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A B S T R A C T

The impact of flow-normal ribs and small-scale surface roughness on the drag and vortex shedding of a circular
cylinder was investigated. Three rib heights, four relative rib spacings and three different forms of micro-
roughness were combined to produce 28 unique surface coatings for the cylinder. The drag was measured in a
wind tunnel for Reynolds numbers in the range 20; 000 < Re < 160; 000, representing nearly a decade change
centred about the drag crisis. The drag measurements were complemented by hot-wire measurements in the wake
to investigate the vortex shedding frequency. The results show significant average drag reduction, up to 23%, for
most of the ribbed geometries compared to a smooth cylinder for Re < 160; 000. Increasing the rib height was
found to reduce the critical Reynolds number and increase the minimum drag coefficient. Varying the rib spacing
resulted in an ‘‘optimal” spacing, approximately five times the rib height, that caused the lowest critical Reynolds
number. Increasing the micro-roughness resulted in a reduction in the critical Reynolds number and an increase in
the minimum drag coefficient.
1. Introduction

The flow around circular cylinders and the resulting forces have been
studied extensively over the last century. This is largely due to the fact
that this fundamental flow has far-reaching applications. Flow around
circular cylinders can, for instance, be found aroundwind turbine towers,
tall buildings, oil platforms and in sports aerodynamics. These are ap-
plications where the resulting forces have significant impact on perfor-
mance and design. It is therefore crucial to find ways to reduce these
forces.

The drag, FD, is of principal interest in many applications and is
typically non-dimensionalised as the drag coefficient,

CD ¼ FD
1
2 ρU

2A
; (1)

where ρ is the fluid density, U is the free-stream velocity and A is the
frontal area. As a first order approximation, CD is a function of the shape,
the motion and the surface of the cylinder (Oggiano et al., 2013), i.e.,
CD ¼ f (shape, motion, surface). The shape and motion are dependent on
the form of the cylinder and the Reynolds number,
st).
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Re¼Ud
ν
; (2)

where d is the characteristic length, i.e., the diameter for spheres and
cylinders, and ν is the kinematic viscosity of the fluid. The dependence of
CD of a circular cylinder on Re, known as the CD-Re curve, is well-
documented across a wide Re range. Roshko (1961), Schewe (1983,
2001) and Achenbach (1971), among others, have shown that the CD-Re
curve can be roughly divided into four flow regimes: the subcritical,
critical, supercritical and transcritical regimes. The so-called ‘drag crisis’,
a sudden reduction in drag relative to the change in Re, identifies the
critical regime, with the subcritical (low Re) and supercritical (high Re)
regimes flanking either side of the drag crisis. The transcritical regime
occurs at very high Re, where there is a return to organised vortex
shedding (Roshko, 1961; Schewe, 1983), but this regime is not the focus
herein. By changing the surface roughness of the cylinder, the Reynolds
number range of each of these regimes will also change (Roshko, 1961;
Achenbach, 1971). Changing the surface roughness yields a different
critical Reynolds number, Rec, defined as the Re at the end of the critical
flow regime and a different minimum CD (CD;min). Schewe (2001) ana-
lysed the drag of a smooth cylinder and found the subcritical CD to be
between 1.1 and 1.2, Rec to be approximately 300 000, and CD;min to be
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Fig. 1. Schematic of cylinder rib structure.
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approximately 0.2. This means that a smooth cylinder will experience a
sudden decrease in drag for Re > 300; 000. However, many applications
do not reach this Re. For instance, the arms of a cyclist, if modelled as a
cylinder, would experience flow in the range 25; 000 < Re < 100;000.
Thus, if one wishes to push the drag crisis to lower Re, some intervention
must take place.

A great deal of research has been done on engineering surface
structures which could manipulate the flow around bodies, causing the
lowest possible drag forces in a given Re range. Because drag reduction is
closely related to energy savings, the applications are far-reaching. Some
strategies include: surface roughness (Achenbach, 1971; Nakamura and
Tomonari, 1982; Hsu et al., 2019), dimples (Bearman and Harvey, 1993),
grooves (Kimura and Tsutahara, 1991; Yamagishi and Oki, 2004, 2005),
riblets (Walsh and Weinstein, 1979; Ko et al., 1987; Lim and Lee, 2002),
spanwise waviness (Ahmed and Bays-Muchmore, 1992; Lam and Lin,
2009), helices (Lee and Kim, 1997; Zhou et al., 2011), wake splitter
plates (Roshko, 1961; Hwang and Yang, 2007), and spanwise ribs
(Zdravkovich, 1981; Matsumura et al., 2002; Zhang et al., 2016).1 The
idea behind most of these methods is to induce turbulence in the
boundary layer, thereby increasing the momentum of the flow, causing
the flow to overcome the adverse pressure gradient and delay the sepa-
ration from the cylinder. This would trigger the drag crisis and result in a
narrower wake and a smaller drag coefficient.

One of these applications is the engineering of textiles for use in sports
garments. Typically, different textiles result in changes to the roughness.
Reducing the drag force has a large impact on the performance of athletes
in many sports. Brownlie (1992) showed that athletes can be modelled as
a system of bluff bodies; arms and legs as cylinders of different diameters
for instance. Additionally, it has become quite common to see dimples or
ribs on some athletic garments. This stems from riblets being shown to
reduce the Rec of a cylinder (Ko et al., 1987), and result in cylinder drag
savings of up to 18.6% for Re ¼ 140;000 (Lim and Lee, 2002).

