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TRANSITION REVNOLDS KNUMBER CONPARISONS
IN SLVERAL MAJOR TRANSONIC TUNNELS™

N. S. Dougherty, Jr FF
ARD, Inc., Arnold Air Force Station, Tennessee

Frank ¥, 8
NASA/Ames Research Center

Abstract

Boundary-layver transition and test sec—
tion envirconmental noisc data were acquired
in s8ix major transonic wind tunpnels as a
part of a broader correlation of the effect

.of free-stream disturbances on transitiorn
Reynolds numbey, The data were taken at
comparative test conditions on a sharp,
smooth 10-deg included--anglec cone., It was
found that aercodynamic noise securces with-
in the test scction were the dominant
sources of unsteadiness and that transition
Reynolds number provided a good indicator
for the resulting degradation in {flow qual-—
ity. Amplitudes, frequency composition,
dircctivity, and origin of these disturb-
ances are described.

I. TIntroduction

In the past several years there has
grown an increasing awareness that the dy-
nami¢ flow environment in a wind tunnel is
influencing acrodynamic test results. With
today's increasing noeds for improved accu-
racy in results and expanding scope of test
requirements has come the need for better
definition of the wind tunnel dynamic flow
envireonment in order that the quality of
testing might be improved.

The best indicators of flow quality in a
given wind tunnel are:

1. the variations in Mach number,

2. the variations in flow angularity,
and

3. model irapsition Revnolds number.

It is well known that transition Revn-
olds number is affected by free—strcam
noise and turbulence levels, model vibra—
tions, heat transfer between the model and
the free stream, and the condensation of
moisture from the free stream. It is also
well known that trunsition Reynolds number
is influenced greatly by the local velocity
and pressurce gradients about a model and
local model-generated disturbances,
Morkovin(1:2) pag provided an overview of
the extensive data available from research
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on transition and points out the wide dis-
parity in results. Still, there is no fully
adequate universal correclation of transition
Reynolds numbers as measured in wind tunnels
or between wind tuanels and free vlight,
Indeed, there is still a lack of understand-—
ing of the detailed nature of transition,
although much »rogress has heen made through
the use of lircar stability theory as de-
scribed in Ref. 3, for example. There is an
advantage to acquiring transition data on
bodies of only simple geometry, i.e., slen—
der cone and planav. But as pointed ocut by
Morkovin, it is essential that an adequate
documentaticon of the flow environment be
made when performing experiments on natural
tranzition because of the strong influence
of the envivonment on the results.

Transition Reynolds number, therefore,
can be used as an indicator for the dynamic
aspects of the flow quality in a wind tun—
nel, This is in much the same manner that
the drag data on the “turbulence sphere”
were used in low~speed wind tunneis (less
than 0.3 Mach number) to ebtain the “"turbu-
lence factor.'" The "turbulence factor'" was
defined as the effective increase in Reyn—
olds number determined from differences in ~_~
ceritical drag Reynolds pumber from the known
reference valuc in free air. Pope gives a
value of 1.4 in Ref, 4 for this "turbulence
factor” determined from spheres where the
air possibly has too much turbulence for
good test results. When measurements of
transition Reynolds number weve first made
or models in supersonice wind tunnels (Ref. 5,
for example) there appeared to be Lrends
with tunnel size, Mach number, and unit
Reynolds number. Pate and Schueler showed
that most of the observed variations on
planar and cone models(6,7) could be ex—
plained by the variations in aerodynamic
noise level radiated from the tunnel wall
boundary layer, which varies as the boundary-
layer properties vary with Mach number and
unit Reynolds number. They developed an
empirical correlation from data acquired in
some ten different tunnecls at Mach numbers
from 3.0 to 8.0. This correlation uscd only
the skin friction and the displacemeont
thiekness of the wall boundary laycr to
characterize the noise strength. The tunnel
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size variation appearcd in radiation laws
for wall area, distauce from the wall, etc,
Accordingly, lowest transition Reynolds
numbers occurred in the smallest supersonic
tunnels,

The present study is concerned with the
dynamic flow quality in transonic tunnels.
Numerous studics in transenic tunnels have
revealed the presence of additional dis-—
turbances in transonic test scction {low,
over and above wall boundary--iayer radia-
tion, most of whieh are ol accustic origin
and are associated with the ventilated test
section walls required to establish MNach
numbers near 1.9 and to reduce supcrsenic
wave disturbances. Examples of the various
types of acoustic disturbances found in
several transonic tunnels are given in
Refs. 8 through 12. In view of the present—
day requirements for transonic tesiing,
there is a particularly urgent nced for
critical evaluation ot the dypnamic environ-
ment in transonic tunnels. It was shown by

Maboy(13) that liow unsicadiness at sub-
sonic and transonie specds can affect both
steady—-siate uand dynamic test results,
Mabey gives a proposcd dynamic criterion
for the maximum acceptable level of un-
steadiness in the Flow for lransonic buffet
evaluation which is excecded at some test
conditions in many eoxisting transonic tun—
ncls.

Transition data are being acquired on a
slender cone fabricated by ARO, Inc,, at
the TUSATF Aprnold Engincering Development.
Center (AEDC). At each test condilion, Si-
mul tancous measurcments ol the free-stream
fluctuating pressure level are made using
two flush-mounted microphones on the sur-—
face of the cone. Data were first acquired
in the two 16-rt Propulsion Wind Tunnels
{transonic and supersonic) and in the 4-ft
Aerodynamic Wind Tunncl at AEDC, With the
cooperation of the National Aercnautics and
Space Administration (NASA) and the U.S5.
Air Force, additional testing has been per—
formed in several tunnels at the Ames and
Langley Rescarch Centers, A list of par--
ticipating tunnels to date including the
Calspan Covp. and Naval Ship Research and
Development Center tunnels is given in
Table 1. These tests have included a vari--
oty of subsonic, transconic, and supcrsonic
varinable density and atmespheric tunnels of
varied size and geometry to obtain CONe—
ral a4 corrclation as posgible of the effect
of acrodynamic voise on itransition. Seven
of theseo tunnels are in the United Kingdom,
France, and the Netherlands foy correlation
among tunncls used in comnon Westeorn Euro-
pean aircraft systems develeopment. With
the exception of the industrial manufac-—-
turer tunnels, the list in the U, 8, now
includes mo-t ol ihe major domestic tunnels
wvhere the conc tests have provided a common
basis of comparison using a standard model
with standardized test procedures,
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Treon, Steinle, ot al.(l4} showed that
best agreement of =tatic acrodynamic data
deprived from tests obf a high-subsonic speoed
transport aircraft model at eruise Mach

