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SUMMARY

The effective flow area of & convergent exhaust nozzle was reduced
by injecting & high-pressure secondary jet into the nozzle near the exit.
Analytical expressions relating the performance with significant design
and opersting variebles were developed, and necessary experimentsl fac-
tors were evaluated by using a 4-inch-exit-diasmeter nozzle with unheated
pressurized air discharged to the etmosphere. The effective flow area
was reduced as much as 67 percent, while the ratic of actual thrust to
the thrust attaingble from primery and secondary isentropic expansion
was 0.94 or better in nearly all cases. Some of the configurations,
altered to operate as Jet deflectors, produced significant velues of
side force but, at the same time, operated at reduced effective fLlow
area.

INTRCDUCTION

Modern turbojet engines often use varisble-ares primary exhaust
nozzles to help keep thrust high and specific fuel consumption low under
all operating conditions. Nozzle area usuelly is varied by mechanically
adjusting the exit to the required silize by means of interconnected
leaves. However, the effective flow ares of a fixed nozzle can be con-
tinuously varied over a wide range by sultsbly injecting & secondary Jet
into the nozzle. This method, which is equivalent to mechaniceal exit
variation and could eliminste problems arising from weight, complexity,
and actuator power, is reported to be In operationsl use in France
(ref. 1).

An investigation of this method of varying the effective flow aresa
of a convergent nozzle was conducted et the NACA Tewis lsboratory. (Ref.
2 gives the results of an independent British investigation of this type
device.) Analytical expressions relating the performance with signifi-
cant operating snd design verisbles were developed. The experimental
coefficients required in these expressions were evaluated by using a 4-
inch-exit-diameter nozzle wlth unhested pressurized ailr discharged to the
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atmosphere. Primary- and secondary-pressure ratios renged from 1.6 to

2.8 and from 2.0 to 7.7, respectively. The secondary jet was injected v
with no axial momentum through a continuous circumferentiasl slot. For

some tests the model was altered to operate as a jet deflector.

APPARATUS AND INSTRUMENTATION

Models

6287

The model tested (fig. 1(a)) consisted of the nozzle body (fig.
1(b)), e shim (fig. 1(e) or (f£)), and the 1/4-inch or 2-inch nozzle piece
(fig. 1(c) or (d)) mounted together to form & configuration having & slot
near the exit. A photograph of an assembled model is shown in figure
1(g). Secondary sir supplied from an external source limited to 100
pounds per squere inch gage and 2.2 pounds per second was injected through
the slot from the annular plenum chamber in the nozzle body.

The following table sumearizes the configurstions tested:

Model Slot width |Slot cir- Primary- Secondary-
operation | (shim cunference, pPressure pressure
thickness, o ratio, ratio,
X) /Py Py/Pq
Variable- 0.018 360 1.8 to 2.8 2.00 to 7.72
discharge . 033 2.00 to 7.72
nozzle . 051 2.00 to 6.32
' .092 2,00 to 4.07
.118 2.00 to 3.19
. 369 2.0 t0 2.4 | 2.00 to 2.50
. 467 ¥ 2.0 t0 2.4 | 2.00 to 2.50
Jet 0.103 180 1.6 to 2.8 | 2.00 to 3.18
deflector . 250 90 2.00 to 3.20
« 500 g0 2.00 to 3.20
.500 . 45 2.00 to 3.20

Experimental Setup

The experimental setup, illustrated in figure 2, can measure forces
in all directions, but only the thrust and yaw components were signifi-
cant 1n this investigation. Thrust and yaw are measured as torques sbout
pivot points A end B, respectively, by means of disphragm-type force cells
connected to the setup through flexure members. R
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Instrumentation

Both the primary end secondery airflows were measured with standard
ASME orifices. Total temperatures were obtained from thermocouples at
the orifices. Primsry inlet pressure was measured by an eight-tube
total-pressure survey reke Just shead of the nozzle body. Secondary
inlet pressure was measured by a calibrated gage at the nozzle body.
Anmbient pressure was cobtained with a barometer.

The nozzle body and nozzle pieces were instrumented with 0. 06-1inch-
diameter wall-pressure taps as required.

PROCEDURE
Calibration

The force-meesuring systems were calibrated. with dead weights.
Leskage st the lebyrinth seal surrounding pivot point B (fig. 2) was
megsured with air from an externmal source. The primery airflow was cor-
rected for this leskage.

Performance Tests

The performence of each configurstion was obtained over s primsry-
pressure-ratio range from 1.4 to 3.0 with secondary flows from zero to
the maximum obtainsble. The experimentelly determined factors were cam-
puted from these data and from measured physical areas.

ANATYSTS

For convenience, all symbols and definitions used in this report are
given in appendix A.