Many methods have been used to parameterise surface roughness in
simplified models. The idea behind creating these models is that
knowledge of the surface geometry can lead to estimates of the drag
force. While significant progress has been made, further development is
still needed, c.f., Flack and Schultz (2010) and Flack (2018). Previous
roughness studies have predominantly focused on zero-pressure-gradient
flat plates, as this setup does not have the added complication of flow
separation and pressure gradients. Nonetheless, these two problems are
commonplace in engineering flows. Achenbach (1971) used a relative
roughness model to describe the surface topology of a cylinder. This
model relates the drag of a cylinder to Re and the relative roughness ks= d,
which is the ratio of the mean height of roughness of the cylinder to the
cylinder diameter. The results are obtained from experiments using
artificially roughened surfaces (usually by gluing sand grains of a known
size onto the cylinder) (Cengel and Cimbala, 2014). More recently, a
similar approach was taken by Hsu et al. (2019) who placed different
textile fabrics over a circular cylinder to change the surface roughness.
After the roughness is applied with one of these methods, the surface
with unknown drag is scanned to find the relative roughness ks= d, and
compared to experiments of an artificially roughened surface with the
same ks=d, to find the equivalent drag. This is equivalent to using the
Moody diagram for pipe flows (Cengel and Cimbala, 2014), and has been
used with some success for circular cylinders as well (Achenbach, 1971;
Hsu et al., 2019). This method is, however, limited when multiple
roughness scales of different orders of magnitude are superimposed on
one another (Oggiano et al., 2013). For example, if a cylinder has ribs
that are an order of magnitude larger than the micro-roughness super-
imposed on top of the ribs, then unified parameterisations of the
roughness, e.g., S10z from the ISO 25178 standard used by Hsu et al.
(2019), are strongly biased towards the ribs. This could thus result in
numerous surfaces with effectively the same ks=d but very different drag.
1 The references provided here are meant to be exemplary, but not exhaustive.
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An example of this was shown by Bearman and Harvey (1993) using
dimples on a cylinder.

An open question is how the aerodynamic properties (e.g., Rec, CD;min)
vary with different rib geometries. Matsumura et al. (2002) tested three
different cylinders with different numbers of equally distributed trian-
gular ribs. They showed a tendency of lower Rec with larger frequency of
ribs, but more than three test cases would be needed to show a clear
trend. The base of the ribs are also connected in the three cases, giving
ribs of different shapes. It would be interesting to test the effect of ribs of
equal shape, but different sizes and spacings. Zhang et al. (2016) did a
numerical analysis on sinusoidal ribs, but only on one rib geometry and
only on one subcritical Re. Semi-circular ribs would theoretically be a
preferred choice since rounded bodies in general have a lower CD than
bodies with sharp edges. Another question that arises is what is the net
effect of roughness of different scales? For instance, previous studies have
focused on isolating rib-like structures from homogeneously distributed
roughness. There has not been a dedicated study of the forces on a cyl-
inder when both a rib structure (’‘macro-roughness’’) and a homoge-
neous surface roughness (’‘micro-roughness’’) are superimposed. Thus,
how these surface treatments combine to create drag savings or excess is
unknown.

This work investigates the aerodynamic properties of flow-normal,
equally distributed, semi-circular ribs on a cylinder with superimposed
micro-roughness. The size and spacing of the ribs are varied for three
different micro roughness coatings. Correlations are then drawn between
the surface topologies and the drag of the body.



Table 1
Surface coating parameter space. This table should be read as a list.

h
mm

h= d Δ
mm

Δ=h S kmax
S

mm

0.5 0.0067 2.5 2.5 A 0.10
1.0 0.0133 5.0 5.0 B 0.20
2.0 0.0267 10 10 C 0.42

20 20
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2. Experimental set-up

2.1. Test cases

The present study investigates the drag and vortex shedding of a 417
mm long circular cylinder with a diameter of d ¼ 75mm. The diameter of
the cylinder was chosen to achieve a range of Reynolds numbers that
would capture the drag crisis for all test cases. The surface of the cylinder
was altered between test cases by covering the cylinder with different
textiles (hereafter referred to as surface coatings) whereupon the macro-
andmicro-surface topology were changed. The surface coatings consisted
of two layers of fabric with 3D-printed ribs laminated in-between the two
layers. The ribs had semicircular cross-sections, as illustrated in Fig. 1.
Here, θ1 is the angle between the front of the cylinder and the last rib. The
value for θ1 was between 150∘ and 160∘ for all surface coatings. A sector
was left without ribs on the downstream side of the cylinder as a result of
limitations in the manufacturing process. However, it was verified that
separation always occurred well upstream of the last rib, and thus the
impact of not having ribs on the leeward side of the cylinder was
minimal.

The surface coatings were varied using three parameters: the relative
height of the ribs (h=d, where h is the rib height), the relative spacing
between the ribs (Δ=h, where Δ is the spacing between ribs), and
maximum roughness height of the coating fabric (kmax

S ); for simplicity the
coating fabrics are referred to as A, B and C, in order of increasing
roughness and their names are represented by the variable S. The
different coating fabrics had different roughness resulting from different
Table 2
List of test cases with physical and aerodynamic properties.

