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Abstract

An assessment of the flow turbulence in the NASA Langley Transonic
Dynamics Tunnel (TDT) was conducted during calibration activities
following the facility conversion from a Freon-12 heavy-gas test medium
to an R134a heavy-gas test medium. Total pressure, static pressure, and
acoustic pressure levels were measured at several locations on a sting-
mounted rake. The test measured wall static pressures at several
locations although this paper presents only those from one location. The
test used two data acquisition systems, one sampling at 1000 Hz and the
second sampling at 125000 Hz, for acquiring time-domain data. This
paper presents standard deviations and power spectral densities of the
turbulence points throughout the wind tunnel envelope in air and Ri134a.
The objective of this paper is to present the turbulence characteristics for
the test section. No attempt is made to assess the causes of the
turbulence. The present paper looks at turbulence in terms of pressure
fluctuations. Reference 1 looked at tunnel turbulence in terms of velocity
fluctuations.

Introduction

Wind tunnels, like other engineering devices, require calibration in order to provide reliable and accu-
rate information. A wind tunnel calibration involves determining the mean values and uniformity of
various flow parameters in the tunnel test section. For a low-speed tunnel that operates at Mach numbers
of 0.5 and below, the calibration typically involves determining the distribution of dynamic pressure,
static pressure, total pressure, temperature, turbulence, and flow angularity. The calibration of tunnels
that operate in the transonic and supersonic regions (Mach numbers from 0.8 to 5.0) is focused on
determining the distribution of Mach numbers along the test section centerline. A good distribution of
Mach numbers along the test section of a transonic tunnel is generally indicative of smooth flow (ref. 2);
however, the assessment should still determine flow angularity and turbulence for completeness.

Wind tunnel calibrations are typically conducted on a regular basis to monitor flow conditions or after
any changes or modifications have been made to the facility. In the case of the Langley Transonic
Dynamics Tunnel (TDT), a calibration was conducted following a facility modification. This report
documents the tunnel turbulence in the TDT.

The TDT is a closed-circuit, continuous-flow, slotted test section, transonic wind tunnel, specifically
designed to conduct dynamic tests associated with aeroelastic research. This research includes the study
of flutter, buffet, aerodynamic loads, forced response, and active control using aeroelastic models
(refs. 3-7).

The TDT has a 16- by 16-ft slotted test section and is capable of Mach numbers from near 0 to 1.2.
Stagnation pressures from near vacuum to atmospheric pressure and dynamic pressures from near 0 to
550 psf are possible, depending on the test medium. Tests in the TDT can be conducted in air or in a
heavy-gas test medium. The heavy-gas testing offers advantages for testing aeroelastically scaled models.



The TDT is a unique facility for testing aeroelastic models large enough to allow the accurate scaling
of mass and stiffness distributions from the full-scale vehicle to the model. Besides matching such
important model structural and mass properties, it is imperative for high subsonic and transonic flutter
models that full-scale Mach numbers be matched because of compressibility effects. In addition, other
dimensionless quantities, such as reduced frequency and Froude number, must also be matched for the
model at wind tunnel test conditions to adequately represent the airplane at full-scale flight conditions.
Using typical model design techniques, it is not possible to match Mach number, Froude number, and
reduced frequency simultaneously using air as the test medium in a wind tunnel. However, it is some-
times possible to match these dimensionless parameters by using heavy gas as the test medium.

In 1997, the TDT underwent a conversion from a Freon-12 test medium to an R134a test medium for
environmental purposes. Reference 8 describes the TDT heavy-gas conversion process. Because of the
change in test medium, it was necessary to determine the TDT performance envelope and document
various test section flow parameters before regular testing resumed. Over the period of a year, an
exhaustive calibration effort took place involving sidewall pressures (ref. 9), survey rake measurements of
flow angularity (ref. 10), centerline measurements of Mach number distribution, boundary layer mea-
surements, and survey rake measurements of flow turbulence.

The objective of this paper is to present the turbulence data for the test section in terms of standard
deviation and spectral characteristics of pressures.

Nomenclature

ASC all slots closed

BPF blade passing frequency, Hz (=RPM * 47/60)
DAS data acquisition system

G 5/ q( f) normalized power spectral density function of pressure, per Hz

M Mach number

P pressure, psf

PSD power spectral density

P, total pressure, psf

q dynamic pressure, psf

R Reynolds number

RMS root-mean-square

RPM motor revolutions per minute
T temperature, °F



TDT Transonic Dynamics Tunnel

TS tunnel station, ft

WSC wall slots closed

o; standard deviation, psf

O34 normalized standard deviation of pressure, expressed as a percent

Apparatus and Procedures
The apparatus consists of the wind tunnel, rake and probes, and the data acquisition equipment.
Wind Tunnel

The TDT is a continuous-flow, transonic wind tunnel which has many unique features that make it
suitable for aeroelastic testing. The facility is capable of attaining Mach numbers between near 0 to 1.2 in
either air or R134a as a test medium. Stagnation pressures from near zero to atmospheric pressure are
possible, and dynamic pressures up to 550 psf are possible using R134a as a test medium.

Figure 1 shows an aerial photograph of the TDT. Figures 2 and 3 provide detailed drawings of the
layout of the TDT. The major components of the TDT include a steel pressure shell, settling chamber,
contraction section, slotted test section with plenum chamber, diffuser section, electric drive system with
a 47 blade fan, and a high-volume gas handling system for heavy-gas operations. The whole tunnel
encloses a volume of about a million cubic feet.

A 60-ft-diameter plenum chamber surrounds the 16- by 16-ft test section that has three slots in both
the ceiling and the floor and two slots on each of the walls to provide an adequate area for flow expansion
and, therefore, enables transonic testing. The transonic slot shapes provide a nearly gradient free region
of flow at transonic speeds in the vicinity of a model.

The test chamber, which can be isolated from the rest of the tunnel using the butterfly and gate values
(fig. 3), is composed of the 16-ft square test section and the 60-ft-diameter plenum chamber that sur-
rounds it. During operations above Mach 0.85, double-hinged reentry flaps in the floor and ceiling are
progressively opened to allow flow that exits the test section through the transonic slots to reenter the
main flow in the diffuser section. The tunnel flow reentry flaps are outlined in the downstream view in
figure 4. This figure also shows the slots located on the walls and ceiling of the test section. The slots on
the floor were covered at the time this photo was taken. This photo includes boundary layer rakes
mounted on the floor, ceiling, and walls, which were used for another calibration test but were not present
in the test section for the turbulence measurement tests. Figure 5 shows a schematic of the reentry flap
operation, including the flap schedule.

The flow is powered by a 30000-hp fan drive motor and enhanced by the reentry flap settings and
remotely controlled prerotation vanes. Figure 6 shows the location of the prerotation vanes as directly
upstream of the fan blades. The figure also shows a few of the 47 fan blades immediately behind the
prerotation vanes. The vanes only pivot about their spanwise axis to change the angle of flow impinging
on the fan blades. Smaller prerotation vane angles would attain higher speeds, but greater angles provide
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better operating efficiency. The prerotation vanes are only rotated at the upper limits of the tunnel
operation when additional speeds are required that cannot be obtained just by increasing tunnel motor
power and rotation rate.

Tunnel flow cooling is provided at the turning vanes downstream of the motor to limit temperature to
a maximum of 120° to 130°. The tunnel has two screens, one a model debris catch screen upstream of the
prerotation vanes and the other a flow-smoothing screen near the downstream tip of the fan motor nacelle.