The general pattern of primery and secondary flows in this type of
device is indiceted in the following sketch:

Steation 1l Exit o]

W-
p,ac Al A.O
A\tl \ 2P

—v Secondery-airflow
inlet station
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In operation, the force necessary to turn the secondary jet toward
the exit is furnished by the primary gas. The reaction of this force
has the same effect as an additional wall sround the primary gas and
serves to restrict the flow.

In the following steedy-state analysis, assume that:

(1) The measured primary gas Vp, ac expends isentropically and one-
dimensionally to the upstream edge of the injection slot, station 1.

(2) Secondary gas w, enters the nozzle with no axial momentum.
(3) Both streams together do not £ill the exit station.
(4) Both streams expand isentropically and one-dimensionally to
ambient pressure.at station O (thus, the streams do not mix).
Flow Rates

The exisl pressure forces acting on the flow between stations 1 and
0 are shown in the following sketch:

P1Ay

Staetion 1
The momentum equation is

-W. W- W,
D, ac D,8ac _B = -
—% Vi,p+~& Vo,p + & V0,8 = P1h1 - Py (2)

Rearrangement yields an expression for the secondary weight flow wg
that permits passaege of primary flow wp’ac:

- Wp,a,c(vl,_p - VO,_}_)) + A_'}_g(Pl - PO) (2)
8 Vb,s

W

‘6287
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Because of losses (shear, mixing, etc.) in the actusl system, the meas-
ured secondery welght flow ws,ac required to produce this effect is

different by a factor £ +than that camputed by equation (2). Thus,

P = S28C (3)

Effective-Area Ratio
By definition, the primaery-nozzle discharge coefficlent Cg 1is

o (wp @Aesp) ac
&7 (wp A 8p/hebp)id,0

The same expression is written for the unrestricted-flow discharge coef-
ficlent Cd o and, by divieion,
)

C W
d_ _ ( D (4)
C4,0 ¥p,o0/8c

By definition, Agpp = Cghe. Therefore,

Ca _ Besr _ (‘5) (5)
Cd,o Aeff,o wp,o ac

By equation (2), the effective-area ratio Aeff/Aeff,o is

Bepr _ Me(p; - 2) - ws¥p o (8)

Aerf,o zWp,o)a.c (Vo,p - Vl,p)
2

The relation between py; and V; D is found by using station 1 con-
2
tinuity expressions.

Thrust

For the assumptions made, the secondary flow by itself produces no
axial jet thrust on the system; so the isentropic Jjet thrust is

W.
D,8ac
F, = e vl,p + A]_(Pl = Po) (7)
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where Vl,p end p; are isentropic terms. This relation shows that the

device acts as a convergent nozzle of exit area A; that expands the
primary gas to Py The expression for actuasl jet thrust, then, must

include & coefficient to account for expansion losses up to station 1.
Thus,

- ‘__1'1:__%
Fz,a.c =C g vl,p + Alpl) - AlPO (8)
where, by rearrangement,

_ Fz,ac + AP
"~ Wp,ac
% Vl,p + APy

(9)
Becguse of similarity to an unchoked convergent nozzle, C 1is expected
to be in the order of 0.98.

A measure of the efficiency of this device in producing thrust is

desiregble. By definition, :

F
Thrust ratio = 2282 (10)
¥p,ac v + Uss8c o
g g O,S

0,p

Thrust retio cen be evaluated in terms of the primary-gas gquantities by
use of equations (8) and (2). '

RESULTS AND DISCUSSION
Analytical: Variasble-Area Nozzle

In this sectlon the secondery-welght-flow ratio Vs,ac/wp,ac theo-

retically required to produce a glvén primery-nozzle effective-area ratio
Aeff/Aeff o 1s discussed, together with the corresponding thrust ratio.
2

(For turbojet spplication, Ws,ac/wb,ac would be the ratio of bleed to
teilpipe flow, and Aeff/Aeff,o the ratlo of effective nozzle flow srea

with secondary flow to effective nozzle area without secondary flow.)

_ Performasnce is presented for primary-pressure ratios from 2 to 8,
secondary-pressure ratios from 2 to 40, a primary temperature of 1500° R,
and secondary temperstures from S00° to 2500° R. Computations were made
with the use of equations (2) and (10) by the method described in

appendix B. The values used for nozzle digcharge coefficient and specific

heat ratio are given in figure 3.

. 16287
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In figures 4 to 6, the dashed curves show performance for f = 1.0,
and the solid curves represent f = 1l.1. For all curves, C = 0.98.
These numbers are representative of the values obtained experimentally, as
shown in the next section. Computations were arbitrarily stopped at
eff/ eff,0 = 0.5, although values as low as 0.33 were obtained

experimentally.

