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Abstract A new high Reynolds number wind-tunnel facility at New Mexico State
University (NMSU) was fitted with a roughened surface consisting of sheets of
paper embossed by a Braille printer. The resulting roughness distribution was reg-
ular, three-dimensional and relatively sparse in the spanwise direction. Careful
hot-wire studies show that the near-wall peak in turbulence intensity is reduced by
the roughness, as expected. Comparisons with smooth-wall data indicate that turbu-
lence is only affected by the roughness in the near-wall region, again as expected.
However, analysis of the energy spectra showed an unexpected result: large-scale
structures are significantly influenced by the roughness elements, despite the ele-
ments being �2 orders of magnitude smaller in size than these large-scale motions.
This result excites the possibility of manipulating large-scale flow features with tiny
protrusions.

1 Introduction

The effects of roughness on high Reynolds number turbulent flow forming over a
solid boundary is of obvious practical importance, but will also aid in the ongoing
pursuit of understanding the physics of wall-turbulence in general. The major-
ity of research in this area has involved idealised, regular roughness. The aim is
often to characterise roughness effects in terms of an ‘equivalent sand-grain rough-
ness’, after the seminal work of Nikuradse [8]. To characterise a given roughness
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geometry requires both a parametric study of the important geometric characteristics
(e.g. height, spacing) and measurements over a large range of Karman number – the
Karman number, Re� D U�ı=�, is a ratio of the boundary layer thickness to the vis-
cous length scale, �=U� ; U� is the friction velocity (D p

�o=�, where � is the density
and �o is the wall shear stress), ı is the boundary layer thickness and � is the kine-
matic viscosity. Experimentally, this task is extremely difficult as facilities capable
of the necessary Karman number range are rare and varying roughness parameters
is a time, cost and labour intensive exercise. There are only limited examples of
investigations that have overcome these obstacles, e.g. [1, 2, 10–12]. This presents
the rough-wall turbulence researcher with a number of choices: either attempt a
full parametric study in the vein of Schultz and Flack [11]; characterise limited
roughness geometries with limited Reynolds number range; study practical rough-
ness (e.g. [6]); or investigate in greater detail the flow field of roughness-affected
wall-turbulence. The current work takes the latter course. Specifically, we aim here
to investigate the structure of the high Reynolds number flow above a roughened
wall using highly accurate hot-wire anemometry techniques. Single-point first- and
second-order statistics will be shown along with energy spectra to highlight changes
to structural properties of the flow by the roughness.

2 Experimental Apparatus

The highly ordered roughness surface was generated by a tractor-fed Braille em-
bosser, allowing virtually unlimited length strips of roughness to be manufactured
quickly. A characteristic segment of the Braille surface used in this study is shown
in Fig. 1. The important features of this roughness type, with height k D 0:4 mm,
are the regularity of the roughness and the sparsity in the spanwise direction.

Experiments were conducted in the NMSU high Reynolds number wind tunnel,
having the desirable characteristics of an easily adjustable pressure gradient and low
freestream turbulence intensity (less than 0.25%). The length of the 1.2 m � 1.2 m
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Fig. 1 Braille printed directional ‘roughness’ surface tested in NMSU tunnel (dimensions in mm).
Left: schematic, scaled drawing. Right: photograph of the braille-embossed paper



Boundary Layer with Braille-Type Roughness 71

working section is 15 m with a boundary layer thickness up to ı99 D 180 mm.
The freestream tunnel speed can reach 40 m/s giving a maximum Karman num-
ber of Re� D 12;000 for the smooth-wall case. Normal hot-wire measurements
were conducted with a custom-made hot-wire anemometer circuit. Wollaston wire
was used for the sensing element, having exposed platinum of diameter between
1.5 – 5 �m and length-to-diameter ratio of at least 200. Recent work by Hutchins
et al. [4] has shown that spatial resolution is a significant issue when measuring
small-scale velocity fluctuations. They suggest that the non-dimensional sensing
element length lC D lU�=� is the pertinent parameter for hot-wire anemometry.
As such, considerable effort was imparted to ensure that lC � 18 was held constant
for all experiments.

3 Results

Measurements were taken at four Karman numbers: Re� D 3,200, 4,900, 6,850 and
10,000. Lower order statistics and a brief analysis of energy spectra are presented
below. Considering the spanwise sparsity, it is important to state that all measure-
ments shown were taken between elements in the spanwise direction, approximately
2.5 mm from the center of the nearest roughness element (in the scaled schematic
of Fig. 1, this corresponds roughly to the coordinates �10 mm spanwise, C5 mm
streamwise).

3.1 Mean Velocity and Turbulence Intensity

Firstly, the mean velocity data are shown with inner and outer scaling in Fig. 2. This
statistic shows the expected roughness trends; that is, a vertical shift in the mean
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Fig. 2 Mean velocity profiles, left figure in inner scaling and right figure in defect form. Grey
circles represent smooth-wall data from the Melbourne Tunnel. U1 is the freestream velocity
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velocity with inner scaling. The method to determine the friction velocity, U� , was a
somewhat subjective, but novel, method. First, U� was determined from a modified
Clauser fit to the data [9]. However, the modified Clauser method is far from ideal,
so an ‘improvement’ to the U� determined was achieved by assuming Townsend’s
similarity hypothesis to be true and determining the U� that best collapsed all of the
mean velocity defect and turbulence intensity data in the outer region. Note that this
process does not preferentially force collapse of the turbulence intensity or veloc-
ity defect, but rather finds the U� that best collapses both. It should also be noted
that the process of enforcing outer-layer similarity only affected the Clauser calcu-
lated U� values by, at most, �7%.�1:45% on average across all Reynolds numbers).
The authors are comfortable with this approach for two reasons: recent work (e.g.,
[2,5]) has shown that for three-dimensional roughness, outer-layer similarity is pre-
served; and, moreover, the conclusions of this study are independent of U� within
the uncertainty of its determination using the process described here.

