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EXPERIMENTAL STUDIES OF HYPERSONIC

BOUNDARY-LAYER TRANSITION AND EFFECTS OF

WIND-TUNNEL DISTURBANCES

By P. Calvin Stainback and Richard D. Wagner
Langley Research Center

F. Kevin Owen* and Clifford C. Horstman
Ames Research Center

SUMMARY

Boundary-layer transition data on cones and free-stream disturbance levels were
measured in the Ames 3.5-foot hypersonic wind tunnel and the Langley Mach 8 variable -
density hypersonic tunnel. Transition data were obtained by using different conical mod-
els and techniques for detecting the location of transition. The disturbance levels were
measured by using hot-wire anemometry and pressure transducers. The transition
Reynolds numbers obtained from the tests at the Ames Research Center correlated well
with other transition data obtained in similar facilities at the Langley Research Center
when the fluctuating pressures measured at the surface of conical models were used as
a correlating parameter.

INTRODUCTION

The transition of boundary layers from a laminar to a turbulent state can have a
pronounced effect on the performance of aircraft and missiles. Therefore, a knowledge
of the location of transition is important for design purposes. However, transition is a
very complex process, and the many theoretical and experimental studies that have been
conducted for the purpose of predicting the location of transition have not, in general,
been successful. For theoretical studies, the necessary simplifying assumptions required
to make the mathematics tractable preclude the application of these results to practical
design problems. Even though there is a vast amount of experimental data available for
the location of transition, the complexity of transition and the lack of fully documented
test conditions make it difficult to utilize these data for making predictions. -

Visiting Associate Professor, University of Santa Clara, Santa Clara, Calif.
(Consultant at NASA Ames Research Center).



The reason for the complexity of the transition process is twofold. First, the pro-
files of the laminar boundary layer that determine the stability of the boundary layer
depend on many variables - some of which are difficult to control in the test environ-
ment. Second, disturbances introduced into the laminar boundary layer alter the pro-
files and promote transition. These disturbances may be introduced from the surface
of vehicles and models and from the free stream. Often these disturbances cannot be
controlled, and frequently they are not considered when transition data are obtained and
analyzed.

As a result of these two problems, transition data obtained with a flight vehicle or
a model in a given facility often do not agree with data obtained with another vehicle or
model in a second facility even though the profiles of the laminar boundary layer and the
disturbances are ostensibly similar. The discrepancies between transition data are
greatest for measurements made in conventional wind tunnels. These discrepancies are
probably due to the fact that there are considerably more data available from these facil-
ities than from flight or other types of facilities. Therefore, in order for transition data
obtained in conventional wind tunnels to be useful, some method must be found for corre-
lating these data to reduce the discrepancies to a satisfactory level. The satisfactory
extrapolation of data taken in wind tunnels to flight conditions is desirable; however, this
cannot be expected until the successful correlation of wind-tunnel data is achieved.

Recent results obtained at high supersonic and hypersonic speeds indicate that much
of the discrepancy between transition data taken in wind tunnels can be attributed to the
differences in the disturbance levels in the free stream (refs. 1 to 5). In a properly
designed tunnel, the predominant disturbances have been shown to be aerodynamic noise
generated by the turbulent boundary layer on the nozzle wall (ref. 6). Quantitative data
supporting this concept were first published in reference 3. In these studies (ref. 3),
the disturbance levels were measured with a hot-wire anemometer. Recently, pressure
transducers and hot-wire anemometers have been used to determine the level of the free-
stream disturbances and have successfully related these levels to the location of transi-
tion (refs. 4 and 5).

It is the purpose of this paper to report further investigations on the effect of dis-
turbance levels on the locations of transition obtained on sharp cones at hypersonic
speeds. Two facilities were used in this investigation: the Ames 3.5-foot hypersonic
wind tunnel and the Langley Mach 8 variable-density hypersonic tunnel. These two tun-
nels, though different in certain aspects, were thought to be sufficiently similar to give
comparable results for the location of transition on similar models. Transition data
obtained in the past, however, indicated that there were considerable differences in tran-
sition data measured in these facilities (ref. 7). These differences prompted the present
investigation to resolve, if possible, the discrepancies between the two sets of data. New
transition data were obtained in both facilities by using several conical models. The dis-



turbance levels in the two facilities were measured by using both hot-wire anemometry
and pressure transducers. Pressure transducers were used to measure the fluctuating
pitot pressures and fluctuating pressures at the surface of a conical model.

The description and calibration of the instrumentation used in this investigation is
included in an appendix.

SYMBOLS

Aw' overheat parameter

a,b,c constants in figure 3

c heat capacity of wire

d diameter of wire

E* finite-circuit parameter

e electrical potential

Ae unsteady voltage across wire

h" heat-transfer coefficient

I mean current through wire

K_ d log Rw .
d log Tw

k coefficient of thermal conductivity

Me local Mach number

M free-stream Mach number
OO

m mass flow rate

^ wire time constant

NXT Nusselt number



NRe unit Reynolds number

NRe s local Reynolds number based on surface distance from apex

Ngt Stanton number

p pressure

R resistance of wire

m'Tf'

mTt

Aerr _ m
ACrp

T temperature

V mean voltage across wire

a linear coefficient of resistivity

y nonlinear coefficient of resistivity

e finite circuit factor

77 recovery factor

0_ cone half-angle
\*

T - T
r temperature loading of wire, —^— -w>r Tr

Subscripts:

b beginning

c surface conditions on cone

e end



m mass flow

r recovery

ref reference

s surface distance from apex

T total temperature

t total conditions

tr transition

w wire

2 behind normal shock

°° free-stream conditions

A prime (') with a symbol indicates instantaneous; a tilde (~) over a symbol indicates
rms of fluctuating quantities; and a bar'(-) over a symbol indicates time average value.