Effect of primary and secondary pressures. - The effect of primery
and secondsry pressures on the performance of a device having an injec-
tion slot at. the exit is illustrated in figure 4 for primery- and
secondary-gas temperatures of 1500° R. Small effective~area ratios are
obtained with large secondary flow. For each primary pressure, the
secondary-weight-flow ratio required to produce a given effective-area
ratio is reduced as the secondery pressure is increased.

The thrust ratio is reduced along with the effective-ares ratio.
When f = 1.0, the reduction is small and the performance 1s acceptable
at ell primery and secondery pressures. However, the thrust ratio de-
creases when f = 1.1.

Effect of temperature. - The effect of secondary-gas temperature on
the performsnce of this device is illustrated in figure 5. Raising the
temperature increases VO,s and reduces the secondasry-weight~flow ratio
required to produce a given effective-area ratio. Because this effect
is more significant when the effective-aree ratio ls small, 1t may be
desirable to burn in the secondary for such operation.

The thrust ratio is independent of secondary-gas temperature end
is the same as in figure 4(b).

Effect of injection-slot location. - The effect of the secondary-
gas-injection-slot location on the performance is illustrafted in figure
6 for 1500° R primary- and secondary-ges temperatures. Moving the
injection-slot location upstream from the exit inecreases the secondery-
weight-flow ratio required to produce a given effective-area ratio.
Thus, for most efficlent use of the secondary gas, the injection station
must be at the nozzle exit.

The thrust ratio is again the seme as in figure 4(b).

Experimental: Variable-Aresa Nozzle

The pressures within and at the exit of one of the configurations
tested are shown in figure 7. Measured wall pressures agree reasonsebly
well with those computed from one-dimensional isentropic flow relations
except at station 1. However, at this station the quentity
“p,sc

o Vl,P + DjA; is very nearly the same when computed with either
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the messured or lsentroplc wall pressure; thus assumption (1) of the
Preceding analysis is valid. Figure 7 also shows that the pressure in
the viecinity of the exit is sufficiently close to permit assumption of
smbient wall pressure downstreem of the. injection slot.

Basic performance. - The performence of all the configurations
tested 1s given in teble I, and the performsnce of s typical configura-
tion (slot width X, 0.051 in.) is plotted in Ffigure 8. The effective-
areg ratlo 1ls based on the effective area of the nozzle exit, and thus
the values given are somewhat greater than if the injection slot had been
placed at the exit. As shown in figure 8, for constant primary-pressure
ratlio, the effective-ares ratio and the thrust ratio decrease and the
secondary-weight-flow ratio increases as secondery pressure is raised.
The dashed and dot-dashed curves in the figure show the performance that
would be obtalned at Ps/PO = 6.32 and 2.5, respectively, for £ = 1.0.

The difference between these curves and the corresponding data curves
shows the extent to which factor f reduces the performance (for these
configurations, £ varied between 1.03 and 1.22, as indicated in table I).

Although not shown in figure 8, the performence of the device was
the same when the 2-inch nozzle piece (fig. 1(d)) was mounted, except
that the thrust ratioc was further reduced Vecause of shocks in the nozzle
piece. These shocks might not have occcurred if the flow passage had been
divergent; however, no tests were made with a convergent-divergent ver-
sion of this device.

The effective-area ratlo can be continuously varied by changing
elther the secondary pressure or the slot width, as shown in figure 9.
At constant secondary pressure, the effective-area ratio decreases almost
linearly as the slot width is increased (fig. 9(a)). For constant slot
wldth, the effective-area ratlo is smoothly, but not linearly, reduced
as the secondary pressure is increased (fig. 9(b)).

Evaluation of factor f. - The factor £, evaluated for each test
point by means of equations (2) and (3), was empirically correlated with
the station 1 velocity ratio, as shown in figure 10. Station 1 velocilty
ratio Vl,s/vl,p is the ratio of the secondary- (limited to sonic) and

primery-jet velocities that could be obtalned with isentropic primary
statlc pressure at the upstream edge of the injection slot. The factor

f 1s nearly unity when this ratio is about 2; when the ratio is 5, indi-
ceting high secondary pressure and small effective-area ratio, £ is
gbout 1l.15. It should be emphaslzed that these values were obtained with
unheated flows, zero axisl secondery inlet momentum, and & continuous
injection slot. The effects on f of changes in these conditions were
not determined. :

..B28Y
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Evaluation of coefficlent C. - The coefficient C, evaluated for
each test point by measns of equation (9), is shown as a function of the
station 1 velocity ratio in figure 11. With only a few exceptions, the
value 0.98 correlates all deta obtained within 1 percentage point.

