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Freestream Nonuniformities Generated by Wind-Tunnel Screens

Detrimental Effects of Almost Immeasurably Small

Jonathan H. Watmuff*
MCAT Inc., Moffett Field, California 94035

Measurements are presented that were obtained during the course of a series of flow quality improvements
to a small stand-alone wind tunnel that has been modified for boundary-layer transition studies. The objective
of establishing a Blasius boundary layer with a high degree of spanwise uniformity has been frustrated by the
persistence of Klebanoff modes, i.e., weak streamwise vortices within the layer. The vortices originate at the
leading edge and appear to be caused by almost immeasurably small nonuniformities in the freestream introduced
by the wind-tunnel screens. The vortices cause a spanwise thickening and thinning of the layer. Contours of the
background unsteadiness in a spanwise plane through the layer show locally concentrated regions with elevated
levels that are associated with the vortices. These contours are used as a sensitive indicator for the flow quality
improvements. Although far from forming a complete parametric study, the observations should act as a valuable
guide for others. For example, spanwise variations in the porosity of the screens were discovered by traversing
each screen between a laser and a photo detector. Significant improvement in the spanwise uniformity of the layer
was obtained by sorting the screens based on these results. The quantities that are generally agreed upon to define
acceptable flow quality proved to be inadequate during the final stages of refinement. The background unsteadiness

within the layer has been reduced by a factor of 30 compared with the initial configuration.

Nomenclature
h, = height of exit slot (see Fig. 1), mm
hi = height of leading edge (see Fig. 1), mm
M = screen mesh (number of wires per lineal inch)
P = pressure, Pa
R = Reynolds number (dimensionless)
U = streamwise velocity, ms™!
U, = freestream velocity, ms!
u = rms of streamwise velocity fluctuations, ms™!
(x,y,z) = coordinate system; origin is the centerline of the
leading edge, mm or m
) = 99% boundary-layer thickness, mm
81 = displacement thickness, mm
n = boundary-layer coordinate: y (U, /vx)*/?
(dimensionless)
A = spanwise wavelength, mm
v = kinematic viscosity, m?s~!
Subscripts
d = diameter
max = maximum quantity
ref = reference quantity
Introduction

XPERIMENTAL investigations of boundary-layer transition

require an extremely low background disturbance level, i.e.,
vortical and acoustic disturbances in the freestream originating from
tunnel components such as the fan. Controlled disturbances can then
be deliberately introduced and their characteristics measured to val-
idate advanced numerical techniques, such as the parabolized stabil-
ity equation method, or to justify the use of simplifying analytical
assumptions, e.g., linear stability theory. One especially trouble-
some source of background disturbances is associated with weak
streamwise vortices, which can appear as concentrated regions of
elevated background unsteadiness. The phenomenon was first noted
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by Klebanoff and Tidstrom,! who studied the evolution of two-
dimensional Tollmien—Schlichting (TS) waves generated by a vi-
brating ribbon in a flat-plate boundary layer. They found an almost
periodic spanwise variation of the mean flow with rms unsteadiness
levels u/ U, of up to 5% and a spanwise wavelength of A, ~ 56. The
source of the variations was eventually traced to the wind-tunnel
screens. In a later experiment, with improved screens, Klebanoff
et al.? still found spanwise variations of the same wavelength, but
they were much smaller in magnitude. Klebanoff? investigated the
effect of freestream turbulence and found that the spanwise varia-
tions are associated with unsteadiness at low frequencies that should
be stable according to linear stability theory.* The phenomenon has
been studied in some detail by Kendall,>- who named the phenom-
ena Klebanoff modes. He found that A, ~ 2§ in his experiment and
that the amplitude of the unsteadiness grows as x'/2 to reach values
as large as 5% before the onset of instability.

Currently, it is not possible to provide a rigorous definition of a
Klebanoff mode. However, the present consensus is that Klebanoff
modes are associated with local regions of concentrated stream-
wise vorticity. There appears to be a distinction between the spa-
tially fixed vortices that are connected with freestream nonunifor-
mity (e.g., Ref. 7) and unsteady vortices associated with freestream
turbulence (e.g., Ref. 8). The term Klebanoff mode is strictly a mis-
nomer because the vortices locally distort the flow, and therefore
(by definition) they are nonlinear phenomena; e.g., the growth rate
of TS waves is altered.”

Detrimental nonlinear interactions can occur between the con-
trolled disturbances of interest and the Klebanoff modes. These in-
teractions remain poorly understood, yet they could be responsible
for the differences that are often observed between the measured
and calculated TS wave behavior, for example. The work described
in this paper demonstrates the immense care required to obtain the
high flow quality required for meaningful transition investigations.
In particular, a tremendous effort has been required to reduce the
magnitude of the remarkably persistent Klebanoff modes to an ac-
ceptably small level.

