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SUMMARY

Current developments in upper surface blowing and in externally blown

< .4] flap configurations have promoted interest in the effects of jet flows on flap
or wing surfaces and in the loadings induced on them. The present investiga-

tion has been concerned with the scaling laws involved in relating model studies
to full-size configurations. As a first step, the statistical properties of
tangential flows over surfaces were investigated by two techniques. In one, a
laser-Doppler velocimeter (LDV) was used in a smoke-laden jet to measure one-
point statistical properties, including mean velocities, turbulent intensities,

{ intermitteucies, auto-correlatious, and power-spectral densities. In the other
§ technique, free-scream and surface pressure probes connected to 1/8 inch micro-

phones were ised to obtain single-~point rms and 1/3-octave pressures, as well
as two-point cross-correlations, the latter being converted to auto-spectra,
amplitude ratios, phase lags, and coherences. The results of these studies
supported the vortex model of jets, gave some insights into the effects of
surface impingement, and confirmed that jet diameter and velocity are the
scaling parameters for circular jets, while Reynolds number is relatively un-
important. Effects of jet Marh number could not be studied due to limitations
on flow velocities. Addition investigitions were made with a 1/4 scale model
of the Langley static thrust stand, with a2 rectangular nozzle in an upper
surface blowing configuration. It was found that there are at least two effec-
tive diameters; the one corresponding to the highest frequency peaks in the
pressure spectrum appears to be either the hydraulic depth or the minor rectan-
gular dimension. This decays in abou: five lengths, but does contribute to
structural loads. The effective diameter corresponding to the lower peak,
which persists for a longer distance, appears to be in agreement with a value
given in the literature for far-field noise. There is also some evidence of a
third spectral peak at an even lower frequency, corresponding to an effective

+§ diameter equal to the major rectangular dimension. 1Initial surface pressure
;4 measurements have been used to obtain dimensionless spectra for comparison with

full-scale test data, and agreement has been sufficiently good to support the
idea of using low Mach number models for this purpose. However, these spectra
are dependent on the acoustical pressure spectra in the nozzle to an as yet un-
determined extent, so that it may become necessary to simulate the engine
spectra to obtain reliable results.
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INTROD'JCTION

The principal goal of this investigation is to determine the scaling laws
for the dynamic pressures induced on wing surfaces or flaps of STOL aircraft
due to jet impingement. To achieve this goal, the investigators have used an
approach which has combined theoretical considerations, basic studies of jet
flows, and direct scale model tests on a known configuration. This paper is
divided into three sections. The first presents a brief discussion of the
literature, and of some of the theoretical considerations which might lead to
a method of scaling. The second presents a basic study of the flow in a cir-
cular jet blowing over an airfoil surface, using a laser-Doppler velocimeter.
The third presents some initial results from a 1/4 scale model of the upper
surface blowing facility at Langley, which uses a JT15D-1 engine. Another
major effort in this program, now compieted (ref. 1), has been an investiga-
tion of the flow from a circular jet, which has involved measurement of the

fluctuating pressures in the free flow and in the flow impingement on a flat
plate.

DISCUSSION

Literature Review

In reviewing the literature, one finds that the single most important con-
tribution to the understanding of jet flows is the replacement of the 'clas-
sical" jet model shown in figure la by the vortex model shown in figure 1b.
Early investigators, such as Powell (ref. 2), Bradshaw, Ferris and Johnson
(ref. 2), and Mollo-Christensen (ref. 4) had realized that the jet turbulence
was structured, while Davies (ref. 5), Crow and Champagne (ref. 6), and Lau,
Fisher and Fuchs (ref. 7), to name just a few, contributed to the identifica-
tion of the vortex structure. Whereas these investigators worked mainly on
measuring overall flow statistics, many others attempted flow vizualization.
Also, by examining instantaneous signals from pressure transducers, Laufer,
Kaplan, and Chu (ref. 8) showed that pairs of vortices tend to coalesce into
s! gle vortices, as shown in figure lb, Recently, Lau and Fisher (ref. 9) have

argued the case for the 'probable flow', in contrast to the 'idealized flow',
both shown in figure 1b.

It i1s difficult to comnstruct a satisfactory analrstical model of the jet
structure, However, Batchelor and Gill (ref. 10) showad that the vortex tube
which emerges from a jet is unstable, and that this could trigger the formation
of vortices. Widnall and Sullivan (ref. 11) showed that individual vortices
are unstable, develop lobes, and ultimately break up. Also, Davies et al.

