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PERFORMANCE COMPARISON OF A LOBED-DAISY MIXER NOZZLE

WITH A CONVERGENT NOZZLE AT SUBSONIC SPEEDS

By Donald L. Maiden
Langley Research Center

SUMMARY

An investigation to determine the performance, in terms of thrust minus nozzle
axial force, of a lobed-daisy mixer nozzle has been conducted in the Langley 16-foot
transonic tunnel at static conditions and at Mach numbers from 0.40 to 0.90 at angles of
attack from -4° to 8°. Jet-total-pressure ratio was varied from about 1.2 to 2.0. The
performance of a reference convergent nozzle with a similar nozzle throat area and
length was used as a base line to evaluate the performance of the lobed-daisy mixer
nozzle.

The results of this investigation indicate that with no external airflow (Mach num-
ber M of 0), and at values of jet-total-pressure ratio between 1.2 and 2.0, the static
thrust exerted by the lobed-daisy mixer nozzle is less than that of the convergent nozzle
by about 10 percent of ideal gross thrust. About 3.4 percent of the thrust loss was
attributed to an unintentional internal area expansion in the fan passage. With external
flow (0.40 = M = 0.90) the values of thrust minus nozzle axial force were much lower for
the lobed-daisy mixer nozzle than for a reference convergent nozzle. At a jet-total-
pressure ratio of 1.5 the performance difference between the two nozzles varied almost
linearly from about 13 percent at M = 0.40 to about 20 percent at M = 0.90.

INTRODUCTION

In preparation for advanced short takeoff and landing (STOL) aircraft, the technology
has included studies of turbofan powered-lift concepts with emphasis on externally blown
flap (EBF) configurations. In the EBF concept bypass and primary exhausts (5-to-l
bypass ratio) are both directed against the wing flap system. The net result of this con-
cept is a significant increase in the lift as well as, unfortunately, the perceived noise
level. In order to meet the commonly considered goal for STOL aircraft of 95 EPNdB at
500 feet, the additional nbis'e'generated by" the interaction of the jet exhaust with the flaps
must be considerably reduced.

The flap interaction noise, according to references 1 and 2, appears to be propor-
tional to the surface area of the flaps scrubbed by the jet exhaust and to the sixth power



of the jet-exhaust impingement velocity. Reducing this impingement velocity (while main-
taining acceptable lift characteristics) appears to offer promise of substantial reduction in
flap interaction noise.

The impingement velocity can be reduced by employing a mixer nozzle at the fan-
jet engine exhaust. A mixer nozzle is a multielement nozzle designed in such a way that
the velocity of the individual small jets making up the exhaust decays rapidly by turbulent
mixing with the surrounding low velocity airstream. Unfortunately exhaust velocity is
directly related to the thrust a nozzle can generate. Since the mixer nozzle will be used
at all flight conditions, the nozzle must be designed to be as economically efficient as
possible (i.e., to provide low specific fuel consumption through high thrust-minus-drag
performance).

In order to evaluate the performance of a lobed-daisy type mixer nozzle, a wind-
tunnel investigation has been conducted with the nozzle installed on an isolated nacelle in
the Langley 16-foot transonic tunnel. The investigation was conducted in quiescent air
and at Mach numbers from 0.40 to 0.90. The nozzle jet-total-pressure ratio was varied
from about 1.2 to 2.0 and the angle of attack of the nacelle was varied from -4° to 8°.

SYMBOLS

Ab effective annular area between metal bellows and surrounding sleeves, m2

Ae nozzle exit area, m2

Ae n exhaust nozzle total exit area, in plane normal to axis, m2

Ae f fan exhaust total exit area, m2

AI f local fan exhaust passage area, m2

Ae * primary jet exhaust total exit area, m2

AI j local primary jet exhaust passage area, m2

Am model maximum cross-sectional area, m2

A* nozzle throat area, m2

At n exhaust nozzle total throat area, m2



t f fan exhaust throat area, m2

Df external skin-friction drag of model between stations 52.07 cm
and 121.92 cm, N

dk base diameter of convergent nozzle, cm

de exit diameter of convergent nozzle, cm

dm model maximum diameter, 15.24 cm

FA n nozzle external axial force (on portion aft of station 121.92 cm),
!

positive downstream, N
. •

axial force indicated by balance, positive upstream, N

F^ ideal isentropic gross thrust, N

Fi gross thrust, positive upstream, N

I nozzle length, cm

M free -stream Mach number

p, , pressure acting on downstream bellows, N/m2

Pjj u pressure acting on upstream bellows, N/m2

pcav model internal cavity pressure, N/m2

pf . jet total pressure, N/m2
ljj

p^ free -stream static pressure, N/m2

R circular-arc -boattail radius, cm

r radial ordinate, normal to center line, cm

S length of nozzle convergent section, cm



s internal axial coordinate in convergent section, cm

t nozzle throat length, cm

a angle of attack, deg

0 nozzle terminal boattail angle, deg

,/3c nozzle chord boattail angle, deg

0 radial angle of fan exhaust nozzle lobes, deg

APPARATUS AND METHODS

Wind Tunnel

The present investigation was conducted in the Langley 16-foot transonic tunnel,
which is a single-return atmospheric wind tunnel with an octagonal slotted-throat test
section and continuous air exchange. The tunnel has a continuously variable speed range
from Mach 0.20 to 1.30.

