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Turbulence Measurements and Noise Generation in a
Transonic Cryogenic Wind Tunnel

W. F. Ng,* M. Gundappa,t and D. O. Griffith 11}
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

and

J.B. Peterson Jr.§
NASA Langley Research Center, Hampton, Virginia

A high-frequency combination probe was used to measure dynamic flow quality in the test section of the
NASA Langley 0.3-m Transonic Cryogenic Tunnel. The probe measures fluctuating stagnation (total) tempera-
ture and pressure, static pressure, and flow angles in two orthogonal planes. Simultaneous measurements of
unsteady total temperature and pressure were also made in the settling chamber of the tunnel. The data show
that the stagnation temperature fluctuations remain constant, and the stagnation pressure fluctuations increase
by a factor of two, as the flow accelerates from the settling chamber to the test section. In the test section, the
maximum rms value of the normalized fluctuating velocity is 0.7%. Correlation coefficients failed to show
vorticity, entropy, or sound as the dominant mode of turbulence in the tunnel. At certain tunnel operating
conditions, periodic disturbances are seen in the data taken in the test section. A possible cause for the
disturbances is found to be acoustic coupling of the test section and plenum chamber via the perforated side
walls in the tunnel. The resonance frequencies observed in the experiment agree well with calculations based on

acoustic coupling theory.

Nomenclature
M = Mach number
Pr = total (stagnation) pressure
Pyarp = wall static pressure
P,,;4 = pressure as measured from transducer,

1,2,3,0r4

Tr = total (stagnation) temperature
Pywarr = wall static pressure
u = freestream velocity
0 = density
ou = mass flux

1. Introduction

HE requirements to simulate full-scale flight Reynolds

numbers in wind tunnels have prompted an effort to de-
velop transonic tunnels with very high unit Reynolds numbers.
The recent development and application of cryogenic wind
* tunnels, such as the U.S. National Transonic Facility (NTF)
and the 0.3-m Transonic Cryogenic Tunnel (0.3-m TCT), rep-
resent a major advance in aerodynamic testing technology.
Cryogenic tunnels, because of their extremely low tempera-
tures and high pressures, are able to develop very high unit
Reynolds numbers. Because of the expense of cryogenic tun-
nels, however, experimentation will continue to be done in
existing ambient tunnels. To this end, the detailed documenta-
tion of dynamic flow quality in a transonic cryogenic wind
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tunnel becomes a prime research requirement for the cryo-
genic facilities. In addition, it is necessary to be able to mea-
sure the conditions in a given test section to insure that consis-
tent, smooth, uniform flow can be achieved. Of particular
interest are the detailed time-resolved measurements of the
turbulence intensities for velocity, temperature, and pressure
fluctuations. For a number of years, there has been a con-
certed effort to quantify the disturbance levels in subsonic and
transonic wind tunnels. Owen and co-workers' summarize the
results of a portion of this effort and discuss factors that can
improve the flow quality in transonic wind tunnels.

Dynamic flow quality measurements have been made in a
transonic cryogenic wind tunnel. Stainback et al.? and John-
son et al.> used a three-wire hot-wire probe, with each wire
operating at a different overheat ratio to measure the velocity,
density, and total temperature fluctuations in the test section
of the 0.3-m TCT. Aside from the difficulty associated with
lengthy calibration and possible wire breakage, the measured
turbulence intensities from three-wire probes are usually much
higher than measured intensities from other types of probes.
In addition, pressure and flow angularity cannot be measured
using this method. Ng and Rosson* used an aspirating temper-
ature and pressure probe to measure turbulence intensities in
the settling chamber and test section of the 0.3-m TCT. Only
limited data were obtained, however, and they did not cover
the entire operating envelope of the tunnel.

