the thrust curves level off at nozzle
areas greater then about 1.8 times rated nozzle area (fig. 18(b)), fur-
ther thrust reductions can be obtained only by decressing the engine
gpeed.

Bffect of.exhaust nozzles on maximum thrust. - The variatlon of
exhaust-gas btemperature wlth englne speed lg presented In fligure 19 for
engines A and B at altitudes of 15,000 and 45,000 feet. These data are
for the englnes equlpped with conica.l exhaust nozzles that were selected
to give limlting exhaust-gas temperature at rated engine speed and an
altitude of 15,000 feet. Because of the characteristlic decreese in
axlal-flow-compressor efficlency (reference 6), and the increase in com-
pressor Mach number, the exhaust-gas temperature obtained at a glven
speed rises with increasing altitude. At en altitude of 45,000 feet,
limiting turblne-outlet temperature wa.s obtained at 94 and 91 percent
of rated engine speed for englnes A and B, respectively.

A varisble-srea exhaust nozzle provides control of the exhaust-gas
temperature at constant engline speed by a change in nozzle area.
Increasing the nozzle area to permlt operation at rated engine speed
for an altitude of 45,000 feet would result in thrust increases of 3 and
8 percent for englnes A and B, respectively. The thrust changes
obtained for the 6- and 9-percent increases in engine speed are lower
than might be expected because of choking at the compressor inlet and
the decrease I1n compressor efflclency.
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EFFECTS OF EXHAUST NOZZLES ON PERFORMANCE OF
TURBOJET ENGINES WITH AFTERBURNERS

For a turbojet engine equipped with sn afterburner (complete des-
cription of this cycle can be found in reference 7), the meximm obtain-
able thrust and specific fuel consumption are influenced by the type of
exhaust nozzle. Adding an afterburning cycle to a normal turbojet engine
requires a change in the exhsust-nozzle sres, which is & function of the
increase in exhaust-gas temperature due to the afterburner. In order to
cperate a turbojet engine equipped for afterburning with or without the
afterburner cycle operative, the afterburner must therefore have elither a
two-position or a continuously verisble-ares nozzle. Afterburner opera-
tion with the two-position nozzle requires the full-open position, where-
as the variaeble-ares nozzle is opened to a position that depends upon
the degree of afterburning desired.

Effect of exhaust nozzle on maximum thrust. - The varistion of
turbine-outlet tempersasture, afterburner combustion efficiency, and exhsust-
gas tempersture with total fuel-air ratio is shown in figure 20 for g
turbojet englne operating with afterburning and a two-position exhaust
nozzle in the open position. Although these data are not necessarily
general, they do indicate some of the shortcomings of afterburner opera-
tion with the constant-ares nozzle. Increasing the altitude from 5000
to 35,000 feet raised the total fuel-air ratio at which limiting turbine-
outlet temperature was obtained fram 0.046 to 0.053 as a direct result of
the reduction in afterburner combustion efficiency. A further increase
in altitude to 45,000 feet reduced the afterburner combustion efficiency
to such a level that it was no longer possible to operate at maximum
turbine-outlet temperature. (See fig. 20(b).) At low altitudes, the
two-position exhaust nozzle 1s too smell; that is, limiting turbine-
outlet temperature is obtained st a relatively low fuel-sir ratio. At
a high altitude such as 45,000 feet, the nozzle asres is too large; that
is, limiting turbine-outlet temperature (end thus meximim thrust) is not
obtained. ' '

The maximum net thrust obtalngble with this afterburner configuration
and the possible improvement by the substitution of a varisble-area
exhasust nozzle is shown In figure 21 as a function of altitude. At
altitudes from 5000 to 35,000 feet the thrust increase due to afterburning
end with the two-position exhesust nozzle was about 40 percent of rated
net thrust. At 45,000 feet, where the maximum turbine-outlet and
exhaust-gas temperstures were relatively low as a result of the poor
cambustion efficiency, the rated net thrust with afterburning could be
increased only 18 percent. The thrust lncrease sveilable at the after-
burner exhsust-gas temperatures of 3200° and 3400° R and at a constant
turbine-outlet temperature was calculated and is shown in figure 21. In
order to maintain the turbine-outlet temperature constant over a range of
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altitudes, it would be necessary to vary the nozzle area. Afterburning

to an exhaust-gas temperature of 3200° R would probsbly be possible at an -
sltitude of 45,000 feet becsuse a Jecrease in exhaust-nozzle area would

increase both the—turblne outlet temperature and afterburner caumbustlon

efficiency. At en altitude of 5000 feet, thrust inereases of 43 and 49

percent would be cbtained at exhaust-gas temperatures of 3200° and 3400°

R, respectively (fig. 21). In order to operate a turbojet engine equipped

with afterburning at high exhaust-gas temperatures over a wide range of

altitudes, the exhaust-nozzle eres must therefore be adjusted.