i

Tabxle 1 Liist of tunncls participating

in correlation study

SAEDC 16-ft Transonic Propulsion Wind Tunnel
AEDC 16-ft Supersonic Propulsion Wind Tunnel
*AEDC 4-ft Transonic Aercdynamic Wind Tunnel
*NASAJAmes 11-ft Transonic Wind Tunnes
“NASAlAmes M-fl Transonic Wind Tunnel
NasalAmes 12-ff Pressure Tunnei
*NASANLangley 8-ft Transonic Pressure Tunnel
*NASANangley 16-ft Transonic Tunne!
NASAllangley 16-ft Transonic Dynamics Tunnel
Calspan 8-ft Transonic Tunnet
Naval Ship R & D Center 7- x 10-ft Transonic Tunnel
RAE 8- x 8-ft Supersonic Wind Tunnel
RAE 8- x 6-ft Transonic Wind Tunnel
RAE 3- x 4-ft Supersonic Wind Tunnel
ARA, LTD. 9- x 8-ft Transonic Tunnel
ONERA 6- x 6-ft S-2MA Transonic Tunnel
**ONERA 2.56- x 1.83-ft S-3MA Transonic Tunnel
**NLR 6.55 x 5. 28-ft High Speed Tunnel

“Present Study
**Background Noise Data Only

numbers in the AEDC 16-ft Transonic Propul-
sion Wind Tunncl, the NASA/Ames Research
Center 11-ft Transonic Wind Tunnel, and the’
Calspan 8—ft Transonic Tunnel was obtained
by accounting for relative Reynolds number
effects between facilities. Here, the rela-
tive Reynolds number offects were defined
using the AEDC 10-deg transition cone re-
sulis in each of these tunpels. TFor exam—
ple, it is shown in Ref. 14 that a =signifi-
cant improvement of the correlation achieved
between these tunnels was obtained by ad-
justing the drag coefficient at zero-normal-
force angle of attack with a correction
factor derived from the cone transition
Reynolds number data. These results of

Ref. 14 substantiate the need for developing
a method for predicting these corrections to
Reynolds number to improve the extrapolation
of wind tunncl test results to full-scale
flight conditions, i.e., a "turbulence
factor" for transonic tunnels., Although the
"effect” associated with these differences
in transition characteristics between tun-
nels is of prime importance in adjusting

the data, the "eause' is of particular sig-—
nificance since it relates directly to pre-
dicting the "effect" in new and different
facilities. This illustration of improve-
ment in agreement of results between tran-
sonic facilities suggests the usce of transi-
tion Reynolds number for such corrections
to be both technically appropriate and pro—
ductive.

The purpose of this paper is to present
the cone test resulis in the six transonic
tunnels of the USAF and NASA indicated in
Table 1. These were comparative tests at
matched flow conditions which illustrate the
variance in transilion Reyunolds numbers that
occurs in these parlicular transonic tumnels
currently employed in new aircratit systems
develeopment . Analysis of data acgquired in
other tunncls continues and will be reported



in the future in a broader correlation of
results, .

11, Apparatus

Calibration Modeld

The transition calibration model is
shown in Fig. 1 and consists of a smooth,
sharp, 19-deg included-angle cone which was
machined from two solid pieces of stainless
steel, heat treated, asscembled, finish
ground, and polished to a surface finish of
8 to 12 microinch roct-mean-sguare {1 in.-
rms) waviness,  The tip bluntness is equiv-
alent to less than a 0.003-in. diameter.
Length of the cone is 3 ft. !

’ All Dimensions in Inches
Surlace Finish = 10uin.

Surface
. | . l':\PfC"-"?/Th ol
Tipdiam b oen of Traversing P Thermoceuple
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Fig, 1 Calibration model.

The cone is equipped with a traversing

pitot probe for transition detection, two

- surface-mounted 1/4~in.~diam condenser
microphones,™ a surface temperature thermo—
couple peened just beneath the surface near
the base of the cone, and a vertigal-axis-—
sensing piegoelectric accelerometer for
assessing microphone acceleralion sensitiv—
ity, which in all tunnels to date has been
found to be insignificant.

The traversing probe is equipped with a
1/8—in,—-diam strain-gage—type pressure
transducer close—coupled tec the sensing
tube. The probe tip rides along the sur-
face of the cone and has a tip opening
height of nominnlly 0,005 ip., allowing the
survey of very thin boundary layers on the
forward portion of the cone.

The cone has been physically aligned to
the geometrice centerline of each wind tun-—
nel., A sufficient number of tests for
transition sensitivity io small angles of
attack and sideslip have becon pevformed to
assess the effects of crossflow on the
measured trapsition location. A1l of the’
data presented in this paper are at an as—
sumed zero—degree incidence with the test
section flow, Use of the cone surface
thermocouple is for verification of thermal
eguilibrium between the model and the free
stream, The thermocouple was installed for
tests in only ten of ihe wind tunnels to
date. It is assuned in all of the results
presenfod in this paper that the data were
acquired at adiabiztic wall conditions for
the cone. Efforts were made to hold tun-
nel total temperature near constant where

possible and to allow sufficient time for
heat transfer to be minimized in the con-
duct of testing. ’

Facilities

General features of the six subject tun—
nels are given in Table 2. In addition to
the range of test section size from 4--ft
square to 16-ft square and, in the case of
the NASA/LRC 16-ft transonic tunnel, 15 5-
ft octagonal, these particular tuhnels pro—
vide an interesting comparison for three
basiec test section ventilation concepts,