DESCRIPTION OF FACILITIES

Ames 3.5-Foot Hypersonic Wind Tunnel

A sketch of the original Ames 3.5-foot hypersonic wind tunnel (Ames HWT) - called
version A - is shown in figure l(a). The tunnel was of the blowdown type, and high pres-
sure air was heated in a pebble-bed heater. The upper end of the heater, above the peb-
bles, served as a settling chamber for the nozzle. There were no screens or baffles in
the heater (the settling chamber) or in the inlet approach to the nozzle. An annular slot
was located upstream of the throat of the nozzle, and air or helium was injected into the
flow to provide insulation between the nozzle wall and the hot airstream.

The nozzle was axisymmetric and designed to give a uniform flow at the exit. The
nozzle was 6.1 m long from the throat to the exit, and a conventional cylindrical test sec-
tion, 1.066 m in diameter, was located at the exit of the nozzle. An injection mechanism
was used to insert models into the test section after steady flow conditions were estab-
lished. The maximum length of models that could be injected was 1.0 m.



Air could be supplied to the tunnel at pressures from 100 to 1250 N/cm2 and the
temperature of the air could range from 700 to 1900 K.

The original tunnel, version A, was altered to version B after April 1972. The
major changes were made in the heater and test section. (See fig. l(b).) The pebbles
in the heater were replaced with bricks having passages that were alined when the bricks
were properly stacked. The passages formed were 6 mm in diameter and 6.4 m long. In
version B, a test cabin replaced the test section and tests were made in a free jet. An
injection mechanism was located in the test cabin for inserting models into the jet.

After the alteration, only air was used as an insulating medium for the throat of
the nozzle.

The Mach number of the jet ranged from 7.25 to 7.32 for pressures from 100 to
1200 N/cm2, respectively. The test core was approximately 0.7 m in diameter with ah
axial Mach number gradient less than 0.12/m.

Langley Mach 8 Variable-Density Tunnel

A sketch and photograph of the Langley Mach 8 variable-density tunnel (Langley
VDT) are presented in figures 2(a) and 2(b), respectively. High pressure air is heated
in an electric heater. Cold air enters the bottom of the heater and flows to the top of
the heater outside tubes that are arranged in several bundles. The air then flows down
the inside of the heated tubes and exhausts through a 12.7-cm pipe at the bottom of the
heater. There is a system of pipes and valves between the heater and the settling cham-
ber (fig. 2(c)). In version A of this facility, valves A and B were 12.7 and 5.1 cm,
respectively.

The settling chamber was about 1.5m long and about 0.35 m in diameter. For ver-
sion A, screens and baffles in the settling chamber consisted of a perforated conical baf-
fle at the entrance of the settling chamber followed by a set of three screens. Each screen
was fabricated with two pieces of wire screen. The first was of 50-mesh screen with a
wire diameter of 0.2 mm; the second was of 4-mesh screen with a wire diameter of
1.5 mm. The 4-mesh screen was placed downstream of the 50-mesh screen for support.
(See fig. 2(a).) The first screen was mounted about 0.1 m downstream of the inlet baffle
and the screens were about 0.1 m apart. A second set of screens, identical to the first
set, was located about 0.81 m downstream of the first set. The distance from the last
screen, in this second set, to the throat of the nozzle was 0.4 m.

The nozzle was 2.7 m long from the throat to the test section, and the diameters of
the throat and test section were 1.47 cm and 0.46 m, respectively. An injection system
was used to insert models into the test section after steady flow conditions were estab-
lished. The maximum model length that could be injected was about 0.7 m.



The Mach number in the test section was a function of the stagnation pressure
and varied from about 7.2 to 8.1 over the large range of pressures at which the tunnel
could operate. A Mach number calibration curve for the tunnel is presented in figure 3.
The total temperature of the air is also a function of the total pressure as a result of
decreased heater efficiency and heat losses to pipes and valves at low mass flows. Gen-
erally, the total temperature ranged from about 700 K at low pressures (20 N/cm2) to
810 K at high pressures (2000 N/cm2).

The major differences between versions A and B of this facility are the control
valves for the high pressure air to the settling chamber and the system of screens in
the settling chamber. In version B, valve A was replaced with a 10.2-cm valve. For
some tests to be described, valve A was removed from the system and blank flanges were
substituted for the valve. This alteration of the tunnel will be referred to as version B-l.

A sketch of the screens in the settling chamber for version B is shown in figure 2(a).
The major difference between the screens for the two versions of the tunnel is the substi-
tution of a thick porous plate having a large pressure drop for conventional wire screens
and the increase in distance from the last screen to the inlet of the nozzle. A porous
plate, 0.4 cm thick, was located O . l m downstream of the inlet baffle. The pressure drop
across the plate was 35 N/cm2 when the mass flow of air was 20 kg/sec. A structure
was mounted downstream of the porous plate to support the plate during initiation of flow
since transient conditions could cause an increase in the pressure drop across the plate.
A 50-mesh screen with wire diameter of 0.9 mm was mounted about 10 cm downstream of
the porous plate and support. A second screen identical to the first was located 25 cm
downstream from the first. The distance from the second screen to the entrance of the
nozzle was about 1.0 m.

DESCRIPTION OF MODELS AND TEST METHODS

Four models were used during the present tests and each model was tested in ver-
sion B of each wind tunnel. The models were as follows: a thin-film model for obtaining
hot-film anemometer data, two thermocouple models for measuring heating rates, and a
pressure model for measuring fluctuating pressures at the surface of a cone.

Thin-Film Model

The thin-film model was a 5° half-angle cone machined from a solid billet of steel.
Five platinum thin-film gages were mounted on glass inserts and installed flush with the
model surface at distances between 20.3 and 61.0 cm from the apex of the cone (fig. 4).
The transition measurements were made by using a quick insert mechanism and the model
was never exposed to the hot airstream for more than 15 seconds. The change in the wall
temperature during the test was negligible. The instantaneous change in temperature of
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the thin-film gages was monitored with a constant temperature anemometer that had a
frequency response of 20 kHz. The root mean square of the output of the anemometer
was used to detect transition.

