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ABSTRACT9

Turbulence structures in flow over three types of wall roughness: sand-grain, cube10

roughness and a realistic, multi-scale turbine-blade roughness, are compared to11

structures observed in flow over a smooth wall in open channel flow at Reτ = 1000,12

using direct numerical simulations. Two-point velocity correlations, length scales, in-13

clination angles, and velocity spectra are analyzed. Townsend’s outer layer similarity14

hypothesis [1] is found to apply to: i) single-point statistics; ii) the general pattern of15

two-point velocity correlation isocontours, including the average structural inclina-16

tion; iii) velocity spectra; iv) helicity; and v) the average shape of turbulent eddies.17

However, it is found that the hypothesis does not apply to two-point correlations18

of streamwise velocity and length scales of energy-containing motions in the outer19

boundary layer at the Reynolds numbers of this study. Results from linear stochas-20

tic estimation suggest that, near the wall, the quasi-streamwise vortices observed21

in smooth-wall flow are present in the large-scale recessed regions of multi-scale22

roughness, whereas they are replaced by a pair of ‘head-up, head-down’ horseshoe23

structures in sandgrain and cube roughness, similar to those observed by Talapatra24

and Katz [2]. The configuration of conditional eddies near the wall suggests that25

the kinematical process of vortices differ for each kind of rough surface. Eddies over26

multiscale roughness are conjectured to obey a growth mechanism similar to those27

over smooth walls, while around the cube roughnessthe head-down horse-shoe vor-28

tices of Talapatra and Katz [2] may undergo solid-body rotation on top of a cube29

roughness on account of the strong shear layer, shortening the longitudinal extent30

of near-wall structure and promoting turbulence production during this process.31

Near the wall, the inclination angles, based on contours of two-point velocity cor-32

relations, were significantly increased by the presence of roughness, regardless of33

its texture. For cube roughness, profiles of velocity spectra exhibit dips and peaks34

at particular wavenumbers on account of the surface periodicity. The multi-scale35

roughness flow shares some features of a smooth-wall buffer-layer flow inside the36

roughness sublayer, such as higher energy spectral densities at low wave numbers,37

an anisotropic vorticity tensor with strong ωz and prevalence of pairs of counter-38

rotating inclined streamwise vortices. On the other hand, flows near sand-grain and39

cube roughness appear to have broken down the streaky motions and their vorticity40

is more isotropic. These results illustrate the sensitivity of turbulence structure to41

the roughness texture, particularly within the roughness sublayer.42
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1. Introduction45

1.1. Literature review46

The processes that are essential to sustain turbulence in boundary layers take place47

close to the wall where the mean shear is high. The turbulent structure responsible for48

these physical processes [3] have been examined extensively, which has led to improved49

understanding of turbulence in flows over both smooth and rough surfaces. For smooth50

walls, this field of study is well established, though it continues to develop in new51

directions. Some seminal studies in the field include, but are not restricted to, analysis52

of two point correlations [1], linear stochastic estimation [4], instability analysis [5],53

mechanisms for generation of coherent packets of hairpins [6], evolutionary behavior54

of coherent motions [7], and turbulent spot identification [8]. Readers are referred to55

the monogram by Tardu [9] for a comprehensive review of different methods used to56

analyze these structures in turbulent flows.57

Turbulent structure over rough surfaces has been investigated extensively in previ-58

ous studies, for a variety of different roughness topographies such as cubical elements59

[10], turbine blade roughness [11], 2D bars [12], pyramids [2] and 3D sinusoidal surfaces60

[13]. For a distributed pyramid roughness, Talapatra and Katz [2] found experimental61

evidence of interacting U-shaped vortices of the scale of the pyramid in the roughness62

sublayer (RSL). Chan et. al. [13] showed that for 3D sinusoidally varying surfaces,63

the energy contained in larger structures was redistributed to those of the wavelength64

of the surface, in the vicinity of its crests. Krogstad and Antonia [14] performed ex-65

periments on boundary layer flows over k-type rough surfaces: the high sensitivity of66

values of v′rms and u′v′ to the wall texture led them to postulate that active motions67

were strongly dependent on the geometry of the rough wall.68

Many rough surfaces found in nature are multiscale or fractal-like [15]. Several69

recent studies on how multiscale roughness textures affect turbulence have focused70

on the frictional drag and turbulence statistics within the roughness sublayer. It has71

been found that the drag scales predominantly on wall-normal turbulence fluctuations72

at the elevation of the roughness crest [16, 17], and that surface roughness at longer73

wavelengths does not play a significant role in drag production [18]. For turbine-74

blade surfaces [19], filtered graphite surfaces [20], and other dissimilar random surface75

roughnesses [17], it has been shown that the anisotropies of the Reynolds and dispersive76

stress tensors are texture-dependent. In general, Townsend’s similarity hypothesis has77

been observed to apply to these statistics, provided that the ratio of boundary-layer78

to sublayer thickness was large and that the Reynolds number is sufficiently high.79

