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PEAK AXIAI~VELOCITY DECAY WITH r
MIXER-TYPE EXHAUST NOZZLES

by

D. Groesbeck, R, Huff and U., von Glahn

INTRODUCTION

This report summarizes the prellminary results of an experimental study,
conducted at the NASA Iewis Research Center, on the peak axial-velocity decay
obtained with circular and non-circular nozzles and several mixer-type nozzles,
Prime applications of nozzles having a rapid axial velocity decay are for (1)
reduction of jet exhaust-deflected flap interaction noise agsociated with STOL
aircraft using an externally blown flap lift augmentation system (ref. 1), (2)
VIOL dovnwash suppression resulting from vertically oriented exhaust ﬁozzles
(refs. 2 and 3) and (3) conventional exhaust noise suppressors with and without
ejectors.

A mixer-type nozzle is defined herein as consisting of multi~elements
rather than a single nozzle. With a multi-element nozzle, the velocity of the
individual small jets decays rapidly by mixing with the surrounding air, as
shown schematically in figure 1, At some distance downstream of the nozzle
exit plane, tﬁe individual jets coalesce sufficiently to form a large diameter
coalescing core and a very slow peak-velocity degradation occurs. Once the
coalegced core has fully formed, rapid mixing again occurs with an associated

rapid velocity degradation,

APPARATUS
The test stand used in the present work is shown in figure 2. Pressurized

air at about 289 K is supplied to a 15.25~-cm diameter plenum by twin diametri-
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cally opposed supply lines. Flexible éouplings in each of the twin supply
lines isolate the supply system from a force measuring system, The plenum
is free to move axially through an overhead cable suspension system. A load
cell at the upstream end of the piénum is used fo measureAthrust.-<The test
nozzles were attached to a flange at the downstream end of the plenuﬁ.

Airflow through the overhead main supply line was measured with a
calibrated orifice. The nominal nozzle inlet total pressure was measured
with a single probe near the plenun exit flange.

Free jet surveys were made with a travérsing pitot-static probe at
several downstream stations (up to ﬁbout 50-cm) from the test nozzle exit
planes, Thereafter, a single pitot—Static probe located on the approximate
centerline of the nozzle was used at downstream distances up to-SOO cm,

The measurements from the traversing probe were transmitted to an x-y-y'
plotter ﬁhich yielded direct traces on graph paper of the total and static
pressure distribution across the jet. All other pressure data were recorded

from multitube water or mercury mancmeters.

CONFIGURATIONS
Peak axiai velocity degradation data were obtained with single-element .
nozzles that included the following cross sections: circular, trapezoidal,
triangular and rectangular. The studies included variations in nozzle aspect
ratio”and nozzle area.
Multi-element nozzles included multitubes (up to 19 tubes) and multi-lobe
nozzles (up to 12 lobes). The spacing between elements and circumferential

rings of elements (for multitube nozzles) were studied to evaluate these
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geometry effects on peak axiél—velocity degradation, Typical multi-element
nozzles are shown in figure 3., Pertinent dimensions for all nozzles tested

are summarized in Table I,

RESUIS
Single~Element Nozzles

It was established early in theAstudy that the peak axiél—velocity
degradation for single-element nozzles éould be obtained using orifices
rather than resorting to convergent nozzles or tubular nozzles by the use of
an effective nozzle or orifice coefficient, Ce‘ (All symbols are defined in
the appendix;) Consequently; most of the single-element nozzle configuration
data were obtained using square-edge orifices and normelized by use of this
coefficient as noted in the subsequent data representations,

It was also determined that the peak axial velocity degradation could be
correlated in terms of U/Uj as a function of X(Cerg \fi:ﬁ})-l.

Circular nozzles., - Peak axial velocity decay curves for circular nozzles

(and orifices) are shown in figure 4, 1In figure 4(a) it is shown that the
term l+Mj correlates data obtained at various jet exit Mach numbers,
Consequently, although the preéent study covered jet exit Mach numbers from
0.46 to 1.15, it is sufficient to plot data for only a representative jet exit
Mach number to establish a velocity decay curve., In figure 4(b), a comparison
is made to show that square-edge orifice data correlates with tube and round-
edge orifice data by including an orifice coefficient, Ce’ in the abscissa
parameter,

Non=-circular hozzles. - The peak axial=velocity decay for non-circular

nozzles (and orifices) is shown in figures 5 to 8. It is apparent in figures
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5 to T that increasing the'aspect ratio of the nozzle geometry increases the

initial rate of velocity decay.