Original Configuration of the Facility

The facility is a small-scale, stand-alone wind tunnel that was
previously used for turbulent boundary-layer investigations'® The
flow was provided by a centrifugal blower driven by a variable speed
dc motor. Three turbulence generating grids were used to enhance
the mixing in the diffuser downstream of the fan. An aluminum
honeycomb with hexagonal cells was installed after the diffuser
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Fig. 1 Schematic of 1-m-wide test section showing plenum chambers
and associated suction plumbing for porous surface studies and nomen-
clature for setting stagnation point.

followed by four stainless-steel turbulence damping screens. A new
two-dimensional contraction and a 1-m-wide test section were added
when the author started work on a direct numerical simulation vali-
dation study concerning turbulent boundary layers in pressure gradi-
ents. The freestream unsteadiness within the test section was 0.12%,
and the spanwise distribution of turbulent skin friction on the test
surface was within £2%. In this original form, the facility was
representative of small-scale research wind tunnels found within
universities, and the flow quality was adequate for significant work
concerning turbulent flows, e.g., Ref. 11.

Substantial modifications to the facility were made by Watmuff!?
for studies concerned with disturbances generated by suction holes
used for laminar flow control. A two-dimensional elliptic leading
edge of 24:1 aspect ratio was built to establish a new laminar bound-
ary layer on an interchangeable porous surface that is supported by
a baffled plenum chamber box. It is common practice to support
laminar flow test surfaces on legs within the test section and to set
the stagnation point by adjusting a hinged flap attached to the rear of
the test surface. The depth of the plenum chamber box and associ-
ated plumbing below the interchangeable porous surface prohibited
this type of installation, and so the following alternative was devel-
oped. Curved sheet metal is attached to the underneath of the leading
edge. The sheet metal acts in conjunction with an extension to the
contraction exit to form a curved slot for redirecting the excess test
section flow, i.e., below the leading edge, out into the laboratory.
The location of the leading edge can be adjusted with respect to the
exit of the contraction. The leading-edge stagnation point is set by
adjusting the exit height of the slot that controls the rate of excess
airflow into the laboratory. The relationship between these compo-
nents can be seen in Fig. 1. Wool tuft visualization indicates that
the flow in the slot is steady and everywhere attached. The method
has been found to perform as anticipated. For example, reducing the
exit height of the slot causes the flow to attach to the underneath of
the leading edge. For an extreme setting, a separation bubble forms
on the upper surface leading to a turbulent boundary layer on the
test surface shortly after the reattachment.

Preliminary Measurements and Techniques

A high-speed computer-controlled three-dimensional probe posi-
tioning system is integrated into the test section. A microVAX 3600
computer is used to control tunnel speed, probe traversal, and data
acquisition. Standard Dantec boundary-layer single hot-wire probes
were modified for all mean flow and unsteadiness measurements.
The standard 1-mm-long, 5-um-diam wires were replaced with
0.5-mm-long, 2.5-um-diam tungsten wires. The wires are operated
using a custom-built anemometer.!> A high-speed 15-bit analog-to-
digital converter is used for double-buffered data acquisition and
processing. High-speed algorithms are used for processing the hot-
wire data in real time.!* A considerable investment in both hardware
and software has enabled all experimental procedures to be totally
automated. Operation of the facility has been refined to the point
where experiments can be performed continuously (24 h per day)
over several weeks without scheduled manual supervision.

In the original configuration, the onset of intermittent bursting
on an impervious surface was observed at a Reynolds number

R, ~2.25 x 108, which was believed to be acceptable for the porous
surface investigations. Preliminary measurements were made by
Watmuff'® using isolated suction holes on the impervious test sur-
face used to establish the base flow. Harmonic disturbances were
applied to the isolated holes using a small loudspeaker for two cases,
i.e., with and without net suction applied to the hole. Phase-averaged
data were measured on spatially dense three-dimensional grids to
examine the evolution of the three-dimensional TS waves for each
case. The case without net suction applied to the hole approximates
the idealized harmonic point source (HPS). Although the behav-
ior of two-dimensional disturbances is relatively well understood,
it is remarkable that substantial differences exist between the re-
sults of various computational methods and between experiments
for this case of the simplest possible form of three-dimensional
disturbance in the simplest possible flow. Consequently, the mea-
surements attracted the attention of several computationalists and
data were exchanged for comparison purposes.'®

Figure 2a shows the mean velocity and Fig. 2b the rms unsteadi-
ness profiles obtained at Ax =0.1 m intervals along the centerline
of the test section for a unit Reynolds number of 1.25 x 10°m~!. The
hot-wire signals were not filtered before sampling, but all quantities
were obtained as the average of 10 sets of consecutive ensemble
averages, consisting of 5000 samples each and acquired at 5 kHz,
i.e., a total sampling period of 10-s duration. Note that this pro-
cedure introduces a digital form of ac coupling. The experimental
uncertainty in U is estimated to be £1%, and for u the uncertainty
is estimated to be £2%. The mean velocity profiles in Fig. 2a con-
form to the Blasius profile. However, the rms unsteadiness levels
in Fig. 2b are moderately large and the location of the peak values
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Fig.2 Hot-wire profiles at Ax = 0.1 m intervals along centerline of test
section. Original configuration.
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Fig.3 Contours of streamwise velocity U/U; and rms background un-
steadiness u/U; in two spanwise planes for original configuration. Con-
tour increment for U/U; = 0.05 and for u/U; = 0.25%. Grid details:
(Ny, Nz) = (29, 41), 1189 data points, and spacing Az = 10 mm.

is n &~ 2.3, which is larger than what would be expected from TS
waves. The location of the peak amplitudes is consistent with the
Klebanoff modes observed by Kendall.>-¢ Figures 3a-3d show the
corresponding mean flow and unsteadiness contours obtained on
two spanwise planes, i.e., x = 0.5 and 1.0 m. Locally concentrated
regions of elevated rms background unsteadiness are clearly evi-
dent together with spanwise variations in the layer thickness. These
measurements illustrate the pitfall of the common practice of only
measuring profiles on the centerline to demonstrate concordance
with the two-dimensional Blasius boundary layer.