Thermocouple Models

One thermocouple model was a 5° half-angle cone machined from several pieces of
steel and joined as shown in figure 4. The two most forward pieces, the nose and transi-
tion piece, had a uniform wall that was nominally 0.762 mm thick. The body of the cone
was 0.635 cm thick and had a slender wedge-shape insert forming part of the conical
surface. This piece was 0.762 mm thick. The afterbody of the cone was 0.762 mm
thick and was fitted over an aluminum mandrel for support. The mandrel was also used
to support the body of the model and to attach the model to a strut. The various parts of
the model - the nose, transition piece, body, and afterbody - were instrumented with
iron-eonstantan thermocouples. The spacing for the thermocouples was about 0.635 cm.

For tests in the Ames HWT, the mandrel and strut were replaced by a mandrel and
sting.

The second model was a 16° half-angle cone with a uniform wall that was 0.762 mm
thick. The model was mounted on a sting that fitted into the nose and base of the model
(fig. 4(b)). The .model was instrumented with 86 iron-constantan thermocouples located
about 2.54 mm apart.

The testing technique for the thermocouple models was typical of the transient calo-
rimeter method. The heat-transfer rates were calculated from temperature-time histo-
ries about 1/2 sec after the model was injected into the test stream.

16° Conical Pressure Model

The pressure model (fig. 4(b)) was machined from a solid billet of aluminum and
bored to receive two pressure transducers and an accelerometer. The fluctuating pres-
sure data were obtained by injecting the model into the test section after steady-state
conditions were established. Data were taken for about 15 sec.

METHOD FOR DETERMINING THE LOCATION OF TRANSITION

Three values for the "transition" Reynolds number can be defined for the data
obtained with the thin-film gages (ref. 8). (See sketch a.) The lowest of these values
is defined as the "onset of transition" and occurs when the rms voltage from the thin-film
gage first increased from its laminar value, that is, where intermittency begins and can
be clearly seen on an oscilloscope. This is the only value of the transition Reynolds
number used herein. When thermocouples are used to determine the transition Reynolds
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Sketch a

numbers, there are four values of the Reynolds number that can be defined as illustrated
in sketch b. The onset of transition is defined as the Reynolds number where the meas-
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ured Stanton numbers first consistently exceed the laminar value and represents the
lowest transitional Reynolds number that can be obtained from heat-transfer data. The
"beginning" of transition was obtained by fairing straight lines through the laminar and
transitional data. The beginning of transition is determined by the intersection of these
lines. Most of the transition data presented represent the beginning of transition.
Some of the data represent the onset of transition.

The transition Reynolds numbers obtained using the two techniques (hot film and
thermocouple) are not, in general, comparable. However, the onset of transition obtained
with the two methods should tend to agree. The thin-film technique would probably indi-
cate a lower value since this technique is sensitive to instantaneous changes in the local
heating rates.



REVIEW OF DATA TAKEN IN VERSION A OF AMES HWT

AND LANGLEY VDT

Transition data measured on models in version A of the Ames HWT and the Langley
VDT will be presented to illustrate the discrepancies between the transition Reynolds
numbers measured in the two facilities. Most of these data were measured using a
5° cone and have been published previously. Some data for conical models having other
half-angles are presented to further illustrate the difference between the transition
Reynolds numbers measured in versions A and B of the Langley VDT. These data are
presented in table I(a).

Transition data measured on a 5° half-angle cone in version A of the Ames HWT
was reported in reference 7. These data are shown in figure 5 along with transition data
measured on two different 5° half-angle cones in version A of the Langley VDT. Transi-
tion data taken on a model cast from a high-temperature epoxy and using temperature-
sensitive paints were reported in reference 9. The other data from the Langley VDT
were obtained on the 5° half-angle cone shown in figure 4(a). The data obtained in the
Langley VDT with the two different models agreed fairly well. There is a significant
variation of the transition Reynolds number with unit Reynolds number; the slopes of a
straight line faired through the data (least-square method) obtained on the thermocouple
and paint models were 0.31 and 0.39, respectively. The transition data from the Ames
HWT had only a slight variation with unit Reynolds number (slope equal to 0.13) and the
level of the data is significantly higher than those obtained in the Langley VDT. The dif-
ference is greatest at the lower unit Reynolds numbers where the values of Nj^e s tr

from the Ames HWT are approximately twice those obtained in the Langley VDT.

Transition data were measured on other thermocouple models in version A of the
Langley VDT and an example of these data is shown in figure 6. The values of the tran-
sition data for the 10° and 16° cones are almost identical, and a straight line faired
through the data would have a slope of about 0.45. A comparison of the transition data
from figures 5 and 6 shows that there is little difference in the level of the transition
Reynolds numbers for the various models even though the local Mach number ranged
from 5 for the 16° cone to 7.24 for the 5° cone. A comparison of these results with
data obtained in the Langley 22-inch helium and the Langley Mach 20 high Reynolds num-
ber helium tunnels is shown in figure 7. The figure shows that transition Reynolds num-
bers measured in version A of the Langley VDT is about the same in the range of
5 = Me = 7.24. The variation that can be observed in figure 7 is opposite from the one
reported in reference 4. This apparent invariance of the transition Reynolds number with
local Mach number has been previously reported in reference 9 for conical models having
different naif-angles. The reason for this lack of dependence of Nj^e s tr on Me is
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not understood at the present time since the levels of Pe/Pe would be very nearly the
same and a change in Me would be expected to change Nj^e s ^r (ref. 4).

TRANSITION DATA TAKEN IN VERSION B OF AMES HWT AND LANGLEY

VDT AND COMPARISON WITH DATA TAKEN IN VERSION A

Transition data (representing the beginning of transition) taken on two different
5° conical models in versions A and B of the Ames HWT are presented in figure 8. The
data for version B are tabulated in table I(b). The data obtained in version B of the tun-
nel with two different models and different measuring techniques tend to agree. The pres-
ent data are somewhat lower than the previous data with the greatest discrepancy being
at the lower unit Reynolds numbers. Initially it was thought that differences between the
previous and present data were due to the difference in the measuring techniques, that is,
the use of thin-film gages versus thermocouples. However, the present data obtained by
the two techniques agree.