MULTI-EIMT NOZZLES
In this section data féf multi-element nozzles consisting & efféctively'o§
a single ring will be presented first, followed by data for multi-ring,
multi-tube configurations.
‘Single-Ring Nogzles

Circular tubes. - In figure 9, the peak axial-velocity decay for a 6=

tube nozzle is shown for several spacing ratios. It is apparent that with
decreasing spacing ratio, the coalescing core occurs at increasing values
of U/Uj .

Trapezoidal nozzles. - In figure 10, data for three square-ended trape-

zoldal nozzles (all having the same total area) are presented showing the
effect of element spacing and element number on the velocity decay. Increas-
ing the number of elements (constant radial height) while maintaining the
spacing ratio caused an increase in the value of U/Uj. Increasing the
spacing ratio (by increasing the element radial height and reducing its width)
caused a decreaéed value of U/Uj for the same number of elements.

In figure 11, the peak axial-velocity decay for three round-ended, trape-
zoidal nozzles is shown. Ih order to extend the stay in the single-element
decay region, alternate nozzles for the 8-element configuration were canted
lOo outwafd from the overall nozzle centerline, The results of canting the
alternate elements are shown in figure 12;‘the veloclty decay was improved by

a Jb'U/Uj of about 0.12 over that for the uncanted elements.
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Finally, the data for a 1l2-lobe (triangular-elements) nozzle and a
h-slot (rectangular-elements) nozzle (refs. 2 and 3, respectively) are shown
in figure 13 in terms of the parameters used herein, |

Coplanar Multi-Ring Nozzles

Multitube nozzles with 2 rings of.tdbes and with and without a tube on
the overall nozzle centerline were also studied.

In figure 14, data for a 2-ring multitube nozzle without a center ele~
ment is shown. It is apparent that the addition of the second tube-ring
caused an earlier departure of.the coalescing core from the single~element
decay curve resulting in a higher U/Uﬁ value at the departure point. An
increase in the number of tubes from 6 to 12 in the outer tube ring caused
a further increase in the value of U/U'j at the departure point.

Data for 2-ring multitube nozzles with an element on the nozzle center-
line are shown in figure 15. In general, the velocity decay data are similar
to those without the use of a-center element (figs. 9 and 14); however, the
departure point of the coalescing core from the single—element decay curve 1is
at significantly higher values of U/Uj for comparable tube spacings and the
same number of tubes in a given tube ring. ‘

Non-Coplanar Multi-Ring Nozzles

A number of nozzles representing bypass-type (positive-stagger) config-
urations in which the core exhaust plane was located axially downstream from
a secondary exhaust plane were also evaluated for peak axial velocity'decay
characteristics.

In figure 16, the peak velocity decay for an 8-tube core, 8-orifice

bypass nozzle is shown. It should be noted that the core predominated with
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respect to establishing the decay curve; thus the De in the abscissa of
figure 16 is that for a single element of the core tubgs and X is measured
- from the core nozzle exit plane. As in the case of the coplanar multitubes,
the second ring of elements‘qaused‘a significant'increase~in the value of
U/Uj at the departure point from the-single-element curve, A reduction of
the secondary (bypass) jet velocity with respect to that for the core jet
lowered the value of U/Uj somewhat at the departure point. These data
were cbtained with a plug between the core tubes. (see Table I). FElimination
of the plug did not affect the departure point and only slightly increased
(1less negative) the slope of the coalescing core curve.

