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Accepted in J. Fluid Mech. Turbulent boundary layers characterised by friction Reynolds8
numbers in the range 𝑅𝑒𝜏 = 880 − 1460 and flowing over flush-mounted passively rotating9
discs are investigated in a wind tunnel with the purpose of reducing the skin-friction drag.10
The test surface is composed of thirty-two rotating discs arranged in a staggered configuration11
and supported by bearings mounted in cylindrical cavities. As the discs are half covered by12
thin rigid plates, a steady rotation of the discs is sustained via the asymmetric distribution of13
the wall-shear stress exerted by the wall turbulence on the exposed halves of the discs. Direct14
force measurements reveal that the drag increases with respect to a flat-plate case because15
of the flow interaction with the disc housings and the covering plates. The effect of the disc16
motion is isolated and a 3% drag reduction is measured with respect to the flow over stationary17
discs. The skin-friction identity by Elnahhas & Johnson (2022) (J. Fluid Mech., vol. 940,18
2022), extended herein to include the disc-flow effects, is utilised for the first time to analyse19
experimental data. This direct slip effect, quantified by using the measured disc angular20
velocities in the Elnahhas-Johnson identity, is negligible. Measurements obtained by particle21
image velocimetry disclose that a roughness mean-flow effect occurs between adjacent discs22
because of the clearance gaps around the discs and that a downwash secondary flow exists23
near the covering plates, analogous to flows over streamwise-elongated rectangular roughness24
elements. This downwash velocity is streamwise modulated because of the spanwise disc25
motion and alters the wall-normal transport term in the Elnahhas-Johnson identity, thus26
reducing the drag locally. The velocity covariances are enhanced in the proximity of adjacent27
discs, in line with the roughness effect in that region. The Reynolds-shear-stress term in28
the Elnahhas-Johnson identity is thereby globally enhanced. Nonetheless, the near-wall one-29
point and two-point covariances of the velocity fluctuations and the Reynolds shear stresses30
are reduced in magnitude and spatial coherence. This result is the first experimental evidence31
confirming that the attenuation of the Reynolds shear stresses is the central drag-reducing32
mechanism behind the rotating-disc flow.33
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1. Introduction35

Wall-bounded turbulence control aimed at reducing skin-friction drag has been widely36
investigated, motivated by the potential to obtain a net energy saving. Various wall-based37
active control strategies have been considered, such as reactive wall-normal blowing (Choi38
et al. 1994; Abbassi et al. 2017; Dacome et al. 2024), uniform spanwise wall oscillations39
(Jung et al. 1992; Choi 2002; Quadrio & Ricco 2004) and streamwise travelling waves of40
spanwise wall velocity (Quadrio et al. 2009; Quadrio & Ricco 2011). Spanwise wall forcing41
has been found to achieve drag-reduction margins exceeding 50% by the periodic interaction42
of the spanwise velocity profile with near-wall turbulence (Quadrio & Ricco 2011; Touber43
& Leschziner 2012; Agostini et al. 2015; Knoop et al. 2025).44

Wall-based flush-mounted rotating discs were first proposed as actuators to control wall-45
bounded turbulent flows by Keefe (1997). Motivated by Keefe’s idea, Ricco and co-workers46
investigated a turbulent channel flow over rotating discs using direct numerical simulations47
(DNS). For arrays of discs rotating in alternate sense along the streamwise direction, Ricco &48
Hahn (2013) reported a maximum drag reduction of 23% and a maximum net power saving49
of 10.5%, computed by taking into account the theoretical power required to actuate the50
discs against viscous forces. Boundary layers flowing over rotating discs were investigated51
experimentally by Klewicki & Hill (2003) in the laminar regime and by Kempaiah et al.52
(2022) in the turbulent regime.53

Variants of the original rotating-disc method studied by Ricco & Hahn (2013) have54
led to comparable or improved performance, i.e. drag-reduction margins as large as 26%55
(Wise & Ricco 2014; Wise et al. 2014; Olivucci et al. 2019). Using extensions of the56
Fukagata, Iwamoto & Kasagi (2002) identity, Ricco & Hahn (2013) and Olivucci et al. (2019)57
demonstrated that the drag-reduction mechanism is associated with an overall attenuation of58
the Reynolds shear stresses, produced by the spanwise-shear effect on the near-wall turbulent59
structures and by the wall-normal shift of the flow induced by the von-Kármán rotating60
boundary layer (von Kármán 1921).61

Although active control techniques can achieve large drag-reduction margins, the input62
power required to run a real-world mechanical system for flow control often exceeds63
the theoretical input power, thus outweighing the drag-reduction savings. In experimental64
implementations of the travelling-wave spanwise forcing technique, the actual input power65
typically exceeds the power savings by three orders of magnitude (Auteri et al. 2010; Gatti66
et al. 2015; Bird et al. 2018). Researchers have therefore devoted their attention to passive67
methods, for which no power input is needed to achieve the drag-reduction effect. One of68
these methods is a passively rotating disc, first introduced in the experimental study of Koch69
& Kozulovic (2013). The disc was positioned flush on a flat wall and mounted on a bearing70
located in an internal housing. Half of the disc was covered by a thin metal plate. The71
passive motion of the disc was sustained by the torque exerted by the surface-integrated72
wall-shear stress of the turbulent boundary layer flowing on the exposed half-disc. In fully73
developed conditions, this torque was balanced by a resistive torque that could be split into74
three components: one created by the bearing, one exerted by the internal flow between the75
disc and its housing, and one given by the flow between the disc and the covering plate.76
Koch & Kozulovic (2013) did not measure the drag, but utilised the measurement of the77
disc motion and an empirical formula for the skin-friction coefficient of wall turbulence to78
estimate a drag reduction of 17% on the exposed half-disc. Further details of this study can79
be found in Koch & Kozulovic (2014) and in the PhD thesis of Koch (2014).80

The first DNS study of wall turbulence altered by passively rotating discs was conducted81
by Olivucci et al. (2021). They investigated how the turbulence was modified as it flowed82
over a fully-exposed disc and half-covered discs arranged periodically along the flat walls83
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of a channel. The Navier-Stokes equations were coupled to the dynamical equations of each84
disc by integrating the turbulent wall-shear stress over the disc surfaces and by modelling85
the resistive torques of the bearing and of the internal housing flows. Under the action of86
turbulence, the fully-exposed disc oscillated without mean rotation. No drag reduction was87
computed in that case because of the small oscillation amplitude of the disc motion. The88
half-discs instead spun at a constant rate and an overall maximum drag reduction of 5.6%89
was achieved. Olivucci et al. (2021) investigated the influence of the cavity height, the disc90
diameter and the model of the resistive torques. They reported two mechanisms responsible91
for the skin-friction drag reduction: the direct influence of the streamwise wall motion on the92
wall-shear stress and the indirect attenuation of the Reynolds shear stresses caused by the93
disc rotation.94

1.1. Overview of the study95

To the best of the authors’ knowledge, the method of passively rotating discs for turbulent skin-96
friction reduction has only been investigated by Koch & Kozulovic (2013) and Olivucci et al.97
(2021). Motivated by this limited attention, an experimental study of the passive-disc method98
was carried out in a wind tunnel at the Delft University of Technology. The test surface was99
composed of thirty-two discs arranged in a staggered configuration. Measurements included100
the overall drag exerted by the turbulent boundary layer on the test surface, the disc rotation101
and the flow statistics over the disc surface.102

The skin-friction identity discovered by Elnahhas & Johnson (2022) (EJ) for standard103
turbulent boundary layers was extended to our passive-disc case. Our study marks the first104
time that this identity is used to investigate a three-dimensional flow and a controlled wall-105
bounded flow. It is also the first time that the terms in the identity are computed using106
experimental data. New terms in the extended EJ identity pertain to (i) the direct-slip effect107
of the disc motion on the drag reduction, (ii) the three-dimensional flow over the surface,108
and (iii) the wall-transpiration through the radial clearances between the discs and the fixed109
portion of the wall. Our extension of the EJ identity is also relevant for other studies involving110
a wall slip velocity, such as flows over passively moving belts (Bechert et al. 1996) and over111
superhydrophobic surfaces (Hervet & Léger 2003; Rastegari & Akhavan 2019).112

We report the impact of the complex geometry of the test surface, which included the113
disc-housing components and the plates that partially covered the discs, all features that were114
absent in the channel-flow simulations of Olivucci et al. (2021). Although an overall drag115
increase occurred due to the geometry of the test surface, the disc motion reduced the drag116
with respect to flow over stationary discs. The direct-slip contribution to the overall drag117
was small, the clearance gaps around the disc produced a roughness effect, and the Reynolds118
shear stresses were attenuated near the disc surface and enhanced in the bulk of the flow.119

The experimental procedures are presented in §2 and the EJ identity is extended to the120
rotating-disc case in §3. The modifications of the drag components caused by the disc121
rotation and the test-surface geometry are discussed in §4.1. In §4.2, the direct influence of122
the streamwise slip on the drag reduction is analysed via the corresponding EJ term. The123
modifications of the mean flow and the second-order turbulence statistics are presented in124
§4.3 and §4.4. The other EJ terms are evaluated in §4.5. A summary and concluding remarks125
are found in §5.126
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Figure 1: (a) Side-view schematic of the experimental setup. (b) Top-view schematic of
the rotating-disc surface and the 10 scanning-PIV planes arranged along the span (PIV

stands for particle image velocimetry). The photographs show (c) the rotating-disc surface
near the leading edge of the model, (d) the test surface featuring the covering plates only

and (e) the 3-camera PIV setup. A video of the rotating discs is available in the
supplementary material.

2. Experimental procedures127

2.1. Experimental facility128

Figure 1 presents schematics and photographs of the experimental setup. The experiments129
were conducted at the Delft University of Technology in an open-return wind tunnel,130
characterised by a cross-section of 0.4 × 0.4 m2 and a free-stream turbulence intensity131
of 0.7% (Carrasco Grau et al. 2024). As shown in figure 1(a), a boundary layer developed132
from the elliptical leading edge of the flat-plate test section and was tripped to the turbulent133
regime by a carborundum roughness strip (24-grit) located downstream of the leading edge.134
Downstream of the roughness strip and upstream of the test surfaces, the turbulent boundary135
layer (TBL) had a streamwise development length of 0.6 m.136

Focus on Fluids articles must not exceed this page length
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𝐷∗ 𝐷∗
ℎ

𝑟∗
ℎ

ℎ∗
ℎ

𝑡∗
𝑑

ℎ∗𝑐 𝑡∗𝑐
90 91 0.5 1 1 0.5 1

Table 1: Dimensions of the disc system in mm. The nomenclature corresponds to the
geometry in figure 2.