Figures 7 and 8 show significant portions of the TDT operating envelopes as functions of Mach num-
ber and dynamic pressure for air and for R134a. Superimposed on these figures are the open-slot test
points at which turbulence data were acquired to be presented in this paper.

Rake and Measurements

A survey rake, 10.5 ft in length with provision for mounting 11 probes, was installed horizontally in
the test section. Figure 9 shows how the rake was mounted to a sting. This survey rake was also used to
mount probes to measure flow angularity (ref. 10). The rake schematic in figure 10 shows a detailed
layout of the rake, identifying the sensors and their locations. A shaped plug filled the unused probe
receptacles.

The leading edge of the rake has three different types of pressure probes mounted on it. These pres-
sure probes measured (1) unsteady total pressures at stations 3 and 9 on the rake, (2) fluctuating static
pressure at station 5, and (3) sound pressure measured by an acoustic pressure probe (microphone) at
station 4.

Langley manufactured the unsteady total pressure probes using 0.25-in-diameter stainless steel tubing
and miniature +2 psig piezoresistive pressure-differential sensors designed to have a flat frequency
response up to 15 KHz. Figure 11(a) shows a total pressure probe, an adapter, and a probe with the
adapter installed. Figure 11(b) is a close-up view of the flat face of a total pressure probe tip showing the
head of an embedded sensor and a 0.02-in-diameter reference pressure orifice. A 10-ft length of 0.015-in-
inner diameter flexible tubing feeds the orifice pressure back to the sensor reference. The tubing provides
a damped probe-face pressure for the sensor reference pressure, yielding the fluctuating portion of the
unsteady total pressure measurement.

The static pressure probe located at station 5 was similar in design to that described in reference 11. It
also has a flat frequency up to 15 KHz. Figure 12 shows the components of the static pressure probe.
From top to bottom, they consist of the probe-to-rake adapter and the outer and inner probe components.
The sensor is mounted on the inner component. The outer component has a tip with a general ogive shape
and a 0.02-in-diameter orifice along its side leading to the sensor of the inner component and located
2.5 in. aft of the tip. The reference tube of the sensor was exposed to the tunnel static pressure during the
test. The primary calibrations of the static and total pressure sensors were conducted under laboratory
conditions before they were installed into their probe housings. Once installed there was no easy way to
calibrate the pressure sensors; however, known pressures were applied to the transducers as a check on
their measurements.

The acoustic pressure probe (microphone) was located at station 4. It had a 0.125-in-diameter
diaphragm and a nose cone as shown in figure 13(a). Figure 13(b) shows the probe system. The probe
calibration curve provided with the instrument showed it to exhibit a flat frequency response from 20 to
50000 Hz.



Static pressure probes were also mounted flush with the test section walls and centered vertically
between the floor and the ceiling. The wall probes were located in the east wall (port) at tunnel
stations 43, 76, 87, 95, and 108 and in the west wall (starboard) at station 95, where tunnel stations are
measured in feet. This report presents only the port probe measurements at station 43. Station 43 is
forward of the typical location of most wind tunnel models; however, it is the closest to the models being
tested. The measurement of the wall pressure at tunnel station 76 exhibited low-frequency oscillations
and, at times, linear trends within the data record. The linear trends were unexplainable and rendered the
data untrustworthy and, therefore, are not included in this report, although these data would have been of
interest because of the proximity to where the wall mounted models would be installed. Most wind
tunnel models are mounted to be centered at tunnel station 72 in the test section.

Additionally, stations 2, 6, and 10 had hot-wire anemometer X-probes installed on the rake; however,
measurement difficulties precluded the derivation of useful data from them.

The rake was equipped with three accelerometers positioned 1 ft aft of the probe tips with lateral loca-
tions of —4.84, —0.16, and 4.84 ft with respect to the rake center where positive values denote a starboard
location. Table 1 provides the modes and frequencies of the rake and sting.

Data Acquisition

The test measured all data as analog signals. As shown in figure 14, the test sampled data using two
data acquisition systems (DASs). The DAS associated with Computer 1 sampled all the recorded data at
1000 Hz for 60 s. The DAS associated with Computer 2 sampled selected data channels at 125000 Hz
for 8 s. The National Wind Tunnel Complex Government Industry Team recommended the high sample
rate in reference 12.

The processing sequence of the DASs was originally organized to preserve the signal phase for cross-
wire measurements. Because the phase response of the high-speed DAS was less accurate than that of the
low-speed DAS, first the selected analog signals were gained and sent to the high-speed DAS, and then
the high-speed DAS forwarded the corresponding digital signals to the low-speed DAS. The remaining
analog signals were sent directly to the low-speed DAS. The analog signals to high-speed DAS were
filtered with sixth-order Bessel analog filters at 50 000 Hz and truncated to 20000 Hz. The analog signals
to the low-speed DAS signals were filtered with fourth-order Bessel analog filters at 200 Hz. A 5-V
peak-to-peak sinusoidal reference signal having a 4-Hz frequency was provided to each DAS to permit
signal synchronizing. The wind-off levels of the signals were subtracted from the data of the low-speed
DAS.

Data Processing

Power spectral densities (PSDs) of the time histories were calculated from the time histories of the
signals. These were calculated using a MATLAB based software program developed at the NASA
Langley Research Center for processing experimental time-domain data (ref. 13). PSDs of these time
histories were computed using data block sizes of 32768 for the high-speed sampling and 4096 for low-
speed sampling, while employing the Hanning window function and 50 percent overlap processing. Each
data block was detrended prior to calculating the PSD. These specifications imply a spectral frequency
resolution of 3.81 Hz for the high-speed DAS and a frequency resolution of 0.244 Hz for the low-speed
DAS.



Root-mean-square (RMS) values of the signals were generated from the measurement time histories
and were normalized by dynamic pressure. The mean of the entire time history was removed prior to
calculating the square root of the variance of the time history signals. This is equivalent to the standard
deviation.

Comparisons were made between these RMS values and the square root of the numerical integration
of the area under the PSD. Except for those differences identified in table 2 by shaded cells, all compari-
sons were within 10 percent.

Although the reduced data are included for these quantities at these conditions, the data are suspect.

During testing it was noticed that, at some test conditions, the survey rake underwent small-amplitude
up-and-down pitching motions. The authors wondered to what extent this rake pitching motion influ-
enced the turbulence data being acquired by the fluctuating pressures on the rake. To assess this
influence, the coherence function was calculated between the acoustic pressure probe and the port
accelerometer. The acoustic pressure probe was chosen since it is considered to be the most accurate of
the sensors in measuring turbulence. The accelerometer on the rake was the accelerometer closest to the
acoustic pressure probe. These results are discussed in detail in the next section.

Results and Discussion

This section of the paper describes and discusses the turbulence characteristics of the TDT test section
as measured by the fluctuating pressure instrumentation. The present paper looks at turbulence in terms
of pressure fluctuations. Reference 1 looked at tunnel turbulence in terms of velocity fluctuations.

The next subsection discusses test conditions, followed by turbulence intensity (as represented by
normalized standard deviation) and turbulence frequency content (as represented by its power spectral
density function). This section concludes with a brief examination of the statistical correlation between
the turbulence measured on the rake and the vertical acceleration of the rake (as represented by the
coherence function relating these two quantities).