In figure 17 a comparison of a 3-tube core and an 8-tube core configura-
tion, both with an 8-orifice secondary nozzle is shown. The use of a smaller
number of larger core tubes causes an increase in the value of U/Uj at the
departure point compared with the data for the larger number but smaller core
tube configuration. This trend is the opposite of that shown in figure 10
for trapezoidal multi-element nozzle. Thebtrend reversal is due to the larger
spacing between elements of the 8=-tube nozzle comp#red with the 3=tube nozzle
(see Table I). - |

In figure 18 a comparison of 3~ and 8-tube core nozzles both with an
annular secondary (bypass) nozzle is shown. It is apparent that with equal
bypass and core velocities the value of U/Uj at the point of departure from
the single core tube curve is markedly greater than that for a U'b/UC value

of O.,T.
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CONCILUDING REMARKS

In the design of a multi~element mixer nozzle that is to achieve a
desired peak axial-velocity ratio.at a fixed distance from the nozzle exit
plane, the number and spaéing of multi~elements may resﬁlt?in an'bverall
nozzle diameter that could be detrimental to cruise performance due to
increased drag, TFor a given velocity decay requirement, the minimum number
of elements for a multi-element nozzle appears to be obtained when the
design value of X (Delifa% )-l, ié at the departure point of the coalescing
core from the singlé element curve.

The preceding criteria could result in only a small number of elements
for a given nozzle application. In turn, this could result in little, if
any, Jjet exhaust noise reduction commonly associated with multi-element
nozzles, Thus, from the point-of-view of jet exhaust noise reduction it may
be desirable to use more elements and accept some small drag increase for
the aircraft cruise condition.

Use of a mixer nozzle for reducing the jet-flap interaction noise from
an externally blown flap in STOL alrcraft applications must consider not
only the effect of the reduction of the impinging veloclty on the flap, but
also the increased jet impingement area on the flap., This increased area
is caused by the larger overall dimensions of the mixer-nozzle jet compared
with that for a conventional circular~nozzle jet. Thus the full jet-flap
interaction noise benefits resulting from the veloclity decay associated with

a mixer nozzle may be slightly reduced by the larger jet impingement area.
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U,
dJ
Ub/Uc
X
Subscripts
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SYMBOLS
nozzle dimensions (see Table I), cm
effective nozzle (or orifice) coefficient
effective;qiameﬁér of circular nozzle with exit area
equal to that bf nén-circular single element (De .for
a circular nozzle equals the nozzle diameter), cm
effective diameter of circular nozzle with exit area
equal to that of total multi-element nozzle area, cm
jet Mach number
ratio of effective spacing betﬁeen adjacent jets
(including nozzle wall thickness) at nozzle exit plane
to effective element width
local peak axial velocity of jet, m/sec

jet exhaust veloclty, m/sec

.ratio of bypass jet velocity to core jet velocity

axial distance downstream of effective nozzle exit plane

center tube

firét ring of multi-elements
second ring of multi~elements
see Table I

inner

outer
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V/////- Equivalent diameter, D, -

Single element decay ———e—

e—- Coalescing core

Coalesced
or core decay
Velocity
ratio,
U/Uj
001 l L
! 10 100

X /Dy ———=

Figure 1.~ Schematic representation of multi-element nozzle peak axial-velocity
decay.
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Diameter R
cm M Reference
07.62 0.96

2
O 0.78

1.0 O 1.18
“r 0.77 present
0.5

Velocity

ratio, -

U/Uj
0.2 \ 1 S AT I | g
=1 10 ‘ 50

5
X (D \[i#ty )™

(a) Comparison of circular, convergent nozzle with circular-tube nozzle data,
C

e
.07 ' O 1.0 Tube
- 0 1.0 Round-edge orifice
- O 0.8 Square-edge orifice
0.5
Velocity [~
ratio,
U/Uj _

0.1 { L " R T SR | f { . Xd

5 10
X (Ce Dg ‘ﬁTM-:)_ )-1

(b) Comparison of circular tube nozzle with circular orifice data. Element
diameters, 2.36 cm. Nominal jet exit Mach number, 0.77.

Figure 4.~ Peak axial-velocity decay obtained with circular single-element nozzles.



Dimensions, cm
Width Length C, Reference

O 1.27 15.25 0.8 ©present =*
1.0~ . 0O 1.27 15.25 1.0 *x
— i O 2.5 15.25 0.8 .
i _ A 5,08 15.25 0.75 *
B T 5.08 7.62 @,75 *
N 1.51 7.5 1,0 2 e
005 o -
* square-edge orifice
: ** round-edge orifice
Velocity Lk converggﬁt nozzle
ratio,
0.1 | J | l 1 I | lo { H 1 J

1 5 1
X (Co Dg {14y )~

Pigure 5.~ Peak axial-velocity decay obtained with reétangular single-element nozzlss,
Nominal jet exit Mach number, 0.99

Dimensions, cm

1.0 — Base Altitude Ce
- O 2.5 15.25 0.8
. a s.08 15.25 l
- O 5,08 7.62

0.5

0.1 | 1 { [ L1 11 ' | i | ]

5 10 50
X (Ce Dy 11+Mj )-1

Figure 6.- Peak axial-velocity decay obtained with triangular single-element nozzles.
Nominal jet exit Mach number, 0.99.
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Figure 7.~ Peak axial-velocity decay for square-ended trapezoidal,single-element
nozzles, Nominal jet exit Mach number, 0.99.