Effect of exhaust nozzle on specific fuel consumption. - Because of
the relstively high cycle efficlency of the normal turbojet engine com~- .
pared wilth that of the afterburning cycle, it 1s deslrable to obtain as
large a part of the total power output.from the turbojet engine as pos-
sible. The engine should therefore be operated at maximum turbine-outlet
tempereture and pressure at all times. For the afterburner with a two-
position nozzle, however, any thrust less than the design thrust for the
nozzle in the open position will result in lowered turbine-outlet temper-
atures and pressures and thus excessively high specific fuel consumption.
The veriation of specific fuel consumption with net thrust is shown in : -
figure 22 for afterburning with a two-position and a variable-area exhaust '
nozzle. For normel engine operation with both nogzzles in the closed
position, a specific fuel consumption of 1.28 is obtained at 100 percent
of rated net thrust. At full. afterburnlng, limiting turbine-ocutlet
temperature, and 135 percent of rated net thrust, both exhsust nozzles
ere full open and the Speleic fuel consumption is 2.31.

Thrust reduction from full afterburning with the two-position noz-
zle results in lowered turbine-outlet pressure and temperature, whereas
with the varisble-area nozzle the turbine-ocutlet pressure snd temperature
ere maintained constant by adjusting the srea. For any thrust off the
design polnt for the two-positlon_nozzle with afterburning, speclfic-fuel-
consumption values are higher compared to those cbtainable with a
varigble-area nozzle. At 120 percent of rated net thrust, gpecific fuel
consumptions of 2.40 and 1.88 (a 25-percent reduction) are obtained for
efterburning with & two-position snd varisble-ares nozzle, respectively.

The specific fuel consumption of a turbojet engine combinstion with
afterburning can be considerably Improved by adjusting the nozzle areas to
maintain constant turbine-cutlet tempereture and pressure at thrusts
below the maximum value for full afterburning.

SUMMARY OF RESULTS

The performaence of severgl full-acale exhaust nozzles of both the -
constant- and variable-ares types and thelr effects on the performance
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characteristice of turbojet englnes were investlgated over a wide range
of gsimulated flight conditions. Veloclty coeffliclents between 0.94 and
0.99, and flow coefflclents between 0.95 and 0.99 were obtalned for the
congtant-area nozzles. Thege conical-nozzle data did not agree with
small-gcale data avallable in the 1literature. Although veloclty coef-
flclents as low as 0.87 were obtained with the nonplsnar variable-area
nozzle, the performance of the planar varlgble-area nozzle was com-
parable to that obtalned with the conlcal exhaust nozzles.

Increasing the thrust of a turbojet englne equlpped wlth a varisble-
ares exhaust nozzle can be accompllshed more rapidly by decreasing the
nozzle area than by increasing the rotating speed of an engine that has
a constant-area nozzle. For Instance, at an altitude of 45,000 feet and
a flight Mach number of 0.21, increasing the thrust from 75 to 100 per-
cent of rabed thrust with a varleble-area nozzle requlres about 7 per-
cent ag long as the time required with a constant-area nozzle.

For three axlal-flow turbojet englnes Investlgated at several
flight conditions for 50 to 100 percent of rated thrust, about the same
specific fuel consumpbions were avalleble for constant-area varigble-
speed ag with variable-ares and opbimum-englne-speed operatlon.

It was posslible to operabte a turbojet engine equlipped with a
varlable-area nozzle at limlting exhaust-gas temperature and engine
speed, irrespective of the altltude effect on the engine. For two
axlal-flow engines investlgated, adjusting the nozzle area at an albi-
tude of 45,000 feet (to permlt englne operation at rated speed),
Increased the net thrust between 3 and 6 percent.