Evaluation of slot discharge coefficient Cd slot® = The variation of
22

injection~-slot discharge coefficient Cd,slot with effective-secondary-

pressure ratioc 1s shown in figure 12. Effectlve-secondary-pressure ratio
is the secondary total pressure P; divided by the average slot exhaust

pressure, %(pl-+po). A single curve generalizes all date obtained with

with accuracy sufficient for design purposes.

Experimental: Jet Deflector

A jet deflector can be used to provide reaction control to augment
or supplant the forces produced by conventionael control surfaces. The
serodynamic nozzle was operated as a deflector by injecting the secondary
alr in only one side of the nozzle with the shims shown in figure 1(f).
The pressures within one of the configurations tested in this manner are
shown in figure 13. On the side containing the slot, the wall pressure
is high because the primary flow is restricted. On the other side, the
wall pressure is more nearly thet which would he obtained with unre-
stricted primery flow. Thus, a measurable side force is produced by the
pressure difference between the opposite nozzle walls plus the secondary-
Jjet momentum. The ratio of measured side force Fg to total isentropic

W W,
jet thrust 2228 vy, o 4 2228y, o is called side-force ratio, while
g ; g ’

thrust ratio has the same meaning as given previously.

The performance of configurations operated as Jet deflectors is
given in teble II, and the performance of a typical configuration is
plotted in figure 14, The dashed curves in this figure represent the
side-force ratio that could be obtalined by exhesusting the secondsry air-
flow used by the 90° a, 3.2 P /p, configuration through a convergent

nozzle into still air. At lower values of secondary airflow, the side-
force ratio produced by this device is greater than the dashed curves
because of the wall-pressure forces. As the secondary airflow is in-
creased, this effect is counteracted by reduced secondary-jet momentum
caused by the increased static pressure at station 1. Figure 14 shows
also that the effective-ares ratio is substentielly reduced for signifi-
cant values of side force; consequently, the use of this type of deflector
probably would be limited in use to produecing trim forces.

CONCLUDING REMARKS

A simplified theoretical analysis showed that considerably reduced
effective flow area can be obtained in a convergent exhaust nozzle by
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injecting a high-pressure, high-temperature secondary jet into the nozzle
gt the exit. The secondary-flow rate theoretically required to produce
a glven effect must be inecreased by a factor £, in the actual case,

because of losses. The thrust ratio (ratio of actual thrust to the thrust

attainsble from primary and secondary isentropic expansion) depends on f
and is reduced 2 percent because of normel nozzle losses.

The performance of a device of this type was experimentally investi-
gated with a 4-inch-exit-dismeter nozzle having & continuous clrcumfer-
ential injection slot, unheated pressurized air discharged to atmosphere,
and primsry- and secondary-pressure ratios from l.6 to 2.8 and from 2.0
to 7.7, respectively. The effective flow ares was reduced as much as 67
percent, while the thrust ratlo was 0.94 or better in nearly all cases.
Design coefficlents were correlated with easily measured or computed
parameters.

Significent values of side force were obtained by injecting the
secondery Jjet on only one slde of the nozzle. In most cases, the per-
formance of this device 1ls better than could be obtalined by exhausting
the seme gas into still air. The reduction of effective flow area, how-
ever, 1s so large as to probably limit spplication.

Lewis Flight Propulsion Laborsatory
National Advisory Committee for Aeronautics
Cleveland, Ohio, April 18, 1958

628%:
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APFENDIX A

SYMBOLS AND DEFINTITIONS

Symbols
A area, sq £t
¢ experimentally determined coefficient (see eq. (9))
Ca discharge coefficient
F force or Jjet thrust, 1b
£ experimentally determined factor (see eg. (3))
g acceleration due to gravity, ft/sec2
M Mach number
P total pressure, 1b/sq £t
D static pressure, 1b/sq £t
R gas constant, £t/°R
T total tempersture, °r
v velocity, £t/sec
W weight-flow rate, 1b/sec
X shim thickness, in.
‘Q slot circumference, deg
T ratio of specific heats at total temperature of Lliuid
ratio of total pressure to NACA standerd sea-level pressure of
2116 1b/sq £t
e ratio of total temperature to NACA standard sea-level temperature
of 518.7° R
Subsecripts:

ac actual
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exit

effective

idesl

at unrestricted flow conditions
primary

side (perpendiculer to axial direction)
secondary

slot

wall

in exisl direction

ambient, or station at which flow has expanded
to ambient pressure

station at upstream edge of injection slot

Definitions
che
effective-area ratio, same as Cd/cd,o
et ssme pressure ratio, the ratio of actual
corrected flow per unlt of actual exit area
to one-dimensional isentropic flow per unit

of actusl exit area (minimum srea at exit)

nament sbout pivot point B divided by distance
between pivot point B and nozzle exit

isentropic axial Jjet thrust

actual axisl Jet thrust

thrust ratio

6287%
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primary-pressure ratio
secondary-pressure ratio

primary-weight-flow rate, computed from one-
dimensional isentrople flow relations

actual (measured) primary-weight-flow rate

secondary-welght-flow rate, computed from one-
dimensional isentropic flow relatlons

actual (measured) secondary-welght-flow rate
secondary-welght-flow ratio

corrected f£flow per unit of actual exit areas
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APPENDIX B