The origin of the global coordinate system is located at the downstream end of the137
roughness strip and along the centreline of the tunnel. This coordinate system is defined138
by the streamwise (𝑥∗), wall-normal (𝑦∗) and spanwise (𝑧∗) directions. The corresponding139
velocity components are 𝑢∗, 𝑣∗ and 𝑤∗, time is denoted by 𝑡∗ and pressure is denoted by140
𝑝∗. Dimensional quantities are herein indicated by the superscript *. The test surfaces were141
located in the streamwise range 𝑥∗ = 0.6 − 1.5 m.142

A reference free-stream velocity was computed near the leading edge of the test surfaces143
(𝑥∗ = 0.632 m) using the particle image velocimetry (PIV) measurements (refer to §2.6).144
𝑈∗
∞,𝑟𝑒 𝑓

varied in the range 18.5 − 33.8 m/s.145

2.2. Rotating-disc and reference test surfaces146

The test surface with the passively rotating discs was dimensioned according to the standard147
geometry for the direct force balance designed and built at the Delft University of Technology148
(van Nesselrooij et al. 2022). The test surface had a thickness of 5 mm and dimensions of149
881.3 mm along 𝑥∗ and 366.3 mm along 𝑧∗. As shown in figure 1(b), it included thirty-two150
discs arranged in a staggered configuration in four rows along 𝑥∗. The diameter of the discs151
was 𝐷∗ = 90 mm and the centre-to-centre distance between discs was 95 mm. Figure 2 shows152
how a disc was mounted flush with the wall and installed in its housing. The dimensions of153
the disc geometry are given in table 1. As shown in figure 1(b), another coordinate system,154
denoted by the subscript 𝑑, is located at the centre of the disc where detailed measurements155
for the flow statistics were conducted.156

Each disc was attached to its housing using a ceramic bearing (SMB 687 Si3N4). Slots157
at the bottom of the disc housings were used to immobilise the discs in order to study the158
influence of the rotation on the drag. A video of the discs in motion is available in the159
supplementary material. As further shown in the photograph of figure 1(c), the discs were160
half-covered by two thin flat covering plates that extended along the whole streamwise length161
of the test surface and formed streamwise-aligned steps along the centrelines of the discs. To162
minimise form drag, the leading and trailing edges of the plates had a triangular taper with a163
10:1 aspect ratio.164

Two other test surfaces were used as references to quantify the influence of the disc motion165
on the flow. The first surface was a flat plate on which an uncontrolled TBL developed. The166
second surface, shown in figure 1(d), had the purpose of quantifying the influence of the167
covering plates. This surface consisted of two solid ridges, but it excluded the discs, the168
internal housings, the housing gaps around the discs, and the gaps between the covering169
plates and the bottom surface. Its height was 1.5 mm and the geometry was the same as170
that of the rotating-disc surface, i.e. having triangular leading and trailing edges with a 10:1171
aspect-ratio taper. The ridges were 3D printed using fused deposition modelling with a 0.1172
mm layer height and bonded to a flat plate.173

2.3. Direct force measurements174

A floating element force balance was used to measure the drag force exerted by a TBL on the175
test surfaces (van Nesselrooij et al. 2022). The balance measurements have been extensively176
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Figure 2: Schematic diagrams of a disc and its housing. The relevant dimensions are given
in table 1. The distances are not to scale. (a) Side view in the 𝑥∗

𝑑
− 𝑦∗ plane and (b)

cross-section view in the 𝑦∗ − 𝑧∗
𝑑

plane.

validated in the standard flat-plate configuration. The balance was specifically designed177
for high-accuracy drag differences required in flow-control studies. The measurements of178
the drag differences relative to a reference surface are within ±0.5% at a 95% confidence179
level. This methodology has been used for studies of passive drag-reduction techniques (van180
Campenhout et al. 2023; Hartog et al. 2024; Carrasco Grau et al. 2024).181

The integral force 𝐹∗ exerted on a test surface is a combination of the surface-integrated182
wall-shear stress and the form drag resulting from the geometrical features of the test surface.183
𝐹∗ was computed by correcting the measured raw force for the sensor drift and for the pressure184
forces on the leading and trailing edges of the floating element (refer to van Nesselrooij et al.185
2016). One measurement consisted of a set of eight equally spaced free-stream velocities186
in the range 𝑈∗

∞,𝑟𝑒 𝑓
= 18.5 − 33.8 m/s. For each free-stream velocity, the raw force was187

acquired at 10 kHz over a 20-s period. Once the free-stream velocity settled to a new value,188
a 20-s break was included for the discs to reach a steady rotation. The measurements were189
repeated five times, alternating between the flat plate and the test surface with discs. Further190
details regarding the drag-measurement procedure are found in van Nesselrooij et al. (2022).191

The drag coefficient is defined as:192

𝐶𝐷 =
2𝐹∗

𝜌∗𝑈∗2
∞,𝑟𝑒 𝑓

𝑆∗
, (2.1)193

where 𝑆∗ is the surface area of the flat plate and 𝜌∗ is the density of the fluid. The percentage194
difference in drag with respect to the flat-plate reference surface is:195

Δ𝐶𝐷 (%) = 100 ·
(
𝐶𝐷

𝐶𝐷,0
− 1

)
, (2.2)196

where the subscript ‘0’ hereafter denotes quantities pertaining to the flat-plate TBL. Negative197
values of Δ𝐶𝐷 correspond to drag reduction, whereas positive values correspond to drag198
increase. The uncertainty was quantified by the variance of the five repeated measurements.199
Uncertainty propagation was applied to obtain the standard error and 95% confidence bounds200
were computed using the Student’s t-distribution to account for the small sample size of the201
five measurements.202

2.4. Measurements of the disc rotation203

Time-resolved image sequences were acquired to measure the angular velocity of the discs204
and the distribution of the wall velocity. As depicted in figure 1(a), two Photron Fastcam205
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Figure 3: (a) Time series of the indicator for the measurement of the disc angular velocity.
The triangles denote the result of the peak detection algorithm. (b) Power spectral density
of the indicator and time-averaged disc tip velocity, denoted by the vertical dashed line.

Mini AX100 high-speed cameras (1024 × 1024 pixels, 20 µm pixel size, 12-bit) were used206
to capture the motion of the discs from a top view. The cameras were mounted with 20-mm207
Nikkor-AF objectives at an f/2.8 aperture and captured a field of view of 0.7 × 0.7 m2 and208
0.5 × 0.5 m2. 10 000 individual images were acquired for each free-stream condition. The209
image acquisition frequency was varied in the range 𝑓 ∗ = 1.6 − 3 kHz to account for the210
increase in the angular velocity of the discs with the free-stream velocity. The number of211
captured rotations varied in the range 𝑁 = 30 − 80, depending on the angular velocity of the212
disc.213

Each disc was marked at its circumference to measure the disc velocity. The marker214
was tracked via a time series of the minimum intensity in a 4 × 10 pixel window in the215
azimuthal and radial directions. As shown in figure 3(a), the data were rescaled to obtain216
an indicator between 0 and 1 so that a marker-passing corresponded to a peak of about217
unity. A peak detection algorithm was used to identify the time-separation Δ𝑇∗ between218
consecutive marker passings, represented by the blue triangles in figure 3(a). Inconsistencies219
in the detection algorithm were removed by filtering outliers of the Δ𝑇∗ vector based on the220
median absolute deviation. The disc angular velocity was computed as Ω∗ = 2𝜋/Δ𝑇∗ and the221
disc tip velocity was computed as 𝑊∗ = 𝐷∗Ω∗/2. As shown in figure 3(b), the time-averaged222

disc tip velocity 𝑊
∗, indicated by the dashed line, was consistent with the peak of the power223

spectral density (PSD) of the indicator. The disc-rotation rate was steady for all discs, as224
evidenced by the equidistant marker spacings in figure 3(a) and the narrow PSD peak in225
figure 3(b).226

Two aspects were considered in the computation of the uncertainty associated with the227
angular position of the marker and, correspondingly, 𝑊∗: (i) the angular displacement of the228
marker between time steps, i.e. the product of the time separation between individual images229
(Δ𝑇∗ = 1/ 𝑓 ∗) and the disc tip velocity, and (ii) the angular size of the interrogation window230
(4 pixels), based on the measurement resolution 𝑀∗ = 1.8 and 2.2 pixels/mm for the two231
cameras. The two uncertainty components were of the same order of magnitude. By assuming232
two uncorrelated components of uncertainty, the uncertainty of a single measurement of the233
disc tip velocity is defined as 𝜖∗

𝑊
= 𝜖∗

𝜃
/Δ𝑇∗, where234

𝜖∗𝜃 =

√︄(
𝑊∗

𝑓 ∗

)2
+

(
4
𝑀∗

)2
. (2.3)235
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Assuming 𝑁 independent samples, the time-averaged uncertainty of the disc tip velocity is236

𝜖∗
𝑊

= 𝜖∗
𝑊
/
√
𝑁 . It was computed to be small, i.e. 𝜖∗

𝑊
=0.003-0.007 m/s or 0.13-0.15%.237

2.5. Particle image velocimetry over a passively rotating disc238

Measurements were conducted using three-camera PIV in 𝑥∗ − 𝑦∗ planes and scanning along239
the 𝑧∗ direction. The objective was to obtain volumetric two-component flow statistics (3D-240
2C) over an exposed half-disc. The evolution of the TBL was captured over the fourth disc,241
located in the second row and centred at 𝑥∗ = 0.97 m, as shown in figure 1(b). The TBL242
on the flat plate was also measured at a single 𝑧∗ location. Flow quantities denoted by the243
subscript 𝑑 refer to the location 𝑥∗

𝑑
= −𝐷∗/2, regardless of whether the flat-plate surface or244

the rotating-disc surface was used. The free-stream velocity in the disc coordinate system245
was 𝑈∗

∞,𝑑
= 18.8 m/s. Details on how 𝑈∗

∞ was computed are given in §2.6.246
Three digital LaVision sCMOS cameras (2560×2160 pixels, 6.5 µm pixel size, 16-bit) were247

mounted with 200-mm Nikkor-AF objectives at an f/4 aperture, capturing a combined field-248
of-view of size 94×25 mm2 in each 𝑥∗−𝑦∗ plane. Figure 1(e) shows the camera configuration,249
where the upstream and downstream cameras were oriented at an angle of ±10◦ around the 𝑦-250
axis to create a 3-mm overlap between the camera views. These cameras were mounted with251
Scheimpflug adapters to ensure uniform focus. A pinhole model, calibrated using millimetre252
paper, provided a transfer function between the image and the physical coordinates. The253
laser sheet was moved in the spanwise direction by a Zaber LRQ150HL traverse in the range254
−45 mm⩽𝑧∗

𝑑
⩽−2.5 mm. The first increment was 2.5 mm and subsequent planes were spaced255

by 5 mm, for a total of 10 measurement planes. In each measurement plane, 2000 image256
pairs were acquired at a frequency of 15 Hz, providing uncorrelated snapshots separated257
by approximately 55𝛿∗99/𝑈

∗
∞,𝑟𝑒 𝑓

boundary-layer turnover times, where the boundary-layer258

thickness 𝛿∗99 is defined in §2.6. The time-separation between the individual image pairs was259
d𝑡∗ = 14 µs, yielding 20-pixel particle displacements in the free stream.260

Instantaneous velocity vectors were obtained using a multi-pass cross-correlation261
algorithm and an adaptive interrogation-window deformation method (Scarano &262
Riethmuller 2000). The image pre-processing procedure was as follows. A sliding time filter263
was first applied by subtracting the minimum over nine images. Spatial minimum subtraction264
and normalisation were then employed within a 5-pixel kernel and Gaussian smoothing with265
a 2-pixel radius. The cross-correlation was evaluated in elliptical interrogation windows of266
96 × 24 pixels, with a 75% overlap, ensuring higher resolution in the wall-normal direction.267
The viscous resolution of an interrogation window was 1.2 × 0.3 mm2 or 60 × 15 𝛿∗2

𝜈,0 in268
reference viscous units, where 𝛿∗

𝜈,0 is the viscous length scale defined in §2.6. Velocity269
outliers were detected and removed using a universal detection algorithm (Westerweel &270
Scarano 2005), applying a median filter within a 5 × 5-pixel window.271

2.6. Viscous scaling and boundary-layer characteristics272

Viscous scaling was adopted using two reference friction velocities, 𝑢∗
𝜏,0 and 𝑢∗

𝜏,𝑑
, and the273

corresponding viscous length scales, 𝛿∗
𝜈,0 and 𝛿∗

𝜈,𝑑
, where 𝜈∗ is the kinematic viscosity274

of the fluid. The surface-averaged reference friction velocity 𝑢∗
𝜏,0 was used for the results275

pertaining to global variables (refer to §4.1 and §4.2). The friction velocity 𝑢∗
𝜏,𝑑

was used276
for the results in the disc coordinate system pertaining to the PIV data (refer to §4.3, §4.4277
and §4.5). As the streamwise wall-shear stress was not measured along 𝑥∗, the surface-278
averaged friction velocity was defined as 𝑢∗

𝜏,0 =
√︁
𝐹∗

0/(𝜌∗𝑆∗), where 𝐹∗
0 is the force exerted279

by the wall turbulence on the reference flat plate. The reference skin-friction coefficient is280
𝐶 𝑓 ,0 = 2(𝑢∗

𝜏,0/𝑈
∗
∞,𝑟𝑒 𝑓

)2. In the disc coordinate system, 𝑢∗
𝜏,𝑑

was obtained by fitting the time-281
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𝑈∗
∞,𝑟𝑒 𝑓

𝐶 𝑓 ,0 × 103 𝑢∗
𝜏,0 𝛿∗

𝜈,0 𝜃∗1 𝜃∗2 𝛿∗99,1 𝛿∗99,2 𝑅𝑒𝜃,1 𝑅𝑒𝜃,2 𝑅𝑒𝜏,𝑎𝑣𝑔

(m/s) (m/s) (µm) (mm) (mm) (mm) (mm)

