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AFFDL-TR-66-112
ABSTRACT

: The possibllity of simulating a turbulent boundary-layer
nolse environment using the air-flow capabllity of the RTD 3onic
Fatigue Facllity 1s Investlgated, The phllosophy 1s adopted that
it 18 the mechanical power absorbed by the structure from the
environment that 1s to be duplicated, Calculations are developed
that allow the predlctlon of the mechanical power injected into

a structure by a turbulent boundary layer (TBL), and by a turbu-
lent wall-jet, The possibility of replacing the power Injected

by the TBL by using turbulent wall-Jets impinging on a structural
model of a sectlon of a supersonic transport ls studied., Results
indicate that high~frequency excltation (above 1 kHz) can be
adequately simulated, but that the alr-flow capabilitles of the
facility would be exceeded by an attempt to exclte a structure as
large as the one chosen by a set of wall-Jets at lower frequencles,
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PART I. STUDIES OF STRUCTURAL RESPONSE

1. ESTIMATION OF BOUNDARY LAYER POWER INPUT TO A STRUCTURE

The take-off and launch phases of alrcraft and space-
craft produce very severe acoustic environments for the
structure, personnel, and equipments, The need for accurate
data on the response and fatigue (or malfunction) of these
vehicles has led englneers to the construction of elaborate
and costly facllities for the simulation of intense acoustic
environments., A well-known example 1s the Sonic Fatlgue
Faclillity of the Research and Technology Dlvision, Wright-
Patterson Air Force Base, Chio.

In the flight regimes of these vehicles that are
assoclated with a large dynamlc head q, excltation by the
turbulent boundary layer can become a very lmportant source
of skin vibration and interior noise, Some of the Mercury
flights, for example, showed that the nolse and vibration
levels during the "max q" period significantly exceeded those
experienced during the launch phase {Réf.:1). The magnitude
and lmportance of these environmental loads naturally leads
one to inquire whether an acoustlc faclllity can be used to
simulate these loads or thelr effects.

The simulatlion of turbulent boundary- layer loads ldeally
would mean the reproduction of the distribution of accustic
pressures over the vehlcle, with correlation and convection
properties very similar to those of the turbulence, In a sound
field the speed of propagation, the wavelength, and the
frequency are related., This 1s not the case for the turbulent
field, where a particular wavelength component may have a
YhOIG d%stribution of frequencies and/or convectlon speeds

Ref. 2).

If one 1s concerned primarily with vibratory response,
then it is the turbulent energy at wavelengths near the free
bending wavelength in the panel which account for most of the
excitation (Ref. 3), Even if the simulation is restricted to
this small group of wavenumbers near the bending wavenumber,
the gimulation of loads still is not posslble, since the
acoustic frequencles corresponding to such wavelengths generally
would be higher than the frequencles of panel response,

These diffliculties may be avolded 1f one does not insist
upon reproducing the spatlal and temporal details of the
pressure fileld., When the system is sufficiently reverberant,
the detaills of the source are unlmportant if one useés a source



distributed over a large area. For such a system the rever-
berant energy dominates the input energy in any small reglon
of the system., This condition holds for most conventional
aerogspace structures. The response of the structure 1s
determined by the circulating energy and not by the method
used to get the energy into the system,

The resonant response of a panel is also somewhat
insensitive to the source of mechanical excitation. This
response depends primarily on the mechanleal power supplied
to the panel by the environment, regardless of details of
coupling., It also depends on the structural damping, In order
to simulate the service environment-structural system, we must
be able to calculate the expected mechanical power absorbed
by the structure,

In part II, we propose to simulate the structure and
1ts damping by uslng a test arrangement that 1s characteristic
of the types of service structures to be encountered, The
source of mechanlecal power can be any source of energy avall-
able in the facllity whilch will simulate the desilred frequency
spectrum and approximate the spatial distribution. The
excitation chosen for study here will be a seriles of "wall-jets']
This system can be actuated by the main air supply 1n the
facllity. 1In part I of thils report, we concentrate on the
mechanical power supplied to panels by a boundary layer and
by wall-jet flows.

1.1 Response of a Simple Panel to Boundary-Layer Noige

The vibratory response of the modes of a simply
supported thin panel to convected turbulence was computed by
Dyer (Ref. 4)., He distinguished three primary categories of
modal behavior; when the trace wavespeed of the mode at
resonance proJected along the direction of convection 1s

(a) less than the convection speed, the modes
are called hydrodynamically slow (HS).

(b) equal to the convection speed the modes
are called hydrodynamically coincident (HC).

(¢) greater than the convection speed the modes
are called hydrodynamically fast (HF).

These regimes are readily displayed in wavenumber space as
shown in Flg. 1, The trace wavespeed in the direction of con-
vection 1s cB/cos¢, and the locus of modes for which cB/bos¢ =

U, is the "HC mode" semicircle of radius UG/EKcz . The HS modes
fall within this circle, the HF modes without.
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1.1.1 Low-speed convection, Uu <L Ch

Dyer!s model of the pressure correlatlon pattern was

p(%,T)P(Z],t") = pﬁxﬂxt 5{x1-xi-Uc(t-t')} 6(x5-x"5) - ft-tt| /0.
(1.1)

where Py, 1s the turbulent rms pressure, Uc 1s the convectlon

gspeed, At ls a correlation area, and & is an average eddy
lifetime, The spatlal correlation in the moving frame,
xl=Uct, is assumed to be very small and the time correlation

is a simple exponential, When Uc &< cps the HC locus in Fig. 1

collapses to the origin and the response 1s composed entirely
of HF modes, By grouping the modes in frequency bands, one
can compute the spectral density of panel response velocity.
The result is (Ref, 5).

2 () = pﬁG,, Ay (@) famp (1.2)

where G_ = (8p ch)‘l 18 the mechanical point input con-

ductanc® of an®infinite flat plate. The loss factor for the

panel 1s 7, and Ps is the surface mass density. In Eq.
(1.1) the moving axis frequency spectrum is

Pre) =2 (14?7t (1.3)

although fthls precise form 1s not requlred for the validity
of Eq. (1.2) The form of C?;(w) is shown 1n Fig., 2, there

generally being fairly uniform energy content up to a
frequency w = 1/6, beyond which the energy diminishes rapidly.



