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ABSTRACT

This report is one of four parts covering investigations into the
unsteady loads due to propulsive 1lift configurations. It specifically
covers an investigation of scaling laws, and describes pressure
measurements made to determine details of the large scale jet
structure and to verify scaling laws by direct comparison. The
basis of comparison was a test facility at NASA Langley in which
a JT-15D exhausted over a boilerplate airfoil surface to reproduce
upper surface blowing conditions. A quarter—-scale model was built
of this facility, using cold jets. A comparison between full-scale
and model pressure-coefficient spectra, presented as functions
of Strouhal numbers, showed fair agreement, however, a shift of
spectral peaks was notad. This was not believed to be due to
Mach number or Reynolds number effects, but did appear to
be traceable to discrepancies in jet temperatures. A correction for
jet temperature was then tried, similar to one used for far-field
noise prediction, this was found to correct the spectral peak
discrepancy. However, due to a lack of data on hot jets, it was
impossible to demonstrate that the shift in spectral peaks was,
in fact, due to temperature effects, and was not due to some other

imperfection in modelling.



INTRODUCTION

Interest in the nature of the scaling laws governing jet impinge-
ment has recently been quickened by the development of two concepts
for STOL (Shoxt Take-0ff and Landing Aircraft) in which the main
propulsion jet engines are used during landing or take-off to augment
the wing lift. In one arrangement, referred to as the blown flap,
the engines are mounted below the wings, and impinge on large flaps
when these are extended below the wing. In the other, referred to as
upper surface blowing, the engine nozzles exhaust over the upper
wing surface and follow the upper surfaces of the flaps when they
are extended to large angles. In both cases, the result is the
downward movement of a large volume of air, consisting not only of
the jet exhaust, but also of entrained air. The large fluctuating
pressﬁre loads present in a jet exhaust result in severe pounding
lof the extended flaps, and would lead to excessive weights of the
flaps themselves and of the supporting hinges if the unsteady
pressures could not be predicted accurately for design purposes.

The principal aim of the current research has been to investigate
the scaling laws associated with the unsteady pressures encountered
in jet impingement, so that adequate model tests could be designed.
In order to achieve this goal, a two-pronged approach was pursued
in which, on the one hand, the fluctuating pressures behind jets
used for upper-surface-blowing would be studied, and, on the other,
the large scale jet structure would be studied in the presence of

an external or ''coflowing" flow, using laser anemometers.
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This part of the final report, Part A, covers the fluctuating
pressure studies, while Part B covers the laser studies. Parts C
and D are essentially two theses which cover aspects of the pressure
investigation in more detail.

Part A starts with a discussion of early studies using a small
cireular jet, which was used to develop techniques for the measurement
of fluctuating pressures in jets. It follows with a discussion of
the development of a quarter—scale model of an upper-surface blowing
configuration, and concludes with a discussion of the scaling laws,
as they can he verified to date.

It is concluded that the low speed cold jet can play a role in
a test program designed to determine jet impingement effects. Further,
it is pcinted out that such a model jet could play a valuable role
in the investigation of far-field noise.

Investigations will not be concluded with this report. The
list of publications and presentations flowing from this studv, as
presented in Appendix A, will later be augmented by a doctoral
dissertation on the.effects of inserting a core nozzle into the
model, and by & master's thesis presenting the results of a fuselage

interference study.



SUMMARY OF STUDIES PERFORMED ON UNSTEADY PRESSURES
' BEHIND A SMALL COLD JET

Eérly in the program, it was realized that little progress could
be made on the development of scaling laws for jet impingement
without a firm understanding of the flow characteristics of the jet
itself. The traditional viewpoint was represented by the classical
model shown in Figure la, in which a smooth emerging potential core
interacts with entrained air in a region intersecting cones referred
to as the sheared annulus. The growth rate of this region is so
rapid that the complete potential core has been absorbed in about
five diameters from the jet exit, and this fact, alone, is sufficient
to eliminate turbulent mixing as the mechanism for the transport
of turbulence. The region behind the potential core is known as
the adjustment zone, and this finally merges into the fully developed
zone of classical turbulence.