Surface
Coating

S kmax
S [mm] h [mm] Δ[mm] h=d

SA;h0 A 0.10 0 – 0
SA;h0:5;Δ5 A 0.10 0.5 5.0 0.0
SA;h0:5;Δ10 A 0.10 0.5 10 0.0
SA;h1;Δ2:5 A 0.10 1.0 2.5 0.0
SA;h1;Δ5 A 0.10 1.0 5.0 0.0
SA;h1;Δ10 A 0.10 1.0 10 0.0
SA;h1;Δ20 A 0.10 1.0 20 0.0
SA;h2;Δ5 A 0.10 2.0 5.0 0.0
SA;h2;Δ10 A 0.10 2.0 10 0.0
SA;h2;Δ20 A 0.10 2.0 20 0.0
SB;h0 B 0.20 0 – 0
SB;h0:5;Δ10 B 0.20 0.5 10 0.0
SB;h1;Δ2:5 B 0.20 1.0 2.5 0.0
SB;h1;Δ5 B 0.20 1.0 5.0 0.0
SB;h1;Δ10 B 0.20 1.0 10 0.0
SB;h1;Δ20 B 0.20 1.0 20 0.0
SB;h2;Δ5 B 0.20 2.0 5.0 0.0
SB;h2;Δ10 B 0.20 2.0 10 0.0
SB;h2;Δ20 B 0.20 2.0 20 0.0
SC ;h0 C 0.42 0 – 0
SC ;h0:5;Δ10 C 0.42 0.5 10 0.0
SC ;h1;Δ2:5 C 0.42 1.0 2.5 0.0
SC ;h1;Δ5 C 0.42 1.0 5.0 0.0
SC ;h1;Δ10 C 0.W42 1.0 10 0.0
SC ;h1;Δ20 C 0.42 1.0 20 0.0
SC ;h2;Δ5 C 0.42 2.0 5.0 0.0
SC ;h2;Δ10 C 0.42 2.0 10 0.0
SC ;h2;Δ20 C 0.42 2.0 20 0.0

3

yarn and knit types. The parameter space spanned by the surface coatings
is summarised in Table 1. This table should be read as a list, as it does not
show explicit combinations of parameters. Instead, the combinations of
parameters are represented by a naming convention for each surface
coating given by Sα;hβ;Δγ , where α, β and γ indicate the coating fabric, rib
height and rib spacing, respectively. For example, surface coating SA; h2;
Δ5 has coating fabric A with kmax

S ¼ 0:10 mm, a rib height of h ¼ 2:0 mm,
and a rib spacing of Δ ¼ 5:0 mm. The parameters in Table 1 were com-
bined into 28 unique surface coatings, which are detailed in Table 2.
While theoretically, more combinations were possible, it was found that
certain configurations either did not yield substantially different results
or were too difficult to manufacture. Nonetheless, the present investi-
gation represents the largest and most detailed parameter space explored
for surface coating with both micro- and macroscopic roughness on a
circular cylinder to date.

To verify the actual surface topology of the surface coatings, each
coating was stretched onto a flat plate with the same perimeter as the test
cylinder, and placed on a FESTO linear traverse under a MicroCAD pre-
mium surface scanner. A 73 mm � 10 mm (9119 pixel � 1236 pixel)
area was scanned stitching together 6 frames with 7.7% overlap between
adjacent scans. Surface scan examples are provided in Fig. 2.

2.2. Drag measurements

Drag measurements were performed in the small closed-circuit wind
tunnel in the Fluid Mechanics Laboratory at the Norwegian University of
Science and Technology. The wind tunnel test-section has a 1000 mm �
520 mm cross-section. Two 48 mm long dummy-cylinders with the same
d as the test cylinder were placed between the test cylinder and the tunnel
walls; an approximately 3 mm gap was left between the dummy cylinders
and the test cylinder. This was done to minimise wind tunnel wall
boundary layer effects. The frontal area of the test cylinder was used as
the area, A, in equation (1). The aspect ratio of the cylinder in the present
experiments is 5.56, which is similar to that in some previous studies
(Roshko, 1961; Hsu et al., 2019) and is representative of aspect ratios
that exist in many practical applications, e.g., human limbs. The nominal
blockage of the cylinder in the test-section was 7.5%. Despite this being
Δ=h Nribs θ1[deg] Rec CD;min

– 0 – – –

067 10 35 157 123 000 0.53
067 20 19 152 107 000 0.51
133 2.5 46 156 87 000 0.52
133 5 30 157 49 500 0.59
133 10 18 157 43 000 0.61
133 20 10 153 127 000 0.77
267 2.5 23 154 43 000 0.63
267 5 15 153 27 000 0.72
267 10 9 150 31 000 0.80

– – – 138 500 0.49
067 20 19 152 97 000 0.52
133 2.5 46 156 83 000 0.52
133 5 30 157 – 0.65
133 10 18 157 88 500 0.54
133 20 10 153 101 000 0.69
267 2.5 23 154 73 000 0.59
267 5 15 153 29 000 0.72
267 10 9 150 33 000 0.96

