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Abstract

This paper describes a parametric study of the developnient o
zero pressure gradient turbulent boundary layer over gingr
and convergingiblet-type surface roughness geometries. The
current study is an expansion to the preliminary invesitogety
Nugrohoet al (10), where this type of surface roughness is used
to induce large-scale counter-rotating flows and causegta hi
degree of three dimensionality over the spanwise wavetengt
of the surface roughness pattern. Previous data revealththa
secondary flows generated by the surface roughness arevable t
capture and lock-in the largest-scale motions (supeltsires)

of the flow, despite the fact that the riblet height is one hun-
dred times smaller than the boundary layer thickness. Here w
extend this work to include different riblet yaw anglesand
viscous-scaled riblet heigitit". It was found that ast or h*
decreases, the effect of surface roughness becomes less pro
nent on the secondary flow.

Introduction

Recent studies on wall bounded flows at high Reynolds num-
ber have revealed the importance of large-scale motionsjLS
scaling with boundary layer thickness, e.g Kim and Adrian

(6) and Balakumar and Adrian (1). LSMs are believed to
be originated from hairpin vortices which move coherently i
packets, have streamwise length 8f233, and spanwise length

of 15— 1.56 (Kovasznayet al (8)). Further studies by Kim and
Adrian (6) in wall-bounded flows with internal geometriev@a
shown that there are even longer motions residing in the-loga
rithmic region, which they termed as very large-scale nmstio
(VLSMs). Evidence of VLSMs is found in the form of peak at
long wavelength in the pre-multiplied spectra of streansviis-
bulent fluctuationsi. These type of motions are not believed to
be a new type of eddy, instead it is presumed to result from the
coherence in the hairpin packets pattern (Kim and Adriah (6)
Similar features have been reported by Hutchins and Marusic
(4), where they found highly energetic fluctuations in thgalo
rithmic region of the turbulent boundary layer. These fesgu
have very long meandering streamwise negative velocity fluc
tuations (instantaneous lengthdl5203), flanked by positive
velocity fluctuations on either side . Hutchins and Marudigc (
refer these very large features as 'superstructures’. Wiyt
further to say that superstructures leave footprint at thi, ve-
sulting in significant contribution towards turbulent fluations

and Reynolds stress production. Itis believed that by digtg
these VLSMs and superstructures, an effective flow control o
drag reduction mechanism may be achievable.

To date, there have been few studies on manipulating VLSMs
or superstructures. One particular way is to employ ordsued
face roughness, and in our case, we concentrate on rilget-ty
roughness. Riblets are a series of very small continuous/gso
that can be used to cover the aerodynamic surfaces of vehi-
cles. Highly ordered riblet-type surface roughness haaciéd
plenty of attention in the last three decades due to itstgtidi
reduce skin friction drag (Becheet al (3)). Investigations by
Bechert and Bartenwerfer (2) have revealed that these simall
blets are damping the cross-flow velocity fluctuations nkar t

direction

Figure 1: Schematic diagram of converging / diverging tible
pattern, showing regions of converging (regidhsndJ) and
diverging (regiori]) spanwise flow.

wall, resulting in the skin friction drag reduction. Althglu
riblets have been proven to be an effective method for turbu-
lent drag reduction in their standard form, they are betiee
control the near-wall small scale coherent structuresré hee

no investigations that utilize the riblets in an attempt ém-c
trol VLSMs or superstructures. Work by Koeltzseh al (7)
have shown that by aligning the riblets in diverging-cogueg
configurations within a pipe flow, these surfaces can impose a
large-scale spanwise modification to the boundary layelacha
teristics. Nugrohet al (10) has performed similar experiments
for flat plate boundary layer and showed that the diverging-
converging surface roughness is able to capture and lothein
largest-scale motions in the flow. Based on these reporss it i
only natural to broaden the findings further by probing infe d
ferent riblet parameters. The principal aim of this invgstion

is to expand the previous experiments by Nugrehal (10), by
considering two different parameters: riblet yaw angleand
viscous-scaled riblet height;".