Pr(w)

TOTAL AREA = |

FIG.2 GENERAL FORM OF MOVING AXIS
TEMPORAL POWER SPECTRUM

The equivalent "correlation area" At 1s determined

by the strength of the wavenumber spectrum at the free bending
wavenumber for the plate. It 1s (Ref, 6

= 2
A, = 4T ZN gl = o s ¢>¢ (1.4)

where (P IE,I is normalized to unity, The form of Ag for

low-speed (incompressible) turbulence 1s given in Fig,. 3

(Ref., 7). The excitation 1is seen to be most effective in the
range where the bending wavelength 1s the recliprocal of the
displacement thickness, and drops off above and below this
value, We note from (1.2) that the frequency spectrum (]’Z)T(a))

18 directly reflected 1n the response aspectral density.
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1.1.2 High-speed convections, U > Cp

When the convectlon speed exceeds the trace wavespeed,
which is the situatlion deplcted in Fig. 1, Dyer's results may
agaln be applled. In this instance, however, 1t 1s useful to
compute the power Input to an inflnite panel, since the
calculations are simpler to perform and lead to the same results
after averaging over groups of modes,

For the infinite panel, one beglns wlth the equation
of motion

(1.5)

and expresses the dlsplacement, y, and pressure, p, as Fourler
integrals 1n time and space. The power input per unit area of
the panel becomes (Ref, 8

2 @(E,w') -
I=- 1phfwdwfd}.s pphlcacE[ k“-kg(1+ifi)1 (1.6

where (P (k,w!) 1s the spectral density of the turbulent
pressure fileld 1n a frame moving at the convectlon speed,
The frequency variable is @' = @ - klUc where ® 18 the response

frequency and kl is the component of wavenumber 1n the direction
of convectlion.

The spectrum (18 the transform of the correlation
function TpT

o2 Pli,e) = (2173 [ ap at BT exp(ts-d-tot)
(1.7)



If the temporal and spatial correlations are assumed to
separate in a convecting frame, then a similar separation will
occur in the spectra:

02 P, ) Pl =5 {5, @) Po0f (1.8)

If the pattern 1s uniformly convected, then the flxed-frame
gpectrum 1s related to the moving spectrum by

pﬁ @ﬁ (k) (7 (0-k U ) = F { 5);9 (i\l-Ucr,§\3) ”T(-r)} ,
(1.9)

as above,

When the convection 1s slow, as on the hull of a ship
or on an alrcraft at take-off speeds, then klUc < @ and the

wavenumber and frequency integrations in Eq. (1.,6) separate.
The resulting power 1nput 1is equated to the dlssipation

wnp LU (®w), and the veloclity spectrum given in Eq. (1.2)

results, Thus, the infinite-plate and finite-panel results
are consistent at low speeds, and we may expect them to be
conslstent at high speeds as well,

The wavenumber pattern for the Infinlte plate 1s
deplcted in Fig, 4. It is similar to Fig. 1 except that now
wave components in the plate can be related directly with any
point on the diagram, Instead of modes, there is now a
breakdown into HS, HC, and HF waves, From the analysis, 1t
turns out that the largest response (or power input to the plate)
ocecurs at the intersectlon of the k = kgcircle and the HC wave
locus. For these waves, the temporal decay of the turbulence
1s unimportant, 1ts wavenumber spectrum detergining the response
at ¥ = k_ and consequently at frequency w = kpxcz . The formal

result is (Ref. 8)

My = brpf 6, (Rl = k,8,)/k U sin g, (1.10)



HS WAVES

Uc/zKC‘e
HC WAVES

w =k, Uc,w'=0

HF WAVES

—» K

FIG.4 LOCI OF CONSTANT FREQUENCY AND
HYDRODYNAMIC COINCIDENCE IN
K PLANE

which may be converted to a velocity spectrum by equating

input and dissipated power, as above. The primary feature of
this result 13 the absence of(j:;(m). In simulating the power
input from high-speed turbulence, therefore, one is concerned
primarily with simulating a wavenumber spectrum. This spectrum
is quite smooth, having roughly a 10-dB variation 6ver 1.5
decades 1n wavenumber or 3 decades in frequency, as seen by
reference to Flg, 5.



5
4
P
3 ’V.
2 /
/
bl \

| / \

B [

6 \

. \

. \

3 / pth(kﬂ U, ) \

/ ("ap U‘f)2 Uc 8|c?_ \

| / \
107 -

8 2

Ph .5

§ {!’ZP uel1z.2

4 Cs = 2.5x (073 \
3 _Ej.g_= Q.82

2} Y
1072

152 2 3 4 56 6 2 3 4 56 8 2 3 4 g

k,..y_c... 8,

F1G.5> THE ONE-DIMENSIONAL WAVE NUMBER SPECTRAL
FUNCTIONC® (k) CALCULATED USING TAYLOR'S
HYPOTHESIS, FROM HODGSON'S EXPERIMENTAL
RESULTS FOR A GLIDER WING

10



At very high convection speeds or very low frequencles,
there 18 another change 1n form of excltation, This 1s because
the HC locus shown in Figs, 1 and 4 becomes nearly coincident
with the k; = O axis., If we put k; = O in Eq. (1.,9) we again

have w! Z ® and we revert to the form of the HF results for
low-speed excitation. In addition, at low frequencies the
modal structure of the panel response discriminates agalnst
HC response. The frequency range where these effects become
Important 1s discussed in the followlng section.

i.2 Descriptlon of Flight Reglmes for a Supersonic
Transport

1,2,1 Boundary-Layer Parameters

The design obJectives for the Supersonic Transport
envisage desligns for Mach 2 (aluminum; and Mach 3 (titanium).
An approximate flight profile (Ref. 9) 1s given in the
following table:

TABLE I
APPROXIMATE SST FLIGHT PROFILE

Ngggzr Altitude,ft Air Spee%,ft/sec Dynamic Pressure
1 qa, lbs/sq £t
1 30,000 1,000 430
1.5 46,000 1,500 490
2 50,000 2,000 700
2.5 54,000 2,500 930
3 60-T70,000 3,000 770

11



The sound speed for the altitudes shown in the U, S, Standard
Atmosphere range from 995 ft/sec at 30,000 ft to 968 ft/sec
at 60,000 £t and 971 ft/sec at 70,000 ft. For the purposes
of our estimates the sound speed can be taken as constant

and approximately equal to 1,000 ft/sec. From this speed

and the Mach number the approximate alr speed 1s obtailned,

as shown 1ln Table I, Using this alr speed and air density,
ps as given for the U. S, Standard Atmosphere (Reg. 10),

the dynamic head g is determined from g = 1/2 p U1 . This

gquantity will be needed later.

These alr speeds correspond to the free-stream
veloclity. To estimate the effectlive convectlon velocity
Uc on the surface of the alrcraft, the results Kilatler and

Chen (Ref. 11) obtained in a supersonic wind tunnel can
be used, According to thls study, the ratlo of convectlion
speed U, to free-stream speed U; ( alr speed ) 1s 0.8 for

M¢1l.5, 0.7 for M= 2 and 0.6 for M > 3.

