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Abstract
This paper describes initial experimental results

from an ongoing investigation into the perturbation
of a zero pressure gradient turbulent boundary layer
due to a very unusual surface roughness. A highly
ordered and directional roughness pattern imposes a
large-scale secondary flow onto the boundary layer.
This causes a spanwise variation of the boundary layer
thickness by a factor of up to 2 (for the strongest
cases), in spite of the fact that the peak-to-trough
roughness height is only

��������� th of the boundary layer
thickness. Initial results suggest that this unique sur-
face roughness is acting as a vortex generator, produc-
ing large-scale arrays of counter-rotating streamwise
vortices. These rough surfaces do not appear to obey
Townsend’s outer layer similarity approximation.

1 Highly ordered roughness surfaces
The roughness surface consists of converging-

diverging arrangements of riblet-type striations (ar-
ranged in a ‘herring-bone’ pattern). The motivation for
this study comes from the investigation by Koeltzsch
et al. (2002), which indicated that such surfaces could
cause large-scale azimuthal variations within fully tur-
bulent pipe-flow. The schematic in Figure 1 defines
the key dimensions for the surface. Table 1, lists the
key parameters for the 6 experiments detailed in this
paper. The cross-section of the riblets is trapezoidal,
with an � �
	 ratio of 0.74. The riblets do not quite rep-
resent the classic triangular profile (see for example
Bechert et al., 1997) since there is a slight flat in the ri-
blet trough (due to the chamfered tip of the � �� cutter).
A detailed view of the riblet cross-section is also given
in figure 1. The riblet spacing

	������ ����� mm and
height � ����� � mm is fixed for all surfaces. The riblets
are yawed at an angle � to the mean flow direction to
generate regions of convergence and divergence. Two
different yaw angles are investigated, � ����� �

and� � � � � . For all cases tested, the width of each con-
verging and diverging region is 73.75 mm (such that
the repeating spanwise wavelength � ����� � � � mm).

experiment ��� �  "! 	�# � # x
identifier (ms $&% ) (

�
) (m) (m)

E1 15 30 2.9 23 18 2.9
E2 15 30 1 23 18 2.9
E3 15 10 4 23 18 4
E4 20 10 4 33 25 4
E5 10 10 4 17 13 4
E6 5 10 4 9 6 4

Table 1: Riblet dimensions and flow parameters for the 6ex-
perimental configurations. Viscous scaled dimen-
sions ( '( and )*( are calculated based on the
smooth wall friction velocity +&,.- at the equivalent
freestream conditions and / location).

Note that for clarity riblets are not drawn to scale in
figure 1 (only 10 riblets are represented per half wave-
length � �
0 , in reality there are approximately

�����
).

By varying the freestream velocity, the viscous-scaled
riblet height can be varied (experiments E3 - E6). The
other key dimension is  1! , defined as the streamwise
fetch. For the

��� �
converging/diverging angle riblets,

a fetch of  "2 �3� m is used. The effect of different
fetch is explored for the � � � ��� riblets with  "! ��0� 4
m for experiment E1 and  1! �5� m for experiment E2.

To manufacture these surfaces, a three-axis CNC
machine was used to create a master tile of the
diverging-converging riblet pattern in acetal copoly-
mer. The master tile has dimensions 515 6 295 mm
containing two strips at 78� � and two strips at 9:� �
(the master tile dimension assures perfect tessellation
in ; and < ). A mold of this tile was produced in sil-
icone rubber and used to cast multiple polyurethane
reproductions of the original tile. The resulting casts
were then affixed to the floor of the boundary layer
wind tunnel using embedded magnets.

2 Experiments
The experiments were performed in an open-return

blower wind tunnel located in the Walter Basset Lab-
oratory at The University of Melbourne. The wind
tunnel has a 6.7 m long working section with cross-
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Figure 1: Schematic diagram of converging / diverging riblet pattern, showing expected regions of converging (regions ① and
③) and diverging (region ②) spanwise flow.

sectional area 0.94 x 0.375 m. The roof of the wind
tunnel is fully adjustable to enable accurate adjust-
ment of the pressure gradient. All data presented are
measured with a single-normal hot-wire probe oper-
ated in constant temperature mode using an AA Lab
System AN-1003 anemometer (with overheat ratio set
to 1.8). Wollaston wires are soldered to a boundary
layer type probe-body geometry (Dantec 55P15) and
etched to give a