18.5 2.97 0.714 20.5 1.63 2.63 13.1 22.8 1980 3350 880
20.7 2.92 0.791 18.5 1.60 2.59 13.0 22.5 2160 3680 960
22.9 2.87 0.868 16.8 1.55 2.59 12.8 22.1 2330 4070 1030
25.1 2.83 0.944 15.5 1.54 2.53 12.5 22.4 2530 4360 1130
27.3 2.80 1.020 14.3 1.51 2.57 12.4 22.5 2690 4820 1220
29.4 2.77 1.094 13.4 1.52 2.51 12.3 22.1 2930 5090 1290
31.6 2.74 1.169 12.5 1.46 2.59 11.9 22.2 3010 5640 1360
33.8 2.72 1.245 11.8 1.47 2.58 12.5 21.9 3250 6010 1460

Table 2: Experimental conditions and flat-plate TBL parameters for the drag-balance
measurements.

averaged streamwise velocity of the flat-plate TBL to the composite profile of Chauhan et al.282
(2009) with log-layer constants 𝜅 = 0.384 and 𝐵 = 4.17. The corresponding skin-friction283
coefficient is 𝐶 𝑓 ,𝑑 = 2(𝑢∗

𝜏,𝑑
/𝑈∗

∞,𝑑
)2. Quantities scaled in viscous units are denoted by the284

superscript +.285
Mean streamwise-velocity profiles over the flat plate were obtained by PIV using one286

camera (300 image pairs) and by streamwise averaging over ±2 mm at 𝑥∗ = 632 and287
1472 mm, which are the leading-edge and the trailing-edge locations of the flat plate. The288
free-stream velocity 𝑈∗

∞(𝑥) was computed by time, wall-normal and spanwise averaging the289
PIV measurements of 𝑢∗ across 𝑦∗/𝛿∗99 ∈ [1.25, 1.4] and 𝑧∗

𝑑
/𝐷∗ ∈ [−0.5, 0]. Spanwise and290

wall-normal pressure gradient effects in the free stream could be neglected since the spanwise291
variations of the free-stream velocity remained below 0.15% and the wall-normal variations292
remained below 0.05%. The local boundary-layer thickness 𝛿∗99(𝑥) was computed as the wall-293
normal height where the time-averaged streamwise velocity was 0.99𝑈∗

∞. It was denoted294
by 𝛿∗99,1 and 𝛿∗99,2 at the leading-edge and trailing-edge locations. At these locations, the295
momentum thicknesses 𝜃∗1 and 𝜃∗2, defined in (3.15), and the respective momentum-thickness296
Reynolds numbers 𝑅𝑒𝜃 = 𝑈∗

∞𝜃
∗/𝜈∗ were computed. Since 𝑢∗

𝜏,0 is an integral quantity, an297
average friction Reynolds number 𝑅𝑒𝜏,𝑎𝑣𝑔 = 𝑢∗

𝜏,0(𝛿
∗
99,1+𝛿

∗
99,2)/2𝜈∗ was computed using the298

averaged boundary-layer thickness as a length scale. Table 2 presents these flow parameters for299
the drag-balance measurements. As expected, the boundary-layer and momentum thicknesses300
grew along the streamwise direction and decreased as 𝑈∗

∞,𝑟𝑒 𝑓
increased.301

The flow parameters for PIV over the rotating disc for 𝑈∗
∞,𝑑

= 18.8 m/s are shown in302
table 3. The friction velocity for the TBL over the discs was larger due to roughness effects303
and contains a viscous and a pressure-drag component, as discussed in §4.3.2. Table 4304
presents the outer-scaled and viscous-scaled disc diameter, the covering-plate step height,305
and the radial clearance gap size.306

3. Elnahhas-Johnson identity for the passive-disc flow307

In §3.1, we extend the Elnahhas & Johnson (2022) identity for the skin-friction coefficient308
of a canonical TBL to the case of passively rotating discs. The derivation of the EJ identity309
relies on the assumption that the TBL evolves on a flat surface. Therefore, the influence of310
the unevenness of the covering plates and of the flow in the internal housing is not taken into311
account. The terms of the identity are computed by using the spatially-resolved wall velocity312
and the PIV data, as detailed in §3.2.313
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𝑈∗
∞,𝑑

𝐶 𝑓 ,𝑑 × 103 𝑢∗
𝜏,𝑑

𝛿∗
𝜈,𝑑

𝜃∗
𝑑

𝛿∗99,𝑑 𝑅𝑒𝜃,𝑑 𝑅𝑒𝜏,𝑑

(m/s) (m/s) (µm) (mm) (mm)

TBL over flat plate 18.8 3.15 0.747 19.5 2.46 17.8 2640 900
TBL over discs 18.8 4.15 0.858 17.3 2.65 18.5 2840 1070

Table 3: TBL parameters for the PIV measurements at the leading edge of the disc
(𝑥∗

𝑑
= −𝐷∗/2). Refer to figure 1(b) for the measurement location.

𝐷∗/𝛿∗99 (𝑡∗𝑐 + ℎ∗𝑐)/𝛿∗99 𝑟∗
ℎ
/𝛿∗99 𝐷+ 𝑡+𝑐 + ℎ+𝑐 𝑟+

ℎ
5 0.084 0.028 4610 76.8 25.6

Table 4: Disc-geometry quantities scaled in outer and viscous units, based on the flat-plate
TBL conditions given in table 3.

3.1. Derivation of the extended Elnahhas-Johnson identity314

Quantities are scaled as follows: {𝑢, 𝑣, 𝑤} = {𝑢∗, 𝑣∗, 𝑤∗}/𝑈∗
∞,𝑟𝑒 𝑓

, {𝑥, 𝑦, 𝑧} = {𝑥∗, 𝑦∗, 𝑧∗}/𝐷∗,315

𝑡 = 𝑡∗𝑈∗
∞,𝑟𝑒 𝑓

/𝐷∗ and 𝑝 = 𝑝∗/(𝜌∗𝑈∗2
∞,𝑟𝑒 𝑓

). Although 𝐷 = 1, this value is not assigned to 𝐷316

for clarity. The following averaging operators of a quantity 𝑞 are defined:317

time averaging : 𝑞 =
1
𝑇

∫ 𝑇

0
𝑞 d𝑡, (3.1)318

319

spanwise averaging :
〈
𝑞
〉
=

1
𝑧2 − 𝑧1

∫ 𝑧2

𝑧1

𝑞 d𝑧, (3.2)320

321

spanwise and time averaging :
[
𝑞
]
=

1
𝑇 (𝑧2 − 𝑧1)

∫ 𝑇

0

∫ 𝑧2

𝑧1

𝑞 d𝑧 d𝑡 =
〈
𝑞
〉
, (3.3)322

where 𝑧𝑑,1 = −𝐷/2 and 𝑧𝑑,2 = 0, as shown in figure 1(b). The covering plates are therefore323
excluded from the domain of integration. Fluctuating quantities are defined with respect to324
the local time-averaged flow as 𝑞′ (𝑥, 𝑦, 𝑧, 𝑡) = 𝑞(𝑥, 𝑦, 𝑧, 𝑡) − 𝑞(𝑥, 𝑦, 𝑧).325

The skin-friction coefficient is:326

𝐶 𝑓 (𝑥) =
2𝜈

𝑈∞(𝑥)2
𝜕 [𝑢]
𝜕𝑦

����
𝑦=0

, (3.4)327

where 𝜈 = 𝜈∗/(𝑈∗
∞,𝑟𝑒 𝑓

𝐷∗).328

To derive the extended EJ identity, the streamwise momentum deficit equation is first329
obtained. As discussed in §2.5, the free-stream flow can be assumed to be uniform in the330
wall-normal and spanwise directions. The time-averaged free-stream flow is described by the331
streamwise momentum equation332

𝑈∞
d𝑈∞
d𝑥

+ d𝑃∞
d𝑥

= 0. (3.5)333

By using the time-averaged continuity equation, equation (3.5) and the time-averaged334

Rapids articles must not exceed this page length
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streamwise momentum equation, the streamwise momentum deficit equation is found,335

𝜕 (𝑈∞ − 𝑢)𝑢
𝜕𝑥

+ 𝜕 (𝑈∞ − 𝑢)𝑣
𝜕𝑦

+ 𝜕 (𝑈∞ − 𝑢)𝑤
𝜕𝑧

+ (𝑈∞ − 𝑢) d𝑈∞
d𝑥

=

− 𝜈
𝜕2𝑢

𝜕𝑦2 + 𝜕𝑢′𝑣′

𝜕𝑦
−

(
𝜕 (𝑃∞ − 𝑝)

𝜕𝑥
+ 𝜈

𝜕2𝑢

𝜕𝑥2 − 𝜕𝑢′𝑢′

𝜕𝑥

)
︸                                   ︷︷                                   ︸

𝐼𝑥

−
(
𝜈
𝜕2𝑢

𝜕𝑧2 − 𝜕𝑢′𝑤′

𝜕𝑧

)
︸                ︷︷                ︸

𝐼𝑧

, (3.6)336

where the terms 𝐼𝑥 and 𝐼𝑧 are negligible for a flat-plate TBL according to high-Reynolds-337
number boundary-layer theory. Equation (3.6) is averaged along the spanwise direction to338
find339

𝜕
〈
(𝑈∞ − 𝑢)𝑢

〉
𝜕𝑥

+
𝜕

〈
(𝑈∞ − 𝑢)𝑣

〉
𝜕𝑦

+𝑊𝑑 (𝑥𝑑 , 𝑦) + (𝑈∞ − [𝑢]) d𝑈∞
d𝑥

+ 𝜈
𝜕2 [𝑢]
𝜕𝑦2 − 𝜕 [𝑢′𝑣′]

𝜕𝑦
+ ⟨𝐼𝑥⟩ +

〈
𝐼𝑧

〉
= 0,

(3.7)340

where341

𝑊𝑑 (𝑥𝑑 , 𝑦) =
2
𝐷

( (
𝑈∞ − 𝑢(𝑧𝑑,2)

)
𝑤(𝑧𝑑,2) −

(
𝑈∞ − 𝑢

(
𝑧𝑑,1

) )
𝑤

(
𝑧𝑑,1

) )
, (3.8)342

343

⟨𝐼𝑥⟩ =
𝜕

(
𝑃∞ −

[
𝑝
] )

𝜕𝑥
+ 𝜈

𝜕2 [𝑢]
𝜕𝑥2 − 𝜕 [𝑢′𝑢′]

𝜕𝑥
, (3.9)344

345 〈
𝐼𝑧

〉
=

2
𝐷

(
𝜈
𝜕𝑢

𝜕𝑧

����
𝑧𝑑,2

− 𝜈
𝜕𝑢

𝜕𝑧

����
𝑧𝑑,1

− 𝑢′𝑤′ (𝑧𝑑,2) + 𝑢′𝑤′ (𝑧𝑑,1)
)
. (3.10)346

To obtain the skin-friction identity, equation (3.7) is multiplied by 𝑦 − 𝑙 (𝑥) (where 𝑙 (𝑥) is a347
length to be determined) and integrated in the wall-normal direction from 0 to ∞.348

The integrated wall-normal diffusion term is349

𝜈

∫ ∞

0

(
𝑦 − 𝑙 (𝑥)

) 𝜕2 [𝑢]
𝜕𝑦2 d𝑦 = −𝑙 (𝑥)𝑈∞(𝑥)2

(
−
𝐶 𝑓 (𝑥)

2
+ 𝜈

𝑙 (𝑥)𝑈∞(𝑥) −
𝑈𝑤𝜈

𝑙 (𝑥)𝑈∞(𝑥)2

)
,

(3.11)350
where 𝑈𝑤 (𝑥) = [𝑢] (𝑥, 𝑦 = 0). The new third term on the right-hand side of (3.11) captures351
the direct influence of the wall motion on the skin-friction coefficient.352

The integrated wall-normal transport term is353 ∫ ∞

0
(𝑦 − 𝑙 (𝑥))

𝜕
〈
(𝑈∞ − 𝑢)𝑣

〉
𝜕𝑦

d𝑦 = −𝑙 (𝑥)𝑈∞(𝑥)2 ©­«−
〈(

1 − 𝑢(𝑦 = 0)
𝑈∞(𝑥)

)
𝑣(𝑦 = 0)
𝑈∞(𝑥)

〉
+ 𝜃𝑣 (𝑥)