The alteration of the facility could affect the location of transition measured on
models; however, previous data-'(ref. 10) taken in version A of the tunnel by using the
model instrumented with thin-film gages (not shown in fig. 8) agreed with the present
data obtained on the same model. The only difference in the tunnel for the two tests was
the gas used for insulating the throat from the hot air. The data from reference 7 were
obtained with helium as the insulating gas; the other data were obtained with air as the
insulating gas.

The transition data obtained in versions A and B of the Langley VDT on a 5° conical
model are presented in figure 9. The data for version B are tabulated in table I(b). The
transition Reynolds numbers taken in version B are significantly greater than those taken
in version A for the unit Reynolds numbers of the investigation. The increase was fairly
uniform over the range of unit Reynolds numbers. The onset of transition determined
from the thin-film gages occurred at transition Reynolds numbers that are somewhat
lower than the data obtained from thermocouples. These results indicate a significant
reduction in the disturbance level for version B of the Langley VDT. This reduction is
attributed to the improved screen configuration in version B of the tunnel. (See fig. 2(a).)
For example, the 0.64-cm-thick Rigimesh screen is probably sufficiently thick and imper-
meable to eliminate total temperature fluctuation in the free stream that could be present
due to faulty mixing at the exit of the heater. The large pressure drop across the
Rigimesh screen would also reduce the possibility of flow separation in the entrance
cone.

The data for the various 5° conical models are presented in figure 10 for version B
of the two tunnels. The beginning of transition measured in the Langley VDT appears to
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be higher than the other data by a few percent. At low unit Reynolds numbers, the heat-
transfer data obtained in the Langley VDT with the 5° conical model instrumented with
thermocouples had an anomalous behavior similar to that noticed by Softley and reported
in reference 11. That is, there is an initial deviation of the heat-transfer data from the
laminar values, but the deviation is not as great as generally found for heating rates in
the transition region as illustrated in figure 11. Therefore, the present method for defin-
ing the beginning of transition would result in the transition Reynolds numbers being high.
Also shown in figure 10 is the onset of transition as determined from the thermocouple
data in the Langley VDT. With these data, the transition Reynolds numbers agree within
±15 percent for the two tunnels and for the two models.

The transition data measured on the 10° and 16° conical models in versions A and
B of the Langley VDT are presented in figure 12. The data for version B are tabulated
in table I(b). In general, the transition Reynolds numbers for version B of the tunnel are
greater than those for version A, particularly at the lower unit Reynolds numbers. How-
ever, the difference between the data taken in version A and version B is not as great for
the 10° and 16° models as for the 5° model. (See fig. 9.)

Data taken in version B of the Ames HWT and the Langley VDT with the 16° conical
model are presented in figure 13. The lower symbols represent data from the two tun-
nels when the total temperatures were about the same. For these conditions, the data
from the two facilities tended to agree. However, when the Ames HWT was operated at
lower total temperatures, well above values required to prevent liquefaction of oxygen in
the test section, the transition data were somewhat higher than the data taken at the higher
total temperatures. The variation of the transition Reynolds number with total tempera-
ture at a constant wall temperature agreed with recent data reported in reference 12 by
Mateer .

DISTURBANCE LEVEL MEASUREMENTS

Hot -Wire Anemometer Results From Ames HWT

Three typical mode diagrams of the hot-wire signal in the free stream of the Ames
HWT are shown in figure 14(a). The two sets of data at pt ~ 113 are indicative of the
fair degree of repeatability of the tests. Within the data scatter, a straight line can be
faired through each set of data. Such a fairing implies that RmT = -1 and that the slope
of the straight line and the e/VAe-p intercept (at r = 0) give the rms of the mass flow
and total-temperature fluctuations, respectively; that is, from equation (A10), since

(1)
VAeT Tt
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The root mean squares of the mass flow and total temperature fluctuations that were cal-
culated from equation (1) and the mode diagrams are shown for the stagnation pressure
range of the tests in figure 14(b). These data are tabulated in table EL The scatter in
the data of figure 14(b) is quite large, partly because of the poor signal-to-noise ratio of
the recorded signals (which was at most about 8 to 1 at the highest overheats). Also, the
environment of the Ames HWT, particularly the high particle density in the stream and
the high-temperature blowdown operation, is not conducive to quantitative hot-wire
anemometry. In view of the data scatter, no trends in turbulence level with operating
pressure could be established and this hot-wire data should be viewed as a "back-up"
measurement for the other disturbance measurements made. The average values indi-

~ Tr-
eated in figure 14(b) of 4=r = 2.65 percent and — = 0.83 percent should be adequatem Tt

as an approximate measure of the disturbance level over the pressure range.

If one assumes that the disturbances sensed by the hot wire are sound waves radi-
ated from the turbulent nozzle wall boundary layers (the hot-wire theory shows this to be
an assumption that is consistent with the linear mode, diagrams), then the pressure fluc-
tuation levels can be calculated as shown in reference 3. The results of these calculations
are shown in table n. The pressure fluctuation level is quite high; the average value is
about 4 percent. If sound is not the only disturbance mode present, these calculated val-
ues of p /p would be too large. Most likely there is an additional mode present -
temperature spottiness due to nonuniform heating of the supply gas. The high Tj/Tj
values obtained suggest that the temperature spottiness is present since, in tests per-
formed in unheated helium tunnels (without temperature spottiness), the m/frf values
are typically two orders of magnitude larger than the Tt/T\. Thus, the pressure levels
indicated in table II should be viewed as an upper bound on the actual p /p .

001 00

Pressure Transducer Results From Ames HWT

The fluctuating pitot pressures, and the fluctuating surface pressures measured on
the 16° cone are presented in figure 15 and in tables IH(a) and IV(a). The fluctuating
pressures calculated by using the hot-wire data are also presented in the figure. A
description of the pressure measuring system is included in the appendix.