The sheared annulus together with the highly active part of the
adjustment zone immediately following it have long been recognized
as the source of acoustical noise, and its characteristics have
been studied for this reason. A number of investigators, such as
Powell (1), Bradshaw, Ferris and Johnson (2), and Mollo—christiansen (3)
had suggested that this region was structured, and, in the years
immediately preceding the present study, Crow and Champagne (4),
and Lau, Fisher, and Fuchs (5) had performed careful measurements
to determine the-nature of this structure, It was suggested that the
structure is as shown in Figure 2b, which is now generally accepéed,
but at the time that this study was initiated, the question was

somewhat open, so that is resolution seemed to be of prime importance.
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Accordingly, dinitial studies were performed on unsteady pressure
measurements behind a small cold jet. The jet was identical to '
those used in an undergraduate laboratory, In which students were
provided with miniature pitot-static tubes attached to stethoscopes,
and were instructed to listen to the turbulence at different points
in the jet flow. It was 3.17 cm in diameter, and was supplied‘by air
from a small centrifugal blower, capable of providing jet flows up
to 36 m/s. The contraction ratio in the jet was 22 to 1. At first
the stethoscope was merely replaced by a length of plastic tubing
filled at the far end by a B&K 1/8 inch microphone.

The following paragraphs describe the various experiments which
were performed, and the development of the imstrumentation. This
work is described in detail in a thesis by Schroeder (7) and in
a paper by Schroeder and Haviland (6).

Static and Pitot Tubes: The static and pitot probes shown in

Figure 2 were developed early in the program. Later, the holes in
the static probe were enlarged from .01" (.25 mm) to .02" (.5 mm).
Levels measured with the pitot probes were generally about ten
decibels higher than those measured with the static probe. However,
since fluctuating pitot (i.e. total head pressures) could not be
related to any physical variables of interest, the pitot probe was
soon relegated to the measurement of mean total flow rates, while
fluctuating static pressures continued to be measured with the static
probes.

Mean Dynamic Pressures Profiles: Figure 3 shows mean dynamic pressure
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profiles at 1,3,5 and 7 diameters downstream from the jet exit, as
measured with a pitot probe attached to a manometer. Results are
expressed in decibels referenced to jet dynamic pressure, so that the
flat profiles at the exit reach exactly O decibels.

Fluctuating Pressure Profiles: Figure 4 shows fluctuating pressure

profiles at 1,2,3,4,5,6, and 7 diameters downstream, as measured
with a static probe through a B& 1/8 inch microphome and a B&K Model
2113 Speétrometer, set to record overall RMS pressure, and expressed
in decibels referenced to jet dynamic pressure. Thus they are the
fluctuating pressure coefficients expressad in decibei form. BRoth
the fluctuating pressure and mean dynamic. pressure profiles were
found to be in substantial agreement with wvalues given in the
literature. It was realized, of course, that there was an unknown
loss in RMS pressure in the tubing, however, if the tubing was made
short, to avoid the loss, the 1/8 inch microphone was found to be
susceptible to direct pickup of vibrations, so that a compromise had
to be reached. Eventually, the microphones were replaced by less
suqceptible 1/2 inch ones, sco that shorter tubing could be used,

and a calibrator was developed to determine the effects of the tubing.

Fluctuating Pressure Spectra: Figure 5 shows a typical set of

fluctuating pressure spectra at a section two diameters downstream
from the jet exit. Spectra are given on the centerline, and .25,
.5, .75, and 1 diameter from the centerline. Results are expressed
in decibels referenced to jet dynamic pressure, and the frequency

scale is expressed in terms of the Strouhal number (frequency x jet
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jet diameter/jet velocity). Many such spectra were obtained, they tend
to peak at Strouhal numbers between 0.3 and 0.5 over the first five jet
diameters from the jet exit, and provide indirect confirmation of

the vortex model of jet structure. According to this, the vortices are
randomly gpaced, but favour a spacing corresponding to the above noted
range of Strouhal numbers. A tendency to fill in the lower frequency
ranges, which leads to a breakdown of the peaks at about five
diameters, can be attributed to a tendency of the vortices to coalesce.
This phenomenon was investigated directly by Laufer, Kaplan, and

Chu (8). Again, the results of the spectral measurements appeared

to conform to what was already in the literature. The same instru-
mentation difficulty was present as before, in that there were

unknown frequency dependent losses in the Eubing.