𝑙 (𝑥)
ª®¬ ,

(3.12)354
where 𝑢(𝑦 = 0) = Ω∗𝑧∗

𝑑
and355

𝜃𝑣 =

∫ ∞

0

〈(
1 − 𝑢

𝑈∞(𝑥)

)
𝑣

𝑈∞(𝑥)

〉
d𝑦. (3.13)356

The new first term in (3.12) quantifies the effect of wall-normal transpiration through the357
clearance between the disc and the fixed portion of the wall.358
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The integrated spanwise transport term is359 ∫ ∞

0
(𝑦 − 𝑙 (𝑥))𝑊𝑑 (𝑥, 𝑦)d𝑦 = −𝑙 (𝑥)𝑈∞(𝑥)2

∫ ∞

0

(
1 − 𝑦

𝑙 (𝑥)

)
𝑊𝑑 (𝑥, 𝑦)
𝑈∞(𝑥)2 d𝑦. (3.14)360

The following integral thicknesses are defined:361

𝜃 (𝑥) =
∫ ∞

0

〈(
1 − 𝑢

𝑈∞(𝑥)

)
𝑢

𝑈∞(𝑥)

〉
d𝑦, (3.15)362

363

𝛿𝑙 (𝑥) =
∫ ∞

0

(
1 − 𝑦

𝑙 (𝑥)

) (
1 − [𝑢]

𝑈∞(𝑥)

)
d𝑦, (3.16)364

365

𝜃𝑙 (𝑥) =
∫ ∞

0

(
1 − 𝑦

𝑙 (𝑥)

) 〈(
1 − 𝑢

𝑈∞(𝑥)

)
𝑢

𝑈∞(𝑥)

〉
d𝑦. (3.17)366

Dividing the weighted integration of (3.7) by 𝑙 (𝑥)𝑈∞(𝑥)2 and solving for 𝐶 𝑓 /2, the367
extended EJ identity is obtained:368

𝐶 𝑓 (𝑥)
2

=
1

𝑅𝑒𝑙 (𝑥)︸  ︷︷  ︸
L

− 1
𝑅𝑒𝑙 (𝑥)

𝑈𝑤

𝑈∞(𝑥)︸              ︷︷              ︸
S

+
∫ ∞

0

− [𝑢′𝑣′]
𝑈∞(𝑥)2𝑙 (𝑥)

d𝑦︸                   ︷︷                   ︸
T

+ d𝜃𝑙 (𝑥)
d𝑥

− 𝜃 (𝑥) − 𝜃𝑙 (𝑥)
𝑙 (𝑥)

d𝑙 (𝑥)
d𝑥︸                               ︷︷                               ︸

N𝑥

+ 𝜃𝑣 (𝑥)
𝑙 (𝑥)︸︷︷︸
N𝑦

−
〈(

1 − 𝑢(𝑦 = 0)
𝑈∞(𝑥)

)
𝑣(𝑦 = 0)
𝑈∞(𝑥)

〉
︸                                 ︷︷                                 ︸

V𝑤

+
∫ ∞

0

(
1 − 𝑦

𝑙 (𝑥)

)
𝑊𝑑 (𝑥, 𝑦)
𝑈∞(𝑥)2 d𝑦︸                               ︷︷                               ︸

N𝑧

+ 𝛿𝑙 (𝑥) + 2𝜃𝑙 (𝑥)
𝑈∞(𝑥)

d𝑈∞(𝑥)
d𝑥︸                        ︷︷                        ︸

P𝑥

+
∫ ∞

0

(
1 − 𝑦

𝑙 (𝑥)

)
⟨𝐼𝑥⟩

𝑈∞(𝑥)2 d𝑦︸                             ︷︷                             ︸
I𝑥

+
∫ ∞

0

(
1 − 𝑦

𝑙 (𝑥)

) 〈
𝐼𝑧

〉
𝑈∞(𝑥)2 d𝑦︸                             ︷︷                             ︸

I𝑧

,

(3.18)369

where we use 𝑅𝑒𝑙 (𝑥) = 𝑈∞(𝑥)𝑙 (𝑥)/𝜈 to keep the notation as close as possible to that of370
the original EJ formulation. To summarise, the effect of the disc motion on the skin-friction371
coefficient is given by S(𝑥), the direct change of the skin-friction coefficient due to the372
wall motion, V𝑤 (𝑥), the impact of the wall-transpiration through the disc clearance, N𝑧 (𝑥),373
the influence of the spanwise flow induced by the disc motion, and I𝑧 (𝑥) due to the new374
terms (3.10) at the spanwise sides of the integration domain, caused by the spanwise viscous375
diffusion and the spanwise velocity fluctuations. When 𝑈𝑤 = 0, 𝑊𝑑 (𝑥, 𝑦) = 0, 𝑣(𝑦 = 0) = 0376
and I𝑧 (𝑥) = 0, identity (3.18) simplifies to identity (2.22) by EJ. When [𝑢′𝑣′] = 0 and the377
wall is stationary and smooth, the boundary layer becomes the Blasius boundary layer and378
𝐶 𝑓 (𝑥) = 2L, i.e. the skin-friction coefficient reduces to the laminar value. The terms N𝑥379
and N𝑦 in (3.18) quantify the influence of non-parallelism of the turbulent mean flow on the380
skin-friction coefficient with respect to the laminar flow. They arise from the first two terms381
in (3.7), i.e. the streamwise and wall-normal transports of momentum deficit. For a Blasius382
boundary layer, these terms sum to zero because they simplify to −𝐴/𝑅𝑒𝑙 (𝑥) and 𝐴/𝑅𝑒𝑙 (𝑥),383
where 𝐴 is a constant.384
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Figure 4: Streamwise variation of 𝜃𝑙 (blue lines) and first-order polynomial fits (black
lines) for TBL over the flat plate (dashed lines) and the rotating discs (solid lines).

3.2. Computation of the terms in the Elnahhas-Johnson identity385

The data from the PIV measurements over the fourth downstream half-disc in the second386
row, depicted in figure 1(b), were used to compute the terms in the EJ identity (3.18). The387
turbulence statistics in the individual PIV planes were spanwise and time averaged using (3.3)388
in the range −0.5 ⩽ 𝑧𝑑 ⩽ 0. A weighted sum was used for the spanwise average because389
the ten planes of measurements were not equidistant. The velocity 𝑈𝑤 in S was directly390
obtained from the disc rotation measurements, as described in §2.4. As suggested by EJ, the391
momentum thickness 𝜃 (𝑥) was chosen as the reference scale to compute 𝑙 (𝑥) = 4.54𝜃 (𝑥),392
because the results based on 𝜃 are less sensitive to the exact upstream evolution and transition393
history of the boundary layer. This choice was appropriate in our case because the TBL might394
have been influenced by the TBL tripping (refer to §2.1).395

The wall-normal integrals in (3.18) were computed using trapezoidal integration in the396
range 15⩽ 𝑦+⩽ 1200 (0.003⩽𝑦/𝛿99⩽1.4), where the upper bound extended to the edge of the397
PIV field-of-view. Gradients were computed using a second-order accurate central-difference398
scheme. Turbulent fluctuations with length scales smaller than the PIV interrogation windows399
were not resolved due to the spatial averaging in windows of size 60 × 15 𝛿∗2

𝜈,0 (𝑥∗ × 𝑦∗).400
This spatial averaging caused an attenuation of the wall-normal velocity variances and the401
Reynolds stresses for 𝑦+<200 and, in turn, impacted the computation of T . This attenuation402
effect has been amply documented in several studies when comparing TBL statistics measured403
via PIV with those obtained via DNS (Lee et al. 2016).404

Figure 4 depicts the streamwise variation of 𝜃𝑙 . The local peaks are due to the stitching405
procedure applied to the overlapping frames of the 3-camera PIV measurements. Because406
of these variations, a first-order polynomial least-squares regression of 𝜃𝑙 was applied in the407
range -0.5⩽𝑥𝑑⩽0.5, denoted by the black line in figure 4. The quantity d𝜃𝑙/d𝑥, needed for the408
computation of N𝑥 , was calculated using the regression line. The computation of N𝑦 carried409
a large uncertainty because it involves the integral term 𝜃𝑣 that contains the wall-normal410
velocity 𝑣. The uncertainty in the measurement of 𝑣 was larger than that of 𝑢 because of the411
large anisotropy between the two flow components (Adrian 1997; Wilson & Smith 2013).412
The spanwise mean flow, required for the computation of N𝑧 , was not directly available413
from our PIV measurements. We first calculated 𝜕𝑤/𝜕𝑧 by computing 𝜕𝑢/𝜕𝑥 and 𝜕𝑣/𝜕𝑦414
through finite-difference schemes and by using the time-averaged continuity equation. We415
then estimated 𝑤 by integrating 𝜕𝑤/𝜕𝑧 along 𝑧. N𝑧 could, however, not be computed reliably416
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due to the large uncertainty in determining 𝑤. The primary reason for this uncertainty was417
the discrete spacing of the PIV planes, which led to an accumulating error when integrating418
the continuity terms along the spanwise direction.419

The pressure-gradient termP𝑥 (3.18) required the computation of d𝑈∞/d𝑥. Similar to 𝜃𝑙 (𝑥)420
in figure 4, 𝑈∞(𝑥) shows a trend that could be approximated by a first-order polynomial fit.421
A maximum deviation of 0.2% from its polynomial fit was found.422

The streamwise-diffusion term involving 𝑢 and the convection term involving 𝑢′𝑢′ in 𝐼𝑥423
were verified to have a contribution of less than 0.1% of 𝐶 𝑓 ,0 for the flows over the flat424
plate and the discs. The second and the third terms of 𝐼𝑥 in (3.6) are therefore negligible.425
The streamwise pressure gradient term in 𝐼𝑥 , although negligible in classical flat-plate TBL,426
could play a role in the balance of the flows over the disc surfaces and between discs. Its427
measurement or numerical computation remain an important point for future research. This428
component could be the only non-negligible term of I𝑥 in (3.18).429

The spanwise-diffusion term involving 𝜕𝑢/𝜕𝑧, part of 𝐼𝑧 in (3.6), is also negligible430
(computed to contribute less than 0.1% of 𝐶 𝑓 ,0) since the wall-parallel streamwise and431

spanwise gradients over a disc can be assumed to be comparable. The terms involving 𝑢′𝑤′432
in (3.6) were not available from the PIV measurements, and therefore their contribution to433
I𝑧 could not be computed.434

4. Results435

The drag characteristics of the flow induced by the passively rotating discs are presented in436
§4.1, focusing on the effects of the disc rotation, the covering plates and the disc housings.437
The influence on the drag of the direct-slip component S in the extended EJ identity (3.18)438
is discussed in §4.2. The modifications by the discs of the mean-flow and second-order flow439
statistics are discussed in §4.3 and §4.4, respectively. The relation of these flow modifications440
to the EJ skin-friction budget is studied further in §4.5.441

4.1. Integral drag characteristics442

The direct force measurements, described in §2.3, are used to evaluate the drag characteristics443
of the flow produced by the passively rotating discs. The following drag changes, related to444
the three test configurations discussed in §2.2, are considered:445

446
(i) Δ𝐶𝐷,𝑅𝐷 , produced by the passively rotating discs when they are free to rotate under447
the torque of the wall turbulence. It evaluates the influence of the test surface with respect448
to standard flat-plate geometry when all the features of the drag-reduction system are449
present, i.e., discs in motion, gaps around discs, disc housings, and covering plates.450

451
(ii) Δ𝐶𝐷,𝑁𝑅𝐷 , produced by the non-rotating discs, i.e., the configuration is the same as in452
(i), but the discs are mechanically fixed. It evaluates the influence of the stationary discs,453
disc gaps and housings, and covering plates.454

455
(iii) Δ𝐶𝐷,𝑐𝑜𝑣𝑒𝑟 , produced by the covering-plate geometry shown in figure 1(d), when456

used in lieu of the disc surface employed for (i) and (ii). It evaluates the influence of457
the covering plates (without discs, disc gaps and housings, and gaps below the covering458
plates) with respect to the flat-plate case.459

460
The following drag changes can be computed from the terms (i), (ii), (iii) in order to assess461

further the effects produced by the disc motion and the geometry of the test surface:462
463
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Figure 5: Percentage difference in drag coefficients with respect to the reference flat-plate
case as a function of 𝑅𝑒𝜃,1. Error bars denote the 95% confidence interval (refer to §2.3).