METHOD OF SOLVING EQUATION (2)

First choose Pp/PO’ Tys Yps Ry, 8nd Gy . Solve by any convenient
2

PJ
method for the unrestricted weight flow w 50 in terms of pg and
Ao In addition, choose Al/Ae and wp/wp, o Solve for M;, using

W, A/T 3
2V _ [P M (B1)
1+ —=5— My
from which
Tp = 1 \-Tp/Tp-1
_ P 2y 'P'p
P, = Pp(l + = Ml) (B2)

Choose Ps/po, T, Ty, and R_. Find Vl,p’ vO,p’

and VO s by using
2
pl/PP, PO/Pp’ and pO/Ps, respectively. Reference 3 is helpful in meking

these computetions. Finally, substitute all terms in equation (2) and

solve for Wge
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TABLE I. - PERFORMANCE OF VARIABLE-DISCHARGE EXHAUST NOZZLEZ

[Thls table contains all configurations for which values of f, G,
and Cd slot &re reported herein.]
3

Slot Secondery- Primry-‘ Seconidary- |Effective- | Thrust|Experi-iExperi-| Slot
width,| pressure |pressure|weight-flowjarea ratio,j ratic |mental |mental [dlscharge
in, | ratio, ratio, ‘fratlo, Aafr/“erf o factor, jcoeffi-| coeffi-

»
P‘/po Pp/bo "s.ac/*p,ac r ciegt, céent,

(v) 4,810t

¢.018 7.72 1.6 0.150 0.601 0.935 1.054 0.978 0.977
2.0 -083 743 -961 .887 -878 <973

2.4 .068 826 963 .988 976 .970

2.8 057 .868 972 940 277 .961

6.32 1.8 .108 .666 349 1.038 <981 850

2.0 -070 <792 958 <970 978 .948

2.4 053 .868 .959 .885 973 <944

A 2.8 043 .898 9687 +345 .975 .837

4.24 1.8 g2 -77Q -245 1.042 978 939

2.0 042 873 .951 .998 .972 936

2.4 031 932 954 1.087 872 933

2.8 027 .955% .968 1.080 975 .920

2.50 2.0 021 .8965 .967 1.246 .983 .815

2.4 014 .991 .959 1.177 .975 .755

' 2.00 2.0 .014 .88 961 | 1.146 | .978 JT46
¢.053 7.72 1.6 0.373 Q.438 0.894 1.144 0.977 0.960
2.0 204 515 948 1.089 .980 .880

2.4 146 716 .956 1.039 .877 .8960

2.8 116 <773 .968 -850 977 <943

6.32 1.6 258 515 .908 1.125 974 .958

2.0 152 874 951 1.043 <976 957

2.4 110 .769 .958 1.029 .975 .956

2.8 .88 .821 963 .996 974 .950

4.22 1.8 1358 .638 .948 1.030 .980 -948

2.0 .087 .778 .959 897 .877 .948

2.4 065 .858 .959 1.029 .875 .945

2.8 054 .888 974 .952 <980 .836

3.18 1.6 084 -738 .954 1.037 8982 .835

2.0 058 853 980 1.026 .978 -893

2.4 <043 .923% .956 1.146 .975 .886

2.8 035 949 -.967 1.164 .980 .862

2.568 2.0 <040 .916 .966 1.226 985 875

¥ 2.4 029 966 .965 1.239 +980 792

2.00 2.0 .025 972 .980 1.457 980 .728

0.051 6.52 1.8 0.638 0.328 0.912 1.097 | 0.983 0.976
2.0 .5Q0 539 948 1.050 980 .978

2.4 203 .860 .8568 1.038 877 -973

2.8 154 .738 .861 1.031 877 .965

4£.24 1.6 270 514 941 l.068 984 .966

2.0 <156 -.686 -947 1.088 <975 965

2.4 115 .78% -956 1.080 975 .959

2.8 089 .838 -867 1.043 <980 J94S

3.18 1.6 .165 .§22 .951 1.043 982 952

2.0 102 <775 954 1.048 874 .950

2.4 073 .859 .963 1.067 .980 .932

2.8 054 -805 977 1.078 386 .783

2.50 2.0 .068 .842 -967 1.047 .882 .875

¥ 2.4 044 .952 <964 1.219 .882 -831

2.00 2.0 039 .942 .958 1.481 982 .T10

0.092 £.07 2.0 0.356 0.520 0.957 1.024 0.981 0.963
2.4 235 850 956 1.0235 978 .958

