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PEAK AXTAT~VELOCITY DECAY WITH MULTI~ ELEMENT
RECTANGULAR AND TRIANGULAR NOZZEES

oy P
D. E Groesbeck, U. H. von Glahn
and R. G. Huff
INTRODﬁCTiON
Of the several 1lift augmentatlon concepts proposed for STOL alrcraft,
the present study is concerned with externally blown flaps (flg. 1). Experi-
mental studies have shown that the impingement of the engine exhaust jet on
deflected flaps can cause'an unaccepteble increase in the aircraft noise
signature; The jet-flap'interacpion noise can be lowered by reducing the.
impinging velocity on the flap. This velocity.reduction generally must be
accomplished in a speoifiedidistance from the jet exhaust plane to the flap.
The jet velocity impinging on the flap can pe reduced by: (1) a reduc-
ﬂtion of the jet velocity at phe exhaust By'utilizing large bypess-type fan
engines‘endv(E) bj use of a mixer-type nozzle, consisting of multi-elements
rather'than a single large.exhaust nozzle-of equal potsl urea° The individ-
- ual small elements of a mixer nozzle promote an initially rapid mixing.with
fhe surrounding air resulting in a rapid aiiai velociﬁy decay.
This paper summarizeS'the results of dn experimental study conducted
at the NASA Iewis Research Center, on the peak axial-velocity decay cbtained
with-rectangular and triangular single-element and multi-element mixer

———— nozzles.,

Empirical equations are developed for estimating peak axial-

velocity decay curves for a wide range of nozzle configurations.



APPARATUS AND PROCEDURE

‘Tést_stand. - The test stand used in the present work is shown in
figure 2. Pressurized air at abdut 289 K is supplied to a 15.25-cm diameter
plenum by twin diametrically opposed supply lines. Flexible couplings in
éach of the twin supply.lines isolate the supply system frbm‘a force measur-
ing system., The plenum is free to méve axially through an overhead cable
suspension system. A load cell at the upstream end of thé plenum is used
to measure thrust., The test nozzles were attached to a flange at the down-
stream end of the plenum, |

Airflow through the overhead main supply line was'measured with a
calibrated orifice. The nominal nozéle inlet totai pressure was measured
ﬁith-a single probe near the ﬁlenum,exit flange.

A traversing probe was first positioned 0.,317-cm from the nozzle exit
plane and radial pressure—travérses were made in the plane of the peréihént
element dimension (i.e., length of a triangﬁlar element, width of a rectan=
gular element, etc.), Pressure measurements were obtained at nominal nozzle
. pfessure ratios of 1.15, 1.3, 1.53, 1.87, and 2.3. This procedure was then
repeated-at nominal distances from the nozzle exit plane of 13-, 25-,.38-'
and 5l-ch. Initially in the program a single pitot-statié probe was moved
manually to various locations from 100~ to 300-cm downstream of the nozzle
exit plane and pressuré data recorded. Near the end of the program the
traversing probe track was extended to cover the full range of axial dis-
tances,

The measurements from the traversing probe were tfansmitted to an X=y-y'

plotter which yielded direct traces on graph paper of the total and static
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pressure distribution radiélly across the jet. All other pressure data were

recorded from multitube water or mercury manometers.

CONFIGURATIONS

Peak axial velocity decay data:were obtained with single-element trian;
gular and fectahgular nozzles, Thq studies included variations in nozzle
’aspect ratio and nozzle area.

The rectangular muitihelemenﬁ nozzles tested inclﬁded 3 and 6 slot ‘
configurations. The spacing between elements was varied to evaldatévits
effect én peak axial-velocity decay. Typical multi-element nozzles are
(shown‘intfigure 3. Pertinént dimensions for the:nozzles‘tested are summar-

ized in Table I.

RESULTS AND DISCUSSICN
| GENERAT
According to the literature (réfs° 1 and 2), the peak axial velocity

decay downstream of the jet core varies as a_funétion of X-l"for circular

nozzies to XT% for infinite or large aspect ratio rectangular (sioﬁ)
@ nozzles. . (All symbols are defined in the appendix.) For other single-
element geometries the decay appears to vary between these exponents. The
axial diétance is nondimensionlized by the effective diameﬁer of the ele-
ment: i.e., X/Qa. |

For multi-element uézzles; the initial ﬁeak axial-velocity decay

___________TT?Ei‘ﬁ)j‘iE‘@ubstantiaiiy—%hefsame_as~ihat_fpr an individual element.
However, at some distance downstream of the nozzle exit plane, the individ-
pal

Jets coalesce sufficiently to form a large diameter coalescing core and
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a véry slow peak-velocity decay occurs. Once the coalesced core has fully

formed, normal mixing again occurs with an associated rapid velocity decay.