Surface Roughness Manufacturing

A schematic diagram of the diverging-converging riblet &eg
dimensions are shown in Figure 1. A master tile made of acetal
copolymer has been cut using a high precision three axis CNC
machine CNC-Technik HEIZ S-100@o form the diverging-
converging template. The cutter used in this manufactusiog
cess has a 60tip, resulting in a riblet cut with a spacing of
s=0.675 mm and heighth = 0.5 mm, leading tch/s ratio of
0.74. The diverging-converging angle of the riblet withpest

to the mean flowg, is set at 10. This angle is chosen to be less
aggresive than the 8&nd 4% used by Nugrohet al (10) and



Surface Uso ht | st | dgg Ras
(m/s) (m)

smooth 10 - - 0.0520 | 1300
div 0 10 13 | 18 | 0.0525| 1300
con oo | 10 13 | 18 | 0.0580 | 1300
smooth 20 - - 0.0519 | 2300
div 0 20 24 | 32 | 0.0526 | 2300
con oo | 20 24 | 32 | 0.0706 | 2300

Table 1: Experimental parameters for smooth, divergingl, an
converging surface.

Koeltzschet al (7) respectively. The width of each diverging
and converging region is 0.074 m, resulting in a repeatirgsp
wise wavelength\ = 0.148 m. The master tile has dimensions
0.515x0.296 m, contains two strips at10° and two strips at
—10°. Apart froma, all other physical parameters of this sur-
face roughness are identical to thoses used by Nugeblad
(10). A mold of this master tile is then produced from silieon
rubber and used to cast multiple copies of the pattern, teat a
used to cover the test surface in the facility.

Experimental set up and parameters

The experiments are performed in an open-return blower wind
tunnel located in the Walter Basset Laboratory at The Usitser

of Melbourne. The wind tunnel has a cross-sectional area of
0.94x0.375 m and a 6.7 m long working section. This facility
has a fully adjustable roof to enable accurate pressureegrtad
adjustment. In this experiment, the tunnel is set at zerssore
gradient. All measurements are made 4 m downstream of the
inlet. The wind tunnel is operated at two free stream vellegit
U = 10 m/s andJ., = 20 m/s. For a hydronomically smooth
wall, the Reynolds numbers aRes = 1300 andRes = 2300
respectively Res = dgadUrs/V, Oggs is boundary layer thickness
based on 98% of free stream velocity over smooth wals
kinematic viscosity, antls is smooth wall friction velocity).
The two sets of free stream velocities corresporfuite- 13 and

h'™ = 24 respectively for the riblet surface, whére = hUs/v.

All experiments are carried out with a single hot-wire probe
operated in constant temperature using an in-house Mealbour
University Constant Temperature Anemometer (MUCTA), with
an overheat ratio of 1.8. A boundary layer type probe body ge-
ometry Dantec 55P1pwith prong spacings of 3 mm is used to
hold the sensor element. The wire isi@mbdiameter platinum
filament with an etched length of approximately 1 mm, result-
ing in length-to-diametefl /d) ratio of 200. Thd /d ratio is set

to exceed 200 to minimize attenuation due to end conduction.
The viscous scaled length of the hot wires folU;s = 1300
andUs = 2300 is 26 and 47 respectively. These wires will suf-
fer from some attenuation due to insufficient spatial resmu
(Ligrani and Bradshaw (9) and Hutchies al (5)). However,

since these measurements are made for comparative purposes

between smooth wall and riblets covered wall, the attennasi

deemed acceptable. For each Reynolds number, measurements

are performed over smooth surfaces, and also over the d@igerg
and converging regions of the riblet surfaces.