2.8 <167 .T40 970 1.019 .982 -803

3.17 2.0 2215 547 -954 1.088 +981 925

2.4 <147 .T64 .958 1.093 961 «900

2.8 094 848 970 1.074 .986 -T4AT

2.50 1.6 242 572 950 1.048 984 802

2.0 JA31 .758 954 1.087 .980 .83¢9

2.4 .080 .878 .960 1.233 983 .721

2.00 1.6 Jde4 .695 .965 1.066 .988 824

¥ 2.0 068 .875 .9682 | 1.203 985 652

0.118 3.19 1.6 0.81S 0.368 0.924 1.105 0.987 0.918
2.0 299 572 -357 1.029 .881 886

2.4 2187 712 .955 1.054 .978 842

2.8 125 .807 967 1.078 884 JT4E

2.50 1.8 3356 507 .935 1.077 982 .881

; 2.0 .165 <716 -954 1.085 .982 <796

2.4 096 847 -956 1.171 .980 6680

4 2.00 2.0 .087 850 .954 1.238 .982 .6hd
0.569 2.50 2.4 0.255 Q.699 0.949 1.194 0.988 0.462
| 2.00 2.0 .215 <714 . 956 1.231 994 431
0.467 2.50 2.4 0.313 0.888 0.948 1.230 0.9385 0.429
2.50 2.4 317 .855 980 1.174 .998 426

2.02 2.0 282 878 .942 1.301 996 418

2.00 2.0 229 JIL3 945 1.288 982 <361

Sy1th 1/4~-inch nozzle plece mounted dovmstream of slot.
PAgrr/Aere,o based on Ag. Injecticn station at 1.03 Ag.
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TABLE II. - PERFORMANCE OF NOZZLE2 OPERATED AS A JET DEFLECTOR
Slot Slot Secondary-| Primary-{Ratio of Side-{Thrust|{Effective- |Secondary-
wldth,| circum- | pressure pressure| secondary to|{forcelratio jarea ratio,|weight-
in. ference,| ratio, ratlo, unrestricted|ratio Aeff/Aeff,o flow ratlo,
a, Ps/Do Pp/bo primary ¥g,ac/W ,ac
deg welght flow,
Ys,ac
Wp,olac (p)
0.103 180 3.18 1.8 0.104 0.175|0.930 0.650 0.160C
2.0 .079 109 .947 .782 .101
2.4 .081 .064) .S81 .857 .070
2.8 047 .031; .972 .900 .053
2.50 1.6 .079 L.135( .942 .738 .109
l 2.0 .0586 075 .948 .856 .066
2.4 .038 .026) .952 .923 042
2,00 1.8 .058 .085] .941 .820 .0869
¢ 2.0 .035 .034} .953 .930 .038
0.250 90 3.20 1.8 0.120 0.231)0.888 G.656 0.185
2.0 .088 152 .928 .785 113
2.4 066 02| .947 .854 .076
2.8 .048 .064| .856 .901 .054
2.50 1.6 .086 .181| .920 . 738 .118
2.0 .058 :108] .850 .853 .087
2.4 037 .058] .9862 .921 040
2.00 1.6 .059 131 .934 .824 072
Y 4 ¢ 2.0 .032 .085] .953 .929 .02¢
0.500 90 3.20 1.6 0.219 0.297{0.809 0.555 0.389
2.0 -.156 .1991 .896 .705 224
2.4 115 1341} .930 .790 .147
2.8 .085 .088] .949 .854 100
£.50 1.6. 157 236 .914 .654 237
l 2.0 104 .139| .930 .792 .132
2.4 .087 078 .947 .880 .075
2.00 .1.8 .105 168} .920 .753 .146
v v @ 2.0 .060 .081{ .920 .881 .099
0.500 45 3.20 1.6 0.110 0:17910.876 0.733 0.152
2.0 .080 1254} .926 .828 .088
2.4 .060 .084 ! .996 .884 .066
2.8 044 .056 | .953 .919 047
2.50 1.8 078 .143| .905 .800 .09%
l 2.0 .052 .088 ] .942 .889 .058
2.4 .035 .052| .955 .932 .038
2.00 1.8 .053 110 .934 .852 063
\i } 2.0 .030 056 | .950 .938 .032

awith 1/4-inch nozzle plece mounted downstream of

Phorr/Aers,o based on A. Injection station at 1.03 A,.

injection slot.
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me

=]

Fozzle

(fig. L(v)
_\

P _ Nogzzle plece (fig.
LN e (a0 e
in. nozzle pisce
shown here

ghim (rig. L(e) ar
(£)); shim for vari-
gble discharge nozzls

Sectlon A-A
{a) Aspeubly.
Lstter "R" drill through, 1 1/4 - 11 1/2 NPT; 2 holes
5/8-NC-16X1 1/8 long tap A 1/18 Drill through equally spaced as shown
each end; B holes (Ifn'assu:ra tap) 8° (ref.} (secondary-gas inlets)
egqually S

shown

3.58

g -—z.oo-—E
_:L: %0.25

N SNANNANNNY

\\\\\'.\‘Nb_l\\\

L4.05 Dia.m.——-l
—=——17.12 Bolt circle
8.00 Dien.