Corresponding contours of the rms three-dimensional TS wave
amplitude generated by the HPS (Ref. 12) show considerable distor-
tion when viewed in a spanwise plane. The distortion is associated
with the Klebanoff modes, and it makes comparison with corre-
sponding calculations by Mack and Herbert!® almost meaningless.
It became evident that the Klebanoff modes would need to be re-
moved, or at least significantly reduced in amplitude, before the
layer would be ready for meaningful fundamental studies. There-
fore the HPS (without suction) was chosen as the logical starting
point for validation of 1) the overall flow quality of the experimental
facility and 2) various computational methods.

Known Effects of Wind-Tunnel Screens

Wind-tunnel screens are normally installed in the settling region
upstream of the contraction to reduce 1) nonuniformity of the mean
flow uniformity and 2) turbulence intensity. Much of the theoretical
and experimental information on the turbulence damping character-
istics of screens can be found in the reviews by Corrsin!’ and Laws
and Livesey.'® The theoretical treatment of turbulence suppression
by screens ignores the additional turbulence generated by the screen
and cannot consider details of the physical phenomena in the imme-
diate vicinity of the screen. Instead, the screen is usually character-
ized by the open area ratio and a loss coefficient, and the reduction
of turbulence is expressed in terms of these parameters. Although
the predicted reduction factors are in qualitative agreement with
observations, there is considerable scatter in the experimental data.

Screens may be further characterized by the Reynolds number
based on the wire diameter, i.e., R;. Vortex shedding by the wires
will occur for R; > 40. In this situation the screens are referred to
as supercritical. Tan-atichat et al.!” studied the effects of screens and
perforated plates on freestream turbulence for a variety of incoming
flow conditions. They suggested that the mesh size for supercriti-
cal screens should be chosen so that the length scales of the turbu-
lence generated by the screen are smaller than those of the incoming

turbulence. Groth and Johansson® investigated the effect of a range
of screen parameters on carefully documented freestream turbu-
lence generated by a rectangular grid of square rods. For a given
open area ratio they found that the turbulence damping character-
istics of a screen increase for decreasing mesh size. They observed
that the anisotropy downstream of a screen is larger than for a turbu-
lence grid, with up to 90% of the turbulent energy contained in the
lateral velocity fluctuations. The anisotropy also has a smaller rate
of decay with streamwise distance compared with grid turbulence.
They found that a combination of a coarse and a fine screen gave at
least as effective turbulence suppression as a pair of fine screens.

A less widely appreciated effect of screens is the additional ben-
efit of suppressing boundary-layer separation. This is an important
consideration in wind-tunnel diffusers. For example, Mehta?! found
that the effect of a screen was to reduce the layer thickness, which
made it less susceptible to separation. The same benefit would be ex-
pected with the turbulence grids used in this facility. More recently,
Seltsam? used a Reynolds-averaged numerical method to calculate
the effect of various screen combinations on diffuser performance.
The predicted improvements were implemented in a wind tunnel
and led to experimentally verified flow improvements. Seltsam’s
numerical results are noteworthy because they demonstrate the ex-
perimentally observed lens effect of screens, and both the upstream
and downstream influence of a screen on the mean flow are in qual-
itative agreement with the limited number of observations.

New Screens and Original Centrifugal Fan

Inspection of the four original wind-tunnel screens revealed that
the tension was quite low and nonuniform. The screens had been sta-
pled and glued to wood frames, which appeared to have undergone
subsequent distortion. The original screens were replaced with eight
new high-quality screens. Special emphasis was placed on achiev-
ing a high and uniform tension of the screen cloth. The stress exerted
on a frame by a highly tensioned screen can be large and so stiff
screen frames were constructed using a solid aluminum extrusion
of section 75 x 25 mm. As noted earlier, Groth and Johansson® rec-
ommend using a cascade of screens with decreasing mesh size in the
streamwise direction. They recommend using supercritical screens
because of the smaller pressure drop characteristics leading to re-
duced power requirements. However, power consumption was not a
significant factor for this small-scale facility. Furthermore, they ob-
served improved turbulence damping characteristics with a smaller
mesh size for a given open area ratio. Therefore a strategy was
adopted of using the finest mesh, with the largest open area together
with an overall constraint of using the highest quality cloth avail-
able. The screen cloth was selected by visually inspecting several
batches with a magnifying glass. The screens were manufactured in
pairs utilizing the stainless steel cloths specified in Table 1.