Test Conditions

As can be seen from figures 7 and 8, a total of nine combinations of Mach number and dynamic
pressure was chosen for the air test medium, while over 40 combinations were chosen for the heavy-gas
test medium. These combinations in air corresponded to nominal total pressures of about 100, 400, and
2200 psf over a range of Mach numbers and dynamic pressures. The combinations in heavy gas corre-
sponded to nominal total pressures of about 200, 500, and 1800 psf over a range of Mach numbers and
dynamic pressures and at constant nominal dynamic pressure (about 225 psf) over a range of Mach
numbers. (Additional combinations were acquired in air at nominal total pressures of about 700 and
1200 psf but are not presented in this paper because of the similarity of those results to corresponding
results in air at 2200 psf.) Other variations that occurred during testing were slot conditions with open
slots, with wall slots closed and with all slots closed.

Table 2 presents a summary of turbulence levels for 76 test conditions. These results are grouped into
12 sets. Sets 1-3 were conducted in air (showing a value of zero for R134a purity) and the remaining sets
were conducted in heavy gas. Sets 1-4, which include only low-speed test points, may be useful for
comparisons with other wind tunnels. Set 5 is a full set of test points for which the tunnel total pressure is
approximately 500 psf. Set 6 supplements set 5 with a high-speed pass for a similar total pressure. It
should be noted, however, that all test points of set 6 have the high-speed reentry flap setting of 4. Set 7
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is a full set of test points for which the total pressure is approximately 200 psf. Set 8 includes test points
of various total pressures, but where each test has a dynamic pressure of 225 psf. Set 8 may also be
useful for comparisons with other wind tunnels. Set 9 consists of test points for which the wall slots are
closed and the total pressure is approximately 500 psf. Similarly, set 10 consists of test points for which
the wall slots are closed and the total pressure is approximately 200 psf. Set 11 consists of test points for
which all slots are closed and the total pressure is approximately 500 psf, and set 12 consists of test points
for which all slots are closed and the total pressure is approximately 200 psf. Included in the table are the
set number and the run and test point identifiers for each test point.

The following describes the other contents in the table.

Slot configuration. The slot configuration is indicated as open (all wall slot covers, floor slot covers, and
ceiling slot covers are open), east wall slots closed (WSC), or all slots closed (ASC).

R134a purity. The purity of R134a indicates the proportion of R134a in the test medium. Any data with
a purity that is nonzero are R134a test points. Zero purity corresponds to air.

Tunnel total pressure. The tunnel total pressure is provided. As mentioned earlier, data were acquired in
air at nominal total pressures of 100, 400, and 2100 psf. R134a data were acquired at nominal total
pressures of 200, 500, and 1800 psf.

Reentry flap settings. The reentry flap settings are indicated by a number from 1-4 which corresponds to
the flap schedule which had previously been described and shown in figure 5.

Prerotation vane and motor power. For completeness, the prerotation vane setting is included. The
prerotation vanes are set at 19.5° for all cases except for the highest Mach number settings in which the
prerotation vane setting is decreased because Mach number cannot be achieved because of limitations on
motor rotational speed.

Motor power. For completeness, the motor power is provided.
Mach number. The free-stream Mach number is shown.

Dynamic pressure. The dynamic pressure of each test point is shown.

Other tunnel conditions. The tunnel stagnation temperature and tunnel static pressure measured during
testing are given. The test flow velocity and density are also provided. These along with the Reynolds
number are determined using a computer program which calculates the isentropic flow properties for
mixtures of R134a and air which requires as input the tunnel stagnation and static pressures, the tunnel
stagnation temperature, and the purity (ref. 14).

Motor rotational speed. The motor rotational speed for each test point is also provided.

Blade passing frequency (BPF). The BPF is included using

BPF = RPM x -/ (1)
60

where RPM is the rotational speed of the drive motor in revolutions per minute, and 47 is the number of
fan blades.



Intensity of TDT Turbulence

The normalized standard deviation of fluctuating pressures is taken as the measure of the intensity of
the turbulence in the TDT test section. The five right-most columns in table 2 contain these standard
deviations, expressed as a percentage of free-stream dynamic pressure acquired from two total pressure
transducers, two static pressure transducers, and one sound pressure transducer. Expressed in this way,
turbulence levels varied between a minimum of 0.14 percent at a low subsonic Mach number in air and a
maximum of 0.89 percent at a transonic Mach number in heavy gas. Figures 15 through 21 present in
graphical form the information contained in table 2.

The turbulence levels shown are for the low-speed sampled data only, although standard deviations
were also calculated for the high-speed sampled data. The turbulence levels are presented for each of the
five pressure measurements. Figure 15 shows the variations of turbulence for approximate total pressures
of 100, 400, and 2100 psf in air and for a total pressure of 1800 psf in the heavy gas. The Mach numbers
range between 0.2 and 0.7 as contained in sets 1-4 for open slots. Figure 15(a) depicts rather low
constant values with a changing Mach number for the rake total pressure probes. The port pressure levels
are greater than the starboard pressure levels. Similar results can be seen in figure 15(b) for the rake static
pressure and sound coefficients in which the rake static pressures are greater than the sound pressures and
in figure 15(c) for the wall static measurements, although figure 15(b) exhibits slightly more scatter. The
wall turbulence levels are higher than the static turbulence levels at the lower Mach numbers, but the rake
static level is higher than the wall static level at the higher Mach numbers. All turbulence levels remain
below 0.7 percent.

Figure 16 shows the turbulence variation for a broader range of Mach numbers conducted in the heavy
gas for tunnel total pressures of 200 and 500 psf and encompassing sets 5—7. The port turbulence levels
are slightly greater than the static turbulence levels. The turbulence levels measured using the rake static
pressures are greater than those measured using the sound pressures. The wall static turbulence level is
slightly larger than the rake static levels subsonically and slightly less supersonically.

Figure 17 shows set 8. Once again the port levels are slightly greater than the starboard levels. The
rake static level is greater than the sound level and the wall static level is very similar. The rake and sting
exhibited an oscillation within the region of 0.76 =< M =< 0.85; therefore, data were not measured in this
region. The turbulence levels remained below 1 percent.

Figure 18 shows coefficient variations for sets 9 and 10 for which the wall slots are closed and the
tunnel total pressures are, respectively, about 500 and 200 psf. These plots terminate near M = 1. As
shown in figure 18(a), the port turbulence levels are greater than the starboard turbulence levels, espe-
cially in the subsonic range. As shown in figure 18(b), the turbulence levels as measured by the rake
static pressures are greater than those from sound pressures. The wall static pressures (fig. 18(c)) are
slightly greater than the rake static pressures subsonically.

Figure 19 shows coefficient variations for sets 11 and 12 for which all slots are closed and the tunnel
total pressures are, respectively, about 500 and 200 psf. The plots terminate at reduced values near
M = 0.9. Once again figure 19(a) shows port turbulence slightly above starboard turbulence. Fig-
ure 19(b) shows rake static turbulence that is almost double the sound turbulence. Figure 19(c) shows
that the wall static turbulence is greater than the rake static turbulence.

Figures 20 and 21 directly compare the effects of closing the slots when the total pressures are 500 and
200 psf, respectively. In figure 20(a), the effect of the slots being closed is minimal subsonically, and
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there is a slight decrease in the levels of turbulence transonically. In figure 20(b), the effect of closing all
slots is to decrease the turbulence levels transonically. In figure 20(c), the effect of closing all slots is to
increase the turbulence at the wall transonically. The results at a total pressure P, of 200 psf in figure 21
are very similar to the results shown for P, = 500 psf.

Frequency Content of TDT Turbulence

The PSD function of fluctuating pressures is taken as the measure of the frequency content of the tur-
bulence in the TDT test section. The main body of this paper presents low-frequency PSDs (frequencies
up to 200 Hz). The appendix to this paper presents high-frequency PSDs (frequencies up to 20 000 Hz).