The two AEDC tunnels have the pure
perferated-wall ventilation configuration
using 60-deg incliped differential resistant
holes developod for optimized cancellation
of model-generated shock and expansion

waves ai Mach numbers near 1.2, The AEDC
16—-ft transconic Propulsion Wird Tunnel has
3/4-in.~diam holes in a pattern that gives

a wniform &-percont porosity. The AEDD 4-ft
Acrodynamic Wind Tunnel has 1/2-in.--diam
holes with a sliding backing plate for vary-
ing the porosity. 4 nominal 5- or 6-percent

‘porosity is used at subsonic Mach numbers

and above Mach 1.2. In the range of Mach
numbers from 1.0 to 1.2, a reduced porgsity
schedule (varied with Mach number) gives im-
proved wave cancellation, The two LRC tun-
nels use coarsely spaced longitudinal slots
at nominally 4- to 5-percent porosity de—
signed for minimized subsonic wall inter-
ference and contoured for optimized super-
gsonic axial Mach number distribution. This
purely slotted-wall configuration, there—
fore, provides direct contrast with the
purely perforated-wall configuration. The
two ARC tunnels use finecly spaced longitu-
dinal slots at 5.6-percent porosity with
corrugated metal inserts that, in effect,
combine the features of the purely slotted
and purely perforated-wall configurations.

Table 2 General features of the tunnels

Tunnel SectioT:s;ize it Shape Configuration Censity
AEDC 47 4.0 Square Perforated Variable
AEDC 167 16,0 Square Perforated Variable
NASAIARC 11TWY il.9 Square Slotted Variable
NASAJARC MYV 13.8x 13.5 Square Shotted Almosphreric
NASA{LRC BTPT Tl Sguare Sletted Variable
NASRILRL 16TT 15.4 Octagonai Siotled Atmospheric

IITI, Experimental Measurements

Transition Location

Transition location as measured by the
traversing probe will be defined as shown
in the typical pitot pressure profiles in
Fig. 2, The laminar boundary layer exhibits
a decreasing steady pitot pressure to some
minimum value. (This is with fluctuating
components removed by a 2-Hz low—pass filter,

*Quarter-inch'micrnphOHOH wore used in all of these tests except for these in the two™"
NASA/Langley Rescavrch Center tunnels where 1/8—in. sirain-gage pressure transducers were

used.
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.Fig. 2 Typical boundary layer pitot
" profile,
Fig. 2a). 7Taking the tangent point at the

minimum valuc of pitot pressure gives the
x--location to be defined as the onsei of
transition location, x In the transition
region there is a sudden increase in steady
pitot pressure to a maximum value with in-
creasing x—distance, followed by a decay in
pressure. Taking the tangent point at the
maximum value of pitot pressure gives the
x-location to be defined as the end of
transition location, xq. For x~distance
greater than this end of transitioen point,
the boundary layer 1is considered to have
attained lully developed turbulent {low.
The fluctunating portion of the traversing
probe transducer signal, high-pass filtered
above 2 Iz, is shown in Fig. 2b., The fre-
quency response of the probe-—transducer
system is relatively low, 3 db point at 30
Hz; however, there is sufficient low-
freqgquency composition of the turbulent
bursts during transition to indicate a rise
in the integrated true-root-meah-sguare
level of pressure fluctuations as seen in
Fig. 2b. The rms level attains a well-
defined peak near the midregion of transi-
tien at a location corresponding to the

cmaximum slope of the steady pressure pro—

file. This peak in rms signal has been
used by some investigators to define tran-—
sition, There is sowe question aboutl pre—
cisely where transition begins., The fil1-
tered fluctuating portion of the probe
transducyr signal has consistently shown a
discernible growth in oscillations sliphtly

Pig.

abead of the minimum point in the steady—
pressure profile, The growth of oscilla-
tions is [ifst eoxponential as indicated in
2L followed by linear growth with in-
ercasing x-distance to the peak in rms am—
plitude midway through transition. In this
paper, however, the above-defined onset and
end of transition points based on the
gteady pitot pressure will be used for the
calculation of transition Reynolds numbers.

Onset of transition Reynolds number,
Rey, is defined as follows
Re, = Re/ft . Xy (1)
and the end of transition Reynoclds number,
ReT, as
Re/ft -« x (2)

Req T
These length Reynolds numbers use the free-—
stream unit Reynolds number per foot,
Re/ft = Um/vw; however, it is recognized
that local surface flow conditions are al-
tered at supersonic speeds by the presence
of the bow shock, which becomes attached
at approximately M_ = 1.02. The pitot pro-
files were recorded in analog form on "X-Y"
plotters using a forward moving traverse at
all times, because there is appreciable
hysteresis when traversing rearward as com—
pared to traversing forward, Greatest un-
certainty in measurements lies in the sub-
jective interpretation ' of the pitot pro-
files which can be read with statistical
confidence to approximately 0.5 in., 3.
The end of transition peint has been more
commonly used by transition investigators,
because it is more clearly definable than
the onset point. The end of transition
point will be used for the basic tunnel
comparison, Onset of transition data are
given in addition in the correlation of re-
sults in the attempt to establish the in-
fluence of noise on the point where laminar
flow breakdown accurs.

hY

Background Noise

The most direct measurement of the test
section background noise level is with a
flush-mounted microphone on the surface of
the model. This measurement is taken to be
the sound pressure level at the tunnel cen~-
terlinc to which the test model is exposed.
In many of the wind tunnels in which the
cone has becn tested, simultaneous measure-
ments have also been taken on the test sec-
tion wall opposile the model microphones.,
There have been small differences in these
meagsurements on the wall compared to those
on the cone; but, use of the wall micro-—
phone once correlated to the cone has
allowed a permanent monitoring station for
assessmont of the cffect of any future
changes in the tunnel following the cone
test,

Ideally, the fluctuating pressure meas-—
urement shouwld be taken under a laminar
boundary layer, free of local turbulence
influence, However, in practice it has
been found for mest of the transonic tunnels



that there is 1ittle differcnce on the

cone between readings under a laminar or
turbulent boundary layer. But, therce is a
large difference {up to a factor of two or
more) if the microphone happens to be under
the transition zone where the local dis-
turbances associated with the transition
process are recorded in addition to the
free—stream background disturbances, Sepa-
ration of the two microphones hy an 8-in.
axial distance, as shown in Fig. 1, ensures
that either onc or the other microphone
will not be in the transition zone, thus
giving a reasonably valid background noise
measurement, The 45-deg difference in rell
orientation of the two cone microphones
(see Fig. 1) has given no appreciable dif-
ferences in measurcd amplitudes,