For the partlcular turbolet engine and afterburner investigated
wilth a two-position exhsust nozzle, the nozzle area was too small to
permit afterburning to maximum exhaust-gas temperature at an sltitude of
5000 feet and too large for the attainment of limiting turblne-outlet
temperature at an altitude of 45,000 feet.

The speclfic fuel consumption with afterburning and a two-position
nozzle was higher than that obtainable with a varisble-area nozzle at all
thrusts less than the deslign value. At 120 percent of rated net thrust
(where the two-position nozzle was deslgned for 135 percent of rated
thrust) the specific fuel consumptlons were 2.40 and 1.88 for the two-
position and varlgble-area nozzle, respectlvely.

Lewis Flight Propulsion Laboratory,
Natlional Advisory Committee for Aeronautlces,
Clevelesnd, Ohio.
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APPENDIX - EQUATIONS FOR CALCULATION OF NOZZLE PERFORMANCE

The followlng symbols are used in this appendix:

A crogg-sectional area, sq ft

B gcale readlng, 1b

Cp flow coeffilcient i
Cv,e effective veloclity coefficlent. _

D drag, 1b

F net thrust, 1b

Fy Jet thrust, 1b

acceleration due to gravity, 32.2 ft/secz

mw mass flow, slugs/sec

Py static pressure, Ib/sg ft :
Py total pressure, 1lb/eq £t

R gas consbant, 53.3 ££-1b/1b-OF

Tg static temperature, °R

Ty, total temperature, ©R

velocity, f£t/sec

W welght flow, 1b/sec

¥ retio of specific heats
p density, slugs/cu ft
Subscripba:

a alr

e effectlive
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h g fuel

n exhaust-nozzle exlt

r exhesust rake

0 free stream

1 . compressor inlet

2 exhaust-nozzle measuring statlion

For conlcal nozzles 1, 3, 4, end 5, this station was 1 inch
upstreem of nozzle exit.

3
For conicel nozzle 2, this statlon was 14g Inches upstream
of nozzle exlt.

For both varlable-area nozzles, thls station was 1 inch
upstream of fixed nozzle lip (fig. 2).

Veloclty coefficient. - The veloclty coeffilcient 1s defined as the
ratio of veloclty attained by a gas lssulng from a nozzle Ho the theoret-
ical velocity with ilsentropic expansion to ambilent pressure (reference 8).
Por complete lsentroplc expansion at pressure ratlios gbove the crlitical
value, however, a convergent-divergent nozzle would be required. For
converging nozzles where free expsnsion exists beyond the nozzle exit,
the maximum obtainable Jet velocity is

- v, + Ay(Ps,n-Fs,0)
m

where Vn wag determined from

Z
v = \| o 2T eRTy 5 |1 - ‘

This veloclity ls termed the effective veloclty with a converglng nozzle.
(See reference 9.) The effective veloclty coefficient is then defined
as

_ va.c‘l:.u.a.ZI_
v,e 'V'e
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where

N

Vactusl = m

Fy =B +D+mVy + Al(Ps,l'Ps,o) + Dy

Flow coefficlent. ~ RNozzle flow coeffilclent is deflned as the ratilo
of the actual to theoretical mass flow (reference 7).

Co o= Dactual .
L4 Mtheoretical. . = _ . . _

_ Wﬁ,l + Wp
r2-1 72-1
2728 Py,2\ 72 B 2\ 72
AD.PE,I]. ( -l)RT P P -1
72 t,2 \ 8,0 s,n
Wh.ere . co. T o . L - -z = T i A
for aubsonic flow
Ps,n = %g,0
for supersonic flow
72
2 \ 72-1
Pe,n = Pt,2<72+1
71-1 71-1

W + = AP 2718 [Py 1\ 71 A 1
a,1 = 17,1 =
’ 1)RT P P
(71-1)BT% 1 \"s,1 8,1

Thrugst. - The Jet thrust was calculated from the momentum at the
nozzle exit and the excess pressiure energy
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72
2’)’2 s .n 72
Fy==m 72-1 Rlp2 |1 - P: o + An(Py n-Fg,0)
2

The net thrust was then obtalned by subtracting the inlet momsntum of
the alr entering the engine fram the Jet thrust

Specific fuel consumpbion. - The ratio of fuel consumption in

pounds per hour to net thrust is defined as the specific fuel
consumption.
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(a) Turbojet-engine exheust system with conical exhaust nozzle.
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(b) Turbojet-engine exhsust system with varigble-area exhaust nozzle,

Flgure 2. = TurboJlet exhaust systems showing nozzle messuring stations.
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S~ NACA, —

C- 18693

(2) Nozzle in open position.