Development of Cross—Correlation Technigques: Further progress in

the investigation of the jet structure was impossible without Imstru-
mentation capable of cross-—correlating flow characteristics at
different points. A Federal Scientific (now Nicolet) Model US 202-B
Ubiquitous Correlatorywas used for this purpose. It was provided

with a beard capable of transferring data at a 110 Baud rate to a
standard TTY terminal, so that this data could either be stored on

tape for later analysis, or could be transmitted directly to a computer
via a data link, Data input was provided by a pair of static probes
through 1/8 inch microphones. Provided that the rubber tubing
connecting the two was carefully matche@, attenuation in the tubing

was no problem. Typical correlation coefficients between points on

AGE 18

14 ) (ﬁ§“§%§§§fcﬂjgdjﬂrf



the jet centerline and points at various radial distances are shown
in Figure 6. These are in substantial agreement with measurements
made by PFuchs (9), in a demonstration of the vortex médel of jets.
The peak correlations occur at zero time separation when the two
points lie in a plane normal to the jet, indicating an axisymmetric
structure, while the size of the correlation coefficient when the
second probe is as far as two radii from the centerline indicates

a large scale structure. Both of these observations are consistent
with the theory that the structure consists of vortices. Further,
the dip in the correlation coefficient when the second probe is
behind the jet lip suggests that the vortices are equal in diameter
to the jet, but that they are somewhat irregular. Theoretical
studies, such as those by Batchelor and Gill (10).have suggested
that the vortices may be unstable, and that they may form lobed
shapes. This is further confirmed by experimental and theoretical
work by Widnall and Sullivan (11) on vortex rings.

Development of Cross-Spectral Techniques: By using the correlator

to obtain correlations for transmission to a computer at the
University of Virginia's computer center, and by taking fast Fgurier
transforms, auto- and cross-spectra were obtained from

the CROSSPECT Fortran program. These were further processed

to obtain phase and magnitude relationships between pairs of probes,
as well as their coherences. A model for the system represented by
CROSSPECT is shown in Figure 7, An external signal I is operated on

by two transfer functioms TEl and TEZ’ representing external ‘aero-

15
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dynamic effects to provide coherent pressure fluctuation signals

at the two probes. At the same time, the two probes see uncorrelated
signals, ny and Ny» which are considered to be noise. The probe
transfer functions TIl and ’I‘I2 are considered to be mainly due to
attenuation in the tubing, while the transfer functions TC1 and TC2
are stored in the computer, and are used to make analytical corrections

in the data. Finally, the two outputs 0. and O2 are obtained in

1
digital form, and are expressed as spectra, relative amplitudes,
relative phases, and coherence. Ideally, the internal transfer
function TI should first be found, and then stored in the computer as
TC so that instrumentation responses can be corrected for tubing losses.
This was eventally done, but, in the meanwhile, only the relational
quantities were determined using carefully matched probes. Foxr

example, when two probes were separated radially, as in Figure 8,
coherence was found to be good over the peak Strouhal number range,

and a close phase relationship was maintained, which was again taken

to confirm the vortex model. When the probes were separated axially,

as in Figure 9, the steady slope of the relative phase vs. Strouhal

number indicated convection velocities of about 60% of jet velocity.

Jet Impingement Studies: A small plate was instrumented to measure

fluctuating surface pressures, by drilling .04" holes and comnecting
these by plastic tubing to the 1/8" microphones. The plate, together
with a detail of the surface instrumentation, is shown in Figure 10.
Typical 1/3 octave spectra for impingement at two jet diameters on a

. o . . . .
plate inclined at 30  to the axis are shown in Figure 1l, the coordinates

18
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n is distance along plate in axial direction

¢ is lateral distance
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z and 1 are measured on the plates, I being normal to the centerline,
and n being positive in the direction of the jet axis. It will bé
noted that the spectra peak at the same Strouhal numbers as in the
free flow (Figure 5) but that the peaks are even more pronounced.
This indicates that the vortices in the jet sweep over the plate,

and that the fluctuating pressures on the plate are mainly due to the
presence of these vortices. Using the correlator together with the
CROSSPECT program, the relative phase angles and coherences shown in
Figure 12 were obtained. These indicate convection from the jet
centerline out for normal impingement, and in the direction of flow
for impingement at other angles.