– – – 57 000 0.61
067 20 19 152 75 000 0.57
133 2.5 46 156 49 000 0.68
133 5 30 157 43 000 0.72
133 10 18 157 39 000 0.65
133 20 10 153 – 0.75
267 2.5 23 154 35 000 0.74
267 5 15 153 < 20 000 –

267 10 9 150 59 000 1.16



Fig. 2. 3-dimensional surface scans of surface coatings (a) SC ; h1;Δ10, (b) SA; h1;Δ10, and (c) SC ; h2;Δ20.
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slightly above the 6% recommendation of West and Apelt (1982), no
blockage corrections were employed as the uncertainty induced by the
correction arithmetic is of the same order as the possible blockage effects.
As such, the results should be considered relative to each other rather
than absolute. The test cylinder was connected to two AMTI MC3A-100
force sensors through a steel rod. Each sensor was connected to an
AMTI GEN5 Smart Amp load cell amplifier, which in turn was connected
to a computer running LabView. The drift in the signal was measured and
calculated to be less then 1%. The wind tunnel setup is illustrated in
Fig. 3.
4

In the present study, drag is measured through a dynamic scan rather
than at individual velocity points. Each scan begins at Re � 20; 000 and
the velocity is increased steadily to approximately Re � 160;000 over a
period of 4 min, while measuring at a frequency of 1000 Hz; over this
range, the wind tunnel has a nominal background turbulence intensity of
0.7%. The Reynolds number scan procedure was repeated five times for
each surface coating, giving five independent CD-Re curves. These five
curves were then averaged to yield a single continuous curve for each
surface coating. This approach was used in place of independent static
measurements so that the drag crisis could be identified more readily,



Fig. 3. Schematic of the wind tunnel setup including the position of the hot-wire. Both a (a) side view and (b) top view are provided. The schematic is not to scale.

Fig. 4. Comparison of the averaged dynamic drag measurements with static
drag measurements for SA; h1;Δ10.
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yielding more accurate values for Rec and CD;min. Nonetheless, static force
measurements at constant Re were also performed for several surface
coatings to verify that the dynamic measurement method was not a
source of error. A representative comparison of the dynamic and static
force measurements is provided in Fig. 4 where it can be seen that the
two approaches are in good agreement.
5

2.3. Hot-wire anemometry

Velocity measurements in the wake of the cylinder were conducted in
a separate experiment with a single-wire hot-wire (Dantec type 55P11)
placed 4:9d downstream from the cylinder axis, 0:7d off the cylinder
centerline and in the centre of the vertical axis. This position is the same
as that used in the seminal work by Roshko (1961). The wires were
operated in constant temperature mode with an overheat of 1.8 using a
Dantec Streamline Pro anemometer. A pitot-static tube was placed 100
mm above and 20 mm downstream of the hot-wire, and a Dantec resis-
tance temperature detector (RTD) probe was placed 20 mm above and
150 mm downstream of the hot-wire. Another pitot-static tube was
placed 2 m upstream of the cylinder axis and at the centerline. The
downstream pitot-static tube was used for the calibration of the hot-wire,
while the upstream pitot-static tube measured the free-stream velocity.
These were connected to a pressure transducer, and all signals were ac-
quired using a National Instruments NI cDAQ-9174 (DAQ). The hot-wire
and temperature outputs from the anemometer along with the pressure
transducer were connected to a NI 9215 module in the DAQ.

The hot-wire was calibrated with 11 velocities fit with a fourth-order
polynomial. Pre- and post-calibrations were performed at the start and
end of each day of measurements to account for electrical drift. To correct
for temperature drift, the methodology of Hultmark and Smits (2010)
was employed. To assess the shedding phenomena in the wake of the
cylinder, six velocities were sampled for each surface coating. The sam-
pling time was 4 min for all cases, with a sample frequency of 75 kHz. An
analog cut-off filter was set to 30 kHz. Turbulence spectra for two of the
cases are shown in Fig. 5. The Strouhal numbers,



Fig. 5. Longitudinal velocity spectra for (a) the smooth cylinder and (b) SA;
h0:5;Δ10.

Fig. 6. Effect on CD-Re curve by varying the rib spacing, for coating fabric A and
h=d ¼ 0:0133.
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St¼ fshedd
U0

(3)
where fshed is the shedding frequency, for each case were drawn from the
spectra using the frequency from the distinct vortex shedding peaks.

3. Parametric study results and discussion

In order to gain an understanding of how the alterations to the surface
coatings influence the drag and vortex shedding of the cylinder, we break
the analysis down to study the effects of rib spacing, rib height, and
surface micro-roughness separately. These are each investigated in the
subsequent subsections. In general, specific subsets of test-cases with
comparable parameters are identified and the CD-Re curve is presented
alongside the St-Re curve for each set of test cases. The discussion pri-
marily focuses on how the critical Reynolds number (Rec) and the min-
imum coefficient of drag (CD;min) are impacted by the changes in surface
topology. This investigation includes measurements of 28 different test
cases. As such, results for each case are contained in the tables and the
final summary figures of section 4. However, for brevity, detailed results
are only presented for a few representative cases in this section.
3.1. Effect of rib spacing