�I
m platinum filament of length ap-

proximately
�

mm. The length-to-diameter ratio of
the etched hot-wire sensors were set to exceed 200 to
minimize attenuation due to end conduction. Ligrani
& Bradshaw (1987) and Hutchins et al. (2009) in-
dicate that the current sensors (which have viscous-
scaled length J #LK � � ), will suffer some attenuation
due to insufficient spatial resolution. However, since
at this stage these measurements are made for com-
parative purposes only (between the smooth wall and
riblet modified flows), such attenuation is deemed ac-
ceptable. Measurements are made at various stations
downstream of the tripped inlet to the working section.
An automated two-axis traverse (capable of moving
in both the spanwise and wall-normal directions) was
used to obtain hot-wire measurements over a spanwise
/ wall-normal plane. A series of 17 boundary layer
profiles map the flow characteristics on a plane span-
ning 9:� �
0NM < M � �
0 in the spanwise direction.
Each profile comprises 30 measurements, logarithmi-
cally spaced in the wall-normal direction. These mea-
surements reveal the large-scale secondary flows in-
duced by the converging/diverging roughness surface.

3 Results

Experiment E1
Figure 2( O ) shows the variation in the mean ve-

locity across the spanwise wavelength of the surface

for experiment E1. The wall-normal ordinate is nor-
malised by the boundary layer thickness of the corre-
sponding smooth surface PDQ (at the same streamwise
location and freestream velocity). The dot-dashed line
in Figures 2 and 3 shows the edge of the boundary
layer with the convergent divergent surface installed.
The dashed line shows the comparable boundary layer
thickness for the smooth surface1 . It is obvious that
the roughness pattern has imposed a large spanwise
variation on the mean velocity contours. The boundary
layer thickness has a very pronounced variation across
the spanwise wavelength, with the thickness varying
from

��� 4 P�Q at the converging regions, to approx
��� 4 P�Q

at the diverging pattern regions. It is remarkable that
a surface modification with such a small roughness
height ( � � P�R KS��� ���

) can cause such a large span-
wise variation in boundary layer thickness. Figure 2( T )
shows the fractional change in mean velocity about the
corresponding smooth wall case UV�W9X�YQ[Z � ��Q . The di-
verging surface regions have lowered the velocity right
across the layer (and hence thickened the boundary
layer), while the diverging portions lead to increased
velocity (and a reduced P ).

To better illustrate the spanwise variation, Figures
3( O & T ) show the spanwise variation of the mean
and the local standard deviation about the spanwise
averaged rough wall result (whereas figure 2 T pre-
viously showed spanwise variation about the smooth
wall case). Figure 3( O ) shows the spanwise variation in
the local mean velocity normalised by the rough wall
spanwise average �YQ]\ (the subscript sa refers to ‘span-
wise average’). It is again clear that the diverging por-
tion of the riblets ( < � � �L� ) is characterized by high
speed regions, and the converging part ( < � � �_^8��� � )

1all boundary layer thicknesses are calculated for the point where
the velocity recovers to 98% of the freestream `ba
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Figure 2: Contours of mean velocity for E1 over a spanwise/wall-normal plane spanning n in o direction. Regions of con-
vergence (❶ & ❸) and divergence (❷) are marked on figures. ( p ) mean velocity normalised by the freestream; ( q )
mean velocity as a percentage variation about the smooth wall case. Solid and dashed contours show positive and
negative values respectively. Dot-dashed line shows r for rough surface. Dashed line shows smooth wall boundary
layer thickness r[s .

is characterized by low speed regions. Figure 3( T )
shows the local standard deviation of streamwise ve-
locity fluctuations tvu , normalized by the spanwise av-
erage value ( tvuQ]\ ). The majority of the boundary layer
above the diverging region of the riblets is charac-
terised by reduced turbulence intensity, while the con-
verging regions exhibit predominantly increased inten-
sities. It should be noted that there are regions very
close to the wall, where this behaviour seems to be re-
versed. Though it is difficult to state with certainty in
the absence of more detailed x-wire measurements, it
would appear that this spanwise stirring of the turbu-
lent boundary layer profile is entirely consistent with a
scenario in which the converging / diverging riblet pat-
tern has superimposed a large-scale counter-rotating
vortex array onto the boundary layer. Such a scenario
would suggest that the converging portion of the ri-
blet surface (where the flow ‘converges’ together) will
result in a vertical flow of fluid away from the wall
(forming the common-flow-up region of the counter-
rotating vortex pair), while the diverging region will
lead to a local mean vertical velocity component to-
wards the wall, which will form the common-flow-
down portion of the counter rotating vortex array. The
common-flow-down will tend to confine the turbulent
fluctuations closer to the surface (and hence lead to
reduced turbulent intensity across the majority of the
layer), while common-flow-up regions will move the
turbulent fluctuations further from the wall, leading to
increased turbulent intensity. In vortex generator stud-
ies, elevated turbulent intensities have been reported in
common-flow-up regions of the vortex induced flow-
field (see for example Mehta & Bradshaw, 1988). The
present results are consistent with this scenario.