The microphones have been calibrated in-
place in each tunnel by physical applica-
tion of a 1--kHz sinusoidal pressure wave
at cither a 140- or 160-db sound pressure
level (Ref. 0.0002 pbar) with estimated up-—
certainty of #0.5 db at 160 db. Background
noise levels have been recorded on magnetic
tape to 10 kHz or 20 kHz frequency re-
sponse. Most of the energy (>95 percent)
has been found to occur within 10-illz band-
width and 398 percent within 20 kHz in most
ol the tunnels. Background sound pressure
levels have been recorded using a true rms
voltmetfer with l—-sce time constant and
approximately 10-sec averaging time over
the full recording bandwidth., On the low-
frequenecy end, the 1/4-in. condenser micro—
phioncs bogin to exhibit roll-off at 50 Hz:
however, disturbances as low in froguency
as 10 Mz have been identifiable.

The time--averaged, frequency—integrated,
truz—root-mean—square fluctuating pressure
reprosents the square reot of the power
spectral depsity over the full recording
bandwidth and is thus defincd as VGE. The
fluctunting pressure has Lthen been normal-
ized by g, to fluctuating pressure coeffi-
cient, ﬁCp. defined as follows:

2

4

o

ACp = x 100, percent (3)

el

oo

It is recognized that there are vortic-
ity fluctuations (turbulence) in the free-
stream flow in addition to the sound waves.
Pure vorticity fluctuations are not ac-
counted for by the microphone measurements’:
however, a portioh of the free-stream ve-
locity fluctuations are sound-wave coupled.
These ave accounted for in the measurement
ot fluctuating pressure if o planc.wave as-—
sumplion is made for the propagaticn of the
seund and the furtheyr assumption that the
scund waves are isentropic. Detfining tur-
bulence intensity (TI) as the rams {luctuat-
ing velogity percentage of free~stream
steady veleclty over the same bandwidth, a
rudimentary estimate is made for the rela-—
tionship between {fluctuating pressure co—
el ficient (ACP) and turbulence intonsity
(TI) that

p

aC. = ﬁ— (TT) ' (4)

Vorticity fluctuations are usually
traceable to conditions existing within and
upstrean of the stilling chamber. Direct
measyrements of turbulence intensity can be
made using bot film or hot-wire ancemometers
both in the test section and in the still-
ing chamber. Such measurements are diffi-
cult to make and to interpret and should in—
clude all three Cartesian—coordinate axes
of velocity fluctuaticon as the isotropic
assumption is not always valid. Illustra-
tion of this observation that the turbu-
lence may not be isstropic is taken from
results by Ubcroi given in Fig. 3. Uberoi
found that theore is dissimilar attcnuation
of stilling chamber turbulence while pass—
ing through the nozzlc contraction for axial
and cress—stream components. Figure 3 pre-
sents the effect. of the contraction on the
absolute intensity of the filaments and
shows the cross—stream components to be am-—
plified with maximum amplification near
Mach 1.0, TFor this reason, stilling chamber
vorticity fluctuations at Llransonic spceds
cannot be ignoved.. Some turbulence data

Linear Theory i Dueto
— — Approximate Linear Theory | Baichelor

Taken from Ref. 16
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{unpublished) are available for the AEDC
16-ft transonic propulsion wind ftunnel and
the NASA/Langley 8-ft transonic pressure
tunnel and 16-ft transonic tunncl. The
data from all threco of these tunnels sug—
gest appreciable anisotropy of turbulence
in the transonic test sections with maxi-
mum amptitudes on the order of 1.0-percent
TI at Mach 1.0.

In contrast to this level of turbulence
intensity, the cone 4C, data have revealed
considerably higher amplitudes from acous-
tic sources than would be expected even
from comparatively large stilling chamber
turbulence such that it is a safe assump—
tion that the AC, measurements account for
most of the free-stream disturbances af—
fecting itransition Reynolds number. Thus,
in this paper. the fluctuating pressure
cocfficient (AC ) alone will be used to
correlate ithe transition data,

IV. Results
AEDC 4T

The 10-deg cone results cbtained in the
AEDC 4-1t Aerodynamic Wind Tunnel (AERC 4T)
are presented in Fig. 4. The dominating
disturbances are whistling teones cmanating
from the perferated walls and maximum in
amplitude (ACp) at Mach numbers near 0.8
and near 1.2, The maximum amplitude re-
corded at maximum q _ was 152 db. These
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Fig. 4 Noise and Rep variation in AEDC 4T.

- Fig. 5

tones have beon identified as edgetones
which are rearly discrete in frequency,
standing out as wmuch as 20 db above the
background random noise. They are caused
by intoraction of a vortex forming over
eaclh hole with the sharp trailing edge of
the hole. Varied suction and porosity (=)
give rise to differing harmonic content of
the noise. Documented here are the end of
transition Reynolds numbers at correspond-
ing ACP levels at varied Mach number and
constant unit Reynolds numbers of 2.0 x 106,
3.0 x 108, and 4.0 x 10%. Tunnel total
temperature, T,, was held near constant at

125°F and the total pressure, py, varied
to obtain this unit Reynolds number varia—
tion.