• Δ𝐶𝐷,𝑚𝑜𝑡𝑖𝑜𝑛 = Δ𝐶𝐷,𝑅𝐷 − Δ𝐶𝐷,𝑁𝑅𝐷 evaluates the influence of the disc motion on the464
change in drag.465

466
• Δ𝐶𝐷,ℎ𝑜𝑢𝑠𝑖𝑛𝑔 = Δ𝐶𝐷,𝑁𝑅𝐷 − Δ𝐶𝐷,𝑐𝑜𝑣𝑒𝑟 evaluates the influence of the disc gaps and467

housings on the change in drag.468
469

Figure 5(a) shows that Δ𝐶𝐷,𝑅𝐷 and Δ𝐶𝐷,𝑁𝑅𝐷 are positive, proving that, regardless of the470
disc motion, the presence of the test surface is associated with an overall drag increase. The471
measurement of the rotating case at 𝑅𝑒𝜃,1 = 2330 (𝑅𝑒𝜏,𝑎𝑣𝑔 = 1030) is omitted because a472
resonance of the balance system occurred, resulting in spurious force readings due to signal473
clipping. Δ𝐶𝐷,𝑅𝐷 = 3.5 − 5% is lower than Δ𝐶𝐷,𝑁𝑅𝐷 = 6.5 − 9%, i.e. the disc motion474
generates a reduction of drag with respect to the flow configuration with stationary discs.475
The drag reduction produced by the disc motion is quantified by Δ𝐶𝐷,𝑚𝑜𝑡𝑖𝑜𝑛 = −3%, shown476
by the purple diamonds in figure 5(b). It does not vary significantly with the Reynolds number477
in the range 𝑅𝑒𝜃,1 = 1980 − 2350 (𝑅𝑒𝜏,𝑎𝑣𝑔 = 880 − 1460) because Δ𝐶𝐷,𝑅𝐷 and Δ𝐶𝐷,𝑁𝑅𝐷478
monotonically increase with 𝑅𝑒𝜃,1 at approximately the same rate. Although both the surface479
with rotating discs and the surface with fixed discs produce a drag increase with respect to480
the standard flat-plate case, our result is the first experimental evidence that a rotating disc481
motion reduces the drag with respect to the same surface with non-rotating discs.482

Figure 5(a) also shows that the covering plates enhance the drag byΔ𝐶𝐷,𝑐𝑜𝑣𝑒𝑟 = 1.7% with483
a minimal Reynolds number variation. This increase is likely caused by secondary motions484
at the sides of the plates and by the friction-drag alteration on the top part of the covering485
plates, analogous to the flow produced by spanwise-heterogeneous rectangular roughness486
elements (Vanderwel et al. 2019; Medjnoun et al. 2020). This result agrees well with the487
experimental findings of Frohnapfel et al. (2024). They reported a 1 − 2% drag increase488
for a flow over streamwise-elongated rectangular elements of width 1 − 2 𝛿∗99, a flow that is489
analogous to ours. Similar to our case, they also showed that the drag increase was almost490
independent of the Reynolds number. The comparison of our disc flow with the flow over491
the rectangular elements further demonstrates that the additional friction induced by the492
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Present experiment DNS Olivucci et al. (2021)
𝑈∗
∞,𝑟𝑒 𝑓

𝑅𝑒𝜏,𝑎𝑣𝑔 𝐷+ 𝑈+
𝑠 𝑈+

𝑠,𝑑
Δ𝐶𝐷,𝑚𝑜𝑡𝑖𝑜𝑛 𝑈∗

𝑏
𝑅𝑒𝜏 𝐷+ 𝑈+

𝑠 𝑈+
𝑠,𝑑

Δ𝐶𝐷

(m/s) (%) (m/s) (%)

18.5 880 4390 0.42 1.33 −3.0 0.028 180 605 0.15 0.42 −2.1
20.7 960 4870 0.47 1.49 −3.2 0.028 180 1210 0.07 0.42 −2.1
22.9 1030 5360 0.50 1.58 – 0.028 180 605 0.21 0.6 −2.8
25.1 1130 5810 0.49 1.56 −2.9 0.028 180 605 0.72 2.06 −5.6
27.3 1220 6290 0.51 1.61 −2.8 0.028 180 605 0.37 1.05 −5.1
29.4 1290 6710 0.51 1.63 −3.1
31.6 1360 7200 0.52 1.64 −3.2
33.8 1460 7600 0.54 1.72 −3.5

Table 5: Viscous-scaled disc diameter, integral slip-velocities and drag changes for the
present rotating-disc experiment and the DNS study of Olivucci et al. (2021). 𝑈∗

𝑏
denotes

the channel-flow bulk velocity.

streamwise flow below the covering plates when the discs are stationary is negligible in the493
overall drag balance.494

Figure 5(b) also reveals that Δ𝐶𝐷,ℎ𝑜𝑢𝑠𝑖𝑛𝑔 = 5 − 7.5% , i.e. the gaps around the discs495
contribute the most to the increase in drag. This increase is attributed to local separation496
at the disc gaps. The surface complexity of the disc housings thus causes a roughness-497
type flow, as discussed in §4.3. The drag increase due to these geometrical features is also498
responsible for the indirect enhancement of the Reynolds shear stresses, as discussed in §4.4.499
The Δ𝐶𝐷,ℎ𝑜𝑢𝑠𝑖𝑛𝑔 increment with 𝑅𝑒𝜃,1 can be ascribed to the increasing contribution of this500
roughness effect since the viscous-scaled characteristic roughness length grows as the gap501
size in viscous units changes in the range 𝑟+

ℎ
= 25 − 42 as 𝑅𝑒𝜃,1 varies.502

The drag increase due to the geometry of the test surface is, however, of the same order as503
the drag reduction produced by the disc rotation, highlighting opportunities for optimisation504
of this flow-control technique.505

4.2. Contribution of the streamwise wall slip to the drag change506

The direct contribution of the disc motion to the drag reduction is estimated. Two integral507
measures of the streamwise slip are computed. The slip velocity 𝑈𝑠 is found by averaging508
𝑢(𝑥, 𝑦 = 0, 𝑧) over the test surface. The slip velocity 𝑈𝑠,𝑑 is obtained by averaging 𝑢(𝑥, 𝑦 =509
0, 𝑧) over the exposed surfaces of the half-discs. Although the surface-averaged slip effect510
given by the discs bears some analogy to that produced by the slip-length boundary condition511
used for flows over superhydrophobic surfaces (Min & Kim 2004), crucial differences are that,512
in the disc case, the slip effect is large-scale, highly spatially non-uniform and discontinuous513
because of the disc geometry.514

Table 5 shows the flow conditions and the disc slip velocities of our study and of the515
channel-flow DNS investigation of Olivucci et al. (2021) at 𝑅𝑒𝜏 = 180. Our disc slip516
velocities averaged over the whole test surface, 𝑈+

𝑠 = 0.42 − 0.54, are comparable to the517
two largest 𝑈+

𝑠 reported by Olivucci et al. (2021), although the disc diameters and the518
Reynolds numbers are different. Our disc slip velocities averaged over the disc surfaces,519
𝑈+

𝑠,𝑑
= 1.33 − 1.72, are instead all larger than those computed by Olivucci et al. (2021),520

except for the numerical case for 𝑈+
𝑠,𝑑

= 2.06.521

Figure 6(a) shows the time-averaged streamwise wall velocity 𝑢+(𝑥, 𝑦 = 0, 𝑧) due to the522
disc motion at 𝑅𝑒𝜃,1 = 1980 (𝑅𝑒𝜏,𝑎𝑣𝑔 = 880). Because of the disc rigidity, the velocity of523
each disc varies linearly with the spanwise coordinate and is independent of the streamwise524
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Figure 6: Spatial variations of (a) the streamwise wall velocity at 𝑅𝑒𝜃,1 = 1980
(𝑅𝑒𝜏,𝑎𝑣𝑔 = 880) and (b) the direct-slip term S𝑧 (𝑥, 𝑧), defined in (4.1) using

𝑙 (𝑥) = 4.54𝜃0 (𝑥), relative to 𝐶 𝑓 ,0/2.

direction. The maximum velocity at the disc tips varies in the range 𝑢+(𝑥, 𝑦 = 0, 𝑧) = 2.5−4.5525
along the test surface. The wall velocity decreases downstream along the upstream half of526
the test surface (𝑥 < 12), while it is almost streamwise independent along the downstream527
half (𝑥 > 12). As shown in figure 6(a), there is a small difference between the time-averaged528
angular velocities of discs whose tips are at the same 𝑥 locations because the flows over529
the discs whose tip is at 𝑧 = 0 are more affected by adjacent discs than the flows over the530
discs farthest away from 𝑧 = 0, which are only confined by discs directly downstream and531
upstream. Two discs were not set in motion by the wall-shear stress, arguably because of532
manufacturing tolerance and variations of the bearing performance.533

We can also estimate the spatial variation of the direct drag modification due to the disc534
motion by using the 𝑧−dependent version of the slip term S(𝑥) in the EJ identity (3.18). The535
𝑧−dependent version of S(𝑥) involves the measured spatial variation of the wall velocity:536

S𝑧 (𝑥, 𝑧) = − 1
𝑅𝑒𝑙 (𝑥)

𝑢(𝑥, 𝑦 = 0, 𝑧)
𝑈∞(𝑥) . (4.1)537

The two quantities are related by S(𝑥) =
〈
S𝑧 (𝑥, 𝑧)

〉
. Figure 6(b) shows the spatial variation538

of S𝑧 (𝑥, 𝑧) as a percentage of 𝐶 𝑓 ,0 at 𝑅𝑒𝜏,𝑎𝑣𝑔 = 880. The direct slip causes the wall-shear539
stress reduction S𝑧 (𝑥, 𝑧) to decay along 𝑥 more rapidly than 𝑢(𝑥, 𝑦 = 0, 𝑧) because of the540
increase of 𝑙 (𝑥). S𝑧 reaches a maximum −1% at the disc tips in the upstream region of the541
test surface, where the local streamwise wall velocity is largest.542

Figure 7 shows how our measured Δ𝐶𝐷,𝑚𝑜𝑡𝑖𝑜𝑛 due to the disc rotation and the DNS drag-543
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Figure 7: Percentage drag changes as functions of 𝑈+
𝑠,𝑑

for the present experiments (red
circles) and the DNS study of Olivucci et al. (2021) (blue squares). The red-shaded patch
indicates the 95% confidence interval of Δ𝐶𝐷,𝑚𝑜𝑡𝑖𝑜𝑛. The integral drag values (solid line)

are compared with the direct-slip contribution based on the extended EJ/FIK identities
(dotted line). S𝑎𝑣𝑔 corresponds to S𝑧 in figure 6(b) averaged over the test surface.

reduction values computed by Olivucci et al. (2021) depend on𝑈+
𝑠,𝑑

. The DNS values follow544

two drag-reduction regimes. For 𝑈+
𝑠,𝑑

< 1, the drag reduces sharply, while, for 𝑈+
𝑠,𝑑

> 1,545
the drag changes much more gradually and saturates to 6%. Our measured slip velocities546
belong to the second regime. Our drag-reduction values decrease at a similar rate to the DNS547
data, albeit within a 95% confidence interval, denoted by the shaded patch. The data scatter548
is due to the uncertainty in measuring sub-percentage drag differences. Our measured drag549
changes depend only marginally on the slip velocity and are lower than the DNS values, i.e.550
Δ𝐶𝐷,𝑚𝑜𝑡𝑖𝑜𝑛 = −3%. Since S𝑧 only contributes to the overall drag reduction near the disc551
tips, the average of S𝑧 over the test surface offers a negligibly small contribution to the overall552
balance, i.e. S𝑎𝑣𝑔 = −0.1%. This result proves that other indirect mechanisms contribute553
more significantly to the overall change of drag than the streamwise slip. The direct-slip drag554
reduction in the DNS case, estimated by the extension of the Fukagata, Iwamoto & Kasagi555
(2002) (FIK) identity used by Olivucci et al. (2019, 2021), is larger than our experimental556
S𝑎𝑣𝑔, reaching a maximum −1.2%.557

In view of our results on the direct slip effect on the drag reduction, the method adopted by558
Koch & Kozulovic (2013) to model the overall drag does not appear to be applicable because559
it is based solely on the change of skin-friction coefficient due to a streamwise shift of the560
mean velocity, thus neglecting modifications of the wall turbulence.561

4.3. Statistics of mean velocity over a rotating disc562

In this section, the mean-flow modifications are presented and discussed in relation to563
the drag-reduction effect. All results presented in §4.3, §4.4 and §4.5 pertain to the PIV564
measurements over a half-disc for 𝑈∗

∞,𝑑
= 18.8 m/s. Viscous scaling was adopted using the565

flat-plate TBL parameters given in table 3.566
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Figure 8: Wall-normal profiles, viscous scaled with 𝑢∗
𝜏,𝑑

of the flat plate, of (a-c) mean
streamwise velocity and (d-f) mean wall-normal velocity. The black dashed lines denote

the flat-plate reference data, the grey dash-dotted lines correspond to the
spanwise-averaged value [·] defined in (3.3), both averaged in the streamwise direction

over −0.5 ⩽ 𝑥𝑑 ⩽ 0.5, the purple dotted lines show the DNS data of a TBL at 𝑅𝑒𝜏 = 830
by Schlatter & Örlü (2010). The schematics in the first column indicate the location of the
profiles on the disc. The rows correspond to the spanwise location of (a,d) 𝑧𝑑 = −0.39 in
red, (b,e) 𝑧𝑑 = −0.22 in green and (c,f) 𝑧𝑑 = −0.056 in blue. The colour gradient (light to

dark) denotes the variation of streamwise location 𝑥𝑑 = [−0.35, 0, 0.35].