Figures 22-33 contain plots of PSDs for data acquired for each sensor and for each of the 76 unique
test conditions identified in table 2. Each figure pertains to a different data set, beginning with data set 1
for figure 22 and ending with data set 12 for figure 33. Each figure has five parts, (a) through (e), with
each pertaining to data acquired by a different fluctuating pressure transducer. Within each part, PSD
plots are presented by a Mach number. Thus, data set 1, with only two Mach numbers, contains two
PSDs per part, while data set 7, with 12 Mach numbers, contains 12 PSDs per part. These low-frequency
spectral data are of most interest to potential customers at the TDT.

In order to present many PSDs on a single plot without the confusion of overlapping PSDs, a
multiplication-factor scheme has been employed. Each PSD has been multiplied by a different, even
power of 10 so that there is sufficient separation of the PSDs in the figure to avoid overlap. In the key for
each figure, the numbers in parentheses following the Mach number indicate the multiplication factor
which must be removed from that particular PSD in order to determine its correct magnitude at any given
frequency.

Figures 2233 show the PSDs of the tunnel turbulence for frequencies from near 0 to 200 Hz for each
set. The BPF and its harmonics (multiples of the BPF) can be seen on all sensors to a greater or lesser
degree.

Figure 22 shows the air cases at the lower Mach numbers. The rake port PSDs and the rake starboard
PSDs have very similar shapes and features. The rake static turbulence trend shows a more prominent
trough at 60 Hz and a peak at 80 Hz. These exist for the port and starboard total turbulence but are not as
obvious. The sound turbulence trend is similar to the rake static turbulence trend. The BPFs for these
two points at 135 (M = 0.3) and 176 (M = 0.4) as shown in table 2 are clearly shown on all the plots. The
acoustic turbulence has low-frequency attenuation not present for the others. The PSDs are constant
at low frequency with a drop-off at high frequency. This is in common with the von Karman (ref. 15)
spectrum. These are true for figures (a), (b), (c), and (e), but not for the acoustic turbulence in (d).

Other PSD figures show some additional differences which are described next. At the lowest Mach
number (0.2) and dynamic pressure, there exist large peaks in the PSDs at the high frequencies. These
peaks are probably due to the way the data were normalized. The high-frequency asymptote for the Mach
1.0 case has a shallower slope. There are some cases in which the drop-off at low frequencies does not
exist for the rake acoustic spectra but actually has an increase in the lowest frequency decade. There are a
few cases in which the wall static pressure has an increase at the low frequency.

On average, the slopes of the high-frequency asymptotes are on the order of —5/3 for all the sensors
and all the data, which are characteristic of the von Karman spectrum. In comparison with previously
obtained results (ref. 1), the same general features of the turbulence exist with constant low-frequency
behavior and the same slope (on a log-log scale) of the high-frequency asymptote.
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One complete set, including extended spectra of the PSDs for all five sensors for air at P, = 2100 psf
and R134a at 1800 psf at Mach 0.4, are provided to directly compare these test conditions. Figures 34
and 35 show the comparison of the spectra. For the sake of the completeness of this comparison, fig-
ure 35 also shows the PSDs for up to 20000 Hz. The plots include both the high- and low-frequency
data. The axis for the air test point is on the left side of the plot and that for the R134a is on the right side
of the plot. The total pressure turbulence spectra followed the same basic trend with peaks associated
with the blade passing frequency located at different frequencies. The static pressure spectrum is consid-
erably different. These differences are mostly in the high-frequency range above 200 Hz.

Statistical Correlation Between Rake-Measured Turbulence and Rake Vertical
Accelerations

The coherence function, y2, reveals the extent to which two quantities are statistically correlated. The
coherence function may assume a value between 0 (indicating no correlation between signals, or the
signals are incoherent) and 1 (indicating a one-to-one correlation between signals, or the signals are fully
coherent). Intermediate values indicate varying levels of correlation, or coherence.

During testing it was noticed that, at some test conditions, the survey rake underwent small-amplitude
up-and-down pitching motions. The authors wondered to what extent this rake pitching motion influ-
enced the turbulence data being acquired by the fluctuating pressures on the rake. To assess this influ-
ence, the coherence function between one of the transducers and an accelerometer on the rake was
computed.

The coherences were calculated between the acoustic pressure probe and the port accelerometer. The
acoustic pressure probe was chosen since it is considered to be the most accurate of the sensors in
measuring turbulence. The accelerometer on the rake was the accelerometer closest to the acoustic
pressure probe.

Figure 36 consists of coherence functions for M = 0.5 to 1.2 at the highest dynamic pressure condition.
If correlation exists between the sensors, we would expect to see it at these high dynamic pressure
conditions; however, the data in figure 36 show no significant interaction. Figure 36(a) at Mach 0.5 has
general levels below 0.2 with a few scattered peaks at approximately 0.3 and 0.4. The spike at 104 Hz
corresponds to the BPF. Figure 36(b) has low levels of coherence below 0.2-0.3. The highest peak of
approximately 0.48 again corresponds to the BPF at 121 Hz. Figure 36(c) at Mach = 0.7 shows the BPF
and another peak, which could correspond to a subharmonic or probably electrical noise of 60 Hz. Fig-
ure 36(d) at Mach 0.76 does not show a prominent peak at the BPF but does show a peak at the 60-Hz
electrical noise frequency. Figure 36(e) has low levels of coherence, although it shows a few peaks
between 50 and 100 Hz and the BPF. Figure 36 (f) which shows the Mach 0.9 case shows the BPF and a
peak around 10 Hz which could correspond to a rake vertical mode (table 1). It is unclear what the source
of this peak is. Figure 36(g), which shows the Mach 1.0 case, shows the BPF and a subharmonic. Fig-
ure 36(h) shows the BPF and its subharmonic for the Mach 1.1 case.

Concluding Remarks

An investigation was conducted in the Langley Transonic Dynamics Tunnel (TDT) to measure the
tunnel turbulence at tunnel station 72, the typical location for models tested in the TDT. For this paper
turbulence is defined as fluctuating pressures. Flow measurements were made at several lateral locations
on a survey rake. Total pressures at two positions, static pressure and acoustic pressure, were measured
on the rake, and wall static pressures at one tunnel station were also measured. Measurements were made
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for nearly constant tunnel total pressures at Mach numbers and dynamic pressures spanning the wind
tunnel test envelope with slots open and with wall slots closed and with all slots closed. This paper has
presented the standard deviations and the power-spectral densities of the turbulence without attempting to
analyze or assess the reasons or causes for the turbulence. The data are available for future analyses and
interpretation.
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Table 1. Modal Frequencies of Rake

Frequency, Hz

Description

6.25 First vertical
7.375 First torsion
5.562 First lateral

13.813 Sting/rake vertical
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Figure 2. Plan view drawing of NASA Langley Transonic Dynamics Tunnel.
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Figure 5. Schematic of reentry flap operation and reentry flap schedule.
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(b) Rake static and acoustic pressures.

Figure 15. Variation of turbulence levels with Mach number at low speed in air and R134a, open slots.
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Figure 15. Concluded.
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(b) Rake static and acoustic pressures.

Figure 16. Variation of turbulence levels with Mach number in R134a, open slots, P, =200 and 500 psf.
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Figure 16. Concluded.
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Figure 17. Variation of turbulence levels with Mach number in R134a for various P;, open slots, g = 225 psf.
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Figure 18. Effect of covered wall slots on turbulence levels with Mach number in R134a, P, = 500 and 200 psf.
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Figure 18. Concluded.
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(b) Rake static and acoustic pressures.