It was'determined previously (ref; 3) that the axial aecay distance for
multi-element nozzles cbuid be nondimensionalized for correlation purposés
by the use of an effective diameter based on that of a siﬁgle element,

The peak vélocity ratio at a given axial staﬁion has been found to
increase with increasing jet Mach number (refso-3 to 6). Correlation of
the.jet Mach number fof bothvsingle- and multi-element nozzles was achieved
in references 3 and 6 by dividing the axial distance'parameter, X/Dé, by
vfiiﬁg. "In order to avoid confusing the figures herein with a large number
of data points, oniy the nominal O.99ljet Mach number data, unless specifi=-
cally noted, will be shown. | |

The following sections will present decay data for a variefy of single-
element nozzles and mﬁlti—element configurations together with correlatiné

equations.

CORREILATION

Reference 6 presents empirical .equations for predicting the ﬁeak axial-
velocity decay for single- and multi—eiement nozzles, The eduations are
repeated herein for convenience and where necessary extended to fit.more
closely the dataz obtained with large aspect-ratio rectangular nozzles.

Single~Element Nozzles

The peak axial-velocity decay was correlated in reference 6 by the

following equations: |

al-1/a
|y s [ 015 X

U
U.
J Cn De\’l+Mj

(1)
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wheré
| L | . , -1
a = k(2 - hi/ho)<l‘ +.2.67((De/Dh)- 1)) o , (2):

Examiﬁafion of single—element nozéle data showed‘that these simple

. o emﬁifical equations generally prdvided gopd éorreiation, >With increasing‘
aspec£ fatio for rectangular nézzlés, howevgr, the equationé predicted
iﬁcreasingly optimistic velocity decay Qalués witﬁ axial distances down- -
stream of the nozzle ‘exit élane. - |

it was detérmihed frém data cross-plots that an extension of equa-

tion (2) could ﬁfovide é better fit between the empiricai predictions and
ﬁhe eipériméntal datao; Thus,.ﬁhe exponent ‘a (eq; (2)) should Eé feplaced

- ’ ’ ' ' '

by a' as follows:

2.67 . 3 ‘ | (3)
(1 + 0.0001 (1/n)3) (——-——-}—9—-—-—> |
) . . Cn De"l+MJ

Rewriting equation (1) with the exponent given by equation (3) results

a" =a]l +

in fhe.following extended. correlation relationship:

' 1
o ' al] - =
g () | ()
. J Cn De .1+Mj |
- Calculated decay curves using equations (3) and (4) are shown in figure 5

for three rectangular nozzles with (L/h) values of 1.5, 12 and 2k, respectively,
together with the experimental‘dafa. Also showﬁ are curves based on equations

~——— (1).and (2). The better fit of the curve based on equations (3) and (4) is

apparent, particularly for larger I/h Values, such at the reference 2-datas;

where L/h is 2k,
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Mulfi-Element Nozzles
. In reference 6 empirical equations also were developed to correlafe
the peak axial~velocity decay of multi-element nozzles in terms of the
~significant flow regimes shown previously iﬁ figufe 4 and in terms of per-
tinent nozzle dimension parameters, These equations are limited; in general,
by the nozzle geometries tested; howeVer; they afe usefui in predicting the |
deéay curves for-many practical nozzle configurations.

The decay curve was divided into several regions shownAin figufe~6.
Equations were then developed to predict the departure point of the coaléscing
core from_the single-element decay curve (point (:)). Examinatioﬁ of the |
data showed that the velocity ratio in the coalescing core“decéy region had
a slope of -0.2 with respect to axial distance (reéion:dehoted by (:>'to
(:)). The nondimensional displacement parameter, DX, of the coalesced-core
decay cﬁrve from fhe single-element curve was ﬁhen determined. lThe value
of U/Uj at poinﬁ (:) wés then correlated in terms of the coaléscing core
bdecay slope and the displacement distance 'DX. Finally, the correlation
equation for the decay curve of the fully coalesced éore was 'eétabl'ished°

Empirical equations for the preceding points and régioﬁs are given in
fhe following,paragfaphs.

The departure point (:) is calculated by the following general equation:

=) o o

where w = h for the present configurations.