A second important parameter describing the turbulent
boundary layer 1s the displacement thickness,b,, of the
boundary layer. No direct measurements on high-speed vehlcles
are avallable, but estimates can be inferred from measurements
of pressure fluctuation spectra on the Scout flight vehicle
and Hodgson'!'s measurements on a glider wing (Ref, 12). As
51 1s expected to change only very slowly with Mach number,

one can compare the peaks of Hodgson'!s generallized spectrum
with experimental data obtained for various Mach numbers,
Hodgson's spectrum peaks at a value of wb /U1 = 0,4, when
plotted <dn octave bands, Spectra measure& ofi the Scout
vehicle (Ref, 13) 72 feet from the nose have a peak in the
1200-2400 Hz band for M ~ 1.8 and in the 2400-4800 Hz band
for M = 3.3, This leads to estimates of &6, eqgual to about
0,07 ft. Slnce we are 1lnterested In the e*citation of panels

about 200 ft from the nose of the SST and since 51 is expected

to grow at 2 rate roughly proportional to the distance, we
arrive at an estimate of 61 ~ 0,2 ft for the SST.

Another estimate of 6, due to Schlichting (Ref. 14) is
a3 follows:

6, = 4.6 1072 (v/ch)1/5 ’ (1.11)

12



where x 1s the distance along the fuselage from the point
of transition and v 1s the kinematic viscosity. For M = 3
and x = 200 ft, 61 ~ 0,07 ft, The variation of displacement
thickness with Mach number does become important for higher
Mach numbers (Ref, 15)., When M = 2, 1t is about twice the
value given in Eq. (1.11), This corresponds more nearly to
the value found in the previous paragraph for data on the
Scout vehiecle, 1In the following calculations, g value of
51 = 0,15 ft (~2 inches ) will be used,

A third important parameter describing the turbulent
pressure fielg is the total mean-squared surface pressure
fluctuation Py, Except for buffeting locads 1n the transonic

regime, flight tests on the Scout vehicle (Ref. 13) indicate
thatanﬁ/q = 0,006, a value also obtained in other studies,
Values of p, are given in Table II.

TABLE II

ESTIMATED CONVECTION SPEED AND TBL PRESSURE
FLUCTUATIONS FOR SST

M U,, ft/sec RMS Pressure Fluctuations
Py, lbs/sq ft

1 800 2.6
1.5 1,200 3.0
2 1,400 4.2
2.5 1,800 5.6
3 2,100 4.6

13




1.2,2 Power Accepted by a Panel in the Hydrodynamically
Coincident Hegime

It is well known that the response of a plate to convected
turbulent pressure fluctuations depends on a comparison of
the convection speed with the trace speed of the bendlng waves
in the direction of the convection speed. The case of
hydrodynamic colncidence is lmportant since it results in
large response, We wish to estimate the power accepted by
the structure 1n this case, 1l.e., where the trace speed of
the free bending waves 1n the structure along the direction
of convection (1l-axis) equals Uc' The polnts in the kl—k3

wavenumber plane in this regime (for variable ®) are on a
circle of radius Uc/2!CcE (Ref. 16) with center at ky = Uc/2xcﬂ’

k3 = 0., The hydrodynamic¢ coincidence frequency is defined by
w/k, = o _/k_ = U_ where k_ 1s the wavenumber of the free
bending waves. Since kp = (cn/fccJB ) , one finds 27f, = @ =

h h

2
Uc KCﬁ.

For the structures and convectlon speeds of interest
here, fh lies between about 5 and 40 kHz. One usually is

interested in lower frequencies, e.g., the region of resonant
mades of flnite structures and of interference with speech
and hearing, There ® < o and excltation is dominant for

bending waves traveling at the "Mach angle" ¢c with respect
to the direction of turbulence convection, Moreover, cos ¢c =
(ayhh)l/z. For ® = 1072 W, $, = 840, and the bending waves
travel in a direction essentlally perpendlcular to the direction
in which the turbulence 1s convected.

The wavenumbers of the resonant modes of a finite panel
form a rectangular grid 1n the kl—k3 plane at a pitch of ﬂ/Ll
and 'n'/L3 » Where L1 and L3 are the linear dlmensions of the
panel, It 1s of Interest to calculate the frequency fh£ at
which the line w/Il parallel to the k3 axis and the colinci-

dence semlclrcle intersect. This 1s the approximate lower-
frequency limit to the HC excitation and 1s given by
fp = Uc/ELl, as can be seen from Fig, 6, For L, =2 ft,

fhﬂ ranges from about 250 Hz to 700 Hz for the range of Uc
considered. Note that, as Uc increases, fhﬂ Increases in

direct proportion, whereas f, increases in proportion to Ug.

h
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r= Uc/2 KC‘

Whe

L
L3 13

FIG. e CALCULATION OF THE LOWER FREQUENCY
LIMIT TO THE HYDRODYNAMICALLY COINCIDENT

EXCITATION
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Lyon (Ref. 17) has shown that most of the energy input
is into bending waves near the Mach angle, ¢ » When the

wavelength along the k3 axlis is less than about 10361 s Or
150 ft in the present case, This is readlly achieved for
the structures of interest here for frequencies above fhﬂ
(see below)}. The power per unit area, I,,, accepted by the

panel in the reglime of hydrodynamically coincident response
in a frequency band Aw has been also caleculated (Ref.17):

o Gwhy(k,67)

Mye = Pp K U 5In @, Aw (1.12)

where G = (BFJpl’ll\:c)Z)'l 18 the transverse point conductance
of an infinite panel of density Py and thickness h, At(kpbl)

is the effective correlation area shown in Fig. 3 (Ref. 18).
For third-octave bands,Aw/w = 1/4 and (Q/k U % = cos ¢, .

Hence, 1n one-third octave bands,

2

.G
h e
HHC(1/3 0B) = - At(kpﬁl) cot ¢_ (1.13)

1.2,3 Power Accepted by a Panel 1n the Hydrodynamically
Slow Reglime

In thls regime, the trace speed of the free bendling waves
in the structure along the direction of convection 1s less
than U . Por variable w, the polnts in the kl-k wavenumber

plane now lie within the clrcle (k -(U /2Kc£)] + kg
(U /2Kc£) , and £ = §~ is less than f,,, the lower limit
for the hydrodynamlcally colncident regime,
The power per unlt area accepted by the panel in the
hydrodynamically slow regime, HHS s in one-third octave bands,

1ls given as

yg(1/3 OB) = p,G, v (1.14)




where 8 is a time constant equal to 2561/11c and G, ,
At(kpﬁl) and pﬁ are the same parameters used for the
hydrodynamlically fast regime.

1.2, 4 Calculation of Power per Unit Area for a
Titanium Panel

A representative panel structure of the fuselage of
the SST might consist of a titanium alloy skin 0.050 in,
thick, mounted between ring frames about 1-1/2 ft apart,
and stiffened by longlitudinal strips. We estimate pp ~

1.6 x 1072 1bs/1n.3 and ¢, = 1.6x10% rt/sec. The radius

of gyration kK of thg cross section 1s K = hA/12 = 1,2 x 1073
ft, and Kcy, = 20 ft“/sec, The transverse point conductance

for this structure has the value G, ~ 1,8 x 1074 ft/sec 1b.
The hydrodynamic frequency, fh, and the lower frequency
limit for HC excltation, fhﬂ’ are calculated for each value

of M and are given in Table III. The time constant 6 for
the TBL 1is also gilven in Table III.