Figure 19. Effect of slot covering on turbulence levels in R134a, P, = 500 and 200 psf.
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Figure 19. Concluded.
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(b) Rake static and acoustic pressures.

Figure 20. Effect of slot covering on turbulence levels in R134a, P, = 500 psf.
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Figure 20. Concluded.
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Figure 21. Effect of slot covering on turbulence levels in R134a; P, =200 psf.
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Figure 21. Concluded.
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Figure 25. Plots of power spectral density functions of set 4.
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Figure 29. Plots of power spectral density functions of set 8.
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Figure 31. Plots of power spectral density functions of set 10.
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Figure 32. Plots of power spectral density functions of set 11.
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Figure 33. Plots of power spectral density functions of set 12.

95



G-, (f), per Hz

— —— M=0.90(x109
— - —  M=085x10%

10° =
107 ==
10" =
SR |
- \/ \\ | |
10° /
: | |
- v g |
- Wil
g | W’WWM
10° = /NN ‘\ A % |
= )y
SR 3 /“1'1.{ \”\Iv\},{\ |
T \,/ R \,]\rl“‘('v \
107 = | by ‘
E WLL!J;LI.:UH‘ M]M
- il
u b
L M
107 E
10-10_ | IIIIIIII | IIIIIIII | IIIIIIII | | IIIIIII
10" 10° 10* 10° 10°

Frequency, Hz

(b) Rake starboard total pressure.

Figure 33. Continued.

96



G-, (f), per Hz

— —— M=0.90(x109
— - —  M=085x10%

107

10° ==
M I TN
10 ; \
E \
g |
10° = M//WLNL |
E . /i
: 7 b N Lf/ \l ;‘\l \ \1
s o \ ey
10° f= iy Y
; \/ vy '\‘lL\J”ﬂ\} mm’f | ‘
: o
107 I h‘wﬂf i i |
= ]'M*(.’Lﬂtl\v |
~ B
- Wy
10°* = 1
10”° E
10-10_ | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII
10" 10° 10" 10* 10°

Frequency, Hz

(c) Rake static pressure.

Figure 33. Continued.

97



G-, (f), per Hz

— —— M=0.90(x109
— - —  M=085x10%

107

107 ==
107 fom
- ah
L /o
10° = // \ Aﬂf
= ! WJ\ mf
D Aoy ! W\\
10° = G /L
— rd \ //\/f | \. “1
g ) y \/w\,J1a]"ﬂwﬁ;\ |
r , | W‘
¥ J‘T/M UWN I
107 EE | /, 'l"h"ﬁmw fJW ‘“’ ”
- 7 Mgl
_ ’W,ﬂ
10° = | N
107 E
10-10 - | | IIIIIII0 | | IIIIIII1 | | IIIIIII2 | | IIIIIII3
10 10 10 10 10

Frequency, Hz

(d) Rake acoustic pressure.

Figure 33. Continued.

98



G-, (f), per Hz

— —— M=0.90(x109
— - —  M=085x10%

107

| IIIIIIITJ
\

}

/

10

—_
=
| IIIIIIII
b

10°

[ IIIIIII
=no
~_
=S
=
—i=
=

H
=

%

| ||||||I'|

10°®

_
o]

LY}

| ||||||I'|

10.10 | IIIIIIII | IIIIIIII | IIIIIIII | | IIIIIII
10° 10" 10° 10°
Frequency, Hz

_.
=
5

(e) Wall static pressure.

Figure 33. Concluded.

99



._.
=

Adr, P =2100 psf

— — — — RI34a, P,= 1800 psf

—_
<
&

—_
)
A

Fl ’

fi

—_
<
&

s /"/\Uﬂvww W AV‘W

e

e T il

\
g e b fyM

it 1Hlpﬂiﬂlr'mral! ‘

—

o]
—
=)

!
p Rﬁ;\%ﬁ%\"m‘ 4y

G, (), per Hz

—_

jom)
[
=

—

o]
—
=

< S
C?._‘ \Huml |\H|ml |\H|ml |\H|ml T T |\H|I'I'FH |\H|m‘

[a—y

10"
Frequency, Hz

(a) Rake port total pressure.

Air, P, =2100 psf

— — — — Rl134a, P,= 1800 pst

S A\HHM I\HIM I\HIM I\HIM Ll I\Hlmu I\Hlmu

V\,»Mufuu VA‘MMWMW

— Fae A B!
AP
T

!

il

g

| |
Mty

S
UBLBURALLL BEELEARALY AL ||H|'|'FH USRRLRAALL ISR HHH'IH UNLRRELL

AT BRI ST IIHWH (RN EEWRRET - HHN Ll

10°

10"
Frequency, Hz

(b) Rake starboard total pressure.

10°

Figure 34. Comparison of low-frequency spectra in air (P; = 2100 psf) and R134a (P, = 1800 psf), M = 0.4.

100



Adr, P =2100 psf

10° - — — — — RI34a, P,= 1800 psf -
10°E E
107 i —_— /\W AUWAM\ ) i
= 10°E WW’M

g ; o \ | 1

=9 of . S = R P i " .

< IOQ:E : ‘,\”“ Jl'\u”'”u'f T"“"i‘“vﬂ'an\lllﬂﬂl: | [ E|

S B i) ‘T{h M‘wﬁlul‘%% ]

=107 /

! E E|
10-11;E ?;
10-12;E ?;
10'13 i | L | -] L | L I -] L L | L |- | L Ll \7

10" 10° 10! 10° 10°
Frequency, Hz
(c) Rake static pressure.
Air, P, =2100 psf
107 — — — — Rl134a, P,= 1800 pst i,
10°F 4
107
= 10°k /V\V/\ %W”MWMWM -

i g 3

& 9 E f_/ ; ; ]

z 107F ~ T oy Tl E|
8 E D ST A N .JJM'“A\L {’ Ul'u ,ly J ' 3
& 10"k " ME 'MM‘:‘;\JJM A .
5 T T E

il I "l
10 ; ;
- :
10-13 i L NI L IR L R [ \_

10™ 10° 10! 10 10°
Frequency, Hz

(d) Rake acoustic pressure.

Figure 34.

Continued.

101



Adr, P =2100 psf
— — — — RI34a, P,= 1800 psf

G, (), per Hz

“e E|
- E= ?
. ; A r“ﬂ\ ﬂ A ;
s P— Y WWW .
F \ W .
= -~ | E
- L " i 1
ol —~ /'\ ’ | M"‘ “‘l.ﬁﬂ 1"\J\|Mllﬁm”\'n'm1'\ L] h | i
TR T P AL My E
- Wy { 7
- f ]
E L E|
F E
F E
1 10° 10" 10°
Frequency, Hz

(e) Wall static pressure.

Figure 34. Concluded.

102




G, (), per Hz

G, (N, perHz

Adr, P =2100 psf

10° - — — — — RI34a, P,= 1800 psf =
10°F E
10'7; AT ;
= o ] 3
107 T
B ™ uv ‘ E
109 YT WWWWW | E
E “wrlujh E
107 I i .m'WMM E
10" W\ ' 4
10-12;E \ ?;
10'13: | L | L L] | L | L] | \\\\\IW\ | \\\\II:
10" 10° 10! 10° 10° 10 10°
Frequency, Hz
(a) Rake port total pressure.
Air, P, =2100 psf
10-5 . — — — — Rl134a, P,= 1800 pst -
10°F 4
-7 : el f n :
10 ; pa—— = ki uww ;
10k g | ]
% _— T~ L fl’\/v&\, %
IO'QE — e N" ’ ﬁ-i-' |
107} ’W% s | ]
; F'J ‘“#Fl\lw ;
10" \
10" '
10-13: Ll I [ L I ||W II\\\\I:
10™ 10° 10* 10 10° 10 10°
Frequency, Hz

Figure 35. Comparison of extended spectra in air (P; =

(b) Rake starboard total pressure.