Fig. 6 shows the Re-dependence of surface coatings with top fabric A,
rib height 1.0 mm (h=d ¼ 0:0133) and relative rib spacings in the range
2:5 � Δ=h � 20. The smooth cylinder case is provided as a benchmark. It
6

is significant to note that this first example illustrates that changing Δ=h
has an impact on when drag crisis occurs, what the minimum drag ach-
ieved during drag crisis is, and the frequency of the dominant vortex
shedding in the wake. In particular, for the cases shown in Fig. 6, the
relative rib spacing Δ=h ¼ 10 (i.e., test case SA;h1;Δ10) gave the lowest
Rec. However, Δ=h ¼ 2.5 (SA;h1;Δ2:5) gave the lowest CD;min. Thus, these
two parameters are impacted in different ways by Δ=h. The case with the
largest spacing, Δ=h ¼ 20 (SA; h1; Δ20), gave both the largest Rec and
CD;min, suggesting that larger spacings have detrimental effects. There is
thus a trend where increasing Δ=h increases CD;min, and decreases Rec
until a critical spacing where the Rec starts to increase again; passed this
critical spacing, it would suggest that the addition of the ribs acts more to
increase surface area than to reduce drag. This trend suggests there is a
rib spacing that would give the lowest Rec, and that this lies between Δ=
h ¼ 10 and 20 for the cases presented in Fig. 6 with micro-roughness A.

The dependence of St on Re is plotted for the same cases in the bottom
half of Fig. 6. This figure essentially shows how the shedding frequency
changes with increasing Reynolds number for the different cases. In these
curves, there are peaks at, or near, Rec for theΔ=h ¼ 2:5, 10 and 20 cases.
For Δ=h ¼ 5 (SA; h1;Δ5), a peak at the critical Reynolds number is not
visible. This is likely a result of it lying between the hot-wire test points,
and thus the peak may have been missed. The general trend appears to be
that St is relatively constant until drag crisis is reached, at which point
the shedding frequency grows rapidly, before settling back to a super-
critical state that resembles the subcritical state (within the Re-range
investigated here). For high enough Re one would expect coherent cyl-
inder shedding to disappear completely, but this is beyond the Re
investigated herein (Anderson, 2017). The smooth cylinder measured in



Fig. 7. Effect on CD-Re curve and St by varying the rib spacing Δ, for coating fabric B and relative rib height (a) 0.0133 and (b) 0.0267.

Fig. 8. Effect on CD-Re curve and St by varying the rib spacing, for coating
fabric C and relative rib height 0.0133.
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this case is subcritical throughout the entire Re range, but the curves are
consistent with the results obtained by Schewe (2001) for a smooth
cylinder.

The results drawn from Fig. 6 are for a specific hwith a specific micro-
roughness, and changing spacing. To investigate the robustness of the
results, we look at different h and micro-roughness configuration, but
again change the spacing. For ribs with h ¼ 2:0 mm (h= d ¼ 0:0267) and
the same coating fabric, the same general trends are observed; these re-
sults are not shown for brevity, and instead we focus on the next surface
fabric (B) with kmax

S ¼ 0:20 mm. In particular, Fig. 7(a) shows the results
for fabric B with h ¼ 1:0 mm (h=d ¼ 0:0133) and 2:5 � Δ= h � 20. These
CD-Re curves do not show the exact same trend as seen for coating A. For
coating B, Δ=h ¼ 5 (SB;h1;Δ5) produces the lowest Rec, while Δ= h ¼ 10
(SB; h1; Δ10) and Δ=h ¼ 2:5 (SB; h1; Δ2:5) yield nearly identical results.
Moreover, for 120;000 < Re < 160;000, the curves for Δ= h ¼ 5 and 20
(SB; h1;Δ5 and SB; h1; Δ20) collapse; in fact, all four curves are quite
similar in this region. This suggests that while the ribs may change Rec,
this micro-roughness may dominate the supercritical drag for ribs of this
height. Similar St trends are apparent when compared to the smoother
micro-roughness, but the overall variation in the shedding frequencies
are diminished and the changes between the curves represent the
changes in Rec, as was also seen in Fig. 6.

Increasing the relative rib height to h=d ¼ 0:0267 for micro-
roughness B (Fig. 7(b)), and varying the rib spacing returns to the
same trends observed for micro-roughness A (Fig. 6), i.e., there is a
critical Δ=h that minimises Rec before it grows again. The CD;min varies
extensively for the three cases and increases for increasing spacing,
yielding approximately CD;min ¼ 0:6, 0.7 and 0.95 for SB; h2;Δ5, SB; h2;
Δ10 and SB; h2; Δ20, respectively. The variation in shedding frequency
with Re, quantified as St in Fig. 7(b), results in peaks at Rec, but these
peaks are at lower St (≲ 0:2) compared to the those for micro-roughness
A and h=d ¼ 0:0133 (Fig. 6) and the one for the smooth cylinder (e 0:4)
shown by Schewe (2001). This supports the hypothesis that the fre-
quency of the vortex shedding at Rec is diminished by increasing
micro-roughness. For Δ=h ¼ 10 (SB;h2;Δ20), the St is relatively constant
with Re. This indicates that the St-peak vanishes for large rib spacings
and increasing rib height.
7