4.3.1. Mean-flow modification567

Figure 8 shows wall-normal profiles of the local mean-flow statistics obtained from the568
PIV measurements at different locations over the half-disc (the rows correspond to different569
spanwise locations). The schematics on the left panels of figure 8 show the (𝑥𝑑 , 𝑧𝑑) locations570
of the profiles and the colour gradients denote the streamwise variation.571

The 𝑢+ profiles in figures 8(a-c) indicate that the rotating disc causes a significant572
streamwise-velocity deficit 𝑢+ − 𝑢+0 when compared with the flat-plate case. As shown573
in figure 8(a), this deficit is largest near the disc tip, in the proximity of the other rotating574
discs and far from the covering plates. The wall-normal distance to which the deficit extends575
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decreases from 𝑦/𝛿99 = 0.5 at 𝑧𝑑 = −0.39 (figure 8a), to 𝑦/𝛿99 = 0.3 at 𝑧𝑑 = −0.056576
(figure 8c). The spatial distribution of the deficit is displayed in the contours of figures 9(a-c)577
in side-view 𝑦 − 𝑧𝑑 planes and in top-view 𝑥𝑑 − 𝑧𝑑 planes. The side view at 𝑧𝑑 = −0.44578
in figure 9(a) confirms that the deficit is large near the disc tips and between the two rows579
of discs. The side view at 𝑧𝑑 = −0.028 in figure 9(b) shows that a large local deficit of580
𝑢+ − 𝑢+0 = −7 also occurs very near the covering plates and in the upstream part of the disc,581
i.e. where the disc moves spanwise and away from the plates. The penetration depth of the582
velocity deficit is indicated by the black contour lines in figures 9(a,b), which correspond to583
5% of the maximum deficit. In agreement with the results in figures 8(a-c), this wall-normal584
penetration becomes larger moving in the spanwise direction away from the covering plates.585

The profiles of 𝑣+ in figures 8(d-f) demonstrate the occurrence of a significant downwash586
motion (i.e. 𝑣 < 0) distributed across the entire disc and extending towards the free stream.587
This wall-normal velocity is of opposite sign to that pertaining to a canonical TBL and, as588
indicated by the purple dotted lines, exceeds the value at the edge of the canonical TBL by589
an order of magnitude (𝑣+ = 0.05; Schlatter & Örlü 2010). The largest downwash motion of590
up to 𝑣+ = −0.5 occurs at 𝑦+ = 100 near the covering plates at 𝑧𝑑 = −0.056. This motion591
decreases along 𝑧𝑑 away from the covering plates, settling to 𝑣+ = −0.2 over the disc. The592
contour plots in figure 9(d,e) confirm that the downwash motion is less intense at 𝑧𝑑 = −0.44593
and occurs predominantly near the covering plates, i.e. it is largest at 𝑧𝑑 = −0.028. At this594
spanwise location, the downwash motion extends to 𝑦/𝛿99 = 0.8, with its peak centred at595
around 𝑦 = 0.016. This peak location coincides with the top side of the covering plate,596
where the plate is represented by the transparent grey region in figures 9(b,e). The top view597
at 𝑦 = 0.016 in figure 9(f) shows that the peak of the high-magnitude downwash motion598
forms a streamwise-aligned region with a narrow spanwise extent of −0.1 < 𝑧𝑑 < 0 near599
the covering plates. Local regions of 𝑣+ > 0 also exist. Shown in the top-view contour of600
figure 9(f) and in the profiles of figure 8(d), these regions occur at the disc edges, which may601
indicate an outflow from the 0.5-mm clearance gaps around the discs.602

Although the flow altered by the test-surface geometry is modulated by the disc motion603
as in the DNS study of Olivucci et al. (2021), most of the mean-flow modifications reported604
herein were not found in that study. The covering plates and the other geometrical features of605
the test surface, all absent in the DNS study, are therefore responsible for the main mean-flow606
changes, such as the streamwise-velocity deficit near the disc tips and the downwash motion607
near the covering plates.608

4.3.2. Roughness effects produced by the disc gaps and housings609

The large mean-streamwise velocity deficit reported in figures 8 and 9 is likely caused by a610
roughness-type effect as the flow evolves over the discs. As shown in figure 2, the flow departs611
from the hydrodynamically smooth regime because the radial gaps around the discs create612
local cavity flows, analogous to d-type roughness flows (Kadivar et al. 2021). Although the613
width of these gaps is physically small, 𝑟∗

ℎ
= 0.5 mm, it is not negligible when scaled in614

viscous units, namely 𝑟+
ℎ
= 25 − 42. For flows over rough surfaces, the roughness elements615

cause a momentum exchange involving the mean streamwise velocity, thereby producing616
a pressure drag. These effects occur in the inner layer, while an outer-layer similarity is617
typically retained for 𝛿𝜈 ≪ 𝑦 ⩽ 𝛿99 (Kadivar et al. 2021; Chung et al. 2021).618

The 𝑢+ profiles and momentum deficit contours in figures 8 and 9 are consistent with619
these roughness-flow characteristics. Near 𝑧𝑑 = 0, figure 9(b) reports that a large momentum620
deficit occurs at the leading edge of the disc, directly downstream of the disc clearance.621
Figures 9(a,c) instead show that, near the disc tips, the momentum deficit is more spatially622
distributed. The velocity deficit exists where the interaction between the flow and the surface623



21

zd = !0:44

y

0

0.1

0.2
(a)

-8 -6 -4 -2 0

u+ ! u+
0

zd = !0:028

y

0

0.1

0.2
(b)

y = 0:016 y+ = 70

xd

-0.5 0 0.5

z d

-0.4

-0.2

0

(c)

zd = !0:44

y
=/

9
9

0

0.5

1(d)

-0.6 -0.4 -0.2 0 0.2

v+

zd = !0:028

y
=/

9
9

0

0.5

1(e)

y = 0:016 y+ = 70

xd

-0.5 0 0.5
z d

=/
9
9

-2

-1

0

(f)

Figure 9: Contours of the disc-induced mean-flow (a-c) streamwise-velocity deficit and
(d-f) wall-normal velocity. 𝑥𝑑 − 𝑦 contours at (a,d) 𝑧𝑑 = −0.44 (𝑧∗

𝑑
= −40 mm), (b,e)

𝑧𝑑 = −0.028 (𝑧∗
𝑑
= −2.5 mm), and (c,f) 𝑥𝑑 − 𝑧𝑑 contours at 𝑦 = 0.016 (𝑦∗ = 1.5 mm).

The wall-normal height of (c,f) is indicated by the dash-dotted lines (a,b,d,e). The
coloured lines in (c,f) denote the spanwise location of (a,b,d,e) and match the title colour
accordingly. The dark grey regions in (a,b,d,e) represent the cross-section of the rotating

discs. The transparent grey regions in (b,e) represent the cross-section of the covering
plates. The light grey region in (c,f) indicates the cover. The black contour lines in (a-d)

indicate the 𝑦 location at which the flow modification penetrates and correspond to 5% of
the minimum value within the measurement volume, i.e.

0.05 · min[𝑢+ (𝑥, 𝑦, 𝑧) − 𝑢+0 (𝑥, 𝑦, 𝑧)] and 0.05 · min 𝑣+ (𝑥, 𝑦, 𝑧).

is particularly complex, characterised by a transverse shear layer between discs rotating in624
opposing directions and the roughness effect produced by a succession of clearance gaps.625

The stress at the wall, 𝜏∗𝑤,𝑟 , which now comprises a viscous component and a pressure-626
drag component, was determined via a modified composite fit that included a shift of the627
logarithmic layer (Δ𝑈) as an additional fitting parameter. This procedure is analogous to628
the Clauser chart method, validated in Appendix A of Knoop et al. (2025). The computed629
friction values are reported in table 3. While the total wall stress increases due to the630
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and denoted by the superscript ⊕. (b) Streamwise-velocity deficit profiles. The line
styles correspond to figure 8.

pressure-drag component, the viscous component 𝜇∗𝜕𝑢∗/𝜕𝑦∗ |𝑦∗=0 reduces relative to the631
flat-plate TBL because of the incurred velocity deficit, where 𝜇∗ is the dynamic viscosity.632
As shown in figure 10(a), when the [𝑢∗] profiles averaged over the disc surface are scaled633
by the local 𝑢∗

𝜏,𝑑
= 𝑢∗𝜏,𝑟 =

√︁
𝜏∗𝑤,𝑟/𝜌∗ over the discs (denoted by superscript ⊕), the typical634

characteristics of a roughness flow emerge. The profiles are self-similar and a downward635
shift characterised by the roughness function Δ𝑈⊕ = 3.2 is produced. Outer-layer similarity636
is also evident from the velocity deficit profiles in figure 10(b). This roughness function637
belongs to the intermediate roughness regime, with an equivalent sand-grain roughness of638
𝑘⊕𝑠 = 10 (Cebeci & Bradshaw 1977; Kadivar et al. 2021). The wall stress is increased by639
Δ𝜏𝑤,𝑟 (%) = 100 · (𝜏∗𝑤,𝑟/𝜏∗𝑤,0 − 1) = 28%, which constitutes the leading contribution to640
Δ𝐶𝐷,𝑁𝑅𝐷 = 6.5%. By multiplying this local wall-stress increase by the coverage ratio of641
the discs (0.3), an estimate for its integral effect is Δ𝜏𝑤,𝑟 = 8.5%. This change compares642
satisfactorily with Δ𝐶𝐷,𝑁𝑅𝐷 , considering that the influence of the disc motion and of the643
spatial development is excluded.644

4.3.3. Secondary-flow effects produced by the covering plates645

In order to study the impact of the downwash motion over the disc surface, we recall that,646
as noted in §4.1, the covering plates bear similarity to the streamwise-elongated rectangular647
roughness elements studied, for example, by Hwang & Lee (2018), Vanderwel et al. (2019)648
and von Deyn et al. (2021). The height of the covering plates is approximately 0.08𝛿∗99, as649
given in table 4. This relative height is comparable with the heights of roughness elements650
described in the literature. These investigations report that secondary streamwise vortices651
are induced near the top corners of the roughness elements. Elements with dimensions and652
spacings similar to our covering plates generate a secondary flow with a−𝑣∗ = 0.02−0.03𝑈∗

∞653
downwash motion on the valley side, a flow impingement on the vertical face of the element,654
and an upwash of comparable magnitude on the upper side of the element (Hwang & Lee655
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2018; Vanderwel & Ganapathisubramani 2015). The mean-flow topology near the edges of656
our covering plates, reported in figure 9, is similar to the secondary-flow pattern produced by657
the roughness elements, with a comparable downwash and wall-normal penetration depth of658
𝑦/𝛿99 = 0.8. Unlike the canonical flows over elongated rectangular elements, however, our659
flow is modulated along the streamwise direction because of the disc motion.660