TABLE III
FREQUENCY LIMITS FOR A TITANIUM PANEL AND TBL TIME CONSTANT

M fhﬂ(Hz) fh(Hz) 6 (msec)
1,0 270 5300 4,7
1.5 400 12000 3.1
2.0 470 16000 2.7
2.5 600 27000 2.1
3.0 700 36000 1,8

17



The effective correlatlon area At(kpﬁl), 13 determlned
from Fig. 3 for frequencies from 63 Hz to fh.
U
e
gives values of At(kpﬁl) only for kp T 51 up to 5, so

was calculated for £ up to f

Flgure 3

o

that HHC h only for the case

where M=1, The change 1n slope which occurs for the M=1
for f near fh probably would occur for cases where M > 1,

had the power been calculated for the reglon where f 1s
nearly f

h.
HHC now 1s calculated for fhﬂ < f <« fh’ and HHS is
calculated for 50 Hz ¢ f ¢ fhﬂ‘ The results are shown in

Fig. 7, where I and I, are given in dB re 10712 yatt

va frequency in one~third octave bands.
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2. EXCITATION OF FLEXIBLE PANELS BY A WALL-JET

2.1 Introduction

The use of turbulent Jets to excite structures offers
a possibility for injecting broadband mechanlcal power over
a locallzed region of a gstructure with very simple equlpment.
The avallability of sizeable amounts of alrflow 1in the
Wright Field Acoustilc Test Facility makes the use of such
Jets unusually attractive.

We shall consider the exeltatlon of a flat panel by a
turbulent "wall-jet." A wall-jet is obtained by placing a
nozzle clogse to and perpendicular to a panel, as shown in
Filg. 8. The fluld dynamic theory of such a Jet has been
studied by Glauert (Ref, 19}, and 1ts turbulent veloclty
and pressure fields have been examined by Hodgson (Ref. 20).
It is particularly this latter work that will be of help to
us 1in our consilderations here.

Q
TRANSITION l
TO WALL-JET

= S Um 2y, = CONST

F16G.8 FLOW PATTERN FOR NORMALLY
IMPINGING JET AND TRANSITION
TO WALL-JET
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Our approach to the problem will be quite elementary.
We shall make a simple equlvalence between the fluctuating
pressure field of the wall-Jjet and a point mechanical
excltation, 1n a manner similar to the calculation made for
boundary-layer turbulence (Ref. 21).

2.2 Fluld Dynamics and Turbulent Properties of
the Radlal Wall-Jet

At radial distance R from the Jet axis, the mean flow
from the nozzle shown 1n Fig. 8 has the mean veloclty
proflle given 1ln Fig, 9, The velocity maximum is Uh and

the dlstance to the half-veloclty point 1n the Jet regime
of the flow is 21/2. Glauertt!s analysis indicated that

the dependernice of these quantitles on dlistance was

U R-l.096 , zl/2°C rl-01 (2.1)
while Hodgson'!s experimental results gave

u <R1O, zl/eocno.gu (2.2)
For the purposes of our discussion, we shall assume

y <R, 2) gt R - (2.3)

In his studies of the turbulent pressure fleld of the
radlal wall-jet, Hodgson found that the correlation scales
vary directly with 21/2 + The flixed mlcrophone frequency

spectrum 1s shown in Fig. 10. The measured transverse
(azimuthal) correlatign function was very close to the
functional form exp(-Tk|/£3) where £3 ~ 1.621/2 (Ref., 22)

which has a wavenumber spectrum

£
Pylig) = 22 (1 + k5457 (2.4)
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FIG. 9 MEAN VELOCITY PROFILE OF RADIAL WALL-JET
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The inference from thls is that we can define an effective
turbulence correlation area by

A = By —2—— (2.5)

where At(l) 1s the correlation area at a dlstance Rl from

the Jet axis,

As the turbulent eddies move, they decay because of
nonlinear mixing processes and viscous dissipatlion. Since
the eddy scale 1is 1nereasing with R and the convection
velocity 1s decreasling, this decay time will tend to
increase, Hodgson's experlments suggest that the proper
relation for the local temporal scale is

6 = 5z1/2/Um¢>f-R2 . (2.6)

This may be compared with 6 c:ESBI/Uc for the case of
boundary-layer turbulence,

2.3 Simplified Calculation of Fluctuating Force
Exerted by Wall-Jet on Rigid Plane

The equivalence between a wall-Jet and a mechanilcal
shaker, which applies a certain rms force to a panel in
frequency bands, can be computed. We do thils by considering
the number of uncorrelated eddles, 4N, which are ilncluded
in an interval dR (see Fig., 11). If the correlation area

of the turbulence 1s At, then
an = Z8 R, (2.7)
t

Each coherent element produces a mean square force

at? = p2 22 P(0) qw an (2.8)
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FIG. Il AREA ELEMENT IN CALCULATION OF
EQUIVALENT FORCE

in the frequency interval do, Here é;i(w) 1s the moving

axls frequency spectrum, which, 1f we assume an exponential
correlation functlion in convected coordinates,is glven by

FPrw) = 29%11" (w > 0). (2.9)

1+w @

For our purposes 1t 1s not necessary to specify a
Particular form of this spectrum except to require
'similarity" in the time scale:

@_(m) = OH(w8) . (2,10)

The mean-square pressure was found by Hodgson to be
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n

po = 4,5 x 1073 pEUf; ot R (2.11)

If we normalize the varilables in (2.8) to their observed
values at a posltion R = Rl » We have

y
ar? 2 P, R on (w8) 27R dR dw
= Pn(1) & t(1) g2 .
1

Since Bti;RE , we can define

ab = KR (2.12)
or, 6 = kgRE/m. We next integrate over R to obtain all

contributlions to the excitation in a frequency interval dw:

=00
—_—
2

o0,
_ 2 2 dw 2 o 2
Flow)dw = arc = Top(1) At(l) Ry —C-U—fEKdR H(de )dR.
R=0 o]

By 1ts normalization, the integral over H has the value
unity. Therefore

2 -1,

Flo) = 7 pﬁ(l) Ay ) RGO (2.13)

It i1s of interest to note that the time constant 6 drops
out of this calculation.
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Once we can assign a value to the correlation aresg,
A, , the computation of the spectral denslty of the exclting
pgwer becomes simply a matter of measuring the mean flow
profile of the wall-Jjet at some arbltrary radius Rl'

2.4 Theoretical Power Supplied to the Panel

On the basls of the slmple equlvalence we have drawn
between the wall-Jet exeltation and a point mechanical
excltatlon of the panel, the power accepted by the panel
from a wall-jet ls given by the relation

I, = F(w) dw G (2.14)

where F(w) is the spectral density of the exciting power
in the turbulent wall-jet as given by Eq. (2.13), and G

1s the input conductance of an infinite panel, glven by
-1
I ¢, h® (2.15)
[+¢] pp E -

where pp is the panel density, y) the longltudinal wave

velocity and h the panel thickness. The same eguation
applles to the impedance of a finite panel averaged over
several modes. Our assumptlon 1s that, in the third-
octave bands used in thils experimental study, several
modes of the panel will be exclted. It should be noted
that Eq. (2.1E) implies a flat frequency spectrum of

the input power to the panel when this is measured in
third-octave bands or in any constant-percentage band-
widths.