For many rough surfaces, only statistical inferences of effects of roughness on the80

flow have been made, and those studies on turbulence structure focused mostly on81

particular types of roughness topography, with few studies on multiscale roughness.82

Relatively little is understood about turbulent structure and coherent motions over83

different types of rough surfaces, and how their modification by synthetic and realistic84

wall roughnesses might differ.85

1.2. Objectives86

The present study is intended to provide a more comprehensive understanding of87

turbulence structures in fully-developed channel flows over rough walls. The main88

objectives are first to explore how roughness modifies turbulent coherent motions in89

flows over rough walls, and second to compare the behavior of these motions in flow90
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over a realistic rough surface and in flow over a ‘standard’ roughness. The realistic91

surface is characterized by multiple scales/wavelengths of roughness while a standard92

roughness, made up of distributed elements of similar shapes, is described by a single93

or narrow set of dominant wavelengths. To this end, turbulent flow over a flat surface94

with the roughness of a production hydraulic turbine blade is simulated and compared95

with flow over a smooth wall and over two other quite different rough surfaces: sand-96

grain and cube roughness. Flows in both the roughness sublayer and the outer layer97

are examined and two-point velocity correlations, length scales, inclination angles,98

velocity spectra, vorticities, and helicities are analysed. Linear stochastic estimation is99

employed to explore the average behavior of instantaneous vortical motions in those100

regions and their dependence on roughness topography.101

An understanding of how roughness modifies turbulence structures can also provide102

important insights into modeling and control of turbulence in both equilibrium and103

non-equilibrium (accelerating/decelerating) flows over rough walls, though it is recog-104

nized that, in non-equilibrium turbulent flows, some effects of roughness can propagate105

throughout the entire boundary layer, in which case equilibrium wall-similarity scal-106

ings may not apply.107

2. Methodology108

2.1. Governing equations109

Direct numerical simulation is used to solve the incompressible, constant-property
continuity and Navier-Stokes equations for a Newtonian fluid. The equations in indicial
notation are

∂ui
∂xi

= 0, (1a)

∂ui
∂t

+
∂uiuj
∂xj

= − ∂P
∂xi

+ ν
∂ui

∂xj∂xj
+ Fi, (i, j = 1, 2, 3) (1b)

where x1, x2 and x3 (or x, y, z) are the streamwise, wall-normal and spanwise directions110

respectively, the corresponding velocity components are u1, u2 and u3 (or u, v, w),111

P = p/ρ is the modified pressure, ρ is the fluid density and ν is the kinematic viscosity.112

The body force Fi is added to the right-hand side of the momentum equations to113

impose boundary conditions at a rough surface using the immersed boundary method114

[21]. Details of the implementation and validation of this method are provided in Yuan115

and Piomelli [22, 23]. A second-order central-difference scheme was used for spatial116

discretizations, and a second-order Adams-Bashforth semi-implicit time advancement117

was employed to solve equation (1) on staggered grids. The numerical solver used MPI118

parallelization and has been validated for turbulent flow simulations [24].119

A double-averaging decomposition [25] was used to calculate statistical quantities120

within the roughness sublayer, where the flow is spatially heterogeneous. In this rep-121

resentation, the instantaneous value of a flow variable θ is decomposed into three122

components,123

θ(x, t) =
〈
θ
〉
(y) + θ′(x, t) + θ̃(x). (2)

Here θ is the time- or Reynolds-averaging operator, and
〈
θ
〉

= 1
Af

∫
Af
θdA, where Af124
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Sand grain (SG)

Turbine-blade surface (TB)

- Channel half height

Cube surface (CB)

Figure 1. Simulated rough surfaces. The figures show a portion of δ × δ in the x-z plane.

Table 1. Geometric parameters of rough surfaces. Ra =
〈∣∣k−〈k〉∣∣〉

is the first-order moment of height fluctuations; krms, root-mean-

square of height; sk, skewness; ku, kurtosis; ESxi , effective slope in
the xi direction.