Various techniques were explored for stretching the stainless steel
screen cloth with a high degree of uniformity while bonding with
epoxy onto the solid aluminum frame. The stretching of stainless
steel cloth with a high degree of tension and uniformity is decep-
tively difficult. It became clear during early testing that any method
that holds the screen cloth locally to the frame is unsatisfactory.
An example of an unsatisfactory technique is the common prac-
tice of stapling the cloth to wood frames. This technique should
be avoided, even if the wood frames are to be used only as tempo-
rary stretching frames. A description of the three screen fabrication
methods is given in Ref. 23. The best screens were produced by a
subsidiary of the screen cloth supplier, who offers a screen installa-
tion service to the food and mining industries. They use a technique
where the screen cloth is sandwiched between reusable rubber-faced

Table 1 Screen cloth specification for first set
of eight screens (four pairs of each type of cloth)

Screen  Mesh,  Wire diam., Open

cloth in."! in. area, % Ry

1 28 0.0075 62.4 47.6
2 44 0.0055 57.5 34.9
3 46 0.0045 62.9 28.6
4 56 0.0040 60.2 254
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bars that are controlled pneumatically. A device that measures the
screen tension in different directions is used to ensure an extremely
even tension while epoxy is used to bond the screen cloth to the
frame. A total of six screens (three pairs) were constructed using
the finest meshes listed in Table 1. Two coarse 28 M screens were
also installed at the exit of the diffuser, upstream of the honeycomb.
All of the screens are seamless.

Flow quality is generally quantified by the rms unsteadiness of
the freestream. This quantity showed a significant improvement with
the eight new screens, i.e., u/U; = 0.08% compared with u/U; =
0.12% with the old screens. However, a much greater improvement
was observed in the layer;i.e., the peak rms background unsteadiness
was reduced by a factor of 3.

Mean velocity and rms background unsteadiness measurements
were made in a spanwise plane at x = 1.0 m (R, = 1.25 x 10°) for
a number of settings of &, and A; (see Fig. 1 for definitions). The
optimum configuration was taken to be that with the most uniform
spanwise distribution, which was determined by trial and error. Sev-
eral interesting features are worth noting in these measurements as
shown in the background unsteadiness contours in Figs. 4a—4d. The
contours correspond with two settings of 4; and a range of .. When
the height of the leading edge is increased from &; = 38.1 (Fig. 4a)
to 42.9 mm (Fig. 4b), a new peak level emerges. The magnitude of
this new peak decreases with increasing %,, as shown by the dashed
line labeled 1 in Figs. 4c and 4d. Increasing &, causes the stagnation
point to move to the upper surface of the leading edge. The peak
level observed along the dashed line labeled 2, for #; =38.1 mm
in Fig. 4a, almost completely disappears when #; =42.9 mm, as
shown in Fig. 4b. The dependency of the contours on 4, and k; was
found to occur in all test configurations.

Also note that the maximum levels in Figs. 4a—4d are located
closer to the wall compared with the original configuration shown
in Figs. 3b and 3d. This observation is consistent with the no-
tion of increased TS wave activity for the combination of the new
screens with the old centrifugal blower. Following the measure-
ments in the spanwise plane, a set of centerline mean velocity and
broadband unsteadiness profiles was initiated at Ax = 50 mm inter-
vals, and intermittent bursting was found to occur at x =1.2 m, i.e.,
R, =1.50x 10°. Thisis a very interesting observation because inter-
mittent bursting with the old screens was found to occur at x = 1.8
m (R, =2.25 x 10°); i.e., the Reynolds number for the onset of
bursting with the new screens was 67% of that observed with the
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Fig. 4 Contours of rms background unsteadiness u/U; in spanwise
plane at x = 1.0 m with new screens and original centrifugal blower
for range of leading-edge heights h; and slot exit heights &, as labeled.
Contour increment = 0.10%. Grid details: (Ny, Nz) = (29, 41), 1189 data
points, and spacing Az = 10 mm.

old screens. An explanation for this seemingly anomalous behavior
is provided later.

The original centrifugal blower had nine curved sheet metal
blades that contribute to quieter operation than straight blades. The
design is characterized by an impeller that is relatively small com-
pared with the casing. This feature allows the blower to operate
over a wide range of speeds and pressures. However, wool tuft vi-
sualization studies revealed that flow separation occurs within the
casing. Furthermore, viewing the wool tufts with a stroboscopic light
source revealed that the separation is highly unsteady and appears
to be correlated with the angular position of the blades with respect
to the blower outlet. The power spectral density of the hot-wire
signals in the test section indicated that a large proportion of the
freestream unsteadiness occurs within a narrow band surrounding
the blade-passing frequency. Spectral measurements within the layer
also showed the presence of disturbances at this frequency. It is likely
that the acoustic disturbances in the freestream originating from the
passage of the fan blades introduce T'S waves into the layer by some
receptivity mechanism in the vicinity of the leading edge.