Plotting results for micro-roughness C, h=d ¼ 0:0133 and different rib
spacings gives Fig. 8. The critical Reynolds numbers appear to roughly



Fig. 9. The effect on Rec and CD;min of varying the relative rib spacing. The
different curves have different micro-roughness and h=d. Circles represent
micro-roughness A, triangles represent B, and squares represent C. Darker colour
identify larger rib height. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Effect on the CD-Re curve and the St by varying the relative rib height,
for coating fabric A and relative rib spacing Δ=h ¼ 2:5.
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follow the same trend as in Fig. 6, with decreasing Rec from Δ= h ¼ 2:5
(SC; h1;Δ2:5) through Δ=h ¼ 5 (SC; h1;Δ5) up to Δ=h ¼ 10 (SC; h1;Δ10),
before increasing again for Δ=h ¼ 20 (SC;h1;Δ20). The variation between
cases for the three smallest spacings are small compared to the changes
for the other coatings (the maximum Rec difference is 15 000), compared
to a Rec increase between SC; h1;Δ10 and SC; h1;Δ20 of approximately 50
000. CD;min is the smallest for SC; h1;Δ10 and largest for SC ;h1;Δ20, but the
variations are small for this surface coating which is the roughest coating
of the three. One can also notice that the curves for SC; h1;Δ2:5 and SC ; h1;
Δ10 collapse in the supercritical range, and the variations in CD for the
four curves are relatively small (approximately 0.05) for 80; 000 < Re <
150;000. This suggests again that the rougher micro-roughness domi-
nates the supercritical regime, playing a more significant role there than
the ribs.

From Fig. 8 one can see that the St curves for the three smallest rib
spacings are approximately collapsed; they also have similar CD-Re
curves and hence Rec. Once again the observation that there is a peak in
St that corresponds to the location of Rec and that the total variations in
St are diminished for increasing micro-roughness are confirmed.
Increasing the relative rib height to h=d ¼ 0:0267 for micro-roughness C,
yields the same trends as observed for other surface coatings and as such
is not presented for brevity.

To summarise the effects of relative rib spacing (Δ= h), the present
results suggest there is a Δ=h that minimises Rec for the cylinder for each
of the test cases. The Rec results for all test cases are amalgamated in
Fig. 9 where Rec is explicitly plotted against Δ=h for each set of tests. In
general, the spacing that results in the minimum Rec appears to fall in the
range 5 � Δ=h � 10. The increase in Rec for Δ=h ¼ 20, which appears to
8

exist across all cases, may be a result of the ribs acting to increase surface
area rather than promote wake recovery. Moreover, cylinders with single
ribs (Nebres and Batill, 1993) have been shown to be sensitive to the
position of the rib relative to the incoming flow. It is possible this be-
comes a factor for higher rib spacings, but this topic is not investigated
further here. Smaller spacings than the ‘‘optimal’‘, appear to also result in
adverse effects. When taken to the extreme, a spacing of Δ=h ¼ 1 would
be perceived as a smooth cylinder and thus a return to the higher Rec
observed for the smooth case is consistent with the increase in Rec and
the decrease in CD;min (Fig. 9). Focusing on CD;min, Δ=h appears to
generally increase the minimum drag (Fig. 9). Thus, based on rib spacing
alone, Δ=h ¼ 5 appears to optimise Rec and it is generally desirable to
keep the spacing small to maintain a low CD;min.
3.2. Effect of rib height

The effect of rib height (h=d) is addressed in this section by comparing
cases where it is the only parameter varied. In Fig. 10 cases with
increasing h=d but constant micro-roughness (A) and relative spacing
(Δ=h ¼ 2:5) are compared. Micro-roughness A without ribs (SA;h0) and
the smooth cylinder are also plotted for reference. The smooth cylinder
and SA; h0 are subcritical throughout the measured Re range, and thus
those cases provide no information about its Rec or CD;min other than that
the drag crisis occurs at a higher Re. Comparing the curves, it appears
CD;min increases and Rec decreases for increasing h=d. Focusing on the
shedding frequency (Fig. 10), SA; h0 and the smooth case do not show any
peaks within the measured Re range suggesting they are always
subcritical, while SA; h1;Δ2:5 and SA; h2;Δ5 have peaks at their respective
Rec. The smaller rib height results in a shedding peak at a higher St. The



Fig. 11. Effect on the CD-Re curve and the St by varying the relative rib height,
for coating fabric C and relative rib spacing Δ=h ¼ 2:5.

Fig. 12. The effect on Rec and CD;min of varying the rib height. The different
curves have different micro-roughness and Δ=h. Circles represent micro-
roughness A, triangles represent B, and squares represent C. Darker colour
identify larger Δ=h. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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same general trends are observed for the other rib spacings for both
micro-roughness A and B (not shown for brevity).

The same general trends are also observed for the effect of rib size for
various spacings with micro-roughness C, as illustrated in Fig. 11. It is of
note though that the supercritical slope is similar for all cases and their
supercritical CD are also similar. Thus adding more evidence to the hy-
pothesis that the supercritical region is dominated by the micro-
roughness.