(b) Steel mozzle body.

¥igure 1. - Model used in experiwental part of investigation. (All dimensions
in inches.)
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0.25 2.00 .
T/16 Drill through; r' r_ -I g/ﬁlﬂziilquamﬂd
8 holes eq'ually spaced -~ AR /
1,39 hasaenees
g N P 3
@s 1 (rﬂ -) s ]
IS ALY o
t el | I
| g% d g § 8 o
§ § E g A A A A
g %8 8 8 g8 &
| = S R A
3 N
\ .- 0.25
h - !
L AR
{c) Bteel 1/4-inch nozzle plece. (d) Steel 2-inch nozzle plece.
Part | Bhim

T/16 Drill through;

8 holeg equally speuod ness, %.25 Rad.
I, in,
0.018
033
: 051
.082
.118
-4 388
o, 4
’5:-_&_@ &7 i

8.00 Diam,————=

(e) Bhims used in varisble-discharge-

pozEle lnvestigation. Compressible
material; thickness measured after
asgeubly.

| H
Figme 1. - Contimed. Model used in experimental part of jmvestigation. (All dimensions

in inches.)

1
2
3
4
5 -
5 g
T A
Part [Shim | Blot 132 3
thick- | oircum- @«
nee8, | feremnce,
X, ip. | @, du§
& 6108 | 180
9 250 20
10 =500 90
11 500 45

(2) Shims need in Jet-deflector investi-
gation. Compreossibls material; thick-

ness measured after assembly.

.
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Secondary-~
gas inlet

(g) Assembled model.

Figure 1. - Concluded. Model used in experimental part of investigation.
(All dimensions in inches.)
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-

Primary-air
meeguring orifice

B

CILLERIIIL LI L r i

U S1de-force
o~ ~=Pivot point B e
(cee dotail) Primary-inlet-
. : . 4.5" pressure measur-
Steel strap— 55,4" i ing plane
| ; A B<'I Flenre rod
,‘ . 1 Model
n - -— R 1 -
2 \ i — = Secondery-air ( E
measurl
2 1 Force cells (3) orificeng
Counter-| ™ H !
weight ] ' 1 = 1
__Thrust cell ":'—{" I <
5| Bewd _L ]_ ]
A.‘_ISQGOMBIT-E Roll Piltch Yaw
throttle valve View A-A
CD-6042,
Figure 2. - Setup used in experimemtal part of investigation.
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2IE? NI VOV

L]
w
w

Cd.,o

Dischsrge coefficilent,

.
[Le]
@

'_I

2 3 4 5 8 7 8
Primary-pressure ratio, Pp/ To

(a) Nozzle discharge coefficient. 8° Conicel comvergent nozzle.

heats,
¥

specific

Retlo of

400 800 1200 1600 2000 2400 2800 3200
Totel tempersture, °r

(b) Ratio of specific heats.

Figure 3. - Reletions between dependent varilables used 1n anelytical computations.
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NACA TN 4312
Factor,
L
1.1
_——— 1.0
Effective-area
ratio,
100 Aore/Aeze,o ] ) /- 3
. 5
£0.9 _| /5 _ o :
.7 — e .
5 e 9 .8
.96 e — .g — 7 — « 7
7 .6 -8
-6 .5
.5
.5
.92
.8
3’\
% ] AN P
-~ ~N
0 \ \ N \
» ]
- \ ~ ~ [ — ~ - r— ] 5
N\ ~ =] =
FOIN
5 .4 <
N
~N N [~~~
:E: \ \t —i.5 \\\\ ™~ \~\
— 6 — —t & ~—
I AN
d NS~ f—ul -
g E = —8 ] A 7 T 1
é N ——.
9 .7
4 N i —t=—.8 T - e .8
«9 .9 .9
°J. 3 [ 1 3 5 1 - 5"
Ratio of secondary to primery total pressure, PS/PP
(a) Primery-pressure (b) Primary-pressure (c) Primary-pressure
ratioc, 2.0. ratio, 5.0. T ratio, 8.0.