Experiment E2: influence of fetch  1!
Figure 4 demonstrates the effect of reduced stream-

wise fetch  "! . In Experiment E2 the same surface
pattern as E1 is investigated at the same ; location

downstream of the trip and at the same freestream con-
ditions. For E2, the only difference from E1 is that "! has been reduced from 2.9m (approximately � � P�R
or
�����������

wall units) to 1m. A comparison between
figures 4 and 3 illustrates the dependance of the sec-
ondary flows on streamwise fetch. The wall-normal
extent of the spanwise variation of mean velocity and
turbulent intensity is much smaller for the lower value
of  "! . The induced spanwise variations are confined
closer to the surface for the shorter fetch, and hence the
effect on the outer part of the layer is much less pro-
nounced, with substantially less variation in boundary
layer thickness. It is, however, interesting to observe
from figure 4( O ), that the overall strength of the span-
wise variation in mean streamwise velocity � (as a
percentage of the spanwise average value) remains ap-
proximately the same regardless of fetch. The results
seem to indicate that the primary effect of fetch is in
determining the wall-normal growth or extent of the
secondary flows. The strength of the secondary flows,
on the other hand, appears to be more closely associ-
ated with the convergence / divergence angle � and the
viscous-scaled riblet height � # (see results below).

Experiment E3: influence of conv / div angle �
Figure 5 ( w ) and ( x ) show results from experi-

ment E3, a surface with a reduced convergent / diver-
gent angle � �y��� �

. This experiment is not directly
comparable with experiment E1, since it was con-
ducted slightly further downstream from the tripped
inlet to the working section (and hence the fetch  z!
is also longer). However, E1 and E3 have the same
freestream velocity, and hence similar viscous scaled
riblet heights. It is immediately clear from comparison
of E1 and E3 (comparison of figures 3 and 5 w and x ),
that reducing � reduces the strength of the spanwise
variations induced by the surfaces. With the reduced� �{���i� , the magnitude of the spanwise variation of� at | � P Ky��� �

is
K}^8~

% which is much less than
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Figure 3: Spanwise variation for E1 of ( p ) mean velocity and ( q ) turbulence root-mean-squared fluctuations ( ��� ) about the
spanwise averaged value for the rough wall.
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Figure 4: Spanwise variation for E2 of ( p ) mean velocity and ( q ) turbulence root-mean-squared fluctuations ( ��� ) about the
spanwise averaged value for the rough wall.

the
KL^�0�0

% observed for the � � � � � case. In addi-
tion, it can be observed that the spanwise variations for
E3 are confined closer to the surface, with a much less
pronounced variation in P than observed for E1 (with� � � � � at comparable fetch).

Experiment E3 - E6: influence of � #
Experiments E3 - E6 investigate the same surfaces

but with varying freestream velocity �Y� . In this way
the viscous scaled riblet height � # is systematically
varied from � #_��0�� for experiment E4, to � #�K �
for experiment E6 (close to the limit for hydrodynamic
smoothness). From top to bottom, Figure 5 depicts
this varying � # , from � #���0��

at the top (plots O
and T ) to � #{� � at the bottom (plots � and � ). It
should be noted that experiments E3 - E6 are not at the
same Reynolds number (the friction Reynolds number
reduces from approximately ����� � P��z� �
��Ky0��
���
for E4, to ���D� K�4i0
� for experiment E6). Nonethe-
less, it is obvious that varying the viscous-scaled ri-
blet height has a pronounced effect on the overall
strength of the three-dimensionality imposed by the
surface. For the smallest viscous-scaled riblet height,
figure 5( � ) indicates that only very moderate percent-
age spanwise variations in � are observed. Clearly
when the height of the riblets approach hydrodynamic

smoothness, these surfaces no-longer seem capable of
generating large-scale three-dimensionality.