AEDC 16T

The cone results obtained in the AEDC
16-ft TranSonic Propulsion ¥Wind Tunnel
{AEDC 16T) are presented in Fig. 5. There
is a sharply defined resonance condition
at 0.709 Mach number produced by the first-
stage (fundamental) edgetone from the per-
forated walls. The degree of amplification
in 4C,, is reduced as unit Reynolds number
is inéreased from 2.0 x 10 to 6.0 x 106 as
shown in ¥Fig. 5. This was at near constant
120°F total temperature and varied total
pressure as in AEDC 4T. The amplification
is produced by the edgetone frequency coin-
ciding with the twelith fundamental natural
reverberation fregquency of the test section
at nominally 560 Hz. The reverberation
frequency is calculated from the following
expression:

2 2
2 M C, 2
f7 = {1 - M (5)
n 4 1.2 0
X
4.8
Iy
4.4 ‘ﬁ
A ?
- RN S SO AL
E 4.0 F47w A . )
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e« 36 aqv’i p{:’aik\‘lk\-\d 1
T UgAb’ h /
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Syn  Relitx 108
o 2.0
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a 4.0
¢ 5.0
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Noise apd Reyp variation in AEDC 16T,



is the cross-—seciional dimension
of the test section, 16.0 fi; m is the num-
ber of waves involved, 24, This is a pure
transverse mode of resonance where obliqgue
initial and reflccted waves are in phase
and reinforce the vortex oscillation over
each hole. Eguation (3) is alsc given in
Refs. 8 and 17 to cxplain discrete tone
resonances where the sound waves were rein-
forced due to reflections at the walls. It
18 this characteristic type of resonance at
some particular high subscnic Mach number
that is respeonsible for the presence of
large acoustic disturbances in most tran-
sonic tunnels, The resonance condition in
AEDC 16T was effectively eliminated by tnp-~
ing the 'inside surfaces of all four walls
clesed. Loweyr noise and higher correspond-
ing trapsition Teynolds numbers at a unit
Revynolds number of 2.0 x 106 are evident
with the walls taped for Mach pumbers be-
twecn 0.5 and 0.9

where L,

The cdgetonc {requencies for the per—
forated walls generally increase with Mach
nunber and were found to be correlated by
the following cxpression for Strouhal num—

bers nondimensionalizoed Dy the free-stream
velocity:
K
af g _ s
u, 27(1 + M)
Ky = 1,2, 3, ... (8)
Here, h is the axial distance from leading

to trailing edge at a particular mode., A
typical frequency spectrum of the noise at
M_ = 0.75 and Re/ft = 2.0 x 10% is given in
Fig. 6. Measured frequencies converied to
Strouhal numbers are presented in Fig, 7.
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Fig. 7 Edgetone frequencies in the AEDC
transonic tunnels,

These results are seen to correspond
closely with McCanless' expression in

Ref. 9 that
0.15 nl-58
(L + M)
n=1, 2, 3, or 4 (7)
McCanless' empirical constant, 0.13 is

approximately equal to 1/2w; and the
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Fig. 6 Noise spectrum in AEDC 16T at

M, = 0.75, Re/ft = 2.0 x 105,

Strouhal numbers coincide for

acoustic wave

numbers K
stages'" n = 1,
Equation (6),

2, and 3
however,

= 1, 3, and 6 and the '"edgetone

defined in Ref., 9.
explains the inter-

mediate frequencies at ¥p = 2, 4, 5, and

also B as belonging to a harmonically re-
lated family of tones emanating from the

60-deg inclined holes,

The dependency upon Mach number for edge-
tone amplitude and fregquency is due to wave
speed and inclination anpgle relative to the
free~stream flow., This was verificd in
supporting ecxperiments on perforated wallt
acoustic characteristics performed in the

6-in,

Acoustic Research Tunncl

Typictl schlieren photos taken
tunnel are shown in Fig, & and
test section to he filled with
fronted, reinforced,

at
in

AEDC,

Lthe

6-in.

revealed the
steep-

phase~locked plane

waves inclined to the flow at the angle
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Fig. 8 ©Sound waves from perforated walls
at high subsonic Mifl numbers.”

b= sin} M (8)

oo

for 0.5 - M - 0.9
-
7 = 45 deg
for 0.9 ¢ M <« 1.0
t < 45 deg

for 1.0 <M < 1,1

{The maximum Mach number capability of the
6—in. tunnel with top and bottem perforated
walls and solid side walls for schliercen
access was 1.15.0) At the yresonance condi-
tions in the 6-in. tunnel, the plance waves
were seen to coalesco into n well-defined
diamond patterp with cqual and opposite re—
flections at the walls, Amplitudes in the
6—in. tunnel generally excecded those in
the full-=xcale because of the strong

reflections at the walls and lack of suf-—
ficlent distance for appreciable wave at-—
tepuation. Amplitudes of the waves shown
in Fig, 8 were approximately 156 db. A
i/4~in..-diam 30-decg cone-cylinder mepdel was
used for illustration in thesc photos that
steep~fronted sound waves can indeed exist
in subsonic flow. (There is no bow shock.)
These waves pxceed the amplitude limits for
acoustic theory and are more properly
characterized as "finite" waves.

The edgetones did not register in the
hot~film TI data taken in AEDC 16T. They
are highly pressure-~density coupled with
negligible fluctuating velocity at high
subsonic and transonic speeds. This ob-
servation is in agreement with Spee’s re-
sults{1?) which included schlieren photog-
raphy, microphone, and hot-wire measurements
of similar sound waves, These waves are
typical of the nonlinear propagation of
"finite—amplitude” disturbances in high-
speed flow where the local sound speed
varies, causing coalescence of the com-—
pressions and a flattening of the rare-
factions. A different edgetone pattern of
resonance ocecurs in AEDC 4T as compared to
AEDC 16T, although the propagation mecha-
nism is the same, involving edgetone wave
numbers Kp = 3 and 6 at M, = 0.818 (m = 18
and 36) and varied modes at varied porosity
at the supersonic Mach numbers.