103

2100 psf) and R134a (P, = 1800 psf), M = 0.4.



Adr, P =2100 psf

10° - — — — — RI34a, P,= 1800 psf =
10°E E
10-7 i el owes FaNi| i | ‘ i
E 10-8 i A g !MK i
= 1 Y E
2 ) : I :
=7 ol i (T P I o b
< F " .
g 10-10 N | WM%M“”W'“",\'u,\“, Nljhw ]
* ol \\ ]
10" m d
]_0'17-;E |' ?;
10'13 : | L | L L] | L | L] | Ll ‘ | L I:
10" 10° 10" 107 10° 10* 10°
Frequency, Hz
(c) Rake static pressure.
Air, P, =2100 psf

10-5 _ — — — — Rl134a, P,= 1800 pst -
10°F 4
107
. P Y NE ]
T Uf W) ]
[ | .
N A TR ]
é 10 EE o \’/ J—l-’\1 ftf‘l }fU \ | ?
: A :

a‘E -10 |\ b f ) Iy
s E - L
E - lk\ﬂ W ; ! J E

11 SIFLE
E “ﬂl W ‘ E
10" ‘ J .
10-13: el ) el AN ) RN MW II\\\\I:
10" 10° 10' 10° 10° 10 10°
Frequency, Hz

(d) Rake acoustic pressure.

104

Figure 35. Continued.



Adr, P =2100 psf
— — — — RI34a, P,= 1800 psf

G, (), per Hz

s .
sk ]
7L i ! | j
E _— E
sl [ o
& \ =
i AL M .
B g :
E M’WIHL“‘vwﬂ\fj~d‘v QI ]
:E | Al ""'“W ?
F E
F E
& 10° 10! 10° 10° 10* 10°

Frequency, Hz

(e) Wall static pressure.

Figure 35. Concluded.

105




08

08

0.7

08

05

Coherence

04

0.3

0.2 | |

0.1 [T IH\I A l.iﬂ M
: WWM M AT
7 e Frequja??cy, Hz =8 20

;.

(a) Mach =0.5.

08

08

0.7

06

05

Coherence

04

0.3

0.2 i
01 ' | A|I .\Im“nl IR T T I I T

0 50 100 150 200
Frequency, Hz

(b) Mach = 0.6.

Figure 36. Coherence between rake acoustic pressure and rake port vertical acceleration, set 8, open slots, R134a,
q =225 psf.

106



Coherence

Coherence

08

0.8

07

06

05

04

0.3

02

0.1

08

08

07

06

05

04

0.3

02

0.1

L

" }AI - %l . L Il
W VA j L

50 100 150

Frequency, Hz

(c) Mach =0.7.

200

.qu | I

[

50 100 150
Frequency, Hz

(d) Mach =0.76.

Figure 36. Continued.

107

200



Coherence

Coherence

08

0.8

07

06

05

04

0.3

02

0.1

08

08

07

06

05

04

0.3

02

0.1

e i N . ! 1y

LA S R

50 100 150
Frequency, Hz

(e) Mach = 0.85.

——T

50 100 150
Frequency, Hz

(f) Mach =0.9.

Figure 36. Continued.

108



Coherence

Coherence

08

0.8

07

06

05

04

0.3

02

0.1

08

08

07

06

05

04

0.3

02

0.1

| H I |

| AII

A

i

LAY

5 100 150 200
Frequency, Hz
(g) Mach =1.0.
o el
e 0 N T A
50 100 150 200

Frequency, Hz

(h) Mach=1.1.

Figure 36. Continued.

10

9



Coherence

08

0.8

07

06

05

04

0.3

02

0.1

[ | Y AJI R ﬂl\

50 100
Frequency, Hz

(i) Mach=1.2.

Figure 36. Concluded.

110

150



Appendix
Extended Spectra

This appendix includes extended spectra for all the sets described in table 2. Short descriptions
of the sets are shown in table A1. Both the low-frequency (up to 200 Hz) and the high-frequency (up to
20000 Hz) spectra are superimposed on the same plot. The high-frequency spectra have a frequency
resolution of 3.81 Hz, were filtered to 50 000 Hz, and truncated to 20 000 Hz.

Figures Al through A12 contain plots of power spectral densities (PSDs) for data acquired for each
sensor and for each of the 76 unique test conditions identified in table 2. Each figure pertains to a
different data set, beginning with data set 1 for figure Al and ending with data set 12 for figure A12.
Each figure has five parts, (a) through (e), with each pertaining to data acquired by a different fluctuating
pressure transducer: rake port total pressure, rake starboard total pressure, rake static pressure, rake
acoustic pressure, and wall static pressure at tunnel station 43. Within each part, PSD plots are presented
by Mach number. Thus data set 1, with only two Mach numbers, contains two PSDs per part, while data
set 7, with 12 Mach numbers, contains 12 PSDs per part.

In order to present many PSDs on a single plot without the confusion of overlapping PSDs, a
multiplication-factor scheme has been employed. Each PSD has been multiplied by a different even
power of 10 so that there is sufficient separation of the PSDs in the figure to avoid overlap. In the key for
each figure, the numbers in parentheses following the Mach number indicate the multiplication factor
which must be removed from that particular PSD in order to determine its correct magnitude at any given
frequency.

The blade passing frequency (BPF) and its harmonics (multiples of the BPF) can be seen on all
sensors to a greater or lesser degree. There are a few test points for which high-frequency data were not
obtained and these PSDs are therefore missing on the plots. Within the region of frequency overlap (from
high-frequency end of low-frequency spectra to the low-frequency end of extended spectra), the values of
the two spectra are in good agreement as they should be with a few exceptions. At the highest frequen-
cies, there appears to be aliasing, but the authors are convinced that anti-aliasing filters were implemented

properly.

Table Al. Brief Description of Sets

Set Description

1 Air, open slots, P, =2100 psf

2 Air, open slots, P; =400 psf

3 Air, open slots, P;= 100 psf

4 R134a, open slots, P; = 1800 psf

5 R134a, open slots, P;= 500 psf

6 R134a, open slots, P; = 500 psf, repeat
7 R134a, open slots, P; =200 psf

8 R134a, open slots, q =225 psf

9 R134a, wall slots closed, P; = 500 psf
10 R134a, wall slots closed, P; =200 psf
11 R134a, all slots closed, P;= 500 psf
12 R134a, all slots closed, P; =200 psf
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Figure Al. Extended spectra plots of power spectral density functions of set 1.
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Figure A2. Extended spectra plots of power spectral density functions of set 2.
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Figure A3. Extended spectra plots of power spectral density functions of set 3.
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Figure A3. Continued.
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Figure A4. Extended spectra plots of power spectral density functions of set 4.
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Figure A5. Continued.
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Figure A5. Continued.
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Figure A5. Concluded.
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Figure A6. Extended spectra plots of power spectral density functions of set 6.
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Figure A7. Extended spectra plots of power spectral density functions of set 7.
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Figure A10. Extended spectra plots of power spectral density functions of set 10.