NY
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‘The functions in equation (5) are given by:

6 e \

D 2.7('-])——-1) . o

f(b—he-) = l‘+ b ) g ) . (6)
- 1+5 (1--}-1—1) - |

for the present configurations, and

-1

2, .. | .
-‘ | (7).

c

() = [reom o)

in vhich r = sg and (f(w))3 = 1 (see also ref,'6) for the present con-
figurations. The data for multi-element nozzles with large aspect»ratios
suggest that equation (5) is a function of (L/h). Good correlation can be

achieved by dividing equation (5) by the following aspect ratio relation:

o L o’ - ' : ’
l-l + 0.0025 (E - 1) ' - (8)
where I and h values for various configurations are given in Table I,
The displacement of the fully coalesced multi-element core from the

single element curve (Dx in fig. 6), in general, is calculated from the

following equation:

0 2 - '  =1/2
AC+A.EZ) S 1 '
o Bt Y 5.\ 573 9)
) N -l_i_EQ(%;-- l)
L N s —
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- l U 2
: Y As(fr .
When Us/Uc equals 1, the term i i in equation (9) reduces to
De T , e
D .
e

The velocity decay in the coalescing core (region <:> to (é)) is given

by the following relationship:

. _ 1/5 ' .
‘EL> ZCD (10).

- (U. .‘ X
(§>”9(:> ’ (ED CD ]/1 + M,
n e J

U
J

Q-®
In the coalesced core region (fig. 6) the velocity ratio is given by:

a.r." 'l/a‘l' '

1+ 0.2 X o ()

I e~@ DXCnDe7/1+Mj Ne—e

U
U,

The intersection of curves calculated from equations (9) and (10) provides

the location of point (é) in figure 6.

EXPERTMENTAL DATA

Single-~-Element Nozzles
Thé peak axial-velocity:decay for four single-element, sharp~edged
: rectangular-orifice nozzles witﬁ nominal L/h values varying from 2.22 to
11.25 are shown in figure T.A-Thesé configurations were studied, in addition
. to those of reference 6, to help in establighing trends due to geometry
variations. In all cases, thé normalizing coefficient, C , was 0.67 (as

also in the cases given in ref, 6). The curves shown in figure 7 were
i
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célculéted using equations (3) and (u), The data indicate that with in-
“creasing L/h values, the initial velocity decays more rapidly. As jet

- mixing proééeds farther downétream from the nozzle exit plane, the velocity
decay for all nozzlés bepomes Substantially the same;

The peak axial-velocity decay obtained with four rectangular convergent
ﬁdZZles is shown in figure'8, Tﬁe circle symbols are data for a single
element of the present rectangular nozzlé (fig. 3(a)) while the square and
diamond symbols are daﬁa for single elements of the 6-slot noZzie shown in
figure 3(b). Velocity deca& data for the é.TS by 16.55 cm rectangular |
nozzle taken from reference 5 are showni in figure 8(p). The data trends are
similar to ﬁhose_noted.for the‘orifice—type hozzles_(fig. 7) and are-ﬁell

correiated by equations (3) and (4).

Triangulér nozzles. - The peak.axiél—velocity decay data together with
‘calculated_cur§és are shown in figure 9. The velocity decay trends are
similar to those noted for rectangular nozzles. These dafa are a;so shown

bin réference 3 and are inéluded-hereinAfor comparison‘with calculated values .
cbtained with the equations (3) and (4).

Multi-Element Nozzles

Rectangular nozzles, - Peak velocity decay data for the present 3-slot
. rectangular nozzle (fig. 3(a)) are shown in figure 10 together with calcu-
lated curves. The data areAfor spacings between the nozzle elements of 4,32

and 6,35 em. As in all previously tested nozzles, increasing the spacing

ratio caused the departure point of the coalescing core from the single-
element curve to occur at a large downstream axial distance. This was also

accompanied by a decrease in U/Uj at the departure points.
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The k-slot rectangular nozzle (ref. 5) is shown.in figure 11 together
with the calculated curve. The data are‘similér-toAthat for the 3-slot
rectangular nozzle and are.well represented by the correlafion equations.

The modifications to the reference 6 correlation equations in order to
obtain a better fit to fhe data can be considered as a need by large aspect
- ratio multi-element rectangular nozzles fér additional ventilafion, compafed'
with multitube and multi-lobe nozzles, to promote mixing with the surrounding
ambient air. This was first noted when multi-element rectangular-orifice
nozzles were tested. The velocity surveys near the pozzle exhaust plane for
these configurations showed significant sub-atmospheric pressure near ‘the
base between the adjacent jets issuing from the orifices. As a consequence,
the velocity deca& was adversely affected over the entire range of conditions
sutided and the daﬁa are not included herein. Thus, it appears that well-
ventilated multi-orifice configurations (multi-hole, multi-lobe, é€tc.) can
be used successfully-in velocity decay screening tests; however the use of
orifices should be avoided for multiple rectangular slots.