. NASA/ARC 11 TWT

The results obtained in the NASA/Ames
Research Center 11-ft Transonic Wind Tun-
nel, ARC 11 TWT, are presented in Fig. 9,
Data are presented at unit Reynolds nunmber
per foot levels of 2.0 x 106, 3.0 x 109,
and 4.0 x 105, The tunnel total tempera-—
tures varied between 55 and 90°F as Mach
number was increased from 0.4 to 1.2, The
unit Reynolds number variation was produced
by varying the total pressure., The cone
was tested at three different axial posi-
tiong in the test section, Stations 110,
122, and 150 in. Results are given in
¥ig. 9 for Stations 11C¢ and 122 in. The
results at Station 150 in. were over a
smaller Mach number ranpge and are not in-
cluded. There is a resonance peak at ap-—
proximately 0,71 Mach number which agrees
closely with measurements by Dods and
Hanley_(ll) Testing at the three axial

“positions revealed a definite increasing

gradient in noise level as the model was
moved aft. The noise was found to be domi-
nated by two discrete tones at nominally
2650 and 5300 Hz. A similar procedure of
covering the slots with tape to that per-
formed on the AEDC 16T perforated walls re—
vealed these tones to be associated with
the slots. The noise gradient with axial
position was found to be asseociated with
broadbnnd noise propagated upstream from
the diffuser, For the same Mach numbers,
lower transition Reynolds numbers are

seen in Fig. 9 to accompany higher noise
levels at the aft position.

Actual samples of the ARC 11 TWT slotted
wall were tested in the 6-in. Acoustic
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Fig. 9 Noise and Rep variation in NASA/ARC
11 TWT.

Research Tunnel at AEDRC. The samples pro—
vided a single stot in top and bottom walls
down the center of the 8-in. test section.
Frequencies measured by a microphone on the
tunnel side wall weve the same as those
predominant in the full-scale tunnel as
shown in Fig. 10, with the additionh of a
third harmonic, It was found that these
frequencies correspond to a half wave organ
pipe mode in the corrugated insert in the
slot and depend only upon the corrugation
depth, d. The organ pipe frequency is given
given by the following expression:

Kﬁcm

2(d +

e

(9)

&)’
where ¢ is 0.125 in. with no plenum suction
and is zero with plenpum section. Assumed
here 1is that the local speed of sound in
the slot is approximately that in the free-
stream, c, deercasing with increasing Mach
numbeyr, and that the oseillntion in the
corrugation is a harmonic staanding wave
pattern with fluctuating velocity and pres—
sure antinodes 90 deg out of phase. The
reflection plane, it is surmised, lies a
distance < ahove the sleot with no suction
and is drawn down to the slot entrance with
suction. Schlieren vicws in the b6-in.
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.Fig. 10 Organ pipe mode in NASA/ARC 11 'TWT

slot sample in the 6-in, acoustic
research tunnel, A
tunncl revealed the wave pattern emanating
from the slots also to be composed of steep-—
fronted phase-locked plane waves, but at a
constant 45-deg inclination angle at varied
Mach number in contrast to perforated wall
edgetones, This is for all subsonic Mach
numbers up to 1.0, which was the maximum
capability of the 6-in., tunnel with the
slotted top and bottom wall samples in-—
stalled.

NASA/ARC 14 TWT

The 10-deg cone results obtained in the
NASA /Ames 14-ft Transonic Wind Tunnel, ARC
14 TWT, are presented in Fig. 11. The ARC
TWT being an atmospheric tunnel, these data
were acquired at censtant total pressure,
py, of 2130 qua However, the total tom-—
pérature, Ty, varied between 67 and 184°F
maximum as Mzch number was increased from
0.4 to 1.05. Cnnsequently, the unit Reyn-
o0lds number per foot increased from approx-
imately 2.6 x 106 at M, = 0.4 to approxi-
mately 4.0 x 105 maximim near M_ = 0.8,

The experiment with walls taped “was again
repeated in this tunnel, A trend of in-
creasing noise level and lower transition
Reynolds number at cach Mach number is evi-
dent (particularly above M, = 0.7} compar-
ing results with all of the slots taped,
only the side walls taped, and the walls
fully open. Tweo discrete tones, assoclated
with the slots, dominated the noisc spectra
at Mach numbers between 0.7 and 1.05. The
froequencics were 19800 and 3300 Hz,

S
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Fig. 11 Noise and Req variation in
NASA/ARC 14 TWT.
approximately. Although the 3300-Hz tone

has not been explained., the 1800-Hz com—
ponent fits the fundamental organ pipe fre—
guency for a slot corrugation depth of

3.125 in., which is used in the ARC 14 TWT.
The slots have essentially the same geomet-—
rvie configuration as in the 11 TWT, only
scaled up in the larger tunpel. There is a
second major neoise source in the ARC 14

TWT, which is of less influence but is domi-
nant t Mach numbers below 0.5, This is the
main compressor which has variable drive
speed for varied Mach number. Discrete
tones in the 135- to 200-Hz range appear in
the noisec spectra at Mach numbers between
0.4 and 0.5, decreasing in amplitude as

Mach number was increased,

NASA/LRC 8 TPT

The 10-deg cone results in the NASA/
Langley Besearch Center 8-ft Transonic
Pressure Tunnel, LRC 8 TPT, arc presented
in Fig. 12. Data were acquired at constant
unii Reynolds numbers of 2.0 x 10% and 3.0
x 106, "The total temperature was held near
constant at 120°F throughout the test. and
the totul pressure varied to obtain these
unit Reynolds oumbers. Lower noise levels
at Mach numbers greater than 1.0 in the
LRC 8 TPT produce significantly higher
transition Reynolds numbers than in either
the AEDC or the ARC transonic tunnels. And
there is a higher transition Reynolds num—
ber at 2.0 x 10% unit Reynolds number than

10
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at 2.0 x 106 for Mach numbers greater than
0.8, although the ACp levels are approxi-
mately the same.
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Fig. 12 ©Noise and Rep variation in
NASA/LRC 8 TPT.

In the Mach number range from 0.25 to
approximately 0.5, the 8 TPT has a discrete
tone which increases from approximately 3
kHz to approximately 6.5 kHz. This dis-
turbance corresponds to a 26th harmonic of

‘the variable-speed fan, which has 32 rotor

blades. There are narrow-band concentra-—
tions of disturbances over and above the
background at nearly constant frequencies
of 4.8 klz and 10.2 kHz, approximately, at
all Mach numbers above 0,7, But the small
noise peak to 1.3-percent AC, is associated
with growth of the broad-band noise, maxi-
mum in the 200- to 300-Hz range, at Mach
numbers near 0.8.