Surface kc/δ Ra/δ krms/Ra sk ku ESx ESz

SG 0.09 0.014 1.05 0.48 2.97 0.43 0.44
TB 0.12 0.014 1.17 0.20 3.49 0.10 0.08
CB 0.07 0.014 0.36 2.45 7.01 - -

is the area occupied by fluid, and so is the intrinsic spatial averaging operator in the125

homogeneous x and z directions. The Reynolds fluctuating component is θ′ = θ − θ126

and the dispersive fluctuating component is θ̃ = θ −
〈
θ
〉
.127

2.2. Surface roughness128

The three types of wall roughness considered in this study are shown in Figure 1. For129

all rough cases, the y origin is set at the lowest trough of the surface. The sand-grain130

roughness (SG) [21] comprises densely packed, randomly oriented ellipsoidal elements131

of the same shape, with semi-axis lengths of (λ1, λ2, λ3) = (1.0, 0.7, 0.5)kc, where kc132

is the roughness crest height. The turbine blade roughness (TB) is the surface S4 of133

Yuan and Piomelli [19], mirrored once with respect to both the x and z directions to134

accommodate periodic boundary conditions. It features surface lengthscales in x and135

z which exceed the channel half-height δ. The cube roughness (CB) was generated by136

homogeneous duplication of a cube element in the x and z directions with steps of137

λCB = 3kc to yield a k-type roughness [26]. Characteristic geometric parameters of138

these three rough surfaces are displayed in Table 1. Each surface has the same first-139

order moment of height fluctuation Ra = 0.014δ, a crest height of roughly 0.1δ, and a140

positively skewed height distribution (sk > 0). The effective surface slope ESxi [27] is141
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Figure 2. Surface height power spectra for CB (left), SG and TB (right) roughnesses.

Table 2. Simulation parameters.

Reτ Reb k+s yR/δ d/δ (Lx, Lz)/δ (ni, nj , nk) (∆x+,∆y+min,∆z
+) Cd × 103

SM 1000 20000 (6, 3) (512, 256, 512) (11.7, 0.3, 5.8) 2.5
SG 1000 11200 78 0.12 0.044 (6, 3) (1024, 236, 512) (6.0, 0.7, 6.0) 8.0
TB 1000 14400 24 0.14 0.058 (13, 13) (1024, 259, 1024) (13.0, 0.8, 13.0) 4.8
CB 1000 10900 96 0.10 0.039 (6, 3) (1024, 373, 512) (6.0, 0.8, 6.0) 8.4

Superscript + indicates normalization in wall units, δν = ν/uτ , friction velocity uτ =
√
τw/ρ, Ly = δ, zero-plane

displacement height is d, drag coefficient Cd = (uτ/Ub)
2, Reτ = uτ δ/ν, Reb = Ubδ/ν and bulk velocity is Ub.

defined as142

ESxi =
1

LxLz

∫
Lx,Lz

∣∣∣∣∂k(x, z)

∂xi

∣∣∣∣dzdx, (3)

where k(x, z) is the local height of the surface, and differs appreciably for these three143

surfaces. The value of ESxi for TB roughness is half that for SG roughness. The ES144

values for the CB roughness is not compared due to its value being locally infinity.145

The probability density functions (PDFs) of the local surface gradients ∂k/∂xi, for146

SG and TB roughness, are given in Yuan and Aghaei Jouybari [28], where it is shown147

that gradients steeper than 14◦ in inclination to the horizontal plane occur more fre-148

quently in SG roughness than in TB roughness. The CB roughness has the steepest149

local surface gradients. Streamwise and spanwise power spectra of these surface height150

variations are shown in Figure 2. They feature spikes at κr = 2π/λCB for CB rough-151

ness, distinct peaks at κr = 2π/λ1 for SG roughness, and an extended region with a152

slope of roughly −2 for TB roughness. We therefore characterize both the CB and SG153

surfaces as spiky surfaces (in terms of its spectral shape, other than physical shape)154

and the TB surface as fractal [29] surfaces, respectively.155

2.3. Simulation parameters156

The parameters used in these simulations are shown in Table 2. All simulations were157

carried out at Reτ = 1000 using ni, nj and nk grid points in streamwise (x), wall-158

normal (y) and spanwise (z) directions, with corresponding domain sizes of Lx, Ly159

and Lz. The choice of the same value of Reτ for all simulations provided a good160
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Figure 3. Mean streamwise velocity profiles in wall units. Smooth-wall experimental data are from Schultz

and Flack [33].

basis for comparison between rough- and smooth-wall flows at a moderate Reynolds161

number. According to their respective roughness Reynolds number, k+
s (to be quan-162

tified later), all rough cases are in the fully-rough regime according to the findings of163