Model and Support System

Shown in figure 1 is a photograph of the air-powered nacelle installed in the
16-foot transonic tunnel with a daisy-type mixer nozzle attached. Figure 2 presents a
sketch of the single-engine simulator (with reference convergent nozzle) installed on the
support system. The simulator was an air-powered cone-cylinder nacelle with a rounded
shoulder at the junction of the conical nose and cylindrical section. In the simulator, dry
high-pressure air at a stagnation temperature of about 274 K was introduced perpendicu-
larly to the model axis into the portion supported by the balance shown by the fine sec-
tion lines in figure 2. Air passage from the high-pressure plenum to the low-pressure
plenum was through eight sonic nozzles equally spaced in angle around the axis of the high-
pressure plenum. Since the high-pressure air was introduced radially to the model axis
and an opposing nozzle cancels each nozzle thrust, the net axial force is zero,. Therefore
the balance measured only the_gross thrust-developed by~the rearward acceleration of the

-airr ~~

The low-pressure air chamber into which the air was introduced was sealed by a
set of flexible metal bellows arranged so that the axial forces caused by pressurization
of the system are compensating. The flow-smoothing screens in the model tail pipe were
constructed of 0.635-mesh 0.0635-cm-diameter wire screen supported by four vanes. Aft



of the flow-smoothing screens an instrumentation section containing total temperature
and total pressure probes is terminated at the nozzle connect location at model station
111.76 cm (see fig. 2).

The model was supported in the tunnel by a sting-strut support system; the nose of
the model attached to the strut is shown in figures 1 and 2. The center line of the model
was located on the wind-tunnel center line, with the center line of the sting which supports
the strut 55.88 cm below that level. The sting portion of the system was 5.08 cm by
10.16 cm in cross section with the top and bottom capped by half-cylinders of 2.54-cm
radius. The strut blade was 5 percent thick with a 50.8-cm chord in the streamwise
direction. The strut-blade leading and trailing edges were swept 45°. Boundary-layer
transition on the model was fixed by a 0.254-cm strip of No. 100 grit, 2.54 cm from the
nose in accordance with techniques described in references 3 and 4.

Nozzle Configurations

Because of the similarity in nozzle areas and lengths (see fig. 3) the reference
convergent nozzle shown in figures 2 and 4 was selected as a base line to evaluate the
performance of the lobed-daisy mixer nozzle shown in figures 5 and 6. The reference
convergent nozzle was constructed of aluminum to the geometric dimensions shown in
figure 4. The unusual geometry of the lobed-daisy mixer nozzle is shown in figure 5.
The forward-outside daisy lobes represent the fan exhaust nozzle and the aft-inside daisy
lobes represent the primary jet exhaust nozzle.

Since both the fan exhaust and primary jet exhaust of the full-scale nozzle will
operate at the same jet-total-pressure ratio p, ./p the test-model nozzle required

*-jj/

only a single air supply (see fig. 6). The lobed-daisy mixer nozzle was constructed of
fiberglass and was designed to allow rotation of the primary jet exhaust nozzles. Two
angular locations of the primary jet exhaust nozzles were investigated: one representing
an in-line lobe configuration; and the other an interdigitated configuration as shown in
figure 6.

The lobed-daisy mixer nozzle was originally designed as a convergent nozzle (i.e.,
Ae/At = l.o). Because of a catastrophic failure of the fiberglass nozzle (see fig. 7) at a
jet-total-pressure ratio of about 1.8, reinforcing fiberglass had to be added to the wedge
separating the fan passage lobes. The additional fiberglass changed the area distribution
of the internal passage of the fan exhaust from converging to converging-diverging (see
fig. 6). No change was made to the primary-jet-passage area distribution as a result of
reinforcing the fiberglass nozzle. These effects on nozzle design are discussed in the
section entitled "Results and Discussion."



Instrumentation

Data obtained during the investigation were recorded simultaneously on magnetic
tape and were reduced to coefficient form by use of a computer. Approximately eight
frames of data were taken over a time period of 8 seconds for each data point and the
average value was used for computations .