(ref. 12) constructed a computer model in which the vortex tube emerging
from the jet was represented by small, closely spaced vortices, and showcd that

these combine into larger vortices, just as the observed vortex tube instabil-
ity would indicate.
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The vortices present in the jet contribute to the characteristic jet spec-
trum, which peaks at a Strouhal number (frequency f times jet diameter D divigd-
ed by jet velocity Uj) of between 0.3 and 0.4, so that one might expect this
frequency to show up in the dynamic pressures exerted during impingement.

There have been some full-scale studies of the effects of jet engines in ex-
ternally blown flaps and in upper surface blowing configurations (refs. 13-15),
and of small cold jets impinging on flat plates (refs. 1, 16-18), which sub-
gtantiate this.

Since it is known that far-field radiated jet noise originates in the
turbulent jet structure, one might well expect some relationship between the
jet noise spectrum and the distribution of vortices in the jet. 1In fact, the
noise specirum in a stationary jet at about 30° to the axis, where it is a
maximum, also exhibits a peak at a Strouhal number of around 0.3. The litera-
ture on jet noise 1s extensive, ana a good account of it is given by Stone
(ref. 19). It is unfortunate that the accepted method of non-dimensionalizing
jet noise is to refer it back to the values obtained at 90° where the spectral
peak occurs at a Strouhal number of around 1.0, because there are several ex-
amples of spectra for slot nozzles, representing upper surface blowing con-
figurations (refs. 20, 21). These show secondary peaks at much lower Strouhal
numbers in the 90° case, but there is no information on how these peaks shift
as the angle is reduced to 30°,

Theoretical Considerations

The scaling laws for fluid flows are well-known, and it is quite clear
that an adequate job of scaling a jet impingement configuration could be done
if the correct Reynolds number and Mach number could be obtained, if the in-
ternal noise spectra could be scaled, and if the core air were preheated to
produce the correct temperature ratio. Then the spectra of pressure coeffi-
cients (i.e., fluctuating pressures divided by jet dynamic pressure) as func-
tions ot the Strouhal number would be identical for the model and for the full-
scale article. Nevertheless, it is virtually impcssible to achieve scaling to
this extent. Therefore, let us consider to what extent these hypothetical re-
quirements can be relaxed.

First, consider the Reynolds number. Several investigators have re-~
ported no apparent effect of Feynolds number above about 104, because, al-
though viscosity may play a part in tripping the initial instability which
causes the vortex tube to roll up, subsequent behavior of the jet appears to be
dominated by the vortex structure, which causes the potential core to disap~
pear in only five jet diameters.

Second, consider the hach number. It seems inevitable that, once a Mach
number of one is reached in the jet, shork formation phenomena will play some
part. However, most investigators into jet noise (see, for example, ref. 19)
have reported minimal compressibility effects, although there are kinematic
effects which play a part in thc correction for angle to the jet axis. Also,
a small Mach number depeandent effect on pressure coefficients was noted in a
full-scale upper surface blowing test (ref. 15).
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If the effect of Reynolds number is negligible and the effect of Mach
number is minimal, it should be possible to design quite simple scale model
tests for the determination of dynamic loads on typical STOL coniigurations,
such as In upper-surface blowing and in blown-flap arrangements. .One merely
has to design a scale model, and to interpret the results in terms of pressure
coefficients referenced to jet dynamic pressure and to Strouhal number.

However, two difficulties remain. First, it is not possible to model a
fan jet engine correctly with cold air, unless there is 100% mixing ahead of
the exit nozzle, because the different densities of the hot and cold air make
it impossible to scale both dynamic pressure (dynamic scaling) and jet velo-
cities (kinematic scaling) at the same time. Second, it may be difficult to
scale internal engine noise spectra adequately.

LASER VELOCIMETER MEASUREMENTS

Discussion

A discussion of the development of LDV techniques for the measurement of
instantaneous velocity components in a smoke laden jet is given in reference
22. Using these techniques, the following can be found; mean velocity com-
ponents, turbulence intensities, velocity auto-correlations, and velocity
power-spectral densities. Also, the presence or lack of smoke laden air at a
gisen point can be used for intermittency measurements. A light scattering
technique is also used to measure concentration of smoke. Wher this concen-

tration is correlated with velocity, useful information about the structure of
the jet can be obtained.