The seemingly anomalous behavior mentioned earlier, i.e., im-
proved flow quality but transition at lower R,, can be explained by
noting that larger-amplitude Klebanoff modes were present in the
layer with the old screens. Interactions between Klebanoff modes
and TS waves are a subject of current study. There is some evi-
dence to suggest that Klebanoff modes suppress the growth of TS
waves. If this is generally true, then the reduced magnitude of the
Klebanoff modes observed with the new screens would allow the
blade-passing-induced TS waves to grow more rapidly and thereby
cause the bursting to occur at a lower Reynolds number.

Considerable time was spent adjusting the pressure/flow-rate re-
quirements of the tunnel in an attempt to reduce the magnitude and
the frequency of the disturbances introduced by the blower. How-
ever, none of these tests was successful, and the centrifugal blower
was replaced with a high-flow quality axial fan.

New Screens and New Axial Fan

The new axial fan has adjustable blade angles, and the installation
required substantial modifications to the tunnel. To minimize low-
frequency unsteadiness due to separation, an internal diffuser cone
was fabricated and attached to the rear of the fan casing to form
a nacelle that protruded into the diffuser. A 90-mm-thick cellular
rubber section was also added between the fan and the diffuser, and
it substantially reduces the vibration transferred from the fan to the
tunnel. Turbulence grids are a major source of pressure loss, but
the vigorous mixing generated by the turbulence behind the grids
reduces large-scale unsteadiness and helps to achieve a uniform
flow in the diffuser. Additional 1.33M turbulence grids were added
to the tunnel, e.g., between the flanges of the fan and rubber vibration
isolator.

Installation of the new fan reduced the rms unsteadiness of the
freestream, i.e., u/ U; = 0.05%, and spectral measurements indicate
that approximately half of the energy occurs at a frequency below 10
Hz. Figure 5 shows the rms background unsteadiness in a spanwise
plane within the layer at x = 1.0 m for the unit Reynolds number of
1.25 x 10® m~!. Comparison with Figs. 4a—4d shows that the peak
levels of the background unsteadiness have been further reduced by
afactor of 3.5 after installation of the new fan. Note that the peak lev-
els are now located farther from the wall, i.e., at a position similar to
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Fig. 5 Background unsteadiness u/U; in spanwise plane at x=1.0 m,
with axial fan and new screens sorted on basis of visual judgment of
screen quality. Contour increment = 0.025%. Grid details: (Ny, Nz) =
(31, 61) = 1891 data points, and spacing Az = 5 mm.
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the background disturbances observed in the original configuration
as shown in Fig. 3d. This is further evidence that the background
unsteadiness observed with the new screens and the old centrifugal
blower combination (Figs. 4a—4d) have a significant TS component.
Despite an order of magnitude reduction in the background distur-
bance level, the Klebanoff modes were still found to persist within
the layer, and further refinements were required.

Laser Scanning of Wind-Tunnel Screens

Kendall has experienced similar difficulties in removing Kle-
banoff modes from the boundary layer in his tunnel. He was unable
to detect any nonuniformity in the freestream upstream of the lead-
ing edge. However, he used a laser to scan his screens and found
variations in the uniformity of the weave of the cloth. He observed
a substantial improvement in the spanwise uniformity of the mean
flow and a reduction in the rms background unsteadiness within the
layer by changing the order of the screens based on these measure-
ments; i.e., he ordered the screens from least to most uniform in the
flow direction.

Following Kendall’s observations, all of the subcritical screens
were scanned with a laser using the method shown schematically
in Fig. 6a. Two edges of the screen ride on linear bearings, and the
screen is traversed between a fixed laser and photo detector. The
motion of the screen causes rotation of a multiple turn potentiome-
ter whose output voltage is calibrated against a linear scale. The
resolution of the digitized potentiometer signal corresponds to less
than 0.025 mm of movement. The diameter of the laser beam was
not measured with precision, but it is estimated to be about 2.5 mm,
which corresponds to about four or five mesh lengths for the subcrit-
ical screens. Portion of a high resolution (0.05-mm sample interval)
laser scan of a 46 M screen is shown in Fig. 6b. The influence of indi-
vidual mesh wires moving into and out of the beam are evident, and
they cause a fluctuation of about 2.5% of the mean photo detector
output.

The laser scans were performed along lines corresponding to the
position of the leading edge after flow through the contraction. The
screens are rectangular, and so it is possible to install them with
two possible orientations. Laser scans were performed using both
orientations for each of the six new subcritical screens. Of partic-
ular concern was the most downstream 44M screen, which had a
variation of 7.5% of the mean photo detector output. The results for
both ends of this screen are shown in Fig. 7 for the full range of
traversal.

Dashed line corresponds to
position of leading edge after flow
through the contraction.
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Fig. 6 a) Schematic showing technique for laser scanning of wind-
tunnel screens to determine spanwise variations in the porosity. b) Por-
tion of a high-resolution (interval Az=0.05 mm) laser scan of 46M
screen. Individual wires can be resolved as labeled and cause approxi-
mately 2.5% variation in the photo detector output.
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Fig.7 Open area variation (perturbation of photo detector output) of
both usable ends of most downstream screen as determined by laser
scan. This screen was judged best by visual inspection but found to be
the worst after laser scans.