A five -component strain-gage balance was used to measure forces and moments on
that portion of the model downstream of the small gap at model station 52.07 cm (see
fig. 2). Individual pressure transducers were used to determine jet total pressure and
tare pressures (such as internal -cavity and bellows pressures). A total of 5 jet total
pressures, 12 internal cavity pressures, and 2 bellows pressures were measured during
the test. A thermocouple was used to measure jet total temperature. An electronic tur-
bine flowmeter was used to determine the mass flow of the jet simulation air. The strut
angle of attack was measured by a calibrated electrical potentiometer.

Data Reduction

The wind-tunnel data recorded on magnetic tape were used to compute standard
force and pressure coefficients. All force and moment data in this report are referenced
to the body axes through the center line of the jet simulator with the moment center
located at model station 74.649 cm. The model angle of attack has been corrected for
tunnel -flow angularity; however, no correction was made for deflection of the model
support due to aerodynamic loading since this was known to be small.

The performance parameter used for presentation of results is thrust ratio; the
thrust ratio is the ratio of actual jet thrust minus nozzle axial force to ideal jet thrust
F- - FA
-J - -^ where

- FA,n) = Fbal + (Pcav ' P=o)Am + (Pb,d - Pb,u)Ab + Df

In the foregoing expression, the term Fj^j is the axial force indicated by the bal-
ance, corrected for weight tares and balance interactions. The term (pcav - Poo)Am is
a tare -force correction for a pressure difference between the inside and outside of the
model. The cavity pressure was^measured at_12_lpcations-within-the-model and-eaclrpres^

"sure was assumed to act on weighted area elements to which the sum equaled Am, the
maximum cross -sectional area. The term (pb d - pb u)Ak is a bellows tare correction,
which by design should be essentially zero. However, when internal flow velocities are
large, a small pressure difference between the ends of the bellows can exist. In the
present investigation the maximum bellows tare correction was less than one -half percent
of ideal thrust. The term Df is calculated flat -plate skin friction on the cylindrical por-
tion of the afterbody between the gap at the metric break and the nozzle connect station.
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For static tests, M = 0, the nozzle drag is zero and the thrust ratio reduces to
F-/F-]/ i'

Tests

Tests were conducted in the Langley 16 -foot transonic tunnel statically and at Mach
numbers from 0.40 to 0.90 with the angle of attack varied from about -4° to 8°. The jet-
total-pressure ratio p. . /p was varied from jet off (1.0) to approximately 2.0.

jj/

Reynolds number based on the maximum nacelle diameter of 15.24 cm (6.0 in.) varied
from about 1.2 x 106 at M = 0.40 to 2.0 x 1Q6 at M = 0.90.

RESULTS AND DISCUSSION

Static Performance

A comparison of the static-thrust ratios Fj Fi of the reference convergent nozzle
and the lobed -daisy mixer nozzle configurations is shown in figure 8. Gene rally, the
static performance of the lobed-daisy nozzles was about 10 percent of ideal gross thrust

lFj) below that of the reference convergent nozzle over the range of jet -total -pressure
ratio pt , yp^ from about 1.2 to 2.0. The large thrust loss encountered with the lobed-
daisy nozzles is attributed to increased friction losses due to an increase in internal
wetted area and the area distribution of the internal fan exhaust passage (see fig. 6). As
shown in figure 6 the fan passage has a minimum area, or throat area, which occurs about
6.6 cm (2.6 in.) forward of the fan exit area. The ratio of exit area to throat area for the
fan passage is about 1.19, which represents a converging -diverging nozzle with a design
pressure ratio of about 3.7. Since the area of the fan exhaust throat represents about
70 percent of the total nozzle sonic throat area, it is to be expected that the lobed-daisy
nozzles will have higher thrust losses than the reference convergent nozzle operating
near its lower design pressure ratio of 1.89. A theoretical analysis based on one-
dimensional flow was made to estimate the thrust loss attributed to the converging -
diverging area distribution of the fan passage. At p, . /p^ -2.0 the overexpansion and
divergence losses were calculated. These losses indicate that the test lobed-daisy nozzle
internal performance F^ /F^ is about 3.4 percent lower than it would be if the fan -passage
area distribution were converging. Therefore the performance of the lobed-daisy nozzle
designed as a convergent nozzle should have an internal performance Fj/Fj of about
94.4 percent at a jet-total-pressure ratio of 2.0. The corrected internal performance of
94.4 percent agrees with the internal performance of similar noise suppressor nozzles
with Aejny^.m = 0.36. An area distribution for the fan exhaust passage similar to the one
shown for the primary jet passage in figure 6 would have increased the performance of the
lobed-daisy mixer nozzle.