The purpose of the laser-loppler-velocimeter (LDV) experimer:it was to de-
termine the effects of an airfoil on the flow field of an axisymmetric jet as
well as to study the implications of the 'rortex model of the near field of a
free jet. The positioning of the uirfoil relative to the exit plane of the
jet in figure 2 corresponds to the upper surface blowing configuration. The

arrows are scaled to the local velocity vectors obtained by LDV measuréments
and can be seen to follow the surface contour.

A jet with a contraction ratio of 14 to 1 over a length of 159 mm and an
exit plane diameter of 21.4 mm is used to zenerate a flat velocity profile at
its exit plane. The airfoil is composed of tvo sections, a flat surface
178 mm wide and 75 mm long, and a curve portion with a radius of curvature
of 65 mm sweeping out an arc of 70 degrees. This airfoil is a scaled down
model of the actual airfoil surface which had been used in the upper surface
blowing investigation at NASA-Langley. The ratio of the dimensions of full-
scale configuration to the model used in this investigation is about 12 to 1.

The jet and airfoil were placed inside a 203 mm by 305 mm wind tunnel,
where a uniform flow was maintained. The exf+ Reynolds number of the jet was
22 600 while the ratio of the exit velocity Uj of the jet to that of the
parallel secondary flow Upg in the wind turnel wis 5.16 to 1.
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Mean Velocities

In figure 3, mean velocity profiles for the longitudinal component are
presented for three downstream locations (X/D = 2,3,4) and at one vertical
position (2/D = 0.5) for flow fields with and without flap. The ratio of the
local excess velocity, U - Upg, to the excess core velocity, Uy - Upg, 13
plotted versus lateral distance, Y/D (non-dimensionalized by the diameter of
the jet) from the centerline of the jet, where Upg is the free stream velocity
of the wind tunnel flow. Two observations can be made concerning the com-
parison of the flows. With the airioil present, there is a noticeable increase
in the width of the velocity field at each downstream location. Secondly, the
maximum velocity at the centerline (Y/D = 0) of the profiles decays much more
rapidlv. When X/D equals 4 in the freely expanding coflowing jet, the maximum
value of mean velocity has decayed to approxim. :ely .95 of its exit plane
value. However, with the airfoil gurface positioned in the flow field, the
ratio, (U - Upg)/(Uy - Upg), has a waximum of approximately .55.

A comparison of lateral mean velocities V for bott flow fields in figure
4 indicates once again an increase in the widrh of the velocity field with “he
airfoil present. Also, the maximum value of ihe ratio, V/(UJ-UFS), has ap-
proximately doubled when X/D equals 4 and Z/D equals 0.5. Profiles of mean
velocity in the vertical direction W for the same downstream location
(X/D = 4), but different vertical positions (Z/D = 0.5 and 0.185) are also pre-
sented in figure 4. When Z/D equals 0.5, the maximum value of the ratio,
W/(Uy - Upg), is obtained at the centerline of the profile. This is in con-
trast to the data presented for Z/D equal to 0.185. In this profile,
W/(Uy - Upg) remains relatively small and constant in -he central region of the
velocity field and reaches a maximum when Y/D approximately equals 0.90. This

fact might indicate that the jet is rotating or rolling up as it spreads out
over the surface of the airfoil.

Turbulent Intensities

The axial and radial distributions of the turbulence intensities in terms
of the core velocity Urms/(UJ - Upg) are plotted versus radial position at the
vertical location where Z/D equals 0.50 in figure 5. Once again examination of
ine comparative profiles yields iwo observations. First, with the airfoil
present, tiie turbulent velocity field is significantly wider. Second, the
potential core region of the 3Ixis/mmetric jet is broken up much sooner. The
turbulent intensities have artually more than doubled in the central —egioms of
the profiles where X/D equals 3 or 4, Thus, the turbulent velocity field is

quite dramatically affected by the inclusion of the airfoil surface in the
flow.

Concentration-Velocity Correlation

The concentration-velociiy correlation coefficient was also measured in
the freely expanding jet. It is defined as follows:
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where u is the fluctuziing velocity and © ie the fluctuating part of the con-
centration, both w.asured at the same point and time in the flow. The three
profiles shown n figure 6 are taken where X/D equals 2, 4 and 8.