In an effort to determine noise origins in a wind tunnel,
possible sources must be identified. Tunnel blockage and
shock-wave reflections are known sources of poor flow quality
in transonic wind tunnels. As a solution to these problems,
many transonic tunnels use porous walls to connect the test
section with a plenum chamber. Plenum suction is used to
decrease the boundary layer in the test section and thus reduce
blockage. The holes in the wall also allow many of the shocks
to pass through to the plenum chamber rather than reflect
back into the test section. A disadvantage of the porous walls,
however, is that they create additional noise in the test section.
Most research®!® has found that porous walls are the domi-
nant source of noise in the test sections of tunnels. Edge tones,
vortices shed by the leading edge of the holes, are thought to
be the mechanism by which the noise is generated. Distur-
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bances created by the edge tones are then radiated outward
into the test section. The edge-tone disturbances are periodic
in nature. Thus, resonance frequencies are created in the wind
tunnel by the addition of porous side walls.

Experiments have shown that measurements taken near the
tunnel resonance frequency are in considerable error. Re-
search was therefore conducted to predict tunnel resonance
frequencies generated by the porous side walls in a test section.
Mabey® was able to predict the natural frequencies for tunnels
with slotted and perforated walls connecting the test section
with the plenum chamber. His theory agrees well with experi-
ments in rectangular tunnels. Lee!? then developed a finite-ele-
ment method that predicts resonance frequencies for arbitrar-
ily shaped test sections and plenum chambers. For the 0.3-m
TCT experiment reported in this paper, perforated side walls
were used in the test section of the tunnel, and periodic distur-
bances were observed under certain tunnel operating condi-
tions. Therefore, in the present work, resonance frequencies
generated by the porous walls are examined as a possible
source of the periodic disturbances observed in the tunnel.

The purpose of this paper is to present the results of the
0.3-m TCT experiment. Brief descriptions of the combination
probe and experimental setup are presented first, followed by
a discussion of the results. The turbulence intensities in the
settling chamber and test section of the tunnel, in terms of
normalized total temperature and pressure fluctuations, are
documented for the entire operating envelope of the tunnel.
Whenever possible, data are compared with previous measure-
ments in the tunnel for consistency. Next, resonance frequen-
cies generated by the porous side walls in the tunnel are
investigated as a possible cause of the periodic disturbances.
Correlation coefficients are also calculated to determine the
dominant mode of turbulence in the tunnel. A discussion with
final conclusions is then given.

I1. Experimental Background

The 0.3-m Transonic Cryogenic Tunnel at NASA Langley
Research Center is a fan-driven, closed-circuit wind tunnel
using nitrogen as the working fluid. The injection of liquid
nitrogen into the tunnel circuit, just downstream of the test
section, allows cryogenic total temperatures to be obtained.
For steady operating conditions, the heat of compression of
the fan is removed by the injection of liquid nitrogen. Under
equilibrium conditions, the excess mass is removed from the
circuit through an exhaust system located just upstream of the
settling chamber. The test section is 13 x 13 in., with perfo-
rated side walls for boundary-layer removal. In addition, the
tunnel has adaptive top and bottom walls for reducing block-
age effects due to the presence of test models.

Measurements were taken at the following tunnel condi-
tions, which represent the operating envelope of the tunnel:
0.30<M <0.85, 1.2<Pr<6 atm, and 120< T <250 K.

Two types of instruments were used in the experiment. The
first probe is a dual hot-wire aspirating temperature and pres-
sure probe. The second instrument is a miniature high-fre-
quency angle probe consisting of surface-mounted silicon
pressure Sensors.

The high-frequency aspirating probe consists of two copla-
nar constant-temperature hot wires at different overheat ratios
operated in a 1.5-mm-diam channel with a choked exit, so that
the flow past the wires is at constant Mach number (Fig. 1).
Thus, the mass flux by the wires is a function only of free-
stream total temperature and pressure and is not otherwise
affected by changes in freestream velocity or density. The hot
wires are operated in two separate constant-temperature
anemometer circuits, thus yielding two independent measure-
ments from which the two unknowns, freestream stagnation
temperature and pressure, can be uniquely determined. Fur-
ther application and performance characteristics of the aspi-
rating probe are given in Ref. 11.