External- Flow Performance
Fj - FA h

The variation of — — with p. ./p at a = 0° is presented in figure 9. At
r i L>J/ °°

Fj - A n
all conditions much lower values of - = — — were obtained with the lobed-daisy mixer

*i
nozzle than with the reference convergent nozzle. A small improvement in performance
with increasing pt •/& is noted for the lobed-daisy mixer nozzle, which is probably aL>J/ °°
result of the slight increase in internal performance Fj/F^ with p^ • /p since the fan
exhaust nozzle operates more efficiently near p^ • A) =3.7. Changing the location of the
primary jet exhaust nozzles from in-line to interdigitated with the fan exhaust nozzles had
little effect on the performance of the mixer nozzle at all test conditions.

Fj - FA n
The variation of - — — — with M at p. . /p of 1.5 and 2.0 is shown in fig-

ure 10. At the selected jet-total-pressure ratios the lobed-daisy mixer nozzles become

f. FJ " FA n^less efficient li.e., lower - — — —I with increased Mach number. This loss in perfor-
\ Fi /

mance is probably because of an increase in nozzle drag with increased Mach number for
the lobed-daisy mixer nozzle configurations. As noted earlier, the loss in performance
is less at the higher jet-total-pressure ratio of 2.0 because of the slight increase in inter-
nal performance as pt ,/p approaches a value of 3.7. However, at p. . /p = 1.5 the

L,J/ oo l,J/ oo
difference in thrust minus nozzle axial force between the lobed-daisy mixer nozzle and
the reference convergent nozzle increases almost linearly from about 13 percent at
M = 0.40 to about 20 percent of ideal gross thrust at M = 0.90. At a higher jet-total-
pressure ratio of 2.0 the difference is less, from about 11 percent at M = 0.40 to 16 per-
cent at M = 0.90.

Fj - FA nThe variation of - - — — with p. . /p at several values of angle of attack other
F^ ^>J/ °°

than 0° is presented in figure 11. These data were cross plotted in figure 12 to show the

i - neffect of angle of attack on J — — at p. . /p of 1.5 and 2.0. At both jet-total-
Fj 1>J/ °°

Fj - FA npressure ratios, — - - — is shown to slightly decrease as the angle of attack is

_ _
changed from_0°-.- However, -the effect of angle of attack on — — is small forFi
small angles of attack (a < ±5°).



CONCLUSIONS

A wind-tunnel investigation to determine the performance of a lobed-daisy mixer
nozzle with external flow has led to the following conclusions:

1. The static take-off thrust of the lobed-daisy nozzle configurations was about
10 percent of ideal gross thrust less than that obtained with the reference convergent
nozzle. About 3.4 percent of the thrust loss was attributed to an unintentional internal
area expansion in the fan exit passage.

2. At subsonic speeds the ratio of thrust minus nozzle axial force of the lobed-daisy
mixer nozzle was significantly lower than that of the reference convergent nozzle. At a
jet-total-pressure ratio of 1.5 the difference in thrust minus nozzle axial force for the two
nozzles varied almost linearly from 13 percent of ideal gross thrust at a Mach number
of 0.40 to 20 percent at a Mach number of 0.90.

3. Changing the location of the primary jet exhaust nozzles from in-line to interdig-
itated with the fan exhaust nozzles had little effect on the performance of the lobed-daisy
mixer nozzle at all test conditions.

4. Small changes in angle of attack (less than ±5°) had little effect on the perfor-
mance of the lobed-daisy mixer nozzle.

Langley Research Center,
National Aeronautics and Space Administration,

Hampton, Va., June 25, 1973.
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(a) Separation of fan exhaust lobes from nozzle boattail.

L-73-3098

(b) Separated terminal plug.

Figure 7.- Lobed-daisy mixer nozzle after catastrophic failure
under pressurization.
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Nozzle
O Convergent
D In-line lobe daisy
O Interdigitated lobe daisy

1.0

PtJ/Poo

Figure 8.- Comparison of static-thrust ratios of lobed-daisy mixer nozzles
and reference convergent nozzle.
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Nozzle
O Convergent
o In-line lobe daisy
O Interdigitated lobe daisy

M = 0.70

(a) M = 0.40, 0.60, and 0.70.

"C
1
. ___ "C1 .

Figure 9.- Variation of — - — - — — with at a = 0°.
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Nozzle
O Convergent
D In-line lobe daisy
O Interdigitoted lobe daisy

M = 0.60

,.o M=0-90

.9

.8

J\D 1.2 1.4 1.6 1.8 2.0 2.2
pt,i/ CO

(b) a = 4°.

Figure 11.- Continued.
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ill
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(c) a = 8°.

Figure 11.- Concluded.
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Nozzle
• Convergent
• In-line lobe daisy
• Interdigitated lobe daisy

= 0.80

NU0.90

(a) Pt,j/Poo= 1-5.
F- - FA

Figure 12.- Effect of angle of attack on — '— at two values of
Fi

jet-total-pressure ratio.
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Figure 12.- Concluded.
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