Development of Calibration Techniques: Overall calibration was

obtained in all cases by applying a B&K piston phone directly to

the 1/8 inch microphones, and then passing the resulting signal
through the same process as the measured data. However, several
attempts were made to correct for the frequency sensitivity of the
instrumentation, particularly that due to the tubing. First of all,
attempts were made to develop analytical expressions for the transfer
functions of the system. Although these were partially successful,
satisfactory methods of predicting attenuation in the tubing were
never found. Another technique used was to compare the signal from
the probes with a signal obtained in some other manner. For example,
static pressure probes were calibrated by placing them close to a

jet alongside a plain microphone. This was only partially successful,

mainly because the calibration was performed in a relatively weak
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pressure field. Another method for surface probes was to compare
them with microphones embedded in the surface. The main problem
here was that the embedded microphone picked up signals due to
vibration, but some good results were obtained. A pair of Kulite
pressure probes was obtained and tried out. L Due to the very weak
pressure fluctuations experienced, their output could be only barely
detected, and that only after precautions had been taken to screen
out interference from local radioc stations. It was realized that

a calibration chamber was needed for the pressure probes, and some
censideration was given to acquiring a B&K Type 4991 Calibrator for
this purpose. Finally, a homemade calibration chamber was developed,

as is described later in this report.
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SUMMARY OF STUDIES PERFORMED OXN ONE QUARTER SCALE MODEL

Once experience had been gained with instrumentation for
fluctuating pressure measurements in jets, and some conformation
of the vortex model of jet structure had been obtained, plans were
made to study scaling effects by building a scale model of a known
configuration. The system finally chosen was the so-called "Beach
Model" at NASA Langley (Refs. 12,13). This consisted of a JT15D-1
engine blowing over a small curved surface, representative of an
upside~down wing with a deflected flap. The full-scale facility is
shown in Figure 13, while the one-quarter scale model is shown in
Figure 14. Initially, tests were run without a
core nozzle, representative of a case of perfect mixing, however

final tests (results unavailable to date) were runr with the core

nozzle in place. Alr was initially supplied to the plenum chamber
by two blowers identical to that used for the small jet, these gave
a flow velocity of 32 m/s (23.4 m/s with one blower) in the 23.4 cm
by 4.2 cm rectangular nozzle. Later, a larger blower was substituted,
giving a flow velocity of 45 m/s, the other two blowers being
available for providing bypass air when the core nozzle was inserted.
Large mufflers were added to both air supplies, constructed from
cardbeard drums, to filter out pressure fluctuations caused by the
blowers. The philosophy uged in the design of the model was that

is should be one which could be installed and operated in a normal
laboratory. This essentially ruled out the use of engines, or the

use of hot air supplies to represent combusted fuel. Tt was assumed
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from the start that Reynolds number and Mach number effects would be
minimal, however, difficulties were experienced in the scaling of the
core and bypass nozzles for cold air. In the full-scale jet the core
flow is of course hot, and therefore has a lower density than the
bypass flow. This leads to two irreconcileable concepts of scaling,
dynamical scaling, in which the core flow in the model has reduced
velocity to maintain the correct dynamic pressure, and kinetic
scaling, in which the correct velocities are maintained, so that the
Strouhal numbers are, in turn, correct. Some compromises.can be
made, such as changing nozzle diameters to maintain correct Strouhal
numbers, but none are entirely satisfactory. Eventually, the model
was built to scale, but the core nozzle was omitted initially.

Some of the important test variables are given in Table 1 below.

Values given for the model are the maximum possible.

Table 1 Test Variables for One Quarter Scale Model

Full Scale

Variable Max/Min Model
Equivalent Diameter, m 0.357 0.0934
Jet Veloéity, m/s 277.4/96.6 45.0
Jet Dynamic Pressure, N/m2 22300/3280 1190
Jet Mach Number 0.559/0.214 0.13
Jet Temperature, UK ‘ 611/506 300
Reynolds Number Based 3.7/1.6 0.4

on Jet Diameter (106)

Tests carried out to date are deseribed in the following para-

graphs. Analysis of the results of the tests with core mozzle in

29



place are presently being evaluated, and have not been reported here.
Also, some tests are now in progress with a representative fuselage.
Most of the results given here were also reported in a thesis by
Herling (14), and in the proceedings of two conferences by Haviland
and Herling (15,16).