2.5 Modifications to the Simple Theory

In developlng the expression for the power spectral
density contained in Eq. (2.13) we have, perhaps, over-
simplified the problem. Although the simple analysis
may provide an indicatlon of the level of excitatlon to
be expected from the wall-jet, it cannot describe the
form of the frequency spectrum observed in the experi-
mental phase of this study.
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The power accepted from the turbulent flow by the
test panel, in third-octave bands, may be written more
generally as

t dR (2.16)

where Goo is as given in Eq. (2.15). Here we have made no
assumptions regarding the dependence of At upon the system

parameters. Also, we have replaced the 1limits of integra-
tion by the actual finite limits of the minimum jet radius
(R = rl) and the equivalent outer radius of the test panel

(R =r,).

2.5.1 Effect of Finite Plate and Jet Size

If we continue with the slmple assumption that the
correlation area i1s as given by Ea. (2.5) and consider only
the effect of finite plate and nozzle dimensions upon the
power accepted by the panel, Eq. (2.16) now becomes

12 2 G NG
I = §Ph(1) RlAt(l)Gm {Arctan [melcgz) ]-Arctan[w91(;;> }}

(2.17)

where 6, = 52.1/2/Um is the time constant of the turbulence
as measured at Rl. This expression now shows that the power

accepted by the panel is frequency-dependent. The dependence,
however, 1s toc weak to account for the spectrum shape ob-
served in some of the experimental studies to be described.
When ry and ry tend towards infinity and zero, respectively,

the expression for power reverts to that obtained by the
earlier simple analysis.
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2.5.2 Effect of Frequency-Dependence of Correlation
Area N

Perhaps the most serious shortcoming of the simple analy-
sis 1s the assumption derived from Egqs. (2.3) and (2.5), that

At i1s simply related to z§/2, and 1s not frequency-dependent.

A more realistic expression for the correlation area can be
obtained by comblning the expression for the transverse wave-
number spectrum given in Eq. {2.4) with the fixed-microphone
frequency spectrum shown in Fig. 10. The resultant "equiva-
lent" correlation area is normalized in terms of the plate
wavenumber. Such a process has been carried out elsewhere
by Ffowcs-Williams and Lyon (Ref. 5),using Hodgson's measure-
ments on a glider wing. Their results are shown in Fig. 3.
Since we are interested only in assessing the frequency-
shaping effects of the more complicated expression for corre-
lation area, let us assume thelr result to approximate the
wavenumber dependence of At for the wall-jet.

The curve of Fig. 3 may be approximated by three dif-
ferent analytical expressions for the correlation area, cor-
responding to "low," "intermediate" and "large" values of
kp(Uc/Ul)ﬁl. The intermediate range corresponds to the con-

dition already considered, 1l.e.,

2 2
where 61 is the equivalent boundary-layer displacement

thickness. The shaping of the power spectrum at low and
high frequencies will be contrclled by the expressions for
A, at low and high values of kp(Uc/Ul)ﬁl, respectively.

UC is the turbulence convection velocity, and the ratio
Uc/U1 is assumed constant.

a) At low values of kp(Uc/Ul)51 )

2 .4
Ay = Ky By (2.19)

where k_, the wavenumber for flexural waves 1n the panel,
is proportional to ~w/n.
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Placing thils expression for Ay into Eg. {2.16), apply-

ing suitable 1limits and solving the integral, we obtain
an expression of the form

5,3 2
Uz R
/2 1an (14 kgrg) (2.20)

I «x
h .

2 2
where kg = szl/E/RIUm‘ Equation {2.20) indicates a weak

dependence of power on frequency. It is Iinteresting to
note the change in the dependence of the power upon the flow
parameters Um and 21/2 and, particularly, the cubic depen-

dence upon the plate thickness, as opposed to the square
dependence which occurs in the middle frequency range.

b) At large values of kp(Ué/Ul)al >

-4 2
Ay = K7 by (2.21)

Using this dependence in Eq. (2.16), we find

k.r

2,2 1 1
I« URy {—g—g - Arctan (—§—£>] . (2.22)
a’1 ka1

The frequency-dependence of the power in this expression
is quite strong, ranging from about 3 dB per octave at the
lower frequencles to about 9 dB per octave in the upper
experimental range. It 1Is interesting to note that the
power supplied to the test panel is no longer dependent
upon the panel thickness. Thus we might expect the power
curves for different thicknesses of panel to converge at

the higher frequencies. This behavior is observed in the
experimental studies.

30



2.6 Experimental Studies

2.6.1 Wall-Jet Equipment

The basic airflow equipment used in these experiments
forms part of the high-intensity siren facility at BBN.
This equipment is capable of supplying 6000 standard cfm
of air at pressures up to 14 psi. The major modifications
to the siren facility have consisted of removing the sirens
and ducting the outlet air from the aftercooler along the
axis of the concrete horn into the termination room. A
portion of this duct has been acoustically treated to mini-
mize the acoustic (as opposed to the aerodynamic) excita-
tion of the test panel by upstream noise sources. The
muffler takes the form of a three-inch-thick lining of
Fiberglas, faced with hardware cloth, within a twelve-foot-
long and twelve-inch-diameter portion of the air duct. The
attenuation provided by this muffler is In excess of 25 dB
over the frequency range of interest. The last elght feet
of the ducting system consists of a 1-5/8-inch-diameter
steel tube fitted with a six-inch-diameter steel flange to
help form the jet. The jet dimensions are similar to those
employed by Hodgson.

The Jjet impinges normally onto a six-by-four-ft flat
aluminum panel. The panel is held in a vertical plane
parallel to the plane of the jet flange. It is secured at
four points to wooden battens fixed between the floor and
the ceiling of the termination room. Throughout the ex-
periments, the spacing between the flange and the plate was
fixed at 5/8 inch. At different stages in the studies
1/16-inch and 3/16-inch-thick panels were used. Two thick-
nesses were chosen so that the effect of a change in input
panel impedance on the amount of power which the panel
would accept from the turbulent wall-jet might be observed.
Both test panels were lightly treated with damping tape to
improve the diffuseness of the reverberant vibrational
field.