Figure 4. - Effect of primary and secondary pressures on Dperformance. Ty = Tp = 15009 R;
Ts:rp- 1.35; RS=RP-53.3 feet per ;Al-Ae; C = 0.98.
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1.0 S : &
Factor, g
\ * 2
N\ 1.1 &
— | ——— 1.0
\\\
\\ \\
N
6 N
\ ~ \ Effective-area
N N ~~ \\\ retio,
f‘\\ \\ \\ Aeff/Aeff,O
\\ B \'_\ \\
4 S~ — —{ o5
~ —tthe
\ ~ T
~ ] [ S R
™~ LT
2 i — ::\—-'h-._
. [ — — -.1:-:__.'_~:-—‘-_.:- 7
"—_-:‘-_\__-_-\_‘_:h— e e &
T T = [ — IB
—-'-_‘-='_==-"=?=- .9
9!:00 800 1200 1600 2000 2400 2800

Seecondary-Jet total temperature, %R

Figure 5, - Effect of secondary-Jet total temperature on performance.
PP = 5-05 Pg/Pp = 5.0; T, = 1500° R; Ty, = L.35; Ry = Ry = 55.3 feet
per °R; Ay = Ag; C = 0.98.

ez




Secondary-weight-ratio flow, ws,ac/w ,ac
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NACA TN 4312

actor
PO Effective-
asres ratio,
1.1 Aere/Bers,o
—_————— 1.0
d A‘ — 0- 6 -
—-——_———_-_—— e et
T _|———7 ]
—— - =
lz
.B
e el
o
1.00 1.02 1.04 1.06 1.08
Injection-station area ratio, Aj/A.
Figure 6. - Effect of injection-slot location on per-

formance. Pp/pg = 5.0; Pg/Pp = 3.05 Tg = Ty = 1500° R;
Tg = Tp = 1.35; Ry = Ry = 55.3 feet per °R; ¢ = 0.98.
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T

Secondary-
welght-
flow ratio

=
\
Thrust ratio,

0

X

1 2 3
Primary-pressure ratlo, 'Pp/po

T T T
Becondary-pressure

.NACA TN 4312

ratio,

1"0 y ﬂ)

W,
Bgl ar

Ezac
Fz: (w g VO)P+

(b) Secondary-weight-flow ratio.

Py/%g

6.352
4.24
3.18
2.50
2.00

——+—— -— — Computed for Pg/pg = 6.32
with velues noted ]
Computed for Ps/po = 2.50

with values noted

I |
Thrust ratio
- for wp, ec

apd fo l-OA

.98

L

.96

=7

77

.94

.92

(¢) Thrust ratio.

Figure 8. - Performence of typicael nozzle. Ty = TP £ 530° R; slot width, 0.051 in.; length
downstresm of slot, 0.25 in.; A)/Ae = 1.03. .
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N
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o
g N,
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&
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<
- N ) ]
3 \ \ \ \ %,
"é \\ \\ in.
2 \ \Ps/ Po ) \
1 +6 ™
3 < S 0. 033
A 3.2 N
® 6.3 . 092 .051
i
.4
0 .04 .08 .12 2 4 6 8
Slot width, X, in. Secondary-pressure ratio, Pg/pg
(a) Slot width. (b) Secondary-pressure ratio.

Figure 9. - Methods of varying effective-area ratlo. Primsry-pressure ratio,
2.0. Dagta taken from table I.
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pressure
ratio,
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O 8.32
& 4.22
A 3.18
\v 2. 50
Lol > 2.00
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Injection-station inlet velocity ratio, Vi g/Vy j
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Figure 10. - Evaluation of experimentel factor £

for all slot widths.

T, & T

D

530° R.
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Secondary-
pressure
ratio,
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Injection-station inlet veloeity ratio, Vl, s/vl,p

Figure 11. - Evaluation of experimenta.l coefficient, C
for all slot widths. Tg = Tp = 530° R.



Slot discharge coefficient, Ca.s10t
>

1.1

'3

TEGCHNICAL LIBRARY

ABBOTTAEROSPACE.COM

e e e L M

Slot width,
in.

0. 01—8
. 033

. 051

.118
¢569I

Q
O
<o
A .09z
v
>
<

. 467

Ay \%%b

2 3 4 5 6
Effective secondary-pressure ratio, Ps/%(Pl+Po)

Figure 12. - Evaluation of slot discharge coefficient.
Ty & Tp = 530° B; L.6<Pp/pg<2.8; 2.0<P/py< 7. 72.
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Flgure 14.

(a) Prirery-pressure ratio, 2.0.

- Performence of nomzle operated as. Jet deflector. Tg
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Flgure 14. - Concluded. Performance of nozzle opereted as jet
deflector. T_% TP = 530° R.
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