Development of Calibrator: A calibrator for surface and static

pressure probes shown in Figure 15 was developed early'in the
gquarter-scale model program. This consisted of the driver from a
folder horn speaker with a small enclosure into which a probe can
be inserted for comparison with a standard half inch microphone.
By exciting the driver with pink noise, and using the CROSSPECT
program, the transfer functiod for the probe can be determined,
and used later as TI (see Figure 7) in analysis of data obtained
through the probes.

Surveys of Quarter—-Scale Model Jet: Flow surveys were made of the

quarter-scale model jet, both with the airfoil installed, and with

it removed to provide a free rectangular jet. Both mean velocities

and RMS static pressures were cobtained, the former using the pitot
probes, and the latter the static probes. Typical RMS static

pressure profiles are shown in Figure 16 for the case where Fhe airfoil
was installed. These surveys were followed by measurements of
one~third octave spectra at a number of points in the jet. A
composite plot of these spéctra, both with and without the airfoil,

is shown in Figure 17.
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Cross—Correlations in Quarter-Scale Model Jet: Cross—Correlations

were obtained for several pairs. of points in the rectangular jet,
both with and without the airfoil. Typical values relating points
lying in a normal plane to a common point are shown in Figure 17.

As in the.case of the cireular jet, significant correlations were
obtained at a distance, and these were enhanced by the presence of
the airfoil. These results were taken as indicating a vortex
structure, the vortices probably being of the order of the jet depth
(minimum dimension) in size, and forming horseshoe vortices touching
the airfoil when the airfoil is present.

Phase and Coherence in Quarter-Scale Model Jet: Phase and coherence

were determined for several pairs of points in the rectangular jet,
both with and without the airfoil. Measurements for pairs lying in
a plane normal to the jet were made to obtain confirmation of the
presence of a large-scale vortex structure, several such measurements
are shown in Figure 19. When the pairs lay in the axis of the jet,
they were used to determine convection velocities in the jet.

Excitation of Quarter—Scale Jet: The rectangular jet, with wing in

place, was. excited at variousg frequencies by a speaker attached to
the plenum chamber, and the response of the jet was measured at
several axis positions. The results of this investigation, are shown
in Figure 20. Levels measured at station zero, the exit, were
arbitrarily assigned the level of zero decibels, so that levels
measured at other stations could be directly compared with these.

Thus, for example, at 100 mm from the exit there is an amplification
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of about 18 decibels when the plenum is excited at 160 Hertz (Figure 19,
left hand plots). This result is qualitatively similar to that obtained
by Crow and Champagne (%) in a circular jet, and is further confirmation
of the presence of a large-scale vortex structure in the jet. In

order to eliminate the possibility that some of the disturbance.

could have been transmitted acoustically, the expériment was repeatéd,
at identical excitation levels, with the blowers turned off, so

that there was no jet (Figure 19, right hand plots). The levels
measured at the jet exit were almost identical with those measured

with the jet rumning, indicating almost no internal acoustical

coupling with the jet up to the jet exit. 1In the free jet regionm,
however, the acoustical levels with the jet off drop with distance

from the exit, while the levels with the jet running increase. Thus,

at the 100 mm station, where there had been an 18 decibel amplification
at 160 Hertz when the jet was running, the purely acoustical
contribution with the jet off was -9 decibels, a difference of 27
decibels thus being attributable to excitation of the vortices in

the jet.

Evaluation of Scaling Effects on Surface Pressures: The principal
objective of the overall study was to investigate scaling effects

in jet impingement, and it had been for this reason that the quarter-
scale model had been built. By the time that extensive measurements
staxted in support of the scaling effects investigation, the method

of calibration had been put into effect, so that probe transfer

functions could be stored for use in the CROSSPECT program. At
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the same time, the availability of probe transfer functions led to
considerable probe development. In the first case, a decision was

made to change from 1/8 inch to 1/2 inch microphones, this eliminated
much of the vibration interference, and made it possible to mount the
microphones and preamplifiers very cloge to the surface probes, thus
eliminating the lengths of tubing which were respousible for attenuation
of the pressure signals. At the same time, the use of steel wool