Despite the streamwise modulation by the disc, the ridges introduce an intense spanwise661
inhomogeneity, which is the main cause of the formation of this Prandtl secondary flow of662
the second kind. This flow arises from spatial gradients in the Reynolds stress tensor and663
emerges even for slight spanwise heterogeneities (Bradshaw 1987; Anderson et al. 2015;664
Vanderwel & Ganapathisubramani 2015). Owing to the similarity between the two flows,665
it is plausible to expect an upwash motion of comparable magnitude on the top side of the666
cover. Similar secondary flows of comparable magnitude also form for rectangular ridges in667
internal channel flows, as reported by the DNS and experimental study of Frohnapfel et al.668
(2024). The downwash motion would therefore also occur if the test surface with the covering669
plates were utilised in the confined channel-flow configuration of Olivucci et al. (2021).670

For roughness elements as wide as our covering plates, Hwang & Lee (2018) and671
Wangsawijaya et al. (2020) report that the spanwise width of the secondary flow is confined672
between ±(0.5 − 0.7)𝛿∗99. The top view in figure 9(f) shows a similar pattern, i.e. the673
intense downwash motion only occurs over a small spanwise extent near the covering plates,674
−0.1 < 𝑧𝑑 < 0 (−0.5 < 𝑧𝑑/𝛿99 < 0). This result further supports the conjecture that the675
downwash motion is induced primarily by the secondary flow due to the covering plates.676
This secondary flow is also modulated by the disc flow there, which causes the streamwise677
inhomogeneous response of 𝑢 and 𝑣. In an outer-disc region towards the disc tip, where678
−0.5 < 𝑧𝑑 < −0.1, the less intense downwash motion, i.e. 𝑣+ = −0.2 shown in figure 9(f),679
is distributed across the disc surface. The influence of the covering plates is minimal in this680
region and the downwash motion is likely to be caused mainly by the disc rotation.681

4.4. Statistics of velocity fluctuations over a rotating disc682

In this section, the influence of the test surface and of the disc motion on the second-order683
turbulence statistics is presented. The wall-normal profiles of 𝑢′𝑢′

+, 𝑣′𝑣′+ and −𝑢′𝑣′+ at684
different locations are shown in figure 11, for the TBLs over the flat plate and over the685
rotating-disc surface. DNS data by Schlatter & Örlü (2010) are also shown at a similar686
Reynolds number 𝑅𝑒𝜏 = 830. For 𝑦+ < 200, all three measured quantities for the flat-plate687
case have a lower magnitude than those computed via DNS. This discrepancy is expected688
because of the spatial-averaging effect of the PIV, discussed in §3.2. The effects of the689
disc motion can nevertheless be evaluated by comparing the coloured solid lines for the690
rotating-disc case to the black dashed lines for the flat-plate case.691

4.4.1. Modification of streamwise and wall-normal velocity fluctuations692

Figure 11(c) shows that, at 𝑧𝑑 = −0.056, i.e. at locations close to the covering plates,693

the streamwise-velocity variance 𝑢′𝑢′
+ is enhanced on the upstream side of the disc for694

𝑦+ < 200. The profile at (𝑥𝑑 , 𝑧𝑑) = (0.35,−0.056) is instead in close agreement with the695
flat-plate profile, while the profile at (𝑥𝑑 , 𝑧𝑑) = (0,−0.056) shows a reduction. Figure 11(b)696

reports that, at (𝑥𝑑 , 𝑧𝑑) = (0,−0.22), a reduction of 𝑢′𝑢′+ occurs for 𝑦+ < 200. Figure 11(a)697

shows that, near the disc tips and between discs, an enhancement of 𝑢′𝑢′
+ occurs at any698

wall-normal location. To evaluate the spatial coherence of the turbulent fluctuations, the699
two-point covariance is computed,700

𝑅𝑢𝑢 (𝑥, 𝑦) = 𝑢′ (𝑥, 𝑦)𝑢′ (𝑥𝑟𝑒 𝑓 , 𝑦𝑟𝑒 𝑓 ). (4.2)701
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Figure 11: Wall-normal profiles of turbulent stresses, viscous scaled with 𝑢∗
𝜏,𝑑

of the
flat-plate, of (a-c) streamwise normal stresses, (d-f) turbulent wall-normal normal stresses,

and (g-i) Reynolds shear stresses. The dashed boxes in (g-i) show the near-wall region
where the Reynolds shear stresses are reduced. Their (𝑥𝑑 , 𝑧𝑑) locations are marked by the
circles in the schematics in the left column. The layout and the line styles correspond to

figure 8.

The covariance is computed at 𝑦+
𝑟𝑒 𝑓

= 30 at seven streamwise locations and is scaled702

in viscous units to quantify both the change in the covariance intensity and its spatial703
organisation. Figure 12 shows 𝑅+

𝑢𝑢 at 𝑧𝑑 = −0.028, which quantifies the intensity of the704
near-wall turbulent streaks. Figures 12(a,b) compare the data for flat-plate TBL with the705
TBL over the rotating disc, while figure 12(c) quantifies the streamwise coherence via706
𝑅+
𝑢𝑢 (𝑥𝑑 , 𝑦+𝑟𝑒 𝑓 = 30) lines. Consistent with figure 11(c), when the disc is in motion, the707

variance is intensified in the upstream part (i.e. 𝑥𝑑 < 0), while the largest reduction occurs in708
the central region of the disc. When 𝑥𝑑 > −0.25, the disc motion also renders the structures709
more compact along both the streamwise and wall-normal directions.710

The wall-normal-velocity variance 𝑣′𝑣′
+ shows slight deviations from the TBL over the711

flat plate across most of the disc surface, as shown in figures 11(e,f). Figure 11(d) reveals712
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Contour for the flat-plate case. (b) Contour for the rotating-disc case at 𝑧𝑑 = −0.028. (c)

Streamwise profiles at 𝑦+ = 30 for the flat-plate (dashed line) and rotating disc (solid line)
cases. Black and grey rectangles denote the flat-plate and the disc surfaces.

that, towards the disc tips, the variance 𝑣′𝑣′
+ is strongly enhanced. This result is consistent713

with the localised mean outflow 𝑣 > 0 from the clearance gaps, as shown in figure 9(f). The714

strong enhancement of 𝑣′𝑣′+ near the disc edges (light and dark lines in figure 11d) may715
also indicate an unsteady transpiration through the gaps that would enhance the wall-normal716
velocity variance. As the profiles of the streamwise and wall-normal velocity fluctuations at717
𝑧𝑑 = −0.39, displayed in figures 11(a,d), both increase by more than 100% at some wall-718
normal locations, the spanwise-averaged variances, indicated by the grey dash-dotted lines,719
exceed the flat-plate reference values.720

4.4.2. Modification of Reynolds shear stresses and drag-reduction effect721

The primary drag-reduction mechanism advanced in the DNS studies of wall turbulence over722
rotating discs is an overall reduction of the Reynolds stresses − [𝑢′𝑣′] (Ricco & Hahn 2013;723
Wise & Ricco 2014; Olivucci et al. 2021). The terminology Reynolds stresses is hereafter724
adopted for the Reynolds shear stresses. While these numerical studies demonstrate a local725
increase in Reynolds stresses −𝑢′𝑣′ near the disc tips due to the interaction of wall turbulence726
with the high-shear flow between adjacent discs, the enhancement is offset by an intense727
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attenuation of the stresses over the disc surface. The disc motion is therefore beneficial and728
an overall drag-reduction effect occurs.729

Analogous to these DNS studies, figure 11(g) shows that −𝑢′𝑣′+ increases near the disc730
tips, where the shear between rotating discs is intense. This enhancement is more significant731
than in the DNS studies, confirming the roughness effect caused by the clearance gaps, as732

discussed in §4.3.2. Figures 11(g-i), however, also show that a significant reduction in −𝑢′𝑣′+733
occurs near the rotating-disc surface at various locations. These locations are indicated by734
the circled dots in the schematics in the left column of figure 11. The Reynolds stresses735
in figure 11(i) are attenuated near the covering plate at (𝑥𝑑 , 𝑧𝑑) = (0.35,−0.056), where736
the disc moves towards the covering plate. The profiles in figure 11(h) at 𝑧𝑑 = −0.22, i.e.737

centrally on the disc, show an attenuation up to −Δ𝑢′𝑣′+ = −0.4 that extends to 𝑦+ = 200738
at all three streamwise locations. The Reynolds stresses in figure 11(g) show a reduction for739
𝑦+ < 50 only at (𝑥𝑑 , 𝑧𝑑) = (0,−0.39), i.e. in a central position on the disc surface. These740
results demonstrate that, notwithstanding the − [𝑢′𝑣′] enhancement due to the roughness741
effects, the rotation also causes a near-wall reduction of Reynolds stresses on the central part742
of the disc, providing the first experimental proof of the drag-reduction mechanism discussed743
in the DNS study of Olivucci et al. (2021).744

Due to the three-dimensional flow caused by the discs, modifications of the Reynolds stress745
tensor and the coherent flow structures are expected (Moin et al. 1990; Lozano-Durán et al.746
2018). Figure 13 shows contours and profiles of the 𝑅+

−𝑢𝑣 covariance, computed as747

𝑅−𝑢𝑣 (𝑥, 𝑦) = −𝑢′ (𝑥, 𝑦)𝑣′ (𝑥𝑟𝑒 𝑓 , 𝑦𝑟𝑒 𝑓 ), (4.3)748

which represents the drag-producing structures, in the proximity of the covering plates at749
𝑧𝑑 = −0.028. When the disc is in motion, the covariance magnitude is intensified by up to750
50% in the upstream part, remains unvaried near the centre of the disc and is attenuated in751
the downstream part. The spatial coherence is intensely reduced by the disc motion, by up to752
half relative to the flat-plate case in both the 𝑥 and 𝑦 directions. This result provides strong753
evidence in support of the mechanism that the disc motion dampens the drag-producing754
turbulent structures.755

Figures 14(a-c) show the contours of the Reynolds stresses and figures 14(d-f) show the756
contours of the difference between these stresses in the rotating-disc case and the stresses757
in the flat-plate case. In the 𝑥𝑑 − 𝑦 plane near the disc tips, figures 14(a,d) confirm that the758
surface-roughness effect and the shear between adjacent discs contribute to the enhancement759

of −𝑢′𝑣′+ in the bulk of the flow. In agreement with the profile at (𝑥𝑑 , 𝑧𝑑) = (0,−0.39),760
shown in figure 11(g), the Reynolds stresses are, however, reduced in the central part of the761
disc and close to the surface, i.e. for 𝑦+ < 35.762

The streamwise modulation of the Reynolds stresses due to the disc motion is clear in763
the plane at 𝑧𝑑 = −0.028, shown in figures 14(b,e). On the downstream half of the disc, i.e.764
𝑥𝑑 > 0, where its motion is towards the covering plate, the Reynolds stresses are attenuated765

by a maximum −Δ𝑢′𝑣′+ = −0.3 up to 𝑦+ = 150, confirming the result of figure 13. The766
modification of the Reynolds stresses is in good agreement with that reported by Olivucci767

et al. (2021), who also show a reduction of −Δ𝑢′𝑣′+ = −0.2 distributed over the half-disc,768
with a wall-normal penetration of 𝑦+ = 80.769

Figures 14(c,f) show the Reynolds stresses and their attenuation in an 𝑥𝑑 − 𝑧𝑑 plane at770
𝑦+ = 40 (this wall-normal location is indicated by the dash-dotted line in panels (a,b,d,e)).771
The region where the stresses reduce extends over nearly the entire half-disc surface, as772
marked by the enclosed dashed line in figure 14(f). The results of figure 14(f) further773
confirm that the disc motion induces the indirect drag-reduction mechanism based on the774
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Figure 13: Spatial distribution of the two-point covariance 𝑅+
−𝑢𝑣 , defined in (4.3). White
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= 30.
(a) Contour for the flat-plate case. (b) Contour for the rotating-disc case at 𝑧𝑑 = −0.028.
(c) Streamwise profiles at 𝑦+ = 30 for the flat-plate (dashed line) and rotating disc (solid

line) cases. Black and grey rectangles denote the flat-plate and the disc surfaces.