C.18692

(b) Nozzle in closed position.

Figure 3. - Tail pipe of turbojet engine with nomplasner veriable-area exhaust nozzle.
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Figure 6. - Effect of instrumentetion diameter ratio on effective

Cone half

angle, 3.4°; outlet diameter, 19.08 inches; nozzle investigated
on engine A.
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(b) Cone helf angle, 4.9°; instrumentetion dismeter ratic, 0.890;
outlet diasmeter, 17.15 inches.
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1.0 1.4 1.8 2.2 2.8 3.0 3.4 5.8
Exhaust-nozzle pressure ratio

{c) Cone half angle, 8.2°; instrumentation ratic, 0.981;
outlet dismeter, 14.76 inches.

Figure 7. - Variastion of effective velocity coefficient with exhsust-nozzle pressure ratio
for conical nozzles with three cone half angles. RNozzles investigated on engine B.
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Altitude Flight Mach number
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Exhaust-nozzle pressure ratio
(b) Instrumentetion diemeter ratlo, 0.995.

Figure 8., - Effect of instrumentatlion dlameter ratio on flow coefficlents of
conical exhaust nozzle. Cone half angle, 3.4°; outlet diemeter, 19.06 inches}
nozzle investigated on engine A.
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{c) Cone half engle, 8.2°3 instrumentation dlameter ratio, 0.9813
outlet diameter, 14.768 inches.

Figure 9. -~ Variastlon of flow coefficlent with exhaust-nozzle pressure ratio for conical
nozzles with three cone half sngles. Nozzles investlgated on engine B.
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8.2 14.78 0.981 Exhanat gas NACA
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Nozzle pressure ratio

(b) Flow coefficient.

Figure 10. - Comparison of nozzle coefflicients obtained from full-scale comical nozzles oq
turbojet engines end from small-scale nozzles In cold air.
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Figure 1l. - Variation of effective velocity coefflclent with exhaust-nozzle
pressure ratio for clamshell variable-area exhaust nozrles over wide range

of £1light condlitions.
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Figure 12. = Variestion of flow coefficient with exhaust-nozzle pressure ratio for cleme
ghell variable-ares nozzles over wide range of flight conditions.
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(c) Altitude, 45,000 feet.
Figure 13. - Comparison of specific fuel consumption and net thrust for

constant- and variable-area exhaust nozrles for engine A. Flight
Mach number, 0.21.
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Percent of rated specific fusl consumption

Nozzle Engine speed

O Constant area Variable
O Variable area 100 percent of rated

140 ¢ Varisble erea 96 percent of rated
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(c) Altitude, 25,000 feet; Fflight Mach mumber, 0.85.

Figure 14. ~ Comparison of apecific fuel consumption and rated thrust for
constant- and variable-aree exhsust nozzles for engine B.
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{c) Altitude, 25,000 feet; flight Mach number, 0.91.

Flgure 15. - Comparison of specific fuel consumption and net thrust for constant-

and variable-area exhaust nozzles for engine C.
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Figure 16. - Varlation of net thrust with exhaust-nozzle area for two
turbojet snglnes operated over range of altitudes at rated engine
speed.
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Figure 17, - Variation of net thrust with exhaust-nozzle area Tor
two turboJet englnes over range of flight Mach numbers.
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Figure 19.- Variatlon of exhaust-gas temperature with engine speed
for two turbojet engines with constant-ares exhaust nozzles.
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Flgure 20. - Varietion of torbine-ocutlet temperature, combustion efficlency, and
exhaust-gas temperature with total fuel alr ratio for turbojet engine operating
with afterburner and two-position exbanst norzle in open position. Fiight Mach

number, 0.26. Rated englne speed.
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O YVariable-area exhaust nozzle at limiting
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Figure 22. -~ Variation of specific fusl consumption with net thrust for
turbojet engine operating with afterburning and two types of exhaust

nozzle., Altitude, 35,000 feet; Ilight Mach mumber, 0.26; rated englne
speed.
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