in the probes as pressure dampers led to elimination of the over—

shoot in the pressure response, so that the flat response.of

Figure 21 could be obtained,

Initial studies covered the case of a single rectangular jet
without the core nozzle in place, This represented a hypothetical
situation in which there would perfect mixing within the longer
outer nozzle. The results of these studies were presented at
the ATAA/NASA Ames Conference in June 1977. Because of their overall
importance to this investigation, these results are discussed
elsewvhere in this report. Following this, a core nozzle was installed,
and further measurements were made which have not yet been evaluated.
These will be presented as part of a doctoral dissertation by W. W,
Herling. Pinally, the measurements have been made with a fairing
alongside the airfoil, representative of a fuselage, These have also
not yet been evaluated, they will be presented as part of a Master's

thesis by T. Baker.
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INVESTIGATION OF SCALING EFFECTS IN JET IMPINGEMENT

The quarter-scale model was used in an investigation of scaling
effects in jet impingement. The procedure used was to measure
unsteady pressure at points on the airfoil surface, and then, by
applying the scaling law under investigation, to attempt to predict
what the full—scale pressure spectrum would have been. This spectrum
was then compared with the one obtained at NASA Langley on the
full-scale model.

Consideration of Possible Scaling Parameters: Consideration of

possible scaling parameters for the fluctuating pressures in near—
field jet impingement led to the following for a single jet

Strouhal Number St = fDeq/Uj
Pressure Coefficient CP = p/qj
.ktTammmhmeRmﬁa:%/%
Jet Mach Number P% = Uj/cj

R. lds Number R = o, U,D .
eynolds Number 0, 4 eq/uj

where the subscripts j and a refer to jet and ambient conditioms,
respectively, f is the frequency, Deq is an equivalent jet diameter
which undefined at this point, Uj is the jet wvelocity, p is any
pressure, qj is the total head of the jet, ¢ the speed of sound, p
the density, and 1 the viscosity.

The addition of coaxial jets would further complicate this list,

as would the consideration .of engine noise.
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Evaluation of a Two—Parameter Rule: The first assumption to be

tested was that three parameters could be ignored, the Temperature
Ratio, the Jet Mach Number, and the Reynolds number. On this basis,
only the Strouhal Number and the Pressure Coefficient would be of
importance,:and so, if all data were tc be reduced to a plot of the
spectrai level, in coefficient form, vs. the Strouhal number, then
model and full-scale results should agree. When such plots were
made, it was found that the peak pressure coefficients were not in
agreement, those for the model being consistently higher than those
for the full scale article.

Evaluation of a Temperature Corxrxected Two-Parameter Rule: An

examination of the farfield noise spectra, as summarized by Stone

(17) shows that the noise spectra have their highest peak at a corrected
angle of 30° to the aft axis, and that the Strouhal number of the

peak in this case is in the same range as the Strouhal number of

the peak of the near-field pressure spectrum. Thus there would

seem to be s;me close commection between the large scale jet structure,
responsible for nearrfield pressures, and the mechanism which produces

jet noise. In the procedure described by Stone, a coxrected angle

8' is dexived from the true angle 8 and a Mach number correction.

This corrected angle, together with the temperature ratio Tj/Ta

%
is used to determine the modified Strouhal number St , where

0.4(1+cos8")

%
St = St (Tj/Ta)

*
The modified Stroubhal number St is then entered into the collapsed

spectral plots to obtain the noise spectrum for a given angle & to the axis.

S
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It is of particular interest to note that, for the maximum
PR o . .
termperature condition of 611.1 F, the factor by which St is

multiplied in the above equation is 1.039 when 6! is 150° (i,e. °

, 30
to the aft axis, where the noise spectrum peaks) and 1.701 when 6'
is 30°, However, the peak Strouhal numbers in the quarter-scale
model test and the full-scale test were also in thé ratio of 1.7:1;
which suggests that the near-field pressure spectra could also be
collapsed if the above equation were applied for an angle 8' of
30°. Unfortunately, there is insufficient data over a wide enough
range of temperature variations to prove that this correction is
valid, and not a mere coincidence, Also, there is no way that this
kind of information can be obtained with cold jets.