The nondimensionalized disturbances obtained with the pitot probe and the conical
model agreed very well over the test range of unit Reynolds number. However, the aver-
age disturbance level measured with the hot-wire anemometer was about twice those
measured with the pressure transducers. This result is contrary to those reported in
reference 13. In this reference, hot-wire data and fluctuating pitot pressures were
measured at Mach 5 in air and Mach 20 in helium. For these tests (ref. 13), the nor-
malized fluctuating pressures measured with pitot probe were about twice those calcu-
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lated from the hot-wire data. An explanation for these differences is not available at
the present time.

Pressure Transducer Results From Langley VDT

Fluctuating pressure levels measured on the 16° cone for versions B and B-l of
the Langley VDT are presented in figure 16 and in table m(b). At low unit Reynolds
numbers there is a significant difference between the measured disturbance levels. How-
ever, at the higher unit Reynolds numbers this difference is negligible. The reason for
this change in the disturbance levels is presumably due to the changes in the valves
upstream of the settling chamber. The nondimensionalized disturbance levels measured
with the pitot probe are also presented in figure 16 and in table IV(b). In general, the
normalized fluctuating pitot pressures are about 15 percent below the normalized fluc-
tuating pressures measured at the surface of the 16° cone underneath the laminar bound-
ary layer.

The normalized fluctuating pressures for the two tunnels are compared in figure 17.
The disturbance level for the Ames HWT appears to be lower (about 70 percent) than those
for the Langley VDT for the test unit Reynolds number range. This result agrees quali-
tatively with the results published by Pate and Schueler (ref. 1); that is, if everything else
is constant, the noise level of high supersonic and hypersonic tunnels decreases with
increasing diameter of the nozzle at the test section.

Spectra of the Disturbances

Plots of typical power density spectra are presented in figure 18 for disturbance
measurements made with the hot-wire anemometer and the pressure transducers. In
general, most of the energy was concentrated at low frequencies for both facilities; how-
ever, this tendency was more pronounced for the Ames HWT. Since the Ames HWT is
larger than the Langley VDT, this later result would probably be expected. The spectra
obtained from measurements made with the hot-wire anemometer and the pitot probe are,
in general, monotonically decreasing with increasing frequency. The spectra obtained in
both facilities from the surface pressure measurements on the 16° cone show an anoma-
lous variation at about 45 kHz. This was probably due to the rubber that was used to
fair the face of the pressure transducer to the contour of the conical surface.

Correlation of Transition Data Using Measured Disturbance Levels

The transition data and the fluctuating pressures measured on the 16° cone in the
Ames HWT are compared with other transition and pressure data in figure 19. Figure 19
shows that the transition data from the Ames HWT correlate well with the other data
when the local nondimensional fluctuating pressures are used as the correlating parame-
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ter. The nominal local Mach number on the conical models for these data was about 5.
There are, however, some slight differences in the profile of the laminar boundary layer
on these models due to the differences in the local Mach number, wall-to-total enthalpy
ratio, and total enthalpy, but these differences are believed to have a negligible effect on
the transition Reynolds numbers and the normalized fluctuating pressures.

CONCLUSIONS

Boundary-layer transition locations and disturbance levels were measured in the
Ames 3.5-foot hypersonic wind tunnel (Ames HWT) and the Langley Mach 8 variable-
density hypersonic tunnel (Langley VDT). Data were taken in two versions of both facili-
ties. The original design of each facility was noted as version A. Certain alterations in
.each facility were noted as version B. In the Ames HWT, changes were made in the heater
and the test section, and air was substituted for helium as the cooling medium for the noz-
zle. In the Langley VDT, changes were made in the valves upstream of the settling cham-
ber and in the screens in the settling chamber. Transition data were measured by using
several different conical models and by using different techniques for detecting the loca-
tion of transition. The disturbance levels were measured with hot-wire anemometry and
pressure transducers. From the results, the following conclusions can be made:

1. The transition Reynolds numbers measured in the original design (version A) of
the facilities on 5° conical models instrumented with thermocouples did not agree with
those measured in the modified facilities (version B) with similar or identical models.

2. In general, the transition Reynolds numbers measured on a 5° cone in version A
of the Ames HWT were higher than those measured in version B. However, the transi-
tion Reynolds numbers measured in version A of the Langley VDT were lower than those
measured in version B. The discrepancies between the data from both tunnels were
larger at the lower unit Reynolds numbers.

3. The transition Reynolds number measured on two 5° cones in versions B of the
Ames HWT and the Langley VDT were in good agreement.

4. The transition Reynolds numbers measured in version B of the Ames HWT on a
16° cone agreed well with those measured on the same model tested in version B of the
Langley VDT when the total temperatures were about equal. At lower total temperatures,
the transition Reynolds numbers obtained in the Ames HWT were larger than the ones
obtained at higher total temperatures.

5. The disturbances measured in version B of the Ames HWT using pressure trans-
ducers indicated that the fluctuating pressures normalized by the local pressure were
about 70 percent of those measured in version B of the Langley VDT.
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6. The rms fluctuating pressures measured in version B of each tunnel, using a
pitot probe and a flush mounted pickup on a 16° cone, had about the same values when the
levels were nondimensionalized by the local mean pressures. In the Langley VDT the
normalized fluctuating pitot pressures were somewhat below the fluctuating pressures
measured at the surface of a 16° cone.

7. The transition Reynolds numbers measured in version B of the Ames HWT corre-
lated well with data taken in several wind tunnels at the Langley Research Center when
the nondimensionalized rms pressure levels measured at the surface of conical models
were used as the correlation parameter.