Reynolds-stress reduction, as put forward by Olivucci et al. (2021). The top view of −Δ𝑢′𝑣′+775
at 𝑦+ = 40 reveals that, near the covering plate and in the upstream part of the disc, a776

narrow spanwise region of −Δ𝑢′𝑣′+ > 0 occurs. This enhancement is qualitatively similar to777
the spatial distribution of skin-friction drag reduction reported in Olivucci et al. (2021) in778
their figure 13c. Analogous to our experimental results, Olivucci et al. (2021) found a thin,779
streamwise-stretched region of drag increase in the upstream part, i.e. 𝑥𝑑 < 0, where the disc780
moves away from the covering geometry.781

4.5. Elnahhas-Johnson skin-friction budget for flow over a rotating disc782

The impact of the test surface and disc rotation on the terms in the EJ identity (3.18) is783
discussed. Figure 15 presents the effect of the disc rotation on the EJ terms at 𝑅𝑒𝜏,𝑑 = 900,784
normalised by 𝐶 𝑓 ,𝑑/2 of the flat-plate TBL. The momentum thickness Reynolds number is785
𝑅𝑒𝜃,𝑑 = 2640 − 2850 across the field of view, which gives 𝑙 (𝑥) ≈ 0.1. Our choice of 𝑙 (𝑥)786
affects the comparison between the flat-plate and rotating-disc cases. Using 𝑙 (𝑥) = 4.54𝜃0(𝑥),787
i.e. the same flat-plate reference 𝜃0 for both cases, highlights absolute changes with respect788
to the flat-plate TBL. Using the respective 𝜃 of each case, 𝑙 (𝑥) = 4.54𝜃 (𝑥) accounts for the789
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differences in TBL development by comparing to laminar boundary layers at equivalent 𝑅𝑒𝜃790
(Elnahhas & Johnson 2022). Figures 15(a,c) show the EJ budget terms for these choices of791
𝑙 (𝑥). The dashed lines denote the flat-plate data, while the solid lines denote the rotating-disc792
data.793

4.5.1. Validation of skin-friction budget for flow over the flat plate794

The terms of the EJ identity computed using our experimental data agree very well with the795
terms computed by EJ, shown in their figures 9 and 10. They used numerical data for TBL796
from H-type and bypass transition simulations (Lozano-Durán et al. 2018; Zaki 2013; Wu797
et al. 2017) and from fully-turbulent recycling-rescaling simulations (Sillero et al. 2013).798
Figure 15(b) shows the quantitative agreement between our results and those of EJ based799
on the numerical data of Wu et al. (2017) at a comparable Reynolds number 𝑅𝑒𝜃 = 2630.800
The deviations are due to the experimental uncertainty, as discussed in §3.2. The term801
N𝑦 displays the largest streamwise variation as expected because of the large uncertainty802
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associated with the computation of [𝑣]. Its streamwise-averaged value is nevertheless almost803
null, in agreement with N𝑦 = 0.1 computed by EJ. The term N𝑥 = −0.2 is streamwise804
independent and matches the value computed by EJ very well. Our term T is close to805
unity, thus matching the values reported by EJ, i.e. T = 1 for the transition simulations806
(Lozano-Durán et al. 2018; Zaki 2013; Wu et al. 2017) and T = 1.05 for recycling-rescaling807
simulations (Sillero et al. 2013). Figure 15 also shows that the pressure-gradient term P𝑥 is808
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small, of the order of L, because of the minimal variation of 𝑈∞(𝑥) along the streamwise809
direction.810

4.5.2. Skin-friction budget for flow over a rotating disc811

The effect of the discs relative to the flat-plate reference, based on 𝑙 (𝑥) = 4.54𝜃0(𝑥), is812
shown in figure 15(a). In the rotating-disc case, the direct-slip term S = −L(𝑈𝑤/𝑈∞)is813
negligible compared to the other terms because both its contributing terms are small, i.e. the814
slip velocity is (𝑈𝑤/𝑈∞) = 0.07 and the laminar term is L = 0.06, as discussed in §4.2. The815
effect of P𝑥 remains small for the flow over the discs.816

The non-parallel term N𝑦 is significantly enhanced when the discs are in motion. The817
streamwise-velocity deficit 1 − [𝑢] and the negative wall-normal velocity [𝑣], engendered818
by the complexity of the test surface as discussed in §4.3.1, cause N𝑦 to increase in absolute819
value, thus contributing to the drag-reduction effect reported by the purple symbols in820
figure 5(b). The streamwise inhomogeneity of N𝑦 is related to the large-scale modulation821
produced by the disc motion. In absolute value, it is large when the disc moves spanwise822
away from the covering plates, for 𝑥𝑑 < 0, and it reaches its smallest value along the823
streamwise direction when the disc moves spanwise towards the covering plates, for 𝑥𝑑 > 0.824
This significant streamwise flow dependence was not observed in the DNS simulations of825
Olivucci et al. (2021), where the covering plates were absent.826

Hwang & Lee (2018, in their figure 11) also reported a wall-shear stress that is lower than827
the overall averaged shear stress near the lower parts of their roughness elements, due to the828
secondary streamwise-elongated vortices forming near the edges of the elements. They also829
found a larger wall-shear stress than the overall average over the horizontal upper sides of the830
roughness elements. This increase offsets the reduction on the lower side, causing an overall831
drag increase. Because of the similarities between these two flows, a friction enhancement is832
also likely to occur over the top part of our covering plates (𝑧𝑑 > 0). This effect is, however,833
not quantified in the EJ budget because the covering plates are not part of the domain of834
integration. The overall balance would thus result in a drag increase, documented by the835
positive Δ𝐶𝐷,𝑐𝑜𝑣𝑒𝑟 in figure 5 and discussed in §4.1.836

The Reynolds-stress term T is enhanced in figure 15(a), implying that the overall change837
of the Reynolds stresses increases the drag with respect to the flat-plate case. This result838
contrasts with the findings from numerical investigations of actively and passively rotating839
discs, i.e. the decrease in − [𝑢′𝑣′] is the primary mechanism of drag reduction (Ricco &840
Hahn 2013; Wise & Ricco 2014; Olivucci et al. 2019, 2021). As amply discussed in §4.4.2,841
the increase of the Reynolds stresses arises from the test geometry, i.e. the covering plates,842
the disc housings and the radial gaps between the discs and their housings, all features that843
are absent in the idealised configuration considered in the DNS studies. Figure 15(a) further844
shows that the negative N𝑥 is enhanced by an amount similar to that of T with respect to the845
flat-plate case.846

Figure 15(c) reveals how using 𝑙 (𝑥) = 4.54𝜃 (𝑥) instead adjusts the budget terms for847
dissimilarities in streamwise growth. The terms T and N𝑥 in the rotating-disc case display848
a good agreement with the respective flat-plate data when scaled in this way. This result849
indicates that the enhancement of T due to the roughness effect in figure 15(a) is largely850
cancelled by the increase in streamwise boundary-layer growth and is similar to the flat-plate851
T when differences in streamwise-development (i.e. 𝑅𝑒𝜃 ) are accounted for. The qualitative852
trend in the other budget terms remains unvaried. These results highlight the importance of853
understanding the choice of the length scale 𝑙 (𝑥) when interpreting EJ identity results in854
non-canonical cases.855

The wall-transpiration term V𝑤 in (3.18) has a negligible impact on the balance because856
𝑣(𝑦 = 0) is estimated to be less than 0.05 at 𝑦 = 0.016 (figure 9f) and the spanwise extent857
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of the disc clearance is much smaller than the spanwise interval of integration. The velocity858
𝑢(𝑦 = 0), estimated to be comparable to the disc tip velocity, does not impact the computation859
of V𝑤 because it is much smaller than unity.860

5. Summary861

In this study, we have extended the proof-of-concept of a single passively rotating disc862
developed by Koch & Kozulovic (2013) by investigating the effect of thirty-two passively863
rotating discs on spatially developing turbulent boundary layers. The discs were flush to the864
wall surface and mounted on bearings located in internal housings. Spanwise halves of the865
discs were covered by thin plates. The discs were set in steady motion by the torque exerted866
by the surface-integrated wall-shear stress of the turbulent boundary layer flowing on the867
exposed parts of the discs.868

We used direct force measurements, velocity measurements of the disc rotation and869
spatially resolved PIV velocity measurements to study how the disc motion contributes870
to the drag change over the test surface. The drag-modifying mechanisms were elucidated871
further by extending the skin-friction identity discovered by Elnahhas & Johnson (2022) to872
our passively-rotating disc case. The drag measurements, conducted in the range 𝑅𝑒𝜏,𝑎𝑣𝑔 =873
880 − 1460, revealed that the disc motion causes a 3% drag reduction with respect to the874
turbulent flow over the test surface with stationary discs. This result is the first experimental875
proof that rotating discs can reduce drag. The test surface, however, causes the overall drag876
to increase with respect to the flat-plate boundary layer. The drag increase is attributed to the877
secondary flow caused by the covering plates and to a roughness effect produced by the disc878
housings, specifically by the clearance gaps around the discs. The direct disc-slip contribution879
to the change in drag, computed using the Elnahhas-Johnson identity, is negligible, implying880
that the drag reduction is caused indirectly via a modification of the near-wall turbulence.881
The covariances of the velocity fluctuations and the Reynolds stresses are enhanced in the882
proximity of the disc tips because of the roughness effect and the shear between adjacent883
discs. The overall increment of the Reynolds stresses is responsible for the drag increase, as884
quantified by the related integral term in the Elnahhas-Johnson identity. Despite the overall885
drag increment by the Reynolds stresses, reductions in magnitude and spatial coherence of886
the Reynolds stresses were measured near the disc surface in the central part of the disc,887
proving that the disc motion alters the wall turbulence beneficially.888

The flow over the rotating-disc surface causes a strong mean-flow modulation along the889
streamwise and spanwise directions. These flow changes were not reported in previous890
numerical studies simulating idealised flow configurations because the covering plates and891
disc housings were absent. An intense downwash motion near the covering plates contributes892
to a large local drag-reducing effect via a term in the Elnahhas-Johnson identity that is related893
to the wall-normal transport of momentum deficit. Since the flow over the covering plates894
resembles the secondary flow over streamwise-aligned rectangular ridges, this downwash895
motion is expected to be counteracted by an upwash motion on top of the covering plates.896
Away from the covering plates and in the central part of the disc, where the influence of897
the secondary flow is negligible, a less intense downwash motion occurs in concurrence898
with the near-wall reduction of the Reynolds stresses, which is responsible for a distributed899
drag-reducing effect.900

Our study emphasises the importance of considering the geometry required for implement-901
ing the passively rotating discs. Several open questions remain regarding the flow physics902
attributed to the test surface. These include the interaction between the near-surface disc flow903
and the secondary flow over the covering plates, and the drag-reduction effect produced by904
the reduction of Reynolds stresses. It would also be of interest to measure the streamwise905
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and spanwise pressure gradients within the shear flow induced by the disc rotation on the906
disc surfaces and between discs. Future work should also involve measurements of the907
spanwise velocity for the accurate computation of terms N𝑧 and I𝑧 in the Elnahhas-Johnson908
identity in order to obtain the full skin-friction budget. Direct numerical simulations of the909
flow engendered by the complete test surface would be a useful tool to obtain full three-910
dimensional flow fields.911

The drag penalties produced by the disc housings and the covering plates are of the same912
order as the 3% drag reduction caused by the disc motion. This result is promising given913
that, for typical active control methods, the actual power requirement exceeds the beneficial914
power savings by several orders of magnitude. Future work should focus on understanding915
the mechanisms that cause the drag enhancement and reduction with a view to optimising the916
design and reducing the added drag given by the secondary flows and the roughness effects.917
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von Kármán, T 1921 Über laminare und turbulente reibung. Zeitschrift für Angewandte Mathematik und990
Mechanik 1 (4), 233–252.991

Keefe, L. 1997 A normal vorticity actuator for near-wall modification of turbulent shear flows. In 35th992
Aerospace Sciences Meeting and Exhibit, p. 547.993

Kempaiah, K.U., Sem, J. & Baars, W.J. 2022 Large-scale flow organization of wall-bounded turbulence994
over flush-mounted rotating discs. In 12th International Symposium on Turbulence and Shear Flow995
Phenomena (TSFP12) Osaka, Japan.996

Klewicki, J.C. & Hill, R.B. 2003 Laminar boundary layer response to rotation of a finite diameter surface997
patch. Phys. Fluids 15 (1), 101–111.998

Knoop, M.W., Deshpande, R., Schrijer, F. F. J. & van Oudheusden, B. W. 2025 Response of a turbulent999
boundary layer to steady, square-wave-type transverse wall-forcing. Phys. Rev. Fluids 10 (6), 064607.1000

Knoop, M.W. & Ricco, P. 2026 Dataset underlying the publication: Turbulent skin-friction drag reduction1001
by passively rotating discs.1002
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