Turbulence intensity is shown in the two plots of Fig. 3. Again, the trends in this
statistic with increasing Reynolds number and non-dimensional roughness height
are clear and as expected: the logarithmic region displays an increasing turbulence
intensity with Re� , while the inner region peak decreases. Importantly, the spatial
resolution effects commonly responsible for decreased peak intensity are absent
from this plot as the non-dimensional sensor length was kept constant. As such, the
decreasing peak observed is due solely to roughness effects. In the right-hand graph
of Fig. 3, the turbulence intensity for a single Reynolds number is compared with
smooth wall data from the High Reynolds number Boundary Layer Wind Tunnel at
the University of Melbourne (see [4] for further details). The agreement in the outer
region is very good and there is a clear departure of the rough from the smooth at
yC � 200 (y=ı99 � 0:03) corresponding to y � 13k. Thus the roughness effect
extends considerably further than the 5k criteria suggested by Flack et al. [3]. Once
again, spatial resolution should not have a significant effect on this comparison as
both experiments had similar sensor lengths of lC D 18 (rough) and lC D 22

(smooth).
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Fig. 3 Turbulence intensity profiles. Left: all rough-wall with matched lC. Right: comparison
between rough– (lC = 18, kC D 15) and smooth-wall (lC D 22) data at similar Re�
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Fig. 4 Pre-multiplied spectra for rough and smooth cases at yU� =� D 100. The thick arrow
highlights the wavelengths where the two cases differ substantially

3.2 Energy Spectra

The energy spectra shown in Fig. 4 shows an unexpected result: when compared
with the energy distribution over a smooth-wall (solid circles), the effect of the
roughness is a reduction of the energy contribution from the largest scale eddies
(in the region highlighted by the arrow in Fig. 4), even in the log region. These large
eddies have length of �6ı which corresponds to �1 m in the NMSU tunnel. Further-
more, the smaller-scale structures appear unaffected by roughness in the log region.
Analysis of spectra at all roughness-affected wall-normal locations (i.e., yC < 200,
not shown here for brevity) shows the large-scale component of the velocity is mod-
ified throughout the log-region and right down to the wall.

This result suggests that it is possible to manipulate the largest energetic struc-
tures in wall-turbulence with tiny passive obtrusions. Considering the largest struc-
tures have height, O.ı/ and the roughness elements are more than 3 orders of
magnitude smaller (�0.002ı in height), this is a remarkable result.

3.3 Amplitude Modulation

In a recent paper by Mathis et al. [7], the largest-scales in smooth-wall turbulence,
O.6ı/ in length, are shown to amplitude modulate the small-scales, O.1000�=U�/,
at high Reynolds number. The high Reynolds number is necessary to allow suf-
ficient scale separation between the small and large scales. Here we perform a
similar procedure, which is only briefly described, with full details available in [7].
First, at a given distance from the wall, a low-pass Fourier filter is applied to the
velocity time-series to isolate the large-scale signal, termed uC

L as shown in Fig. 5.
The cut-off frequency chosen was �C

x D 7300, where �C
x D �x�=U� is the non-

dimensional streamwise wavelength. A high-pass filter is also applied separating the
smaller-scales, termed uC

S . Using a Hilbert transform procedure on the small-scale
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Fig. 5 Sample of streamwise velocity time-series at yC D 15: top, true velocity with overlaid
large-scale component, uC

L ; middle, small-scale component, uC

S ; bottom, uC

L (solid) plotted with
filtered envelope of uC

S (dashed) – note that the envelope has been shifted to have zero mean for
comparison with uC

L . Vertical dotted lines highlight a large, low-speed event
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Fig. 6 Amplitude modulation coefficient for rough and smooth cases at Re� D 6;800 and Re� D
6;200 respectively

signal, uC
S , provides the envelope of the small-scale signal. That envelope is then

low-pass filtered with the same cut-off frequency given above. The correlation of
the large-scale velocity trace, uC

L and the low-pass filtered envelope of uC
S provides

a measure of the amplitude modulation of the small-scales by the large, termed AM .
This procedure can be performed at each wall-normal location, giving AM.y/. The
result of this analysis is shown in Fig. 6. The figure shows a similar distribution
of amplitude modulation between smooth and rough walls, particularly in the outer
region. Near the wall, however, there is a marked increase in amplitude modula-
tion in the rough-wall case. This important result confirms that the structure of the
flow around roughness elements at high Reynolds numbers will depend on the state
of the large-scale events far from the wall, which are much larger than the rough-
ness elements. This further indicates that care should be taken when constructing
numerical or analytical models (based on observations such as separation from, and
reattachment to, roughness elements) from low Reynolds number studies.
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4 Conclusions

A careful experimental program in a high-quality boundary layer facility at NMSU
has provided a unique database of high Reynolds number, high fidelity, streamwise
velocity measurements over a sparse rough-wall. The lower-order statistics exhib-
ited the expected trends and it has been shown that the amplitude modulation of
large-scale structures on smaller-scales occurs in rough-walls in a similar way to
that observed in smooth-wall flows. In fact, the amplitude modulation is stronger in
the rough-wall flow compared with the smooth-wall below the logarithmic region.
Finally, the very small roughness elements were seen to modify the large-scale
structures in the zero-pressure-gradient turbulent boundary layer, and this may have
implications for passive drag reduction or augmentation strategies.
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