As shown in Fig. 1, the aspirating temperature and pressure
probe is piggyback-mounted with a high-frequency angle
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probe. The angle probe is a four-sensor, 5.2-mm-diam pyra-
mid-type probe capable of simultaneously measuring the time-
resolved stagnation and static pressures and two orthogonal
flow angles. The probe consists of surface-mounted silicon
pressure sensors, yielding a frequency response above 20 kHz.

The two probes combined can give measurements of free-
stream stagnation pressure and temperature, static pressure,
and flow angles in two planes. From these, the Mach number
and its components in three directions, fluctuating mass flow,
and velocity components can also be deduced. Further details
of the combination probe’s construction and calibration can
be found in Ref. 12.

The combination probe was mounted in a rake in the test
section of the tunnel. A high-frequency semiconductor pres-
sure transducer was also mounted flush on the test section side
wall to monitor the wall static pressure fluctuation.

A second aspirating temperature and pressure probe was
mounted in the settling chamber of the tunnel. The probe was
mounted downstream from the damping screens of the settling
chamber and was positioned in the freestream of the settling
chamber. This provides simultaneous turbulence measure-
ments of total temperature and pressure in both the settling
chamber and test section of the tunnel.

All semiconductor pressure transducers used in this experi-
ment were calibrated for variations in both pressure and tem-
perature. Because of excessive zero drift in the transducer
resulting from the large temperature range, it is not possible to
retrieve the absolute dc level of the data.

All data were digitized on-line at a rate of 100 kHz using a
high-speed analog/digital (A/D) system. The data acquisition
system is preceded by antialiasing four-pole Bessel filters and
amplifiers where appropriate. Further details on the data ac-
quisition system can be found in Ref. 12.

II1. Experimental Results

During the 0.3-m TCT experiment, periodic disturbances
were observed in the test section of the tunnel at several tunnel
operating conditions. The data with periodic disturbances are
treated separately from the data with random turbulence, as
they are different phenomena. The data exhibiting resonance
are therefore not included in the rms summaries of the fluctu-
ations.
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Turbulence Data

Figure 2a shows the rms of the fluctuating total temperature
in the settling chamber as measured from the aspirating probe.
The data are normalized by the mean total temperature in the
tunnel. The rms values are all given in percentages. It can be
seen that the normalized fluctuating total temperature is not a
strong function of Reynolds number or Mach number. For
most of the operating envelope of the tunnel, the turbulence
intensity is close to 0.2%.

In examining the rms figures, it is important to realize that
a particular Reynolds number in the tunnel can be achieved by
various combinations of total pressure and temperature. Data
that appear to be at the same Reynolds number do not corre-
spond to identical tunnel conditions.

Figure 2b shows the corresponding temperature data mea-
sured from the aspirating probe in the test section. Here, a
slight Mach number dependency is seen. The normalized rms
total temperature fluctuation increases from 0.05% at
M =0.30 to approximately 0.2% at M =0.70. The data do not
show any Reynolds number dependency.

Comparing Figs. 2a and 2b, a large difference in the num-
ber of data is noticed. This is because of hot-wire breakage for
the aspirating probe in the test section and to the omission of
the data caused by periodic disturbances. Further comparison
of Figs.2a and 2b reveals that the level of turbulence, as
measured by the normalized rms total temperature fluctua-
tion, does not change between the settling chamber and the
test section. Most of the data fall close to the value of 0.2%.
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Fig. 2a Total temperature fluctuation measured in the settling cham-
ber.
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Figure 2c is the rms of the fluctuating total pressure in the
settling chamber, normalized by the mean total pressure in the
tunnel. Figure 2c shows that the rms value of the total pressure
in the settling chamber is independent of Reynolds number but
that it increases with increasing Mach number. At M =0.30,
the average rms fluctuation is about 0.02%. This increases by
almost an order of magnitude to 0.15% at M =0.85. Never-
theless, the fluctuating total pressure in the settling chamber is
still fairly small.