Skin friction
At the present time these experiments lack an in-

dependent measure of the wall-shear stress �D� . There-
fore the skin friction must be estimated from the mea-
sured velocity profiles in the roughness-modified tur-
bulent boundary layers. Standard practise for rough
walls is to use a Clauser technique fitting the rough-
wall data to a modified log-law region defined as,

� # � �
�X� �����| # 7���9��X� # (1)

where �| is defined as the wall-normal distance from
the crest of the riblets plus the roughness offset ( �| �|�7�� ) and �X� # is the roughness function (a positive
number for the majority of rough surfaces, but a neg-
ative number for drag reducing surfaces such as stan-
dard riblets). The intercept of the log law, and hence
the roughness function �X� # can be eliminated from
this fit, by differentiating equation (1) with respect to�| # to yield,

�z� � � �| x�xi| (2)

The problem here being that there is one equation with
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Figure 5: Spanwise variation for (right-hand-side) mean velocity and (left-hand-side) turbulence root-mean-squared fluctua-
tions ( ��� ) about the spanwise averaged value for the rough wall experiments E3 - E6. ( p & q ) Experiment E4,'(¥¤�¦ E ; ( § & ¨ ) Experiment E3, '( ¤ A[© ; ( ª & « ) Experiment E5, '(¥¤ A[¬ ; (  & ' ) Experiment E6, '(¥¤ B .
Wall-normal position is normalised by r*s¯® (the spanwise averaged boundary layer thickness). Dot-dashed line showsr[°.± for rough surface. Dashed line shows spanwise averaged boundary layer thickness r�s¯® .



two unknowns ( ��� and � ), and hence the estimated
value for �z� is entirely dependant on the assumed
roughness offset � . This issue becomes less impor-
tant for surfaces where � � P is a very small number
(i.e higher Reynolds number riblet experiments). The
error in �z� due to an improperly determined rough-
ness offset � is approximately ��² for � � P �}���������

,
reducing to approximately

� ² for � � P �³��� � ��� .
For lower Reynolds numbers it is common to assume
Townsend’s outer layer similarity hypothesis, and se-
lect the �z� and � combination to best collapse the ve-
locity defect plot in the outer and overlap regions of
the flow (plotting �Y�_9�� � �z� vs. �| � P ). It is not im-
mediately obvious that any of these techniques will
be applicable for these particular roughness surfaces
where a high degree of three-dimensionality has been
introduced into the flow. Indeed, the velocity pro-
files seem to indicate that for the converging/ diverging
roughness surfaces, Townsend’s outer layer similarity
is not well observed (at least for the surfaces gener-
ating strong secondary flows). Figure 6 shows an at-
tempt to determine ��� for the surface by collapsing
the mean spanwise velocity profile onto the modified
law of the wall. It is evident from Figure 6( O ) that the
wake strength (the distance labeled

0
´�� � ) is different
for the smooth and rough wall (and different for the
rough wall dependent on whether over a diverging or
converging region). When plotted as a velocity defect
in figure 6 ( T ), this difference in wake strength causes
a very pronounced breaking of Townsend’s outer layer
similarity hypothesis.

4 Summary
It is shown that converging / diverging herring-

bone type arrangements of riblet-like striations impose
large-scale secondary flows onto the turbulent bound-
ary layer. These secondary flows lead to large-scale
spanwise modifications to the mean velocity, turbu-
lent intensity and boundary layer thickness P . The
strength and form of these secondary flows are shown
to be dependant on the convergence / divergence an-
gle � , the streamwise fetch  1! and the viscous scaled
riblet height � # . Smaller angles � lead to weaker
secondary flows, and weaker spanwise variations. In-
creasing streamwise fetch, seems to cause enhanced
wall-normal growth of the secondary flows, such that
they eventually exceed the thickness of the unmodified
boundary layer. There is presumably some limit to this
effect, but we have not yet determined this. Increasing
the viscous-scaled riblet height leads to stronger sec-
ondary flows. When � # approaches assumed hydro-
dynamic smoothness, it is seen that the strength of the
secondary flows dramatically reduces. The influence
of spanwise wavelength � has yet to be investigated,
but is also presumably a key parameter.
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