Summarising the general trends found in this section, increasing h= d
for a given Δ=h and micro-roughness results in a decrease in Rec, and an
increase in CD;min. These trends are clearly illustrated in Fig. 12, which
shows global trends on CD;min and Rec for increasing h= d.
3.3. Effect of surface coating

The previous results strongly suggest that the micro-roughness has an
impact on drag crisis and the supercritical CD curve. In this section, this
idea is investigated further by comparing test cases where h= d and Δ= h
are kept constant while the micro-roughness is changed. To get an initial
impression of the general effect of changing the micro-roughness,
consider Fig. 13. Here, three cases are shown for cylinders without ribs
but with varying micro-roughness; the smooth cylinder is again provided
as a benchmark. Fig. 13 shows that for the smoothest micro-roughness
(SA; h0), the curve remains subcritical throughout the entire measure-
ment range. As the micro-roughness is increased (SB; h0), the Rec is
reduced to approximately 140 000. Again, increasing the micro-
roughness (SC; h0) decreases the Rec further to approximately 60 000
while increasing the CD;min from roughly 0.5 to 0.6. This means that an
increase in micro-roughness shifts the point of the CD;min to larger CD and
9

lower Re. This corresponds to what would be expected by the relative
roughness model (Cengel and Cimbala, 2014). For the shedding fre-
quency St, shown in Fig. 13, only SB; h0 shows an increase in the shedding
frequency at the drag crisis, however, drag crisis does not occur within
the tested Re-range for the smooth case and SA; h0 and the roughest
micro-roughness case has consistently been shown in the previous sec-
tions to suppress the strength of vortex shedding in the critical regime.

Adding ribs with properties h=d ¼ 0:0067 and Δ=h ¼ 20 yields
Fig. 14. One can see from Fig. 14 that the trajectory of the CD-Re curves
for micro-roughness A (SA;h0:5;Δ10) and B (SB;h0:5;Δ10) are very similar
besides a slightly lower Rec for SB; h0:5; Δ10. Increasing the micro-
roughness further (SC; h0:5; Δ10), decreases Rec and increases CD;min. St
in Fig. 14 shows distinct peaks at the corresponding Rec followed by a
slow decrease for increasing Re, thus returning to the previously observed
increase in shedding frequency at the critical Re.

These trends are roughly repeated for the various rib sizes and
spacings (not shown), although for larger Δ=h and h=d the variation in St
diminishes, in agreement with earlier observations. Interestingly, at the
extreme of the parameter space where h=d ¼ 0:0267 and Δ=h ¼ 10
(Fig. 15), one can see that the positive effect of the ribs more or less
disappears and the different surface coatings only result in an increase in
drag corresponding to the additional wetted area each of the surface
coatings provide. For these cases of extreme roughness, the shedding
frequency appears to be relative fixed for the tested Re, although they are
likely all subcritical.

To summarise, increasing the surface micro-roughness generally de-
creases Rec and increases CD;min as shown in Fig. 16. In the limit of large
ribs and spacing, e.g., Fig. 15, the advantages of the surface coatings
vanish and increasing the micro-roughness only results in increasing the
total surface and thus skin friction. This, however, appears to be a



Fig. 13. Effect of varying the coating fabric for cylinders without ribs. Fig. 14. Effect of varying the coating fabric for textiles with h=d ¼ 0:067 and Δ=
h ¼ 20.
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consequence of the ribs rather than the micro-roughness.

4. Global results

Thus far, the results have been effectively binned into different cat-
egories for comparison, where only specific tests were investigated to
address a particular question, e.g., what is the effect of rib spacing? In the
present section, we consider the results of all tests together to make some
global recommendations on what surface coatings create the greatest
positive effects with respect to Rec, CD;min and the average CD over the
measurement region.
4.1. Critical Reynolds number

In Fig. 17, Rec is plotted against Δ=h for all test cases. In the figure,
symbols are used to denote the different micro-roughnesses and the rib
height and spacing increases with the darkness of the symbol. The lowest
Rec in this figure is approximately 25 000 for Δ=h ¼ 5 and coating SA;h2;
Δ10. However, SC; h2;Δ10 was not plotted due to its Rec being below 20
000 and not measured; note that this is consistent with the observations
in section 3.3 that micro-roughness C would produce a lower Rec than
micro-roughness A. SA; h2;Δ10 and SC; h2;Δ10 both have Δ= h ¼ 5, and
the global trend visible in Fig. 17 suggests that this is the local minimum
for all surface coatings. This relative spacing also gives the smallest
spread between each surface coating. This result appears to be in
agreement with those presented in section 3.1, which suggested an
‘‘optimal’’ spacing existed to minimise Rec. When all the evidence is
considered as a whole, it suggests that this optimal spacing is nearΔ= h ¼
5 to minimise Rec.
10
4.2. Minimum drag coefficient