2.6.2 Average Velocity Profile Measurements

The preceding analysis has shown that the aerodynami-
cally generated excitation forces acting on the panel
depend upon the mean flow velocity maximum, U_, and upon

m
the distance to the half-velocity point, 21/2’ at some
arbitrary distance, Rl, from the axis of the wall-jet.
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These flow parameters were measured using a pltot tube at
a radiug of 4,25 inches. In splte of a tendency for the
panel to flex as the mean flow veloelty of the wall-jet
increased, no slgniflicant change 1n the distance to either
the veloclity maximum, 2 or to the half-velocity point,

z {2, was observed as the flow velocity was changed. The
v% ne of Z, could only be approximated on account of the

thinness of the inner layer and the roundness of the
veloclty profile in the reglon of peak veloclity, The pro-
file measurements made In the present study are tabulated
below together with comparable data by Hodgson. In general,
the agreement 1s reasocnably good.

TABLE IV

AVERAGE VELOCITY PROFILE MEASUREMENTS

—
piameger | eperre | “m 172

BBN 6 in. 0.625 in. 4,25 in. | 0.1 in. 0.35 in.

Hodgson 6 in. 0.75 in. 4.25 in. | 0.07 in. | 0.32 in.

Three settings of flow veloclty were used, corresponding to
values: of Um at the chosen radius of 56, 155 and 290 ft/sec.

The flow profile information, together with knowledge of
the material properties and thickness of the test panel, pro-
vides us with sufficient data to compute the theoretical power
accepted by the panel from the wall-jet.

2.6.3 Measured Power into Test Panel

In this experimental study the actual power accepted
by the test panel is measured and compared with the power
predicted by the theoretical analysis.
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The rate of energy flow into the panel 1s given by
the relation

T, = wnM ve (2.23)

where M 1s the mass of the panel, ;g the measured mean square
velocity and n the loss factor.

The panel response was measured using a Gulton Glennite
Type 314 Accelerometer. The useful range of the accelerome-
ter extends to 12 kHz. Measurements were taken at a number
of positions to obtain a spatlal average for the mean-square
velocity. The loss factor was derived from measurements of
the reverberation time, TR’ using the relation

n = 2.2/Tpf (2.24)

where f 1s the frequency of excitation. All these measure-
ments were made in third-octave fililter bands over the fre-
quency range of 250 Hz to 10,000 Hz.

2.7 Experimental Results

Experimental results are summarized in Figs. 12 and 13
for peak profile velocltles of 155 and 290 ft/sec, respec-
tively. Each figure descrilbes the measured power, Hm’ in the

two panels of different thickness as a function of frequency.
The experimental data 1n these figures give only partial
support to the theoretlcal calculations. The data in the
lower frequency ranges do tend to show an approximate
10-4B separation between the curves, as would be expected
from the difference 1n input conductance of the two plates
used. Also, after the roll-off at higher frequencles, the
power tends to be Independent of plate thlckness, as antici-
pated by the theory.

In Fig. 14, we show additional input power dats, with
the flow parameters described by volume flow and pipe diame-
ter. In this data, the flange-to-plate spacing has been
increased so that the effect of the flange cn the wall-
jet has been minimized. The better agreement between
theory and data in this figure than that obtained 1n
Pigs. 12 and 13 suggests that the flange 1s detrimental
to wall- jet development.
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PART IT. SIMULATION OF TURBULENT BOUNDARY LAYER WITH WALL-JETS.

3. INTRODUCTORY COMMENTS

In Part I of thls report we have described the turbulent
boundary layer as a source of mechanical exciltationof an alrcraft
structure, The calculations were applled to estlmation of the
mechanical power absorbed by panels 1ln the rearward sections of
a large supersonic aircraft flylng a mission proflle character-
i1stic of that planned for the supersonic transport (SST) (Ref.9).

An unexpected feature of the power spectra was thelr
8imilarity 1n shape and level for different pericds of the
flight profile. This suggests that an experlment showlng the
feasibllity of replacing the actual turbulent boundary layer
environment with a collection of wall-jets for an average set
of flight parameters should establish a fair degree of confidence
that the environment can be simulated for the entlre mission,

It 1s the purpose of Part II of this report to develcop such a
simulation scheme for a major atructural section of an alrcraft,
This scheme wlll, 1In effect, result in the deslgn of an experi-
ment to evaluate the effectiveness of a set of wall-jets used
to simulate TBL response.
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4, DESCRIPTION OF THE EXPERIMENTAL MODEL

4,1 Selection of Structural Parameters

The structural sectlon selected for the simulation
should satlsfy these majJor criferla:

(a) It should be sufficiently large so that the
effects of 1ts detachment from the rest of the
structure are minimal and so that nolse and
vibration response measurements can be conveniently
made.

(b) It should conslst of panel-frame elements using
dimensions, geometry, and materlals appropriate
to a structure of current interest.

{e) It should be representative of a sectlon of the
alrcraft where TBL excltation 1s high and might
be expected to be bothersome,

On the basls of these criteria, we have chosen to study
the structural configuration shown 1n Flg, 15, It 1s a cyllnder
10 ft In dlameter and 30 £t long. It 1s formed of stringers
and ring frames, 1.5 ft on centers, supporting 50-mil titanium
panels, and represents a possible conflguration of an aft portion
of the SET. We next estimate typical levels of power absorbed
by thls structure durlng a representative portion of the flight
profile, and subsequently consider the problem of achleving an
excltatlion of the structure that is as spatlally unliform as
that provided by the TREL.

4.2 Selectlon of the Power Levels to be Achieved

In sectlon 1, we described a method of predicting the
power absorbed by a panel from convected turbulence, The
results were expressed as power 1nput 1ln one-third-octave bands
per unlt area of the panel. The power absorbed from the TBL
was computed for varlous segments of an assumed flight profile
of the SS8T for a 50-mll flat titanium panel,

Fig. 16 shows a representative curve 1llustrating the
band power levels to be achleved in order to simulate a Mach 2
portion of the flight. This curve is obtalned by drawlng a
smooth curve through the Mach 2 estimate for a l-sq ft panel in
Fig. 7 and increasing it by 30 dB to convert to a 1000-sq ft
structure, Referring to Flg. 7,we see that this curve 1s rep-
resentative of the higher excitatlon levels and should provide
a good test.of our abillity to simulate the TRBL environment,
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4,3 Effect of Frames and Stringers on Homogenelty of Response

Some devices, such as wall-Jets, which willl inject
controlled amounts of mechanical power into a structure, do
80 over a falrly small region of the structure. If the
spatlally homogeneocus excitatlion of a TBL 1ls to be slmulated,
it must be possible for the mechanical energy to spread over
the structure without too much hindrance, This means that
elther we supply energy directly to each panel {which requires
very many Jets) or we rely on transmission across panel
boundaries. The purpose of this section is to present two
calculations of vibrational level inhomogeneity for different
densitles of Jets over the surface,

In Fig,., 17, we show the pattern of excitatlion when every
other panel 1s directly exclited with a wall Jet. The dashed
lines indicate boundarles of symmetry across whilich there 1z no
average energy flow. The energy ratio can therefore be
obtalned by considering only a palr of trlangular sections of
the structure,labeled(:)and in Fig. 17, For a two-element
structure like that shSwn, the modal energy ratio 1s {Ref, 23)

E !
2 21
= ] (L"'l)
E Moy + Mo

where E2 and E1 are the modal energles of the recelving and
exclted plates, respectively, yP i1s the internal loss factor
of plate 2, and Mo 1s the loss factor of plate 2 due to
tranamission into plate 1, The definitiona and interpreta-
tiona of these parameters are developed in Reference 23.