Figure 2d is the corresponding fluctuating total pressure in
the test section, as measured by the angle probe. The maxi-
mum rms fluctuation of the total pressure in the test section is
about 0.3%. The trend is similar to the normalized total
pressure fluctuations in the settling chamber in that both are
increasing with Mach number. The amplitude of the fluctua-
tion is rather independent of Reynolds number. As the Mach
number increases from 0.30 to 0.85, the rms value increases
from 0.03% to about 0.3%.

Comparison of Figs. 2c and 2d shows that the maximum
normalized pressure fluctuations increase from 0.15% in the
settling chamber to 0.3% in the freestream of the test section.
In general, the rms value of the total pressure is about two
times higher in the test section than it is in the settling cham-
ber. In other experiments, Johnson et al.!3 measured fluctuat-
ing pressures in both the settling chamber and the test section,
using high-frequency semiconductor transducers mounted
flush on the walls. The magnitudes of the fluctuations agree
with the magnitudes found in the current experiment. The
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Fig. 2¢ Total pressure fluctuation measured in the settling chamber.
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increase in the rms values of the normalized fluctuating total
pressure as the flow accelerates from the settling chamber to
the test section is also consistent with the present experiment.

The frequency contents of the pressure fluctuations mea-
sured in the settling chamber and in the test section were also
examined. In general, from the fast Fourier transform (FFT)
of the fluctuating total pressure in the settling chamber, a
distinct peak corresponding to the blade passing frequency of
the driving fan of the tunnel can be identified. In the test
section, the peak seems to be redistributed. Some of the har-
monics of the blade passing frequency are, however, still
present in the test section but at a smaller amplitude compared
to that in the settling chamber.

The results of flow angularity measurements made with the
angle probe in the test section show that all of the rms data fall
below a level of 0.5 deg. The rms of the Mach number fluctu-
ations, normalized by the local mean Mach number in the test
section, is less than 1.0%.

It is well known that velocity fluctuations are of primary
and fundamental interest in the determination of disturbance
levels in wind tunnels. Figure 3 is the rms of the fluctuating
freestream velocity in the test section, normalized by the mean
freestream velocity. Once again, the turbulence levels increase
with increasing Mach number. With the exception of one data
point, the turbulence intensity is less than 0.7%.

Freestream velocity fluctuations in the test section were also
measured by Stainback et al.? using a three-wire hot-wire
probe. The maximum normalized value was found to be 7.5%
at M =0.70. In the present experiment, the maximum normal-
ized fluctuation is 0.7% at M =0.70. The value measured in
Ref. 2 is an order of magnitude higher than the value in the
present case. This might be caused by the use of a three-wire
hot-wire probe. Probes of this nature tend to measure turbu-
lence intensities much higher than expected.!

The rms of the mass flux (ou) fluctuations in the test sec-
tion, normalized by the average mass flux, is presented in
Fig. 4. The data show no discernible Reynolds or Mach num-
ber dependency. All of the mass flux fluctuations, when nor-
malized by the mean mass flux, fall below a value of about
0.5%.

Periodic Disturbances

As just discussed, several tunnel conditions invoked peri-
odic disturbances in the test section. Figure 5 shows pressure
measurements from the angle probe for one of these data
points. Only P, and P, are shown; P; and P, exhibit similar
behavior. The data show a strong periodicity, and all four
transducers on the angle probe see the same disturbance. The
magnitude of the disturbance is about the same for all four
transducers. A fast Fourier transform of the pressure from P,
is shown in Fig. 6. A distinct peak is seen at 1306 Hz. At this
particular tunnel operating condition, the driving fan blade
passing frequency was 702 Hz. This can hardly be identified in
Fig. 6. The wall static pressure in the test section, as measured
from a semiconductor pressure transducer flush-mounted on
the tunnel side wall, is plotted in Fig. 7. The corresponding
FFT of the signal is shown in Fig. 8. Although the periodicity
in the wall static pressure measurement is not as pronounced
as the angle probe, the same 1306-Hz disturbance is still easily
identified from the FFT shown in Fig. 8. This leads to the
conclusion that the periodic disturbance seen by the angle
probe is not caused by probe vibration but stems from the
tunnel. In addition, the natural frequency characteristics of
the probe stem and support rake were examined by using
accelerometers. The results also support that the periodic dis-
turbance seen during the experiment was from the tunnel and
was not caused by probe vibration.