The sign.iricance of the concentration-velocity correlation is that it in-
dicates how closely the passive admixture field is related to the velocity
field as one wmoves downstream, A zero .orrelation indicates that the fluctua-
tions in the concentration field are totaliy independent of the turbulent
velocity fluctuations, as is the case for the protile taken where X/D equals 2,
near t.c centerline. Though both Oppg and »prpg are ' “all in the potential
core, they are not negligible. The existence of 0, ; at the exit plane is
probably due to imperfect scediag. Out from the centerline of the jet, r,g
initially becomes negative, then changes sign, and eventually reaches a maxi-
mum value at an R/D approximately egual to one half. Vortices, which would
entrain "clean" air f.om outside the jet and would then accelerate the en-
trained air, would give rise to concentration veleocity correlations of the
shape shown where X/D equals 2. As Lhe potential cor2 bre.'s up further
downstream, the concentration and velocity flu.tuations would become more
highly dependent in the center region of the jet, as is the case. Thus, the
results shown are entirely consistent with the vortex model.

QUARTER-SCALE MODEL SiubY

Niscussion

In the study reported in reference 1, unsteady pressure measurements were
made in the free flow of a circular jet and cf the surface pressures due to
th : impingement of this jet on a flat surface. All measurements were made with
1/8 inch (3.2 mm) B & K microphones which were connected by plastic tubiag to
surface probes or to miniature total or statir frea~flow probes. Instrumenta-
tion included mean total velocity, and rms or .’ octave spectra of static
pressures. Also, two-point auto~ aund cross-correlations were obtained which
were later converted into power spectra, relative amplitudes and phases, and
coherences. Considerable emphisis was placed on the meas.rements of transfer
functious for the probes. Although techniques for correction by computer we!
demonsirated, the ‘.2cessary calibration equipment was not 1vailseble at the
time, sc that corvrections had tc be made by hand where necessary.

Measurements made in the circular jet supported the vortex modei, and werve
in general agroement with other results reported in the literature when they
were expressed in dimensionless form using tke jet diameter and velwsity ag
scaling parameters. No dependency on Reynolds number could be seun, uani us
attempt was made to determine Mach r.umber effects.

450

.o

id



3

LIRS

5 O
a Lt iy
I . AN

PRI A
PRARYIRAS IR A P

R -
phmand s initat b

-~
v

PR A
LIS .,

During the investigation of the rectanguiar jet described in the follow-
ing paragraphs, frequent comparisons are made with the results on circuler
jets. One question of particular interest is, what form do the vortices take,
and what are their characteristic dimensions?

Test Apparatus

A quarter scale model of the nozzle and airfoil used in test on the static
thrust stand at Langl. (ref. 1l4) was built in order to make a direct evaluation
of the use of scaling laws in conjunction with low Mach number models The test
bt apparatus used is shown in figure 7. The scaled nozzle is attached to an
DRt B adapter section leading from a plenum chamber. Two inlets to the plenum -y

chamber are intended for the core and fan air to simulate the JT15D-1 engine. Sl
However, the iuner nozzle for the core jet has not been installed to date. ;
Initial testing was carried out with two blowers supplying a pressure of s
‘ 8.25 cm of water (630 N/m2) which —esults in a 32 m/s jet. Later, one of the
. £ 34 two mufflers was used with one hlower, the other inlet being used for a speaker
e . to provide excitation of the p:- chamber. With one blower and muffler,
1 4 the flow velocity fell to 22 m/..

o mo—a
o dad

Instrumentation used was the same as tha* developed for *the earlier cir- }
ctlar jet study (ref. 1). Free stream probes were of 1.3 mm outside diameter, [ %
I with four 0.5 mm holes 12.7 mm from the rounded end. The internal diameter W
T A I was stepped up to 3.2 mm and connected by up to 3 meters of plastic tubing !
RS S to the 1/8 inch (3.2 mm) B & K microphones. Surface protes were £lush mounted }

B o holes, 1.0 mm in diameter. It was necessary to correct for probe respons

: when measuring spectrz, particularly with the 3 m tubing, but this response
cancelled our whon relative amplitudes, phase lags, and coherences were
R measured.