Nevertheless, the quarter-model test spectra were evaluated
by using a temperature corrected two—pgrameter rule, which essentially
requires the pressure coefficient to be a function of the modified
Strouhal number. The procedure used was to predict the spectra for
the maximum test condition of Table 1, i.e., with the 611.1°F jet
temperature, using the following equations for determining predicted
full-scale data from model data based on Stones correction with 8°

equal to 30°

* 0.75
StPFS = (f Deq/Uj)M(Tj/Ta)FS

LPSDPF

g = LPSDM + 20 loglo(quS/qu) - 10 1°glo(UjFS/UjM)

0.75
+ 10 lOglO(DeqFS/DeqM) + 10 1oglO(Tj/Ta)FS
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In the above equations, LPSD stands for the power spectral
density level in decibels, which is to be plotted against the
modified Strouhal number St*' Most of the terms appearing in the
above equation for LPSD are required for the normalization of the
power spectral demsity as presented against a dimensionless freguency.
Subscripts FS and M refer to measured wvalues under full-scale and
model conditions, respectively, whilé subscript PFS refers to
predicted full-scale conditions using model data.

Plots of the predicted power spectral densities obtained in
this manner are shown together with the full-scale power spectral
densities in Figure 22, They are presented in the form of power

spectral density (LPSDPF & LPSDFS) plotted against medified

S

They indicate reasonably good

% 2
Strouhal number (StPFS or StFS)'

agreement, especially for measurements that are furthest from the
nozzle. Agreement is poor only for point P3 which is very close to
the nozzle, possibly because the details of the model were not
sufficiently accurate. For example, in another study of the effect
of sealing the gap between the airfoil and the nozzle, quite large
effects were found on the pressure spectra at point P3, as is
indicated by Figure 23.

Verification of -Temperature Correction for Strouhal Number: The 1.7

times temperature correction was found to be effective in predicting
the full-scale spectral peaks from the model data, as is shown in
Figure 22. However, there is no assurance that this is not, in

fact, a coincidence. The temperature correction could be verified
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if sufficient data were available from jets at different temperatures.
An attempt was made to do this, but with the limited range of
jet temperatures as listed in Table 1, the range of temperature
corrections to frequencies was limited to between 1.5 and 1.7, much )
too small to verify the correction. The frequency spectra obtained
from the NASA tests were plotted, with and without these corrections,
and, although a slight tendency for the data to collapse into a single
plot could be detected, results are too tenuous to present in this
report.,

Effect of Core Nozzle: A close look at the comparisons between

model and full-scale in Figure 22 will reveal that, for points close
to the nozzle, the higher frequency spectral levels measured in

the full-scale test exceed those for the model, whereas lower
frequency results are in better agreement. This could be attributed
to the presence of the core nozzle in the full-scale test, which

was not reproduced in the model. Accordingly, it was decided that
the tests should be rerun with a simulated core nozzle in place.
Results of these tests are presently being analyzed, and will be
presented in du; course by W,W. Herling as part of a doctoral

dissertation.

Effect of Engine Noise: Following the test in which a speaker was

placed in the plenum chamber (see Figure 20 ), it was believed that the
internal noise generated by the engine could be responsible for part
of the jet pressure spectrum. However, nothing in Figure 22 seemed

to indicate that this was, in fact, an effect of any significance

47



at all. Thus earlier plans to model jet engine noise spectra were
not foliowed up.

Effect of Mach Number: It has of course been assumed that the Mach

numbex effect was negligible, however, given the range of Mach
numbers covered by the model and full scale tests, it was possible

to carry out a limited investigation of the effects of Mach number.
The overall or RMS averaged pressure spectra are shown plotted against
Mach number for six points on the airfoil in Figure 24. With the
exception of point P3 near the nozzle, little or no Mach number
dependency is seen in model or full-scale test data, which cover

" the range up to a Mach number of 0.6. One could also argue that the
same test points cover a Reynolds number range up to 3.7 x iOG, and that,
therefore, the test data indicate no Reynold's number dependency.

Note alsc that the test data cover a range of jet temperatures,
therefore jet temperature is seen to have little effect on the RMS
pressure even though it may shift the spectral peaks.