As mentioned in the Introduction, a source of noise in the
test section of a tunnel is the acoustic coupling of the test
section and plenum chamber via the perforated side walls.
Edge tones are created when vortices are shed by the leading
edge of a hole and are reinforced by the sharp trailing edge of
the hole. The trailing-edge vortices propagate back upstream
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Fig. 3 Velocity fluctuation in the test section as calculated from the
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PRESSURE
(3.4 PSI/DIV)

iy

TIME (1 MSEC/DIV)
Fig. 5 Pressures measured from the angle probe showing periodic
disturbance in the test section of the tunnel.

s
3

3 8
8 8

P1 AMPLITUDE

e ).

FREQUENCY (KHZ)
Fig. 6 Spectrum of the data in Fig. 5.

[

PWALL

PRESSURE
(0.2 PSI1/DIV)

TIME (1 MSEC/DIV)
Fig. 7 Pressure measured from the test section side wall showing
periodic disturbance.



MAY 1990

and systematically generate more vortices at the leading edge.”
The noise generated by the edge tone is radiated into the test
section and, because of the periodic nature of the creation of
the tones, can induce resonance in the tunnel.

The resonance frequencies created by porous walls have
been successfully predicted for tunnels with rectangular test
sections.? For the 0.3-m TCT, the porous side walls are 0.18 m
(7 in.) high and 0.36 m (14 in.) long and are located upstream
of the position where a model would be placed. In Ref. 9, a
velocity potential analysis is done on the test section and
plenum chamber of a tunnel with perforated side walls. The
boundary condition at the perforated wall is that of mass
continuity. In addition, an equation for the pressure drop
across the perforated wall is developed in terms of the velocity
potentials in the test section and plenum chamber. The
boundary condition at the outer walls of the plenum chamber
is that the normal velocity is zero. With these boundary condi-
tions, the velocity potentials can be solved (see Ref. 9 for
details). The resulting eigenvalue equation is

tallp - <—> cot de + 26 k p = 0 (1)
Where

R = [(1 —M2)—-—ML]%

(1 =)
B=(1—MY"
T=085D+Z

D = hole diameter
Z = plate thickness
k=(0-09)o

¢ = open-area ratio

Equation (1) shows that the eigenvalues p are functions of the
Mach number M, the ratio of plenum chamber depth to
tunnel depth d, the effective hole diameter of the perforations
T, an open-area-ratio function k, and the tunnel depth H.
The eigenvalues p are in turn a function of the resonance
frequency.

p=—" 2

Thus, for a given Mach number, the resonance frequency due
to acoustic coupling of the test section and the plenum cham-
ber can be calculated for a given geometry. This was done for
a tunnel condition of T = 250 K (450 R), and the result is
presented in Fig. 9.

The modes in Fig. 9 correspond to the first, third, and fifth
solutions of the preceding equation for the eigenvalues p. The
second and fourth solutions of the equation have no meaning
as they are the solutions at points where the eigenvalue equa-
tion is undefined. The predicted frequencies from the acoustic
coupling theory were calculated, as outlined earlier, by vary-
ing the Mach number from 0.0 to 1.0. It can be seen from
Fig. 9 that the resonance frequencies observed during the ex-
periment agree relatively well with the theory. This suggests
that acoustic coupling of the test section and the plenum
chamber via the perforated side walls is indeed a source of
resonance in the tunnel.