N 5 Correlation Coefficients

In the previous circuiar jet study of the variation of the correlation
) coefficient betwe2n a probe on the centerline, and a jrobe at a radial posi-
‘l tion R, the correlation was found to dro~ to a minimum when R/D approached one
half, so that the ,robe was behind the jet 1lip, and then to increase again as
R/D increased further. This was attributed to the irregular passage of vortex
filaments over the probe when it was located behind the jet lip. The results
of a similar study 17 cm behind the exit plane of the rectangular nozzle are
shown in figu.e 8. One probe was placed as indicated in the figure by "ref",
aiid the second was moved to the positions indicated. When the probe was moved
>y vertically in the direction of the smaller dimension, the correlation coeffi-
cier. - became a inimum behind the lower lip, and then increased beyond it.
This behavior, which -vas accentuated when the airfoil was installed, was takern
& ! to indicate that vortex filaments were breaking f: )m the lower lip. When the
probe was “isplaced horizontzally, the correlation at a given distance was some- )
what less, although it ag«ti .mproved with the airfoil installed. The latter ‘AL:
behavior was cons?stent wiili the idea that vertical vortex filaments might be '
passing at random, and that they could be parts of vortices whose dimensions
‘ . would be of the order of the minor nozzle dimension. Another indication of the
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presence of vortex filaments had been found in the circular jet study to be a
peak in the rms pressure as the jet was traversed. A similar traverse of the
rectangular nozzle (no figure) shows peaks behind the upper and lower lip, ex-
cept that the peak hehind the upper lip disappears when the airfoil is in-
stalled. This could be explained in terms of horseshoe vortices attached to

the airfoil.

Phase and Coherence Plots

Three phase lag and coherence plots are shown in figure 9 for two of the
locations covered in the corr.lation study, one of them in the free jet with
the airfoil removed. The coherence has much the same significance as corre-
lation, except for being frequency (~pendent. The phase lag is a direct
measure of convection velocity between two points. Thus, in the examples shown
in figure 9, the small phase lags indicate that the pressure distucbances
arrive at the two probes almost simultaneously. It should be noted that the
coherence between two vertically displaced probes is much higher with the air-
foil present than in the free jet, and also much higher than for tro horizon~

tally displaced probes.

Other phase lag plots (not shown) were obtained with the probes dis-~
placed axially and were used to calculate convection velocities. It was found
that these velocities were between C.3 and 0.4 of j.t velocity up to 100 Hertz,
and that they increased to between 0.6 and 0.7 of jet velocity at higher fre-
quencies. In contrast, convection velocities in the circular jet were con-
stant between 0.6 and 0.7 of jet velocity over the ertire frequency range.
This could be erplained on the basis that the lower fregquency disturpances in
rectangular jets are associated with large vortices which expand cutside the
jet flow, and therefore convect more slowly. On the other hand, vortices in
the circular jets remain equal to the jet diameter.

One-Third-Octave Spectra

The development of 1l/3-octave spectre (referenced to jet dynamic
pressure; along *the jet centerline, both in the free jet and with the airfoil
installed, is shown in figure 10. Une can interpret the peaks in the spectra
as resulting from disturbances at a Strouhal number of 0.3, but rela.ed to
vortices of a corresponding effective diameter. Thus, with the flow velocity
at 30.8 m/s, the 315 Hertz peak, which decays in 200 mm from the exit plane,
conld relate to an effective diameter of 29 mm, close to the minor nozzle di-
mension of 42 mm. The 100 Hertz peak, which persists out beyond 300 mm, could
relate to an effective diameter of 9z mm. Stone (ref. 19) suggests an effec-

tive diameter D, of
De = Dao-6 DhO-lO

where D, ( JAA/W ) 1is the diameter based on area, and Dy, (4A/P) is the hydrau-
lic deptnh.
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In these eqnations A is the nozzle area, and P is its perimeter. For the
234 mm by 42 mm rectangular nozzle, D is equal to 112 mm and Dy is equal to
71 mm, so that D, works out to be 93 mm, which is consistent with the 100 Hertz
peak. A persistent lower peak also observed at 40 Hertz could relate to an
equivalent diameter of 231 mm, close to the major dimension of 234 mm, but this

peak could also have been iripped by noise known to be present in the plenum
chamber.

Jet Excitation

Because it was suspected that some of the disturbamces might be induced
by blower noise present in the plenum chamber, a muffler was added, and a
speaker was installed for excitation of the plenum chamber. The mufriler was
found to eliminate disturbances above 50 Hertz, “ut was noisy at 40 Hertz due
to the formation of internal vortices by the 152 mm ducts which were used. The
alteraate muffler, shown in figure 7, eliminated the 40 Hertz noise but was
relatively ineffective at higher frequencies.