The loss factor Ny can be determined by measurement

on the real structure, but we shall assume that it has the
constant value of 0,01, The coupling loss factor for trans-
mission of energy past a supported line on a panel will be
used for Moy - This 1s computed from the general relatlon

(Ref, 24)

= 4/31 Kk, D, (4.2)

T]coup

where k_ = Em/hp is the flexural wavenumber 1n the panel
(Kp 1s the flexural wavelength), and D = wA/P is the mean free
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FIG.17 WALL-JET LOCATIONS WHEN EVERY
OTHER PANEL 1S DIRECTLY EXCITED

path of the panel where A 1s 1ts area and P is the length of
the energy-transferring boundary,

For the panel in Fig. 17, d =% 7 ft. Using the simplified
relation
7\p = 50 vh/T ft (4,3)

where the plate thickness h 1s 1in inches and f 1s 1in Hz, the
coupling loss factor n 1 is readlly computed, Using the
assumed value of 1, w8 have computed 10 log (EE/E1 and the

results are shown in Fig, 18. The results indicated that a
3~-dB varlatlion from exclted to non-excited panels may occur
at the very high frequenciles,

42



NOILVLIOXT 13r-17vM HLIM ALIINIOOWOHNI AO¥INT 81914
Z¥3H NI AON3ND3IY4 HILNID ANVE JAVLOO QHIHL

006'21 0008 O000S 002 0002 0G21 008 00S 02¢ 002 &2 08 oS
00001 009 000+ 0062 Q09I 000! 0£9 QOov 0ce 09! (010]] €9
o I 1 T T T 1 T T T 1T T T 1 10¢-
Gl-
r/ S13r-171vm 40
—— HOlld AvE €
IIA. \I O“l
[ .
.’l;
|
0
a3linx3 T\
TINVd H3IHL0 AYIAT—
_______-__F____h__m

Olivd A9H3IN3 907 0Ol

43



Fewer wall jets willl be necessary 1if they are spaced
at a pitch of 3 bays, as shown in Fig, 19, The diagram again
shows dashed lines across which energy 1s not expected to
flow, and heavy lines 1ndicate energy-transfer boundaries.
The ratlo of energy in the corner panel section, E3,to that

of thg)wall—Jet excited sectlon, El’ may be written as (Refs, 25
and 2

3 2
i =R N , o (b.)
E n Mo + 7 1 Mo M
1 1 2 3 Ny + Np + 2 '3 -
713 + 7\3

where M1 is the 1lcss factor for disslpation in the 1th panel

+
andni—l is the coupling loss factor for the pcwer flowing from

the 1*h panel to the (;il)th panel. In addition, there 1s a

relation between ni+l and ni+1 given by (Ref. 24)

1 1+1
Mypq M1 = Py My (4.5)

where ny 18 the modal density of the ith ranel, We assume

Ny = 1072 as a typlcal value of loas factor for all panels,

The modal density 1s glven byuPRef. 27)

A |
n,(f) = "P% x 102 (4.6)

Nl



where Ai 1s in s8q ft and hi is in ft, The coupling loss

factors are gilven by Eq. {4.2). The areas of the panels
in our sectlion vary so that 4n1 = N, = n3. Chooslng a

frequency of 2000 Hz as typlcal for the region of interest, and
for a panel 1/16 inch thick, Eq.(4.6) gives ng = 8 x 10“3.

From Eq. (4,5) we find n3'= n§ = % n% = EQé. The energy

ratio from Eq., (4.4) 1is 0.1, which corresponds to a level in
the corner panel about 10 dB lower than 1n the panel exclted
directly by the wall jet. The ratio (4.4) is,shown as a
function of frequency for a constant n; = 10°° in Fig. 18, At

higher frequencles we would probably conclude that the lnhomo-
genelty of response 13 too great to allow confildence in the
results derived from the simulation of Fig. 19.

B @
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FIG.19 TYPICAL SECTION OF THE STRUCTURE
SHOWING THE AREA EXCITED BY ONE
WALL-JET
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5. THE APPLICATION OF WALL JETS AS SOURCES OF BROADBAND
MECHANICAL EXCITATION

In section 2, we computed the frequency spectrum of
input power to a structure antlelpated as a reczult of
boundary-layer excltation. In addition, we showed that
appropriate levels of excitatlon can be produced by employing
a number of wall-jets dilatributed over the surface of the
structure.

In order to apply wall-Jets to TBL simulation, we
must be able to control the basle spatlial and temporal para-
meters, In particular,we must derive an empirlical relation be-
tween the geometry and flow in the wall-Jjet and the frequency
at which the input power to the plate reaches a maximum level,
In additlon, we must relate wall-Jjet flow parametera
(Um and 21/2) with more easily measured quantlitles 1n the

jet plpe. Such relations allow us to deslgn a spectrum shape
and level on the basls of pipe flow parameters (volume flow
and diameter) alone.

5.1 Experimental Studies of Parameter Dependence

In the earlier experiments, the geometry of the wall-jet
was malntalined constant while the plate thilckness and flow
veloclty were varled., However, 1n subsequent experiments the
nozzle- or flange-to-plate spacing, the flange dlameter, the
Jet pipe dliameter, and the flow speed have been varied while
the plate thickness was kept constant. It is our intent 1n
this sectlion to summarize the principal findings of our work
so that we can formulate a tentatlve set of parameter relatlion-
ships. A worklng system for the slmulation of boundary layer
nolse exclitation of a structure using wall jets can then be
designed,

. In Section 2, the calculations of input power to a
plate exclited by a wall Jet have generally glven a good
estimate of the maximum levels of panel excitatlon to be ex-
pected, but they have not c¢larified the source of a rather
abrupt high~frequency cutoff. An attempted explanation, on
the basis of assuming a flnite minimum radius of the wall jJet,
gave the wrong cutoff frequency and rate of drop-off in spectrum,
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The effect of the flange 1n defining the wall-Jet shape
has been clariflied by an experiment 1n which 21/2 was measured

at a flxed radlus R and the flange-to-wall spacing £ was varled.
The results, shown in Fig. 20 indlcate that, for small
spacings, £ does control the Jet thlckness, but when f exceeds
20% of the pipe dlameter d, the jet thickness 21/2 does not

vary significantly, A sizable amount of the data reported
in section 2 was taken, therefore, on a wall-Jet for which
the flange had only a minimal effect on the Jet parameters.