NASA/LRC 16TT

The cone resulis in the NASA/Langley
Research Center 16-ft Transonic Tunnel, LRC
18TT (Fig. 13). are generally similar to
those in the LRC 8 TPT as shown in Fig. 12.
Like the ARC 14 TWT, this is an atmospheric
tunnel where p; was constant at 2120 psfa.
The total temperature. Ty. however, varied
from 853 to 160°F, giving a unit Reynolds
number per foot variation from 1.3 x 108 to
3.9 x 10% as Mach number was varied from
6.3 to 1.3., Transition Reynolds number
shows a generally increasing trend with in-
creasing Mach number {or unit Reynolds num— .
per), whereas :Cy decreases from 1.95 per-— —
cent at Mach 0.3 to 6,47 percent at Mach

R N




8. 0 - A A ——— — T
P 2120 psfa

Rey x 1075

3.0 =

T

LOFﬂkﬂ”"'ixﬁizj:::;zz‘

M} |
0.2 0.4 0.6 0.3 1.0 1.2 1.4

Mgy

A%,%

Fig, 13 Noise apnd Rep variation in
NASA/LRC 16 TT,

1.3. There 1s a narrow-band concentration
of noise al approximately 6 kHz at Mach 0.3,
increasing to approximately 7 kHz at Mach
0.4 which may be associated with the
counter-~rotating, two-stage fan, But,
there is nothing distinct in the spectra,
except general broad-band increase at fre-
quencies near 10 kHz, to explain the small
noise peak to 1.22 percent ~Cp at Mach
0.85. This tunnel has the lowest disturb—
ance level of all of the tunnels considered
through the transonic Mach number range and
accordingly, the highest transonic-range
transition Reynolds numbers.

V. Correlation of Results

A general trend of the effect of noise
on transition is apparent in these data
when transition Reynelds numbers are cross—
plotted directly against the aC, level.
This is only a first-order correlation, ig-
noring frequency content and directivity,
But it is remarkable that a trend should
appear even this clecarly, considering the
broad variation in types of disturbances
identified in these six tunnels and the
broad variation in test conditions ob-
tained,

The correlation of results in AEDC 4T
ig given in Fig. I4. Both onset and end
of transition Reynolds numbers are shown.
The line identificd as "predicted onset™
is that derived by Benek and High.(18) 1t
is a semiempirical corrclation based on
the concept put forth by Liecpmann and ex—
tended by Van Driest and Blumerfl9) that
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Fig. 14 Data correlation in AEDC 4T,

onset of transition occurs when a critical
ratio is achieved betwecen the Reynolds
stresses and the viscous stresses present
within the laminar boundary layer. For
the calculations, the assumptions have
been made of adiabatic wall conditions,
zero flow angularity, and that the mean
axial pressure gradient on the cone is
negligible. The analytical expression
for transition onset location given in
Ref. 18 is as follows:

2

. 2
EE _ 2K1 . K1K2 Iﬂ Z
L Re/It Re/ft T,

2
) =) -
—_—] 4 = 0
L Re/f{t s

(10

where ¥, is a disturbance function dominated
on the first order by acp for the 10-deg
coneg at transconic speeds, Ty, is the cone
wall temperature, T is the free-stream
static temperature, and L is the 3-£t¢
length of the cone. The constants have
empirically assigned values of Ky = 1.0 and
Ko = 0.0685 and were weighted heavily hy
the data acquired in AEDC 16T and the
Schubauer~Skramstad resulf on a flat

’ plate(zo) that Rey approaches 2,85 x 108 in

a vanishing turbulence level environment,
Results by Spangler and W011§(21) incgicate
that Ret approaches 4.9 x 10° at vanishinrg
disturbance level for a smooth tlat plate
at a low speed., However, flat plate tran—
sition results by DeMetz and Casarella(Z22)
in the Nawval Ship R & D Center Anechoic
Flow Facility at less than 0.l-percent TI
are in close agreement with the Schubaucr-
Skramstad value of 2.85 x 10% for Rey. The
premise is made in Eq. (9) that transition
Reynelds number approaches a constant value
in the absence of free-stream disturbances.
This constant value, with the choice of the
constants K; and Kp, was thereforc taken

to be 3.0 x 109, corresponding to » criti-
cial value of disturbance Reynolds number,
Rpe, of 2880,

The correlation of results in AEDC 167
is given in Fig. 15. Onset of transition

g
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Reynolds number has a more consistent trend
than the end of transition Reynolds number,
which is apparently affected by the unit
Reynolds number in AEDC 16T, This unit
Reynolds rumber disparity may be due, in
part, to an increasing free—stream vortice
ity level which doubles as unit Reynolds
number is increased from 2.0 x 109 to 4.0 x
106 in this tunncl,

The data correlation in the NASA/ARC 11
TWT, Fig. 16, shows reasonably cood agree—
ment wiih the Eq. (18) predicticon; however,
there is a defipite break in the trend
curves with a significant increase in both
onsct and end of trapsition Reynolds num—
bers at approximately 0.6 Mach number. The
same sort of break accurs in the NASA/ARC
14 TWT data correlation, Fig. 17, again at
approximately (.6 Mach number., No suitable
explanation for this break has been found,
but the transition data at transonic speeds
appcar to lie censiderably higher than the
prediction. Tn the ARC 14 TWT, when AC
was in the range from 1.5 to 2.0, Rey val-
ues greater than 3.0 x 106 were, in part,
the result of experimental error in the
minimum pitot profile point causod by the
laminar boundary-layer thickness being less
than the pitot probe opening height., This
would result in a delay in the apparent
transition onset point, xy.