Results

Table 1 lists the boundary layer parameters for the smooth wa
and above the diverging region, and converging region ftim bo
sets of free stream velocity. Hetk, is free stream velocity,
h* is viscous-scaled riblet heighs' is viscous-scaled riblet
spacing,0gg is boundary layer thickness based on 98% of free
stream velocity, antRes is Reynolds number based on hydro-
nomically smooth wall. From the table it is clear that thdeib
have a significant effect on the boundary layer thickness. At
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Figure 2: Mean velocity profile foRgs = 1300 (a) andRes =
2300 (b) over the diverging«] and convergingX) regions of
the rough surface, and for the smooth wall cage Yelocity is
non-dimensionalised using free stream velotigyand distance
from wall is non-dimensionlised using boundary layer thiegs
over the smooth walbggg

h* =13, the boundary layer thickness over converging region is
around 10% thicker than over the smooth wall.iAsincreases,
the differences idgg between the smooth wall and the converg-
ing region increases: fdrt = 24 the difference is around 27%.
Interestingly, the differences idgg between the smooth wall
and the diverging region are quite marginal for bR#s cases
(approximately 1%). It appears that= 10° is not an aggres-
sive enough angle to affect the boundary layer thickness ove
the diverging region. This result is in contrast to previens
periment by Nugrohet al (10), for a = 30°, where the riblet
yaw angle is strong enough to modify the boundary layer thick
ness for flows over the diverging and converging region cases

Figure 2(a & b) show the mean velocity profiles for the smooth
wall case, and over the diverging and converging regioniseat t
two h™ conditions. The velocity axis is made non-dimensional
by the freestream velocity, and the wall-normal distance is
non-dimensionalised using boundary layer thickness dver t
smooth walldggs. From the figure it is obvious that the local
mean velocity over the diverging region is higher than thatro
the converging region. The differences in local velocites
even more pronounced at highet (figure 2b). Those differ-
ences contribute towards the changes in boundary layét-thic
nessdgg. As the local velocity decreases over the converging
region, the boundary layer thickens, while the oppositeobap
over the diverging region. The results strongly suggestttie
converging pattern of the riblets are forcing the low-spieid
near the wall to move vertically away from the wall, resudtin
lowered local streamwise velocities in this region. Cosesy,

the diverging pattern of the riblets are sweeping the hjgged
fluid towards the wall, causing higher local streamwise eielo
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Figure 3: Turbulence Intensity fdRgs = 1300 (a) andRas =
2300 (b) over the diverging«] and convergingX) regions of
the rough surface, and for the smooth wall cage Turbulence
intensity is non-dimensionalised using free stream vejddi,
and distance from wall is non-dimensionlised using boundar
layer thickness over the smooth wédgs

ties. It is extraordinary that a surface pattern with suchmalk
riblet height (hdggs = 0.01) is able to produce spanwise varia-
tion in boundary layer and local streamwise velocity. Theflo
behavior seems to suggest that there are large-scale coonte
tating vortices existing above the surface roughness. Tod m
ifications to the mean velocity profile are in general lesesev
compared to the previous work by Nugroéioal (10). Asa de-
creases, the effectiveness of the diverging and converiitegs

to impose large-scale secondary flows diminishes.

Streamwise turbulent intensity profiles in figure 3(a & b)who
that for bothh™, the intensities over the diverging region de-
creases. For the converging region, the turbulent intensit
for h™ = 13 is slightly lower than the smooth wall case, and
the peak seems shifted away from the wall. In the case of
h* = 24 the turbulent intensity peak is clearly shifted towards
the logarithmic region, it climbs beyond the smooth wallecas
z/8ggs = 0.02 and reaches its peakzdggs = 0.1. These phe-
nomena suggest that the vertical motion over the converging
gion redistributes the near-wall turbulence intensity iphhs
generally high) into the outer regions of the boundary layer
Conversely, the low turbulence intensity in the outer ragio
above the diverging pattern is swept towards the wall, tiegul

in a lower localised turbulent intensity.