5.2 Peak Power Levels

On the basis of the theoretlcal expressions for power
developed 1n section 2, and using a "best-fit" value of
correlation area At, the power flow to a plate per unit area
from the impinging wall-jet l1ls given by

= 10 log [1 14x10° U 4 1/? R /he\/“‘]

-12

(dB re 107°° watts) (5.1)

where U (ft/sec) and zl/é(ft) describe the peak and width of

the wallujet velocity profile at an arbiltrary radius R(ft); 3
h(ft) 1s the thickness of the plate; and E(psf) and Py 1b/ft )

are the Young's modulus and density of the plate material,
respectively. It appears that, on the basls of experimental
data, this expression wlll glve a good estimate of the
maximum levels of panel excitation over a falrly wide range
of jJet parameters.

5.3 Frequency Spectrum

Our experimental studies have shown that, when the
Jet/plate spacing is of the order of a Jet-plpe diameter or
greater, the shape of the spectrum 1s constant, having a
slope of about 2 dB per octave below g characteristic
frequency and about -~15 dﬁ/ octave above this cutoff frequency.
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In Fig, 21, we show the measured values of the cutoff
frequency 1n gseveral experlments, They are plotted agalnst
a characteristic pipe flow frequency V/H, where V 18 the
average flow speed in the pipe and 4 is the pipe dlameter,
We note that there 135 a falrly direct relationship when the
flange-to-plate separation satisfiles the condition £/d>0.8:

£, = 0.6 V/a . (5.2)

Other factors seem to domilnate at smaller separations, This
is consistent with the results of Flg, 20, which indicated
that the flange "loses control" over the wall Jet when £/d>0.8
and that other parameters, such as pipe diameter, become
dominant in definling zl/?'

5.4 Wall-Jet Parameters and Volume Flow

As we have seen, the width of the wall-jet wveloclty
profile 21/2 becomes independent of the Jet/plate spacing when

the spacing equals or exceeds about one Jet-plpe diameter,
Although no experimental verlflcatlion has been obtalned, 1t
would seem probable that, under these condltlions, 21/2 will

depend upon the diameter of the Jet~-plpe as well as upon the
radlal distance from the Jet axls, An emplirlcal relation
conslatent with avallable data 1s

2y p = 0.625 Rd (5.3)

where 21/2’ R and 4 are all in ft.

On an experimental basis, quantities such as Um and
Z1 /p ATe 1nconvenlent slnce they requlre measurements of the

flow proflle, We would much prefer to relate the power level
and cutoff frequency to parameters like pipe dlameter 4,
plpe-to-wall spacing £, and average plpe flow speed V (or
volume flow Q = Vwd /ﬁj.
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Consider a wall-Jjet operating in a regime where the
flange has no effect on the flow configuration, as was shown
in Fig. 8. If little mixlng occurs, the volume flow 1n the
Jjet may be assumed to be preserved until a position A, where
mixing becomes appreclable and the wall-jet "begins.," From
dimensional considerations, we expect the dlameter of this
transition line to be proportional to 4, and the volume flow
per unit length along this line to be proportional to Umzl/E’

which 1s preserved in the mixing region of the Jet.
Accordingly, we expect Q to be glven by

Q = const. d U Z) fo (5.4)

In Flg. 22 we show a plot of volume flow versus

d Um 21/2 based on several experiments using different pipe

diameters, flow speeds, and pipe-wall separations. The best
data fit occurs when the constant in Eq. (5.4) 1s taken to
be T7.5.

The empirical Eqs. (5.1) to (5.4) describe the power,
the frequency and the flow parameters of the wall-jet exclta-
tion in a sufficient manner to enable us to develop tentative
working formulas for a full-scale boundary-~layer simulation
experiment. We must stress the tentatlive nature of these
formulas, however, since the range of parameters used in our
studles has in many insatances been too small to allow their
complete verifilcation,
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6, DESIGN OF A SIMULATION EXPERIMENT

As an example of the design of a full-scale simulated
boundary-layer excitation experiment, we shall use the hypo-
thetical structure considered in section 4, This structure
is a 30-ft-long sectlon of an airecraft fuselage having a total
surface area of about 1000 sq ft. We also assume a representa-
tive panel structure of titanium alloy, 0.05 in, thick. This
latter assumptlion allows us to make use of the compufations
of anticipated power contained 1n section &4,

The anticipated 1input power to this structure from
boundary-layer excitatlion (for a Mach number M = 2) i1s shown
in Fig, 16. This is the power spectrum which we wish to
simulate using a distribution of wall-Jets. Superimposed on
this spectrum we show the characteristlc power spectra for
four different sizegs of wall-Jet, arranged to provide the
necessary slmulation, The wall-jJet requirements are therefore
as follows:

TABLE V

WALL-JET REQUIREMENTS

Jet System Peak Power Level Characteristic
No. dB re 10772 watts Freﬁzency
1 113 6300
2 120 1600
3 130 400
4 140 100

By manipulation of Egs. (5.1) to (5.4), and by insertion of the
appropriate values relating to titanlum panels 0,05 1n., thick,
the followling equatlons are derilved:

I = 10 log (1.65 Nvﬁ/fgo) (6.1)

d = 0,6V/f
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where N 1s the number of wall-jets of ldentical size used to
simulate the part of the power spectrum of cutoff frequency

fco‘ The values of II and fco are derived from the power

spectrum which we wish to simulate. The minimum value of N
follows from conslderatilons of the transfer of energﬁ through-
out a multli-panelled structure developed in section 4,
Thereafter the values of V and d are unlquely descrilbed,

In Table VI we show the approprlate plpe velociltles
and diameters, and total volume flow assoclated with each Jet
system required to reproduce the power spectrum shown in
Fig, 16, and described in Table V. The requirements are based
on 200 and 40 Jets per system (the two jet layouts represented
in Figs, 17 and 19, respectively).

Both in terms of Jet-plpe dlameters and air-flow
requlrements, the simulation of the boundary-layer excitation
spectrum for frequencles below 1000 Hz would appear to be
impractical, since the maxlimum air flow capabllity of the
Sonic Fatligue Facllity at Wright-Patterson Air Force Base 1s
300,000 cfm,
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7. CONCLUSIONS AND RECOMMENDATIONS

The theoretlcal and experimental analyses presented
in thls report indicate that the alr-flow capabllity of the
Sonlc Fatigue Faclllty can be applled to the simulation of
TBL-induced vilibration and noise at higher frequencles. The
simultaneous use of wall-Jete for high-frequency simulation
and a sound fleld for lower-frequency excitation comblnes the
advantages of both systems,

The wall-jet has many interestlng features as a source
of broadband mechanical excltation. The present study has
only begun to explore 1ts capabllities and operational para-
meters, As a result of this study, however, we belleve that
the wall-jet can become a valuable tool 1n the arsenal of
controlled environmental sources for the acoustical and
structural engineer,
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