Variations as large as this cannot be attributed to the effect of
individual wires, i.e., 2.5%, as shown in Fig. 6b. These larger vari-
ations are most likely associated with imperfections in the weave
of the screen cloth, which are presumably introduced during the
manufacturing process. Another disturbing feature in the results is
that the imperfections are not aligned at each end. For example, the
end labeled A in Fig. 7 has an open area maximum in the vicinity
of z & —100 mm, whereas this position corresponds to an open
area minimum for the end labeled B. The different characteristics
observed at each end of the same screen cannot be attributed to
misalignment between the screen cloth and the frame because the
alignment was within one or two mesh lengths over the entire length
of the frame. The difference in the open area variations is of some
concern because it implies that a single laser scan may not be suffi-
cient to characterize a screen.

Most authors, e.g., Tan-atichat et al.,!° recommend that screens
be ordered from the coarsest to the finest mesh in the flow direc-
tion. However, because the screens are subcritical, i.e., R; <40,
the screen order was not believed to be as important as the screen
quality. This particular 44M screen had been selected for the most
downstream location based on the subjective judgment of screen
quality, which was determined by visual inspection. Furthermore,
visual inspection of the finest S6M screens revealed that they ap-
peared to be the most nonuniform, and they were installed in the
most upstream location. However, laser scans of the 56 M screens
revealed instead that they were the most uniform.

Screen Order Based on Laser Scans

The order of the screens in the flow direction was changed to
follow the results of the laser scans, i.e., from least to most uniform.
The corresponding contours of the background unsteadiness in a
spanwise plane at x =1.0 m, i.e., R, =1.25 x 10°, are shown in
Fig. 8b. Comparison with Fig. 5 shows that the effect of reordering
the screens has reduced the peak background unsteadiness by a fac-
tor of 1.5. The contours in Fig. 8b are also more evenly distributed
than those in Fig. 5 and do not have the conspicuous localized con-
centrations of elevated background unsteadiness. Despite these im-
provements, it is evident that the Klebanoff modes persist within the
layer, and the corresponding distortion of the three-dimensional TS
wave amplitude contours was still found to exist.

Freestream Uniformity Measurements

As mentioned earlier, Kendall was unable to detect a spanwise
variation in the freestream velocity upstream of the leading edge. In
his case, it can only be conjectured that the improvement in spanwise
uniformity of the layer was due to a corresponding improvement
in the uniformity of the freestream. Direct observation of the ex-
ceedingly small spanwise nonuniformities in the freestream could
reveal a direct connection with the appearance of the Klebanoff
modes in the boundary layer as well as provide a direction for fur-
ther controlled studies. A number of attempts were made to measure
the small variations in freestream velocity using a highly accurate



384 WATMUFF
E g variations are pronounced. Regions of reduced freestream velocity,
2 2 e.g.,90 < z < 100 mm, and —50 < z < —40 mm, are associated with
4 P regions of elevated background unsteadiness levels and increased
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Fig. 8 a) Almost immeasurably small freestream velocity variation
contours on plane 63 mm upstream of leading edge. Grid details:
(Ny, Nz) = (46, 301), 13,846 data points, and spacing Az= Ay =1 mm.
b) Corresponding background unsteadiness u/U; within layer. Same as
per Fig. 5 but with screens ordered according to results of laser scan.

differential pressure transducer that is maintained at constant tem-
perature by an internal electric heater element. The transducer has
a full scale of 125 Pa (0.5 in. of water), and from observation over
several years it has proved to have exceedingly small drift with
ambient temperature and time. The method that produced the most
consistent and repeatable results used a traversing total pressure tube
connected directly to the transducer and a fixed total pressure tube
connected directly to the reference pressure port. Data were mea-
suredona 1 x 1 mm resolution grid with (Ny, Nz) = (46, 301) data
points using circular total pressure tubes of 1-mm external diameter.
A total sampling time of 30 s was used for each of the 13,846 data
points requiring a total run time of around five days of continuous
operation.

It should be emphasized that the differences in total pressure
are exceedingly small; i.e., the difference between the maximum
and minimum pressures over the entire grid corresponds to 0.42 Pa
(0.0017 in. of water). By repeating the measurements at a single
point on more than 100 occasions during a 24-h period, the uncer-
tainty in the total pressure difference (AP) at a given point was
estimated to be within £0.025 Pa (£0.0001 in. of water). The grid
measurements were obtained as profiles of varying y at a constant
z. The repeatability of the measurements was further checked by
measuring a subset of the grid as profiles of varying z at a constant
y. The contours of A P in the region of overlap were essentially the
same and independent of the different order for the traversal of the
planar grid.

Contours of the corresponding variation in freestream velocity
(AU /U,) are shown in Fig. 8a. The contours have been calculated
assuming that the total pressure variations (AP) are entirely at-
tributable to differences in dynamic pressure, i.e.,

AU/U; ~ —3 AP/ Py

where Py is the reference dynamic pressure of 210 Pa (0.84 in.
of water). The coordinate axes shown in Fig. 8a are referenced
to the test surface and the leading edge is located along the line
y = —6.35 mm in this coordinate system.