1.9 r -
e Mode| tocation. Sta —
6. G Wein. 12in, et
5 — e g —
- . L '
2 .
- A oh-——
o A tnt Fory
&
s .
3O e S
T Prculuied Cnset
[
i
] ! .
20
04 05 06 08 to

Fig. 16 Data corvelaticn in NASA/ARC
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o The KASAZLRC B TPT data are correlated
in Fig, 1¥ amd exhibit appreciable trond
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departure from the prediction at lower
noise levels, None of the onset of transi-
tion Reynolds number data at 3.0 x 10° unit
Reynolds number were considered to be va-
1id, because of experimental difficulties
of maintaining good pitot probe contact
with the cone surface at the higher unit
Reynolds number during this test. Finally,
the correlation of results obtainsd in the
LRC 16TT as shown in Fig. 19 exhibits ap—
proximately the same rate of change in
transition Reynolds number with increasing
noise levels as in most of the other tun-
nels; but the transition Reynolds numbers
are much higher than predicted for the
levels of aACy measured. A possible expla-—
nation is that the noise levels detected

by the strain-gage pressure transducers
used in the LRC tests were higher than
those detected by condenser microphones
used in the other tests. Condenser micro—
phones were later adopted as the standard
instrumentation for the cone as they were
considered to be more véliable in this ap—
plication,

Aside from the aforementioned observa-
tions about poessible exporimental errors in
the data, other factors not accounted for
in this analysis are that noise frequency
composition was not differentiated, the
model vibrations were not considered, the
effects of free-stream vorticity level have

not been fully evaluated, there could have

been appreciable test section flow angu-
larity, and the heat transfer between the
coine and the free stream may not have
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always been negligible., Furthermore, there
are basic differences in the mode of oper—
ation between the AEDRC perforated-wall aux—
iliary suction, which is applied for iach
nunbers of 0.7 or greater, and the NASA
slotted-wall flap suction, whern the flaps
are not opened until the Maech nmumber is

1.0 or greater., (The NASA/LRC 16TT hag
auxiliary suction on the plenwm; but this
is likewise not applied uptil Mach 1.0.)
The possibility that appreciable differ—
ences in the axial pressure gradient on the
conc (buoyance effects) wmight be intro—
duced by differences in test section con-
struction warvants further evaluation he-
cause it introduces a second variable to
the experiment which could obscure the de-—
sired correlation between npoige and transie-
tion., The buoyancy etfect from positive
dach number gradient would be to delay
transition, Iull evaluation would entail

a critical assessment of the axial Mach
number distribution in each tunnel for
possible pressure gradient effect on the
cone transition results, Buovancy correc—
tions to aerodynamic test data would be
applied separately from a correction for
"effective” Reynolds number,

Vi. Future Plans

The long-range objective of the study is
to obtain the correlation between transi-
tion Reynolds number and the aerodynamic
disturbances that occur in current-day
transonic wind tunnels, his correlation,
together with the improved definition of
the tunnel flow environment, should afford
some measure of improvement to aerodynamic
testing in transonic tunnels, The tunnel-
to—tunnel correlation is now fairly com-
prehensive for the continuous—-flow tunnels.
It is planncd that in the future data will
&lso be acquired in several of the blow-'
down-type U.S. industrial manufacturer
transonic tunnels for more extensive tran—
sonic test technique comparison,

Inclusion of the supersonic funnels and
data at low Mach numbers down to as low as
0.2 has heen to cverlap this correlation
study with those of others and to place the
transonic test reogime in perspective with
other toest regimes, The most rocent test—
ing was in April 1974, when the NASA/LRC

13

Transonic Dynamics Tunnel {both in air and

in Treon 122 as the test medium) and the
Naval Shin R & D Centey 7- x 10-ft Tran-
sonic Tunnel were added. These two tunncls
both use the coarsely spiced slots similar
to the NASA/LRC 8 TPT and 16 TT. Additional
correlation to the AEDC perforated-wall
tunnels was provided by the data acquired

in the ONERA 6-- x 6-ft transonic tunnel at
Modane, France, One other transonic test
section configuration has also been in-
cluded in previous testing: the ZZ-percent-
open normal-hoele perforated wall used in

the Calspan Corp. 8-ft transonic tunnel and
the ARA, LTD,, 9~ x 8-ft transonic tunnel

in the Urited Kingdom.

Correlation of all of the tunnels to
freo—-flight is planned for the spring of
1975 at Mach numbers from 0.3 to 1,8 at
varie¢ altitudes sufficiont to obtain {ran—
sition on the cone. The cone will be {lown
on a pivoting support boom mounted on the
nose of a USAF RF-4C aircraft operated by
the 4950th test wing based at Wright-
Patterson AFB, Ohic. The flight data will
be acquired in straight-and-level flight at
zero incidence with the pivoeting boom com-
ponsation for changes in aireraft attitude,

VII. Concluding Remarks

It has been shown that the transition
Reynolds numbers measured on the cone re--
fleet the degradation in dynamic flow
guality from asrodynamic noise sources,
The comparison of results in these six
transonic tunnels reveals significant
tunnel—-to-~tunnel differconces at matched
test conditions which can affect Reynolds
number scnsitive parameters in aerodynamice
testing. Using transition Reynolds numboy
as the indicator for dynazmic flow quality,
this means that there are corresponding
large differences in the "effective" test
Reynolds numbers.

Focus on the areas for greatest facildity
improvement in dynamic flow gquality in
these tunnels has been provided, For the
perforated-wall tunnecls, this would be to
eliminate the edgetones without compromising
the favorable supersonic wave cancellation
properiies. For the finely spaced slotied-
wall tunnels using corrugated inserts in
the siopis, this would be to silence the
organ pipe mode. As expected, the data
show that the combined slotted-perforated
features of the slotted walls with corru-

cgated inserts vielded results falling in

between the purely perforated- and the
purely slotted-wall configurations,

A basis of reference for the wind tunnel-
to~free flight correlation should he pro-
vided by the cone flight test data, Even
if the transition process is never fully
understood, use of transition Reynolds num-
ber data should provide the means for de-
termining relative "effective™ Revnolds
numbers in each tunnel upon which to base
corrections of test data,
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Finally, new insight has been provided
for the fundamental corrvelation of the of—
fect of high-ampliiude free-stroam dis—
turbances on transiticon, These aerodynamic
noise disturbances in transonic tunnel
reaching 2 to 3 percent of the dynamic
pressure have 2 profound effect on transi-
tion, even though their {requencies lie
well below thosc predicted to be unstable
by lipear stability theory. The explana-—
tion is possibly due Lo their great ampli-
tude, far exceeding the fundamental basis
for linear stability theory of predicting
the growth of infinitesimally small dis-—
turbances.
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