The Effective Diameter of a Non-Circular Nozzle: The classification

of data obtained in non-circular nozzles would be greatly facilitated
if it could be shown that the pressure spectra in a non-circular
nozzle were related to those obtained in a circular nozzle of a

given diameter. One essential feature of circular nozzles appears

to be that the vortices in the jet flow are of constant diameter,

and that, although some coalescence of vortices takes place, the
frequency of the spectral peaks varies very little within the first

five jet diameters. This was not found to be the case for the
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rectangular nozzle, for example, Figure 17 shows that there is a
spectral peak at 315 Hz which decays quickly, and gives way to a
peak at 100 Hz, while another peak builds up at 40 Hz. One can use
an inverse procedure to estimate the effective diameter based on
these frgquencies. First, one assumes that all spectra peak at a
Strouhal number of 0.3, then one calculates the diameter which makes
this so. Using this approach, the effective diameters are 29 mm,

92 mm, and 231 mm, respectively. The first and last correspond

to the 42 mm by 234 mm dimensione of the rectangular nozzle, so that
one could imagine that vortices are originally formed with diameters
equal to the nozzle depth, that these coalesce, and finally some
large vortices are left with diameters equal to the major nozzle
dimension. The 92 mm diameter, however, conforms to the effective

diameter De used: by Stone (Q) where

D =D O.6D 0.4
e a h

in which Da (v 4A/7) is the diameter based on area, and Dh (LA/P)
is the hydraulic depth, A and P being the area and perimeter
respectively. The presence of such frequencies in the préssure
spectra and in the far-field noise spectra gives further evidence
of a connection between the large scale jet structure and the far-
field noise.

The Effect of a Fuselage: 1In the full-scale NASA tests, a small

panel was installed to represent a fuselage intersection.

A similar panel has been attached to the model, and a comparison
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has been made between model and full-scale data, this will be
published in a thesis by H. Baker,

Migcellaneous Variations in Geometry: Several minor variations were

made in the geometry of the full-scale article, and some of these
were also reproduced in the scale model tests. These variations
included (1) presence or absence of a gap between the nozzle and

the airfoil, (2) presence or absence of an extension on the airfoil,
(3) variations in the impingement angle between the nozzle and the
airfoil, and (4) presence or absence of a deflector plate on the
nozzle. The full-scale data in Figure .22 are for no nozzle gap, with

an airfoil extension, and a deflector plate.

51


http:Figure.22

CONCLUSTONS

Scaling Laws: It is evident that the two-parameter scaling rule,

in which the PSD of the fluctuating pressure coefficient is

presented as a function of Strouhal number only, is only approximately
true. An improved three-parameter rule, incorporating a temperature
correction, appears to be promising, but could not be verified

within the scope of this study.

Core Nozzle: There is some evidence that a core nozzle would be
preferable. However, an investigation now in progress should shed
further light on the matter.

Engine Spectra: There was no evidence that the internal engine

noise has sufficient effect that it would have to be modelled.

Effective Diameter: Tt does not appear to be possible to relate

the near-field pressure spectra in a non-circular nozzle to that

in a circular nozzle of some equivalent diameter. Thus, the concept
of an equivalent diameter does not appear to be valid for prediction
of jet impingement pressures.

Use of Cold Jets: The low-speed cold jet appears to have a wvalid

pPlace in any test program intended to determine jet impingement
pressures. It should be possible to predice pressures with reasonable
accuracy from such a test, and it should also be possible to investigate
the effects of configuration changes. The agreement noted would

lend credence to the idea that the large scale jet structure is
reproduced to a fair degree of accuracy in a low speed cold jet,

and thus that it might have its place in far-field noise ‘investigations.
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Engineering, and Applied Mathematics and Computer Science. In addition to these departments, there are
interdepartmental groups in the areas of Automatic Controls and Applied Mechanics. All departments offer
the doctorate; the Biomedical and Materials Science Departments grant only graduate degrees.

The School of Engineering and Applied Science is an integral part of the University (approximately
1,400 full-time faculty with a total enrollment of about 14,000 full-time students}, which also has
professional schools of Architecture, Law, Medicine, Commerce, and Business Administration. In addition,
the College of Arts and Sciences houses departments of Mathematics, Physics, Chemistry and others
relevant to the engineering research program. This University community provides opportunities for
interdisciplinary work in pursuit of the basic goals of education, research, and public service.