The most pertinent features in the contours are the spanwise vari-
ations because it is likely that they are somehow related to the Kle-
banoff modes that appear in the layer. Note the overall reduced
level corresponding to deceleration approaching the leading edge.
When the upstream influence of the leading edge is taken into ac-
count, the spanwise variations have an elongated streakiness in the
y direction. A direct comparison of the freestream variations in
Fig. 8a and the corresponding Klebanoff modes in the layer shown in
Fig. 8breveals a consistent relationship in areas where the freestream

layer thickness (not shown). The nonuniformity of the most down-
stream screen (end A in Fig. 7) does not reveal a direct correlation
with the flow variations. Evidently the upstream screens still exert
some influence on the flow.

Effect of Leading-Edge Geometry

The appearance of regularly spaced spanwise disturbances in the
nominally two-dimensional flow past the leading edge of blunt-
nosed bodies has been known since the 1930s (see Ref. 24 for a
comprehensive review). A long-standing controversy has existed
over whether the source of the vortices is a local instability mecha-
nism or an inherent feature of the two-dimensional viscous stagna-
tion line flow. A recent theoretical analysis by Dhanak and Stuart?
concerning the stagnation flow of a two-dimensional cylinder tends
to support the latter hypothesis. Their work suggests that the domi-
nant parameter is the ratio of the cylinder diameter to the spanwise
length scale of the freestream nonuniformities. Of particular inter-
est is their result indicating that the streamwise vorticity does not
appear for wavelengths of the freestream nonuniformity below a
critical value. Assuming their results to be applicable to the elliptic
leading edge, then changing the radius of curvature of the tip might
be expected to have an influence on the strength of the Klebanoff
modes in the boundary layer.

The elliptic leading edge was modified by adding a wedge-shaped
extension with a 3-deg half-angle. The modified leading edge is 75
mm longer and the radius of curvature is an order of magnitude
smaller than the elliptic leading edge. Examination of the mean flow
and rms background unsteadiness contours measured in a spanwise
plane at x = 1.0 m (R, = 1.25 x 10°) indicated that the appearance
and spacing of the Klebanoff modes were much the same and inde-
pendent of the modifications to the radius of curvature.

Inviscid computations (using a two-dimensional panel method)
for both the modified sharp leading edge and the elliptic leading edge
reveal that the pressure distribution in the vicinity of the junction
with the flat plate is much the same for these two configurations.
The pressure distribution in this region is characterized by a small
adverse pressure gradient owing to the discontinuity of the second
derivative of the surface contour. A new leading edge was built with
an upper surface based on a superelliptic profile shape, i.e.,

(x/a)" + (y/b)* =1

witha = 203 mm, b = 3.8 mm, and m = 4. The radius of curvature
of the tip is larger than the elliptic profile shape. The inviscid calcu-
lations for this profile shape revealed a smooth monotonic pressure
variation in the vicinity of the junction with the flat plate. Neverthe-
less, the results for this new leading edge were also disappointing
because the appearance and spacing of the Klebanoff modes were
much the same as for the sharp leading-edge configuration.

These disappointing results do not necessarily mean that the anal-
ysis of Dhanak and Stuart® is inapplicable to a different geometry.
For example, one possibility is that the freestream nonuniformities
contain a multitude of spanwise scales and that a different leading-
edge radius of curvature selectively amplifies a different range of
scales. However, assuming a correspondence between the cylinder
diameter and the leading-edge radius of curvature, it should also be
noted that the spanwise length scales predicted from their analysis
are considerably smaller than those observed in the boundary layer.
Therefore another possibility is that some form of merging of fine-
scale streamwise vortices occurs and that the merging is determined
by the viscous length scales of the downstream boundary layer.

Final Configuration

Additional high-quality screens (using solid aluminum frames)
were installed while the sharp leading edge, i.e., with wedge-shaped
tip, was employed. However, the comparison with the superelliptic
leading edge was performed using the same screen configuration.
Three of the new high-quality screens are located upstream of the
honeycombs and are of relatively coarse mesh, i.e., 12M, 24M,
and 24 M. Nine screens are located downstream of the honeycombs.
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Fig.9 Open area variation determined by laser scans of the most uni-
form ends of the seven most downstream (subcritical) screens for the
final configuration. Screen mesh and open area (photo detector) varia-
tion are labeled.

The first two screens are also relatively coarse mesh, i.e., each 22 M,
whereas the remaining seven screens are subcritical. All of the sub-
critical screens were laser scanned for uniformity, and the results
are shown in Fig. 9, which is the same screen order as the final
configuration. However, the tests with the sharp and superelliptic
leading edges were performed with a streamwise spacing between
the screens that is less than that shown in Fig. 9.

Several other modifications were made to the facility as outlined
next. The screen spacing was increased to around 200 mesh lengths
in the streamwise direction as shown in Fig. 9. The length of the set-
tling region between the last screen and the contraction was doubled.
The entrance to the test section was lengthened by 380 mm, placing
the leading edge farther downstream of the contraction exit. The
combined effect of all these modifications did have some beneficial
effect, leading to a reduction of the rms background unsteadiness in
the boundary layer by a factor of approximately 1.5.