The L-slot nozzle of reference 5 was also tested with divergent walls
‘(narrow side), in which the divergent wall angle, C}, for.each side was
vafiedvto 5, 15 énd 3009 These data were obtained wifh a. spacing ratio (as
delined herein) of 2.0.- In plotting the data from reference 5 using the
present parameters, an effect of“(§' was apparent, The data spread with
divergent wall angle could be correlated by including a CB -parameter in
the distance parameter-as follows:

X(l+éh€@)

ané'75f7:3€;

(12)
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The correlated velocity decay data using equation (12) is shown in figure 12,
Also shown is the calculated curve in which the term (1 +~sin2ﬁ5) has now
T X . ,

cD Y1+ M,
n e J

been included as a_multiplief whereyer -is used in the empiri-
.cal eqﬁations.
The effeqt of spacing ratio with the heslot nozzle.data of reference 5
is shan—in figure i3 for a nozzleAwith;a, ﬁ% value of 150.. As shown‘gdod
-correlation,bétween calculated and experimental values is obtained except
,With_a_spacing ratio ofAO.5.'
' ‘Tge_effecf of chaﬁges in nozzle L/h values From 3 to 10 are shown in
figure 14 for the 4-slot nozzle of reference D Agéin, the (ib valué.was
150, :Thgrgalculated:curves show a good agreement with the experimental data

as would be expected from the previous data presentation..

Ventilated (split-element) slot nozzles. - In an effort to study the

¢ffeqt pf_additional ventilation on the velocity decay of multi-element
rectangglar nozzles, centerbodies of 3.81 and 6.35 cm, respectively, were
inserted in the middle of each element of the 3-slot nozzleAhéving an element
spacing of 6.35 em (fig. 3(b)). The centerbodies provided a spacing ratio
sH/L, of 0.46 and 0.91, respectively. Thereby, additional ventilation entries
for the surrounding.ambient air was provided at the centerbody locations,

Peak axial-velocity decay curves for the split-element nozzles are shown
in figure 15. The decay data were'obtained at the centerline of the left

half of the spliﬁ-element nozzles for the first 50 cm, shown by the clear

symbols, and also at the overall nozzle centerlines, shown by the tailed

symbols., The data taken at the nozzle centerline show that a gradual mixing
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occurs with increaging distance downstream of the nozzle and the velocity

ratio U/Uj is much less than that at thé element ‘centerline., It is only

" in the coalesced-core regime that the veélocity ratio at the nozzle center-

line becomes the dominant peak value. ' . ' -
It is to be expected that és the centerbody of the sblit-elEment

nozzles.is decreased in size (decreasing éH) while maintaining the .s/h,~'

an.interaction of the adjacent jets will occur that will influence the

velocity decay. For very small values of the jets should coalesce

Sy ’
quickly to a single large aspect ratio rectangular jet and decay more like
those shown in figure 10, An.empirical equation for this type of jet

coalescence is presently not available.

Triangular lobed nozzle. .- In reference 5 the velocity decay of a '

12-1obe triangular-element nozzle is‘reportéd. The data were also shown
in reférence 3. These peak axial-velocity .decay data are repeatéd‘herein
and compared with caléulated curves  in figure 16. In general, good agree-
ment exists between.the calculated and measured values. In the regionlof
single-element decay, the modified equations presented herein provide

excellent agreement while the departure point is also predicted.

CONCLUDING REMARKS _ 5
Jet axiél-velocity decay data are reporfed for siﬁgle element and
multi-element rect;ngﬁlar.and triangulaf nozzles for application to exter-
nally-blown-flap STOL aircrafé. .Théée aatavextend knowledge toward a
rational design'épproacﬁ to nézéles that mi#Afapidly with the surrounding

air for the purpose of reducing the noise caused by the interaction of jet



-13-

impingement on the flap asseﬁbly.' The empirical relationships that are .
‘presented permit, for the mdst part, fhe prediction of peék axial-velocity
decay curves. However, they are not sufficiently general to permit their
use when the spacing ratio approaches zero. With close eiement—spacings
and/qr mplti-directionai spacings, a multiplicity of décay curves can be