Figures 4 and 5 show pre-multiplied energy spectra maps
for the smooth wall, and diverging and converging region
for both Reynolds numbers. These color contours show the
pre-multiplied streamwise spectkaq,u/UZ as a function of
wall normal positionz", wherez" = zUs/v, and streamwise
length-scale), whereAt = AUg/v. The energy spectras are
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Figure 4: Contours of pre-multiplied streamwise energycspe
tra kxcpuU/UTZS, whereky is streamwise wavenumber anpg, is

the energy spectra of streamwise velocity fluctuations. prae
multiplied spectra is plotted as a function of wall-normal p
sition z" and energetic streamwise length-schfe Plots are
shown for the smooth wall case (a) and above the diverging (b)
and converging (c) regions Rias = 1300

10!

normalised by the smooth wall friction velocityss, since it is

not possible at this time to obtaltys over the rough surface.
The use of the modified Clauser technique to obtainover

the rough surface is questionable due to the strong changes i
wake strength. In standard zero-pressure-gradient walided

flow it is observed that there are two local peaks on the spec-
tral surfaces. The first peak, termediaser peak(marked by
symbol +) is located a™ = 15 and\; = 1000 (Hutchins and
Marusic (4)). This peak exists due to near-wall cycle ofaitee
and quasi-streamwise vortices (Schoppa and Hussain (0H18).
second peak which termedaster peak(marked by symbaok)

is located atz/d = 0.06 andAy/d = 6, and exists due to super-
structure type events (Hutchins and Marusic (4)). For canon
ical smooth wall turbulent boundary layer, this outer peak i
creases in magnitude as Reynolds number increases. Figure
4a and Figure 5a show evidence of how the outer peak grows
with Reynolds number. For the case of the diverging region at
Reas= 1300 (Figure 4b ), the surface roughness forces the inner
peak spectra to move closer to the wall, and reduces thelbvera
energy spectra magnitude. Ris= 2300 (Figure 5b) the di-
verging region also exhibits an inner peak spectra thatsegad
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Figure 5: Contours of pre-multiplied streamwise energ\cape
for the smooth wall case (a) and above the diverging (b) and
converging (c) regions &es = 2300.
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even closer towards the wall and the overall energy specig m
nitude is lowered. From figure 5b it is also noted that there is
an outer peak located at ~ 250\ ~ 15000 although it is
lower in magnitude than the smooth wall. Over the converg-
ing region at lower™ (Figure 4c), the inner peak is slightly
shifted toz" ~ 20, A\ ~ 500 from the smooth wall case at
z" ~ 15, \{ ~ 1000. Forh™ = 24 the converging region on
Figure 5c clearly shows a highly energetic outer peak |atate

Zz" =~ 500,A\" ~ 20000. Thus It appears, that for the = 24
case there is increased large-scale energy over the digergi
gion and decreased large-scale energy over the divergiimm,e
suggesting that the superstructure type events have bgen ca
tured and locked in location over the converging region. oAll
the spectra plots confirm that BS increases, the effectiveness
of the surface roughness in imposing large-scale modificati
also increases.

Summary and Conclusions

A parametric study of zero pressure gradient turbulent deun
ary layer over a diverging and converging riblet-type stefa
roughness has been conducted. The surface roughness gmpose
secondary flows causing large-scale spanwise modifications
the boundary layers thickness, mean velocity, and turlbiien
tensity. The data shows that the local mean velocity abowe th
converging region decreases, while the turbulent intgrisit

creases. The opposite phenomena occurs over the diverging
region. Based on these findings, it is proposed that this type
of surface roughness is generating large-scale countatirrgt
roll-mode inside the turbulent boundary layer, with an upiva
flow direction occuring above the converging region, andmow
ward flow direction above the diverging region. The bound-
ary layer thicknessdgg, in the converging case for both sets
of Reynolds numbeiRRes, show that they are thicker than the
smooth wall case. However, there is not much difference in
boundary layer thicknes8gg between the diverging and the
smooth wall case for both Reynolds number cases. It appears
that a larger diverging-converging angles required to affect

the boundary layer thickness over the diverging regionhAs
increases, the strength of the secondary flow also increases
sulting in dramatic large-scale modifications. Furtherlysia

on the pre-multiplied energy spectra suggests that thairf
roughness is able to lock the largest-scale motions of tieitu

lent flow in place over the converging regions. Further exper
ments (either by PIV or rake type measurements) are required
to confirm this.
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