The results of exciting the plenum chamber at 1/3-octave band center
frequencies are shown in figure 11 in decibels raferenced to the levels at the
exit plane with the blower running to provide an airflow. When the blower was
turned off, the measured ievel at the exit plane was unchanged, indicating that
the pressures measured at the exit were purely acoustic. However, as the probe
was moved away rrom the exit, the pressures increased with the blower on while
the acoustic pressures dropped with the blower off. This indicated that the
pressure disturbances measured in the jet were attached to vortices which had
been tripped by acoustic excitation of the planum. Measured levels were 15 to
20 decibels above background levels. The rate of buildup was greatest at 160
Hertz, corresponding to an effective diameter of 41 mm in the 22 m/s flow,
i.e., the minor dimension, as stated before.

Surface Pressure Measurements
One-third-octave surface pressure measurements were made on the 1/4 scale
model for comparison with power-spectral density plots of surface pressures or
the full-scale article. The effective diameter D, was c!.sen as the scaling
dimension, because it has al-eady been recommended for far-field noise (ref.18),

and because it appears to relate to the most persistent peak in the static
pressure spectra. The spectra were non-dime sionalized as follows:

Strouhal No.
St = i D,/Ug

Dimensioaless .iectral density from power spectral density PSD(f)
LDPSD(£) = 10 logq, (PSD(f) U;/q?D,) decibels

where f is the frequency, Uj the jet velocity, and q is the jet dynamic
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pressure.
Dimensionless spectral density from 1/3-octave level Ly

LDPSD; = L; - 10 logyg f4 + 6.4 - 10 logyq (42D /pL.£U;) decibels

where f; is the 1/3-octave center band frequency, and Pref is the reference

pressure for sound pressure level. A table of the values of the relevant
scaling dimensions used is given below.

Table of Scaling Dimensions

Dg (m) U (m/s) q (Pascals)
Model 0.0934 21.6 285.8
Full-scale 0.357 277.4 (910 fps) 22 320 (3.237 psi)

Plots of the dimersionless spectral densities are shown in figure 12 for
both the model and the full-scale article. Agreement between the two appears
to be as good as might be expected in view of the lack of a core nozzle in the
model, and in view of the lack of any attempt to scale internal engine noise
in the model. The frequenc peaks at the intermediate points are in quite good
agreement with the full scale results. Predicted peak frequencies based on the
nozzle dimensions, the effective diameter Dy, and the hydraulic depth Dy are
shown in the figure.

CONCLUDING REMARKS

Laser Velocimeter Measurements

The investigation of the effect of an airfoil on the flow from a circular
jet showed the following: The jet tends to spread faster in the lateral
direction along the airfoil. The potential core region is smaller and puirled
down towards the airfoil. And turbulent intensities are increased at least
for several diameters downstream.

The investigation of velocity-concentration correlations in the free jet
gave results that are consistent with the voriex model of the near field.
Quarter--Scale Model Study
The quarter~scale model study resulted in the following conci-~inns.
There Is evidence of a vourtex-like structure in a free rectangu’ar jet; how-

ever, vortices of several dimensions appear to be present, tke smaller vortices
dying out faster than the larger ones.
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For a short distance from the exit, the pressure spectrum peaks at a fre-
quency whose strouhal number, based on the minor rectangular dimension or on
the hydraulic depth, is about 0.3. However, this decays about five of these
dimensions downstream, ard is replaced by a lower peak which appears to be
based on an effective diameter, as defined in the literature for far-field
noise (Westley et al., AGARD-CP-113). These peaks are accentuated when
excited by a speaker in the plenum chamber. There may be a low frequency
peak, based on the major rectangular dimension, but this was not confirmed.

ST, dwal

Airfoil surface pressures can be scaled by redwcing them to pressure co-

Rt efficients based on jet dynamic pressure, and the corzesponding frequencies 7
£33 can be scaled by reducing them to Strouhal numbers based on any suitable '
o reference length. However, to facilitate comparisons between nozzles of

S”‘;‘; Fove

o s different shapes, it might be better to use the above-mentioned effective
i nozzl- diameter.

Evidence available to date, but not substantiated further in this study,
indicates tha* the effect of jet Reynolds number is negligible, whilie the

{

4

effect of Mach number is certainly small, although not well understood at ; »i
present.

The effect of the internal noise spectrum ~f the jet engine is probably
of sufficient importance that it will have to be accounted for to some extent.
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Figure 1.-~ Current models of the structured turbulence in circular jets.
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Figure 2.~ Vectorial diagram of the mean velocities in the X-Z plane.
Circular jet over ajrfoil, using LDV.
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Circular jet over airfoil, using LDV.
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Figure 7.~ Schematic of quarter-scale model of upper surface
blowing configuration.
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quarter-scale model rectangular jet, both free and blowing over

airfoil.
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