157




M =1.00 (x10"
M =0.90 (x10'9
107 g — - MG

— = =0.76 (x107)

— M =0.70 (x10%
— - M=0.60 (x10%
— - — M =040 (x109
— M =0.20(x10%

10° frm

10" fprm
ool
=
-
=P}
[=H
Sﬁ*
6‘&
107
107"
10.15 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIII|I | IIIIII|I
10" 10° 10" 10° 10’ 10° 10°

Frequency, Hz
(b) Rake starboard total pressure.

Figure A10. Continued.

158



M =1.00 (x10"
M =0.90 (x10'9
— - —  M=0.85(x10"%
—  —  M=0.76 (109
— M =0.70 (x10%
— - M=0.60 (x10%
— - — M =040 (x109
— M =0.20(x10%

1010 —

10" fprm
ool
=
-
=P}
[=H
Sﬁ*
6‘&
107
107"
10.15 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIII|I | IIIIII|I
10" 10° 10" 10° 10’ 10° 10°

Frequency, Hz

(c) Rake static pressure.

Figure A10. Continued.

159



M =1.00 (x10"
— M=0.90(x10"
107 g — - MG

— = =0.76 (x107)
— M =0.70 (x10%
- M=0.60 (x10%
— - — M =040 (x109
— M =0.20(x10%

10° frm

10" fprm
ool
=
-
=P}
[=H
Sﬁ*
6‘&
107
107"
10.15 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIII|I | IIIIII|I
10" 10° 10" 10° 10’ 10° 10°

Frequency, Hz

(d) Rake acoustic pressure.

Figure A10. Continued.

160



M =1.00 (x10"
M =0.90 (x10'9
107 g — - MG

— = =0.76 (x107)

— M =0.70 (x10%
— - M=0.60 (x10%
— - — M =040 (x109
— M =0.20(x10%

10° frm

10" fprm
ool
=
-
=P}
[=H
Sﬁ*
6‘&
107
107"
10.15 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIII|I | IIIIII|I
10" 10° 10" 10° 10’ 10° 10°

Frequency, Hz

(e) Wall static pressure.

Figure A10. Concluded.

161



G-, (f), per Hz

10

VAN

[

f

A=
Vi i

e ""“‘WH

o ANV
w3 A4 ity

L“‘mr I L‘
IWMWH ‘

oy
Tl

\
l
- el

— —— M=0.90(x10"
— - —  M=0.85(x10""
—  —  M=0.76(x109
— M=0.70(x10%
— e M =0.60(x10%
— - — M =0.40 (x10%)
— M=0.20(x109

Frequency, Hz

(a) Rake port total pressure.

107

107"

10.15 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIII|I | IIIIII|I
10" 10° 10" 10° 10’ 10° 10°

Figure A11. Extended spectra plots of power spectral density functions of set 11.

162



— —— M=0.90(x10"
M =0.85 (x10'"
— — M=0.76(x10°

M =0.70 (x10%
e M =10.60 (x10%
. M =0.40 (x10%)
— M=0.20(x109
10°
10°
ol
s
=
=]
=
Sﬂh
6‘&
10°
10"
10" Coad |||||||| | |||||||| | |||||||| | ||||||I | ||||||I
10" 10° 10! 10° 10° 10 10°

Frequency, Hz

(b) Rake starboard total pressure.

Figure Al11l. Continued.

163




— —— M=0.90(x10"
— - —  M=0.85(x10""
—  —  M=0.76(x109
M =0.70 (x10%
— e M =0.60(x10%
— - — M =0.40 (x10%)
M =0.20 (x10"

10° frm

10° =
ol
=
=
2
Sﬁ‘
KSE
107 fpe
il {1l
107 fom g
10-15 | |||||||I | |||||||I | |||||||I | |||||||I | |||||||I | |||||||I
10° 10° 10* 10° 10° 10" 10°

Frequency, Hz

(c) Rake static pressure.

Figure Al11l. Continued.

164



1010 —

10° frm

— —— M=0.90(x10"
M =0.85 (x10'"
—  —  M=0.76(x109
— M=0.70(x10%
— e M =0.60(x10%
M =0.40 (x10%)
M =0.20 (x10"

10" fprm
ool
=
-
=P}
[=H
Sﬁ*
6‘&
107
107"
10.15 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIII|I | IIIIII|I
10" 10° 10" 10° 10’ 10° 10°

Frequency, Hz

(d) Rake acoustic pressure.

Figure Al11l. Continued.

165




— —— M=0.90(x10"
—  M=085x10"
107 g — — M-vani

— M=0.70(x10%
— e M =0.60(x10%
— - — M =0.40 (x10%)
— M=0.20(x109

10° frm

10" fprm
ool
b
-
=P}
[=H
Sﬁ*
6‘&
107
Ml"’“ﬂhqw
107"
10.15 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIII|I | IIIIII|I
10" 10° 10" 10° 10’ 10° 10°

Frequency, Hz

(e) Wall static pressure.

Figure Al11l. Concluded.

166



— —— M=0.90(x109
— - —  M=085x10%
10° o

kf
,\vJ
_6 o WWW ,J.%
107 ) / \‘ /\ o Wy

o4 Fu—f—“ﬁﬁ ’\
YT ?W

\
Wr
LT
WWW\WWW
10° f= iy

J

G-, (f), per Hz

1070 o
1077 e
10.14 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIII|I | IIIIII|I
10" 10° 10" 10° 10’ 10° 10°
Frequency, Hz

(a) Rake port total pressure.

Figure A12. Extended spectra plots of power spectral density functions of set 12.

167




— —— M=0.90(x109
10° o

— - —  M=085x10%
107 fom
107 e
25Ty A
Y \/
L\vw“ﬁfww ’
10-6 - /’ \ A ' ’wwlwwh/w
~ ¥ W ;\ wm
I ISR AT
7 it m\
S My ‘
& WW X
107 fomm "oy W“»
1070 o
1077 e

10.14 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII||
10" 10°

| IIIIIII | IIIIIII
10° 10°

Frequency, Hz

(b) Rake starboard total pressure.

Figure A12. Continued.

168




— —— M=0.90(x109
— - —  M=085x10%

10° o

104 | IIIIIIII | IIIIII|I
10

| IIIIII|| | IIIIII|| | IIIIIII | IIIIIII
! 10° 10’ 10° 10°

10" 10°
Frequency, Hz

(c) Rake static pressure.

Figure A12. Continued.

169



10° o

— —— M=0.90(x109
s M =0.85 (x10%

107 e

107

< 10° =
=
-
=P}
[=H
Sﬁ*
P,
© 10t
1070 o
1077 e
10.14 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIII|I | IIIIII|I
10" 10° 10" 10° 10’ 10° 10°

Frequency, Hz

(d) Rake acoustic pressure.

Figure A12. Continued.

170



10°

107 e
/ TG
\_,\
o \
TR \M l
\’# ] \\A p ””\’UW
E 10 ,\,fﬂr\% WNMW
.
. !
= W |
S 1
i~ ' \k'ﬂj‘n'ﬂ{}w
M f"”“““'w
107 o
10"
10-14 | IIIIIIII | IIIIII|I | IIIIII|| | IIIIII|| | IIIIIII IIIIIIII
10" 10° 10" 10° 10° 10° 10°
Frequency, Hz

(e) Wall static pressure.

Figure A12. Concluded.