In addition, Eq. (2) reveals that, for a given Mach number,
the resonance frequency f is only a function of the speed of
sound a. Thus, the resonance frequency at another tempera-
ture should be related to the resonance frequency at one
temperature by a direct ratio of the speeds of sound. The
experimental data were found to follow this trend.
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The periodic disturbance peaks at a tunnel operating tem-
perature of 250 K and at M = 0.50. Aerodynamic testing data
obtained under these tunnel operating conditions could be
questionable. At other temperatures and Mach numbers, the
periodic disturbance is of much smaller amplitude. The rec-
ommendation is to avoid running the tunnel at conditions that
may excite this periodic disturbance and to achieve the same
unit Reynolds number by a different combination of tempera-
ture and pressure.

IV. Discussion

Correlation coefficients have been used in the past to deter-
mine the major source of turbulence in a tunnel.!*'¢ The
velocity and density correlation coefficient R,,, the velocity
and total temperature correlation coefficient R,r,, and the
density and total temperature correlation coefficient R,r, are
defined as follows:

uop
R, = e
u'Tr
RuTr= e
uTT
o' Tr
RPTT= e
pTr

where a primed quantity represents an instantaneous measure-
ment of that quantity, a bar represents the mean of a quantity,
and a quantity with a tilde is the rms value of that quantity. In
Ref. 15, small-perturbation analysis is applied to the equation
of state as well as to the conservation of momentum, energy,
and mass. The resulting equations are linearized and used to
define three modes of fluctuation: vorticity, entropy, and
sound wave. Reference!¢ then relates small perturbations in
velocity, density, and total temperature to fluctuations due to
vorticity, entropy, and sound, as defined in Ref. 15. Thus, if
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it is assumed that only one mode of turbulence is present, the
fluctuations of velocity, density, and total temperature can be
described in terms of fluctuations due to vorticity, entropy, or
sound. The resulting equations can then be substituted into the
definitions of the correlation coefficients. In Ref. 14, this
substitution was performed, and it was found that the correla-
tion coefficients have specific values if it is assumed that the
turbulence is due to a single mode.

All of the correlation coefficients were calculated for the
random turbulence data in the present experiment to see if a
major mode of turbulence could be determined. Details of the
results are presented in Ref. 17. It was found that these corre-
lation coefficients do not center around any particular values.
Therefore, it does not appear that one mode of turbulence
dominates in the tunnel. The turbulence in the tunnel seems to
be caused by all three fundamental modes: vorticity, entropy,
and sound.

Conclusions

A newly developed high-frequency-response combination
probe was used to make time-resolved measurements in a
high-dynamic-pressure, transonic cryogenic wind tunnel. Tur-
bulence measurements were taken in the settling chamber and
test section of the 0.3-m TCT at NASA Langley Research
Center. Measurements of fluctuating total temperature, total
and static pressures, and flow angularity were made in the
experiment. From these measurements, fluctuations of Mach
number, velocity, and mass flux were calculated. It was found
that, at certain tunnel operating conditions, a large-amplitude
periodic disturbance is present in the tunnel that creates un-
usually high freestream turbulences. For all other tunnel oper-
ating envelopes, however, the turbulence intensities are gener-
ally small. In the settling chamber, as well as in the test
section, the normalized rms total temperature fluctuations are
about 0.2%. The maximum normalized total pressure fluctua-
tions in the settling chamber are 0.15%, whereas those in the
test section are 0.3%. The normalized rms fluctuations for
velocity in the test section are less than 0.7%. Calculated
correlation coefficients failed to show vorticity, entropy, or
sound as the dominant source of turbulence in the tunnel. It is
therefore believed that the three fundamental modes of turbu-
lence coexist in the 0.3-m TCT.

The periodic disturbances in the tunnel at certain tunnel
operating conditions are possibly caused by acoustic coupling
of the test section and the plenum chamber via the perforated
side walls. The resonance frequencies observed agreed well
with the frequencies predicted by Mabey’s® acoustic coupling
theory.
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