, exﬁected‘as‘first éne spacing ratio and then another influence the velocity
decay. Also equatién (7) becomes invalid when s = O, Consequently, addi—
tioﬁél expefimental work'and aata correlation remains to be accomplished in
the general field of jet velocity decay for specific applications{

 Use of a mixer nozzle for reducing the jet-flap inﬁeractidn noise frcm

an externally blown flapvin STOL>aircraft applications must consider not
only the effect of the reduction of the impinging velocity on th¢ flab, but
also the increased jet impingement area on the flap as well as iﬁpingeﬁent
along the wing surface. 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,Athe fu;lljet-flap interaction noise benefits
resulting from the VelocityAdecay associéted with a mixer nozzle may be

significantly reduced by the larger jet impingement area.



.Subscripts:

i

Il

=1l

SIMBOLS

' 2
area of core nozzle, cm
. 2
area of single element, cm
2
area of bypass nozzle, cm

nozzle dimensions, cm (see also Table I)

effective nozzle (or orifice) coefficient | : 4
effective diameter of circular nozzle with exit area equal to

that of noncircular 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

hydraulic diameter of nozzle element, cm

analytical displacement parameter

jet Mach number _
ratio of effeétive spacing between adjacent jets (including
nozzle wall thickness) at nozzle exit plane to effective
element width _

local peak axial-velocity of jet, m/sec

jet exhaust velocity, m/sec

ratio of bypass jet velocity to core jet velocity

axial distance downstreém of effective nozzle exit plane, cm
defined by eQuation (5)

wall divergence angle, deg.. ~

il

~effective minimum

nozzle

effective maximum
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Figure 1. - Externally-blown-flap STOL airplane.
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Figure 2. - Schematic diagram of test rig.
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(b) 6-slot split-element nozzle,
Figure 3. - Typical rectangular multi-element nozzles.
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0.1 4 1
1 10 100
Ratio of axial distance,X, to effective diameter
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Figure 4, - Schematic of multi-element nozzle peak axial-velocity decay.

L/n  C, Reference

O 1.5 0.67 6
0 12.0 .67,.81 6
O 24 1.0 2
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—— — Equatiors (1) and (2), ref. 6
—— Equatiens (3) and (%), present

.1 =3 1 o X ‘ ! aigl L 1 |

1 5 10 50
X (C, Dg V1+MJ -

Figure 5. - Comparison of calculated decay curves with data for several
rectangular-orifice nozzles with various aspect ratios.
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Pigure 6. - Significant mixed-flow regimes for multi-element nozzles.
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L, em Cn
5.08 Q.67
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Calculated curve
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\\\k

2 — 1 i}
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Figure 7. - Peak axial-velocity decay data for several sharp-edged, rectangular

orifice-type nozzles.
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(b) References 4 and 5.

Figure 8, - Peak axial-wvelocity decay data for four convergent rectangular
nozzles.




h,em L,cm Cn

0 5.08 7.62 0.71
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Figure 9. - Peak axial-velocity decay data for several sharp-edged triangular
orifice-type nozzles. Reference 3.
Elameg?cgpacing.
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Fizure 10. - Peak axial-velocity decay data for 3-slot convergent rectangular
nozzle. h, 1.52 cm; L, 20.32 cm; Cp, 0.91.
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Figure 11. - Peak axial-velocity decay data for a 4-slot convergent rectangular
nozzle, Reference 5; h, 1.51 cm; L, 7.55 cm; Cp, 0.55; @. 0% s/h, 2.0.
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Figure 12. - Correlation of peak axial-velocity decay data for a 4-slot con-
vergent rectangular nozzle (see fig.11) with several wall divergence angles.

Reference 5; Cn, 0.55 s/h, 2.0.
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Figure 13. - Effect of element spacing ratio on peak axial-velocity ratio and
decay for a 4-slot convergent rectangular nozzle (see figure 11). C,, 0.55;
(®, 15°; Reference 5.,
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Figure 14, - Effect of aspect ratio,(L/h), on peak axial-velocity decay for a
4.slot convergent rectangular nozzle. s/h, 2.0; (4. 15°; Reference 5.
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(a) L/h, 4.6; sy, 6.35 cm; h, 1.52 em; L, 7 em; Cp, 0.71 .
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Figure 15. - Peak axial-velocity decay data for 6-slot ventilated nozzles.
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Figure 16. - Peak axial-velocity decay data for 12-lobed, triangular-element
nozzle. Reference 4; nozzle pressure ratio, 1.5; Cp, 0.8; s/h, 4.0.
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