Langley Research Center,
National Aeronautics and Space Administration,

Hampton, Va., January 15, 1974.
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APPENDIX

DESCRIPTION AND CALIBRATION OF INSTRUMENTATION

Hot-Wire Instrumentation and Methods

The hot-wire measurements were made with a constant current anemometer with a
frequency response up to 500 kHz. However, the data to be presented were filtered above
100 kHz since there was a negligible amount of signal above this frequency and filtering
the higher frequencies improved the signal-to-noise ratio. The hot-wire probe (fig. 20)
consisted of two needles, embedded in a wedge-shaped holder, which supported the wire
that was the sensing element of the probe. The holder was cast from a high-temperature
epoxy with the needle tips spaced about 0.175 cm apart. Nickel plated, platinum wire was
silver soldered across the tips of the needles, and a length (centered about midspan) of
about 0.076 cm was etched to remove the nickel plating. The etched, platinum wire (the
sensing portion of the wire) was 5.08 p.m in diameter. About a quarter circle slack was
formed in the wire to help avoid "strain-gage" effects in the signals. The wire was
checked for strain- gage oscillations in a small hypersonic helium nozzle which has suffi-
cient turbulence to excite strain- gage oscillations, and no oscillations were found. The
measurements to be discussed were all made with this single probe and a single wire.
The wire was temperature calibrated at low temperatures (up to 420 K) to determine its
temperature-resistivity coefficient aref defined by the relation

= Href «ref(Tw - Tref) + ̂ e f r e f N - Tref) .(AD

The value of a f was 0.0038 per K which agrees with the value suggested in refer-
ence 14. The temperature calibration facilities were not adequate to determine the non-
linear temperature -resistivity coefficient y , and the value suggested in reference 14
was used, that is, y = 0.045.

The heat-loss and recovery-factor calibration for the wire was obtained as part of
the tests in which the turbulence level was measured in the Ames 3.5-foot hypersonic
wind tunnel; that is, the wire Nusselt number

T = = - - r (A2),T _

and the recovery factor

(A3)
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APPENDIX

(where Tr is the wire resistance with no current and I is the wire length) were deter-
mined by recording the mean wire voltage at several currents for each stagnation pres-
sure. The stagnation pressure was limited to 600 N/cm2 in the tests because exploratory
tests showed that the wires would break due to loading at higher pressures. The Nusselt
number calibration is shown in figure 20 . A good fit to the data is

NNu,T = °-06 + °-55l/NRe,T (A4)

The recovery factor was nearly constant at rj - 0.94.

In addition to the heat-loss and recovery-factor calibrations, the heat capacity of
the wire was determined from tests performed in the small helium nozzle previously
mentioned. The procedure that was used is outlined in reference 3. The wire time
constant ^- was measured over a wide range of flow conditions and the heat capacity
c was taken as the average value calculated by using the equation

Since the measurements in the helium nozzle were at low wire temperatures (the stagna-
tion, temperature of the helium flow was about room temperature), the value of c, so
obtained, was scaled with the specific heat of the platinum to the temperature levels of
the tests in the Ames HWT; that is, the measured heat capacity was increased about
5 percent to account for the higher temperature of the air tests. This higher heat capac-
ity was then used to determine the time constants of the wire for the flow conditions in
the Ames HWT. For each fluctuation measurement one time constant was used at all
overheats; the rms voltage that was recorded was then corrected by using the equation

(ref. 3)

ft rue _ ̂ true ^
erneas -Aneas

For the fluctuation measurements, the basic hot-wire equation for the sensitivity of
the hot wire to mass flow and total temperature fluctuations is

m
(A7)

where e', Tt', and m' are the instantaneous fluctuations in wire voltage, total temper-
ature, and mass flow; V, ft, and m are the time average values. The wire sensitivi-
ties are given by Morkovin (ref. 14) as
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IT-/ A . d l n%u,T Aw' d In n ( , . _ .Aem = E Aw '- '•— (A8)
' d l n NRe,T T w,rd lnN R e '

and

d l n N *
= E' K + A K -1.86 + 0.76

d lnNRe,T Tw,r d In NRe>T

(A9)

where Mach number independence of N^u rp and 77 has been assumed and constants
appropriate for air have been used; E' is the finite circuit factor and TW r is the
temperature loading (Tw - Tr)/Tr.

The mode diagram approach was used to interpret the fluctuating hot-wire voltage.
That is, the hot wire was operated at several currents and a "virtual" total temperature

i ^t f\

fluctuation e/VAerp is recorded at each current, or sensitivity ratio, r = m. From
equation (A 7), T

T ~ /- \2
) (A10)

W

This equation, when evaluated at the various sensitivity ratios (typically 6 to 7 values of
r), yields redundant information to extract the three unknowns, Tj, m, and RJ^T! ^mT

" is the correlation coefficient of the mass flow and total temperature fluctuations and
_ m'Tt'

Rr-rri — ^ ~—.
™T mTt

Fluctuating Pressures

Surface fluctuating pressures on a 16° cone.- The surface fluctuating pressures on
a 16° cone were measured by using a Kistler Model 606L Pressure Transducer converted
to operate in the Piezotron mode. The converted pickup had a pressure resolution of
0.69 N/m2 and an acceleration sensitivity of less than 6.9 N/m2/g. A thin coating of
RTV silicone rubber was used to fair the pressure sensitive surface of the transducer to
the surface of the conical model. This was done because it was believed that a thin coat-
ing of RTV would have less effect in the frequency response of the transducer than a port
and volume. The transducers were calibrated after the rubber was bonded to its pressure
sensitive surface.

A schematic diagram of the pressure measuring and recording system is shown in
figure 21. The pressure measuring technique was somewhat unconventional. One of the
transducers was subjected to the boundary-layer flow, its fluctuations, and vibration of
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the model. A second transducer was shielded from the flow and its output was predomi-
nantly due to vibrations of the model. This technique was used because the transducers
are sensitive to acceleration and because of the low pressure levels being measured.
The net rms pressure level was obtained by subtracting the mean-square pressures indi-
cated by the two transducers and taking the square root of the difference. In this manner
the effects of acceleration and electronic noise were minimized. In order to do this prop-
erly, the output of the two transducers was matched to give identical outputs for a given
acceleration level. This was done by varying the sensitivity of the Kistler Model 504D
Dual Mode Charge Amplifier. After the sensitivity settings were made, the transducers
were then calibrated with a Photocon Research Products Model PC-120 Pressure Cali-
brator. An example of a typical calibration is shown in figure 22.