171

— —— M=0.90(x109
s M =0.85 (x10%




REPORT DOCUMENTATION PAGE o ApDIoved g

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existingdata sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or anyother aspect of this
collection of information, including suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and
Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person
shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) |2. REPORT TYPE 3. DATES COVERED (From- To)
01- 02 - 2005 Technical Memorandum

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Measurements of Flow Turbulence in the NASA Langley Transonic

Dynamics Tunnel 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Wieseman, Carol D.; and Sleeper, Robert K.

5e. TASK NUMBER

5f. WORK UNIT NUMBER

23-762-55-MN
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
NASA Langley Research Center REPORT NUMBER
Hampton, VA 23681-2199
L-19024

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
National Aeronautics and Space Administration NASA
Washington, DC 20546-0001

11. SPONSOR/MONITOR'S REPORT

NUMBER(S)
NASA/TM-2005-213529

12. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified - Unlimited

Subject Category 05

Availability: NASA CASI (301) 621-0390

13. SUPPLEMENTARY NOTES
Wieseman and Sleeper, Langley Reserach Center, Hampton, VA.
An electronic version can be found at http://ntrs.nasa.gov

14. ABSTRACT

An assessment of the flow turbulence in the NASA Langley Transonic Dynamics Tunnel (TDT) was conducted during
calibration activities following the facility conversion from a Freon-12 heavy-gas test medium to an R134a heavy-gas test
medium. Total pressure, static pressure, and acoustic pressure levels were measured at several locations on a sting-mounted
rake. The test measured wall static pressures at several locations although this paper presents only those from one location.
The test used two data acquisition systems, one sampling at 1000 Hz and the second sampling at 125000 Hz, for acquiring
time-domain data. This paper presents standard deviations and power spectral densities of the turbulence points throughout the
wind tunnel envelope in air and R134a. The objective of this paper is to present the turbulence characteristics for the test
section. No attempt is made to assess the causes of the turbulence. The present paper looks at turbulence in terms of pressure
fluctuations. Reference 1 looked at tunnel turbulence in terms of velocity fluctuations.

15. SUBJECT TERMS
Turbulence; Transonic flow; Wind tunnel; Flow quality; Measurements

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF | 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF . .
a. REPORT |b. ABSTRACT |c. THIS PAGE PAGES STI Help Desk (email: help@sti.nasa.gov)
19b. TELEPHONE NUMBER (/nc/ude area code)
U U U UU 176 (301) 621-0390

Standard Form 298 (Rev. 8-98)

Prescribed by ANSI Std. Z39.18




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /APCCourier
    /APCCourierBold
    /APCCourierBoldOblique
    /APCCourierOblique
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AmericanTypewriter
    /AmericanTypewriter-Bold
    /AmericanTypewriter-Condensed
    /AmericanTypewriter-CondensedBold
    /AmericanTypewriter-CondensedLight
    /AmericanTypewriter-Light
    /AndaleMono
    /Apple-Chancery
    /AppleGothic
    /AppleMyungjo
    /AppleSymbols
    /AquaKana
    /AquaKana-Bold
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /Baskerville
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /Baskerville-SemiBold
    /Baskerville-SemiBoldItalic
    /BastionBold
    /BastionBoldOblique
    /BastionOblique
    /BastionPlain
    /BigCaslon-Medium
    /Bookman-DemiItalic
    /Bookman-Light
    /BrushScriptMT
    /CapitalsRegular
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /Chalkboard
    /Charcoal
    /Chicago
    /Cochin
    /Cochin-Bold
    /Cochin-BoldItalic
    /Cochin-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /Copperplate
    /Copperplate-Bold
    /Copperplate-Light
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Courier
    /Courier-Bold
    /CourierCE
    /CourierCE-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CurlzMT
    /DFKaiShu-SB-Estd-BF
    /Didot
    /Didot-Bold
    /Didot-Italic
    /Dirtyhouse
    /EdwardianScriptITC
    /Futura-CondensedExtraBold
    /Futura-CondensedMedium
    /Futura-Medium
    /Futura-MediumItalic
    /GadgetRegular
    /GeezaPro
    /GeezaPro-Bold
    /Geneva
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GrHelvetica
    /GrHelveticaBold
    /GrPlain
    /GrTimes
    /GrTimesBold
    /Hangang
    /Helvetica
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Light
    /Helvetica-LightOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HelveticaNeue
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-CondensedBlack
    /HelveticaNeue-CondensedBold
    /HelveticaNeue-Italic
    /HelveticaNeue-Light
    /HelveticaNeue-LightItalic
    /HelveticaNeue-UltraLight
    /HelveticaNeue-UltraLightItalic
    /Herculanum
    /HiraKakuPro-W3
    /HiraKakuPro-W6
    /HiraKakuStd-W8
    /HiraMaruPro-W4
    /HiraMinPro-W3
    /HiraMinPro-W6
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /Impact
    /JCHEadA
    /JCfg
    /JCkg
    /JCsmPC
    /LatinskijBold
    /LatinskijBoldItalic
    /LatinskijBook
    /LatinskijItalic
    /LiGothicMed
    /LiHeiPro
    /LiSongPro
    /LiSungLight
    /LucidaGrande
    /LucidaGrande-Bold
    /LucidaHandwriting-Italic
    /MarkerFelt-Thin
    /MarkerFelt-Wide
    /Monaco
    /MonotypeCorsiva
    /MonotypeSorts
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewYork
    /Optima-Bold
    /Optima-BoldItalic
    /Optima-ExtraBlack
    /Optima-Italic
    /Optima-Regular
    /Osaka
    /Osaka-Mono
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /Palatino-Roman
    /Papyrus
    /RoPlain
    /SIL-FangSong-Reg-Jian
    /SIL-Hei-Med-Jian
    /SIL-Kai-Reg-Jian
    /SIL-Song-Reg-Jian
    /SandRegular
    /Skia-Regular
    /StoneInformal
    /StoneInformal-Bold
    /StoneInformal-BoldItalic
    /StoneInformal-Italic
    /StoneInformal-Semibold
    /StoneInformal-SemiboldItalic
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /StoneSerif
    /StoneSerif-Bold
    /StoneSerif-BoldItalic
    /StoneSerif-Italic
    /StoneSerif-Semibold
    /StoneSerif-SemiboldItalic
    /Symbol
    /Tahoma
    /Tahoma-Bold
    /TechnoRegular
    /TextileRegular
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /TimesOERoman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /WarnockPro-Bold
    /WarnockPro-BoldCapt
    /WarnockPro-BoldDisp
    /WarnockPro-BoldIt
    /WarnockPro-BoldItCapt
    /WarnockPro-BoldItDisp
    /WarnockPro-BoldItSubh
    /WarnockPro-BoldSubh
    /WarnockPro-Capt
    /WarnockPro-Disp
    /WarnockPro-It
    /WarnockPro-ItCapt
    /WarnockPro-ItDisp
    /WarnockPro-ItSubh
    /WarnockPro-Light
    /WarnockPro-LightCapt
    /WarnockPro-LightDisp
    /WarnockPro-LightIt
    /WarnockPro-LightItCapt
    /WarnockPro-LightItDisp
    /WarnockPro-LightItSubh
    /WarnockPro-LightSubh
    /WarnockPro-Regular
    /WarnockPro-Semibold
    /WarnockPro-SemiboldCapt
    /WarnockPro-SemiboldDisp
    /WarnockPro-SemiboldIt
    /WarnockPro-SemiboldItCapt
    /WarnockPro-SemiboldItDisp
    /WarnockPro-SemiboldItSubh
    /WarnockPro-SemiboldSubh
    /WarnockPro-Subh
    /Webdings
    /Wingdings
    /ZapfDingbatsITC
    /Zapfino
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