1.0 = VY
0.5 [
Velocity
ratio,
U/Uj |
0.1 1 1 L l L1 1 11 t { 1 '
1 5 10 50

X (De (143 )1

Figure 8.- Peak axial-velocity decay for round-ended trapezoidal,single-element
nozzle, Nominal jet exit Mach number, 0.99; Co = 1.0,
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ratio,

U/Uj

Spacing ratio
0.336

0.605
1014
1.81

o
D
<&
A

0.11

10
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Figure 9,.- Effect of element spacing on peak axial-velocity decay for a multitube

1.0

005 -

‘Velocity
ratio,
U/Uj

T

( 0-6~0) nozzle. Nominal jet exit Mach number, 0.99. Single tube diameter,
2.36 cm. Elements Spacing ratio

I

& Q 12 1
O 6 3
o6 1

i | lllllll | ) I

0.
11

s 10 50 100
X (Dg VT4, y-1

Figure 10.~- Effesct of element spacing and element number on the peak axial-velocity

decay 05 square-ended trapezoidal nozzles. Constant total nozzle area,
47.5 cm®; Nominal jet exit Mach number, 0.99.



Spacing

Elements ratio Reference

1.0 ~ O 8 1.3 present
- 04 3.6 "
. 8 - 4
0.5F
Velocity
ratio,
U/UJ- L
o 1 { L i I 1 | I . ‘ 1 L L ‘ 1 d 1 5, '

1 5 10 50 100

Figure t1.- Peak axial-velocity decay for several round-ended trapezoidal multi-
element nozzles. Nominal jet exit Mach number, 0.99.

1.0 f Nozzle cant
- angle,deg.
L C 10
0
P
0.5
Velocity |
ratio,
U/Uj n

] 1 N BT S 1 ! 1 Loy v
10 i 50 100
X (Dg {1915 )~

Figure 12.- Effect of canting alternate nozzles of an 8-lobe nozzle 10° outward
from nozzle centerline. Round-ended trapezoidal elements. Nominal
jet exit Mach number, 0.99.

0.1 1



1.0'_

Configuration Reference

'®) O 12-1obe 2
C '\ 0O b4-slot 3
0.5
Velocity I
ratio, -
U/
N
AN
— N
0.1 i i ] l ] | W O | l 1 1 L l | R W1 lj
1 5 10 50 100
X (D 79 )~
Figure 13.- Typical peak axial-velocity decay for two multi-element nozzles
taken from the literature. Nominal jet exit Mach number, 1.05.
1-0' Configuration
[ — O 0-6-6
N O o0.6-12
0.5
Velocity [~
ratio,
Uj u
Single ring, multitube nozzle —ee””
( 0=6-0 )
0.1 ! | lllllll' i 1 :i!!{l!
1 5 50 100

Figure

10
X (Dg 141y )1

14,- Effect of muliple rings of multitubes on peak axial-velocity decay.

No tube on nozzls centerline., Nominal jet exit Mach number, 0.99.



Multitube Spacing
contifu.ntion ratio
O -6—0 0 LJ 605

0O 1-6-0 1.14
O 1=6a0 1.81
1.0p= : A A 1=6=6 0.336
L ’ T 1.6-6 0.605
» D 1-6-6 1.14
_ d 1.4
005_
Velocity|™
ratio,
U/UJ- .
0.1 . 1 1 1 l 1 1t [ { 1 i l i | I ‘
1 5 10 50 100

X (Dg {1443 )"

Figure 15.- Peak axial-velocity decay obtained with multiple rings of multitubes.
Tube on nozzle centerlins. Nominal jet exit Mach number, 0.99.
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