A typical oscilloscope record of the output of the two transducers is shown in fig-
ure 23. The upper trace shows the output of the transducer exposed to high-frequency
pressure fluctuations under the laminar boundary layer. The lower trace shows the out-
put of the covered transducer. This latter signal is dominated by the low frequency vibra-
tions of the model. The rms voltage level for the covered transducer ranged from about
10 to 20 percent of that for the exposed transducer, depending on the Reynolds number. In
general the percentage output of the covered transducer was greatest for the lower
Reynolds numbers.

Fluctuating pitot pressures.- A drawing of the pitot probe is shown in figure 24.
The transducer mounted in the flat face probe was exposed to the flow and its fluctuations.
The transducer in the conical probe was shielded from the flow. The output of the cov-
ered transducer was predominantly due to vibration of the probe and the support. This
vibration was assumed to be the same for both transducers. The output of the two trans-
ducers was reduced as outlined in the previous section.

The rms voltage level for the covered transducer ranged from about 5 to 15 percent
of that for the exposed transducer, depending on the total pressure of the test. The higher
percentages were experienced at the lower total pressures where the outputs of the trans-
ducers approach the noise level of the instrumentation.

The fluctuating pitot pressure transducers used were the Kistler model 202A5
quartz piezotron. These transducers have a pressure resolution of 27 N/m2 and an
accleration sensitivity of less than 14 N/m2//g along the pressure sensitive axis. The
natural frequency of the pickup is about 250 kHz. A thin coating of RTV silicone rubber
was used to protect the diaphragm of the transducer from high temperatures and from
particles in the flow. The transducers were calibrated after the rubber was bonded to
its pressure sensitive surface. An example of a calibration curve for one of the trans-
ducers is presented in figure 22. The exposed transducer was mounted in the center of
the flat end of a cylinder as shown in figure 24. The diameter of the disk was twice the
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diameter of the transducer. This design was used to take advantage of the fact that the
pressure across the center portion of a flat face cylinder in supersonic flow is almost
constant.
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TABLE I.- TRANSITION DATA FOR SHARP CONES

(a) Tunnel version A

«c>
deg

5

5

5

10

16

M»
(nominal)

8.00

.8.00

7.40

8 00

8 00

Me

(nominal)

7.24

7.24

6.80

6 21

5 00

T..
K

764

753
755

770

759
753

736

750

807

825
820
842

750
(nominal)

700

(nominal)

758
748
775
780

770
810

758

820

828
834

758
830

795

770
774

768
748
775
764
780

770

837
837

835

852

808

V7!

.393

.403

.402

.394

.400

.412

.424

.414

.415

.376

.373

.377

.374

=0.40

=0.43

0 390

.394

.386

. .387
.397

.396

.411

.367

.373

.376

.410

.380

.404

0 391
390

397
407
,398
.409

.407

.394

.380

.371

.381

.379

.403

NRe,s,tr,t

.

1.77

2.40"

3.16

3.06

3.13
2.80

3.57

3.42

4.14
3.01

3.08

3.17
3.45

1.50X106

1.45

1.50

2.00
2.60 •

2.30

3.30

4.25

3.95X 106

4.80
3.90

4.23
5.55

4.95

4.50
5.25
4.90

5.50
5.70
5.30
4.40

2 12 x 106

2.53

2.58
3.24
3.86

4.45
4.79

3.08

3.62

4.25
4.45
4.74

5.22

2 28 x 10^

2 52

2 81
3 50
4.12
4.77

4.96
5.32

3.32

4.04
4.50

4.94

5.54

NRe,s,tr,e

4.16X 106

4.65

5.30

5.70
6.00

6.85

7.63

7.82

7.90

5.58
6.71

7.39

7.16

4.15 x 106

4.56
5.19
6.35

7.05
7.37

5.08
6.00

6.97

7.09
7.42
7.44

6.34 x 106

7.13
7.46

8.47

6.24

6.93

7.25
7.95

NW""

4 56

7.90

11.64
15.34

18.30

11.60

28.84

39.91

39.11
46.20

17.22
24.90

33.40

39.80

4.15

4.25

4.25
8.65

17.50

19.20
42.00

45.00

5.78
7.45

•9.68

12.81
12.81
15.76
16.75

20.69
21.68
24.30
29.89

32.84
35.44

9 31
14.21
16.44

21.91
33.92
40.90

56.40

20.42
29.78
40.00

45.26
49.30

62.90

8 98
12 56

16 05
21 60
30.88
42.58
51.35

63.00

18.75
27.80

37.50

45.10

57.65

Tunnel

VTVTey

Langley VDT

Ames HWT

Langley VDT

ngey

Type of model

Paint

Thermocouple

.
ermocoup e
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TABLE I.- TRANSITION DATA FOR SHARP CONES - Concluded

(b) Tunnel version B

V
deg

5

5

5

16

M»
(nominal)

8.00

7.40

8.00

7.32

Me
(nominal)

7.24

6.8

7.24

Tt-
K

750
(nominal)

835
(nominal)

701

752
770
765
785
786
774

719
721
759
741
759
764
780
772

771
785
775
781
791
768

776
774
776
763

726
703
675
699
736
659

703
772
712
636

1052
1129
951
907

T,/rt

=0.40

=0.40

.405

.421

.438

.425

.399

.460

0.426
.382
.418
.359
.276
.257
.304
.326

Onset
NRe,s,tr

2.30 X 106
2.9
3.2

3.3

2.34 x 106
2.75
2.85
2.9
2.94
2.6
3.0

2.78
2.96
3.65
3.85
4.00
4.60

2.65
3.05
3.18
3.20
3.74
3.48
3.82
3.79

NRe,s,tr.b

3.12X 106

3.97
4.10
4.50
4.45
4.59
5.05

3.80
3.85
4.02
4.05
4.65
4.65
4.55
4.50

3.87
4.06
4.50'
4.85
5.25
5.55

4.45
4.85
5.20
5.50

2.77
3.17
3.45
3.76
3.91
5.26

5.03 X 106
5.12
4.47
7.28
3.97
3.76
4.43
4.52

NRe,s,tr,e

6.50 x 106
7.7
9.9

11.3

8.40 x 106

8.22

9.50

-:

5.35 X 106
6.10
6.10
6.60
6.55
7.20

5.70
5.75
6.15
6.15
6.30
6.25
6.65
6.60

5.50X 106
5.80
6.50
7.15
7.50
8.20

6.20 x 106
6.95
7.30
7.80

5.09 x 106

5.55
6.27
6.48
6.51
8.87

10.36 x 106

Peak
NRe,s,tr

5.40 x 106

7.4

5.5

5.7

5.24 x 106

5.20
5.44
6.09

6.52

7.75

5.75
6.35
6.30
7.10
7.15
7.80

5.80
5.85
6.30
6.40
6.50
6.50
7.15
7.15

NReAm

3.8
5.7

10.7
15.2
24.4
37.0
9.0
8.2

14.0

3.8
4.5
5.6
7.1
7.2
8.6
9.8

10.2
13.6
15.0
16.2 •
21.4
23.3
25.4

4.92

9.65
12.14
15.37
18.72
18.55
27.52

8.94
9.11

11.94
12.07
15.88
15.64
18.54
18.75

17.72
21.27
32.71
42.89
50.68
58.35

30.58
40.45
49.22
56.95

8.52
13.58
19.28
22.76
29.30
43.54

21.62
22.89
26.25
45.82
18.92
16.93
22.66
24.76

Tunnel

Langley VDT

Ames HWT

Langley VDT

ngey

Ames HWT

Type of model

Thin film

Thin film

Thermocouple

ermocoup e

Thermocouple
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TABLE n.- HOT-WIRE DATA FROM AMES

3.5-FOOT HYPERSONIC WIND TUNNEL

^Re,^m

3.85
3.96
6.69
7.22

11.44
15.36
21.38

m/m,
percent

2.20
2.20
2.35
2.00
3.68
2.95
3.15

ft/IV
percent

0.78
.78

1.14
.66
.93
.78
.72

Poc/P*,.
percent

3.68
3.68
4.16
3.30
5.86
3.33
4.95

Tf
K

653
644
617
711
628
658
633

TABLE ni.- FLUCTUATING PRESSURE AT SURFACE OF 16° CONICAL MODEL

(a) Ames HWT

NRe.V^1"

3.91
7.54

11.69
19.32
14.63
25.35
35.5

PC/PC-
percent

2.25
2.24
2.03
1.68
1.83
1.66
1.60

Tt>
K

703
709
697
701
726
731
697

Ts/Tt

=0.4

(b) Langley VDT

NRe,c/V-™

3.30
5.45
9.82

13.80
17.30
20.40
32.10
41.50
48.50
54.50

NRe,«/^m

2.31
3.81
6.87
9.65

12.1
14.28
22.45
29.00
33.90
38.10

PC/PC'
percent

4.15
3.75
3.29
3.09
2.85
2.76
2.43
2.31
2.33
2.34

Ts/Tt

=0.40

TABLE IV.- FLUCTUATING PITOT PRESSURES

(a) Ames HWT

NRe.V11111

3.48
3.48
6.45
9.66

11.69
16.70
23.90
31.60

Pt,2/pt,2>
percent

2.04
2.26
2.16
2.08
1.88
1.75
1.58
1.56

Tf
K

765
767
779
783
771
764
754
748

(b) Langley VDT

NRe,«5Am

0.925

1.438
2.08
3.31
5.01
6.36
8.00
10.52
12.58
18.72
26.15
29.05
35.40

P"t,2/Pt,2>
percent

2.57
3.57
3.57
3.31
3.07
2.92
2.84 "
2.67
2.59
2.34
2.11
1.96
1.81

T1t'
K

705
694
712
744
727
742
787
791
812
803
807
827
797
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Burner »U Test section-.-f—Diffuser

To vacuum
spheres

(a) Original design (version A).

Burner
Diffuser

3.7 m diam. at test plane

Aluminum-oxide
hexagon brick bed

To vacuum
spheres

(b) Modification 1 (version B).

Figure 1.- The two versions of the Ames 3.5-foot hypersonic wind tunnel.
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7.0

6.8

6.6

6.4

6.2

J.OA-

M0 0=-_b_
2c

a= 69.73
b = -20.29
c = 1.49
p, in psia

b2 _ (a-log1 0p t)

1 J_ 1
"0 400 80.0 1200 1600 2000 2400

/ 2pt, N/cm

Figure 3.- Calibration for Langley Mach 8 variable-density hypersonic tunnel.
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16 thermocouple model (26.6 cm long!

Pressure pickup exposed
to fluctuating pressures

Pressure pickup protected
from fluctuating pressures

Pickup

RTV rubber --

AccelerometerHoles in
RW

16 pressure model (26.6 cm long)

(b) Details of 16° conical models.

Figure 4.- Concluded.
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N.Re,s,tr

Tunnel Model Ref. M
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Figure 5.- Transition data from tunnel version A for 5° cone.
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Figure 14.- Hot-wire data for Ames HWT.
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Figure 21.- Schematic diagram of pressure instrumentation.

44



g

o
pa

CO
-t->
O

i

O)
be

§>
** X!
C O

II

bD 0

5 a
S Q3
CD
s-i
<"
O

S

a>

O
in

0)

3

*

•si
c g

-rt

0

eg

0)

O

3
CO
cu
SH

8

45



1 msec

Pressure pickup
exposed to fluc-
tuating pressure

Pickup covered

Figure 23.- Example of pressure pickup output.
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Figure 24.- Method for mounting pressure\transducers in
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