Most experimental data and numerical results are available for
the HPS using the Mack—Kendall parameters.!® The unit Reynolds
number was reduced from 1.25 x 10° to 0.668 x 10° m~! to accom-
modate these parameters. An added benefit is that all screens down-
stream of the honeycomb are subcritical at this lower unit Reynolds
number. Contours of the rms HPS generated three-dimensional TS
waves measured in a spanwise plane were considerably improved
and showed only minimal distortion by the Klebanoff modes, at
least close to the leading edge. However, the effect of the Klebanoff
modes became observable, and their influence eventually became
significant on the three-dimensional TS amplitude contours, with
increasing streamwise distance from the source.

The last modification to the tunnel was inspired by informal dis-
cussions with M. Tobak of NASA Ames Research Center. Tobak
has observed the presence of streamwise vorticity over a period
of many years in a variety of low-speed and high-speed flows. He
has recently developed some new topological ideas concerning the
effect of pressure gradient on separation and attachment. Our dis-
cussions led to the hypothesis that the formation and growth of the
Klebanoff modes might be sensitive to the local pressure gradient
very close to the tip of the leading edge. A pressure undershoot is
typically located just downstream of the stagnation point in the two-
dimensional flow over a round nosed airfoil at zero angle of attack.
The recovery, from this undershoot, to the zero pressure gradient on
the flat plate leads to a region of adverse pressure gradient.
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Fig. 10 Hot-wire measurements in a spanwise plane at x = 1.0 m for
final configuration. The background unsteadiness has been reduced by
a factor of 30 compared with the original configuration at a comparable
Reynolds number (see Fig. 3b). Grid details: (Ny, Nz) = (31, 180) = 5580
data points and spacing Az = 2 mm.

In an effort to control the local pressure gradient, a length of
flexible ceiling was installed, extending from the contraction exit to
about halfway along the leading edge. The ceiling was contoured to
impose an external favorable pressure gradient (FPG) in the vicinity
of the leading edge. Adjustment of ceiling contour was performed
by trial and error, using measurements in the boundary layer as
feedback. The measurements consisted of spanwise profiles of the
rms background unsteadiness at a fixed height of y =2.1 mm, at
the streamwise position x = 1.5 m downstream of the leading edge,
using the lower unit Reynolds number of 0.668 x 10° m~!, i..,
R, =1.0 x 10°. This streamwise position was selected because it
corresponds to where corner flow disturbances have propagated out
to a point corresponding to the extremity of the three-dimensional TS
waves generated by the HPS located upstream at x =0.412 m. The
benefit of the FPG is substantial, and at some spanwise positions,
it is responsible for reducing the background disturbance level by
more than a factor of 2.

The mean flow and rms background unsteadiness contours ob-
tained in a spanwise plane located at x = 1.0 m (R, = 0.668 x 10°)
are shown for the final configuration in Figs. 10a and 10b. Com-
parison of Fig. 10b with Fig. 3b reveals that the rms background
disturbance level within the layer has been reduced by a factor of 30
for a comparable Reynolds number. However, there are still some
small spanwise variations in the thickness of the layer. Analysis of
the 180 mean velocity profiles used to produce Fig. 10areveal a 6%
variation in displacement thickness over this span, whereas the cor-
responding variation in shape factor is within £2%. Measurements
of the HPS generated three-dimensional TS waves for the final con-
figuration are presented by Watmuff,?® and the rms wave amplitude
distribution is now in substantial agreement with the corresponding
calculations presented by Mack and Herbert. !¢

Conclusions

The evidence is almost overwhelming that the Klebanoff modes in
the boundary layer are caused by nonuniformities in the freestream
that originate from variations in the weave of the wind-tunnel screen
cloth. The appearance of Klebanoff modes in the boundary layer
show a remarkable sensitivity to these almost immeasurably small
freestream nonuniformities. Parametric studies are needed to ac-
count for the observations presented in this paper and other unre-
solved issues concerning wind-tunnel screens. For example, at the
most fundamental level, it is not completely understood why super-
critical screens generate fine-scale turbulence with widely different
properties to grid turbulence. A refinement of the screen model
and Reynolds-averaged calculation method could establish a re-
lationship between freestream nonuniformities and the open area
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variations of screens. Of a more practical concern is that subjec-
tive visual examination of the screen cloth can be deceptive. Laser
scanning of the screen cloth provides a quantitative measure of the
porosity variations. However, laser scans of the same screen cloth
indicate that the variations in the porosity can be dissimilar at dif-
ferent locations.

Measurements that are generally accepted as quantifying flow
quality, e.g., rms unsteadiness of the freestream, proved to be inade-
quate and insensitive indicators of the improvements. Further work
is required to establish more stringent specifications for acceptable
flow quality. These specifications will be particularly relevant for
testing models with laminar flow control devices in large-scale pro-
duction wind tunnels. Such a study might explain why tests per-
formed with the same model in different wind tunnels often pro-
duce such widely differing results. The extraordinary sensitivity of
the formation of streamwise vortices in the boundary layer suggests
that a special body (or family of bodies) be developed for the specific
purpose of quantifying wind-tunnel flow quality.
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