The minimum drag coefficient for each surface coating, CD;min, can
also be plotted versus the relative rib spacing, Δ=h, as illustrated in
Fig. 18. The surface coatings without ribs have been plotted as having Δ=
h ¼ 0. Some of the surface coatings have not been plotted due to their
drag crisis being outside of the measured Re range. Looking at those
plotted in Fig. 18, SB; h0 yields the lowest CD;min of about 0.49. This is a
surface coating without ribs, which indicates that ribs in general increase
CD;min. There are however some ribbed surface coatings that have nearly
as low a value as SB;h0, e.g., SA; h0:5;Δ10 has a CD;min � 0:5. As the smooth
cylinder case did not yield a value inside the Re range, there is no base
case value to compare with but generally it is known that it occurs at a
much higher Re. However, a value of 0.5 is much larger than the smooth
cylinder-value of 0.2, measured by Schewe (2001). This strengthens the
argument that it is unlikely that the CD;min of a smooth cylinder can be
replicated at lower Re. While it may not be possible to replicate the
smooth cylinder CD;min at lower Re, it is still true that integrating the CD

over the range of Re investigated herein results in a lower value for many
of the tested cases compared to the smooth case. Thus, for a body oper-
ating at low Re there may still be material benefits of using ribs and
micro-roughness. This is investigated in the next sub-section.
4.3. Average drag coefficient

From an engineering standpoint, it is interesting to knowwhich of the
surface coatings minimises drag over a given range of velocities. It is
therefore interesting to analyse the average CD, CD;avg, across different Re
ranges rather than just a singular CD at one Re. In Fig. 19, CD;avg for all



Fig. 15. Effect of varying the coating fabric for textiles with h= d ¼ 0.0267 and
Δ=h ¼ 10.

Fig. 16. The effect on Rec and CD;min by varying the surface coating is plotted.
The different curves have different relative rib height and rib spacing. Lines with
circles have h=d ¼ 0:0067, triangles have h=d ¼ 0:0133 and squares have h=d ¼
0:0267. Darker colour means larger rib spacing. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

Fig. 17. Critical Reynolds number for all surface coatings plotted against their
respective relative rib spacing, Δ=h.
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surface coatings, across the entire measured Re range, has been plotted.
One can see that CD;avg across the measured Re range varies from 0.7 to
1.16 (66% change) for the tested surface coatings. For the smooth case,
CD;avg � 0:9, and many of the tested surface coatings lie below this,
suggesting there is a benefit to employing them for this Re-range. The
surface coatings with the lowest CD;avg are SA; h1;Δ2:5 (0.70), SA; h1;Δ10

(0.72) and SA; h1;Δ5 (0.73). This means that choosing SA; h1;Δ2:5 instead
of a smooth cylinder, gives an average drag reduction of approximately
22.6% for Re < 160; 000. In addition to providing a drag reduction
compared to the smooth cylinder, these surface coatings also have
noticeably lower CD;avg than the coatings without ribs, SA; h0 (0.89), SB;
h0 (0.84), SC; h0 (0.78). Thus, choosing the ribbed surface coating SA; h1;
Δ2:5 instead of SC; h0 gives an average drag reduction of 9.6%.

Similar analysis can be performed for an infinite selection of
Re-ranges. By selecting a few additional subranges, e.g., 20000 < Re <
90000, 90000 < Re < 160000, we observe that the specific values of the
average CD change with the Re-range, as one would expect, but that
generally there are always ribbed surfaces that produce lower average CD

than a smooth cylinder or a cylinder with just micro-roughness.
Furthermore, cylinders with Δ=h ¼ 5 and mild micro-roughness tend to
robustly produce lower average drag, at least within the ranges investi-
gated here.

5. Conclusions

The measurements performed and analysed in this work showed that
adding spanwise ribs to the surface of a cylinder with a given micro-
roughness can decrease both the CD at a given Re and the CD;avg at any
partition of the measured Re range investigated here. This is due to the
effect the ribs have on the shape of the CD-Re curve and the point of CD;min
11
and Rec. The effect of the ribs on these properties was dependent on the
rib size (h=d), the rib spacing (Δ=h) and the micro-roughness (kmax

S ).
Increasing the rib size yielded higher CD;min and lower Rec. It also
decreased the frequency (St) at which vortices were shed at Rec. The rib
spacing had a different effect. An optimal rib spacing of Δ=h ¼ 5 caused
the lowest Rec, and from this point either increasing or decreasing the rib



Fig. 18. Minimum drag coefficient for all surface coatings plotted against Δ= h.

Fig. 19. Average CD across the measured Re range (20000 < Re < 160000).
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spacing caused an increase in Rec. The smallest rib spacing gave the
lowest CD;min and by increasing the rib spacing, the CD;min was increased.
When micro-roughness was added at increasing levels to the ribbed
cylinder, the general trend showed that the Rec decreased and CD;min

increased. This is consistent with the view that larger micro-roughness
increases the skin friction.

By taking the average of CD throughout the measured Re range
(20;000 < Re < 160; 000), the average drag savings by choosing ribbed
surface coatings instead of a smooth surface was found. The maximum
savings in average drag was found to be 22.6% for choosing textile SA;h1;
Δ2:5; this is a surface coating with relative rib height h= d ¼ 0:0133,
relative rib spacing Δ=h ¼ 2:5, and maximum relative micro-roughness
height of kmax

S =d ¼ 0:0013. Thus, considering all facets investigated
herein, for the investigated Re range, SA; h1;Δ2:5 produced the minimum
drag over the tested range. Nonetheless, it is important to understand the
limitation that at higher Re, none of the presented surface coatings would
improve upon the drag of a smooth cylinder, and thus these benefits are
12
limited to the low Re range.
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