Yuan and Piomelli [19] for SG and TB roughness, and the k-type roughness studies164

of Bandyopadhyay [30, fully rough when k+
s > 50] for CB roughness. This indicates165

that the near-wall mean-flow patterns are fully developed, not modified by a further166

increase of k+
s . As such, the difference in turbulent structure identified in this study is167

considered predominantly a result of the difference in roughness geometry, other than168

the difference in k+
s . The grid points were distributed uniformly in the streamwise169

and spanwise directions. In the wall-normal direction, they were spaced uniformly for170

y < kc but stretched for y > kc with larger grid sizes farther from the wall. For all171

simulations, the grid sizes (∆x,∆y,∆z)/η, where η is the Kolmogorov length scale172

(see Figure 8b), were less than 11 in the x and z directions and much smaller in the173

wall-normal direction. Based on the observation of Moser and Moin [31], scales smaller174

than 15η contributed predominantly to turbulent dissipation. Therefore the grid res-175

olutions used in the current study are small enough to resolve the dissipative scales.176

In these half-channel simulations, periodic boundary conditions were imposed in the x177

and z directions, and symmetry and no-slip boundary conditions were applied at the178

top and bottom boundaries respectively. After the initial transient of the simulation179

was completed, data were collected for statistical analysis over a simulation time of180

10-50 large-eddy turnover times (T ≈ δ/uτ ).181

2.4. Statistics of mean velocity of turbulence182

The roughness sublayer height yR is defined as the entire near-wall layer with non-183

negligible form-induced velocities. yR is quantified as the location where
〈
ũ2
〉0.5

first184

meets 0.06
〈
u
〉
, similar to the method proposed by Pokrajac et al. [32]. yR ≤ 0.15δ for185

all present simulations.186

Mean streamwise velocity profiles, normalized in wall units, are shown in Figure 3.187

Each profile has a distinct logarithmic region over the range 30 < (y − d)+ < 200,188

indicating conformity with the law of the wall. It follows that an equivalent sand-grain189
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Figure 4. Profiles of normal (a,b,d) and shear (d) Reynolds stress tensor components in wall units.

height ks can be inferred from the data of Figure 3 and Nikuradse’s correlation (Eq. 4)190

[34] in the logarithmic region:191

〈
u
〉+

=
1

κ
ln
(y − d

ks

)
+ 8.5, (4)

where d is the displacement height defined as the location where the mean drag appears192

[35], and κ = 0.41 is the von Karman constant. In Table 2, the inferred values of k+
s are193

given as 24, 78 and 96 for TB, SG and CB roughness respectively, rendering all rough194

cases fully rough. The comparison of the drag coefficient Cd given in Table 2 appears195

to follow that of k+
s , with Cd,TB < Cd,SG < Cd,CB. This trend may be explained as a196

result of the very different effective slope values [27], ESTB < ESSG < ESCB. It will197

be shown in the following sections that the effects of roughness on various turbulence198

structural parameters also follow such relation, with flow characteristics in the TB case199

generally intermediate between those in the smooth and SG cases, while the effect of200

CB roughness tend to be more significant than SG and TB roughnesses.201

Figure 4 shows profiles of the normal and shear components of the Reynolds stress202

tensor in wall units. Overall, the outer layer similarity is satisfied. In the roughness203

sublayer, the roughness expectedly changes the Reynolds stresses, resulting in a lower204

anisotropy for rough walls compared to the smooth one. Consequently, the effect of205

surface topography is greater on the streamwise normal stress than on the other three.206

207

The slight outer-layer mismatch between smooth-wall values of 〈u′v′〉+ and the val-208
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ues on the rough walls as shown in Figure 4 (d) is due to non-zero dispersive shear209

stress, 〈ũ ṽ〉+ in the outer layer. These non-zero values of ũ and ṽ result from very-210

large-scale motions with low or high momentum, elongated in the streamwise direc-211

tions. These motions are thought to originate from the spanwise heterogeneity of rough212

surfaces with spanwise wavelengths λz which are comparable to δ, same as the surface-213

induced mean secondary flows first observed for turbine-blade roughness [36, 37] and214

later systematically studied by Vanderwel and Ganapathisubramani [38] and Yang215

and Anderson [39], among others, on organized distributed roughness. Consistent with216

these studies, for the present SG and TB surfaces it is found that the spanwise locations217

of high surface drag (averaged in x) coincide with the locations of the high-momentum218

pathways (not shown), even for the SG roughness which is not characterized by a pre-219

dominant spanwise wavelength of o(δ). The spanwise separation between alternating220

low and high momentum regions are at least 1δ, consistent with what is expected of221

the surface-induced secondary motions. However, the present simulation setup using222

streamwise periodic channels inevitably leads to ‘spanwise locking’ [40] of coherent223

motions with lengths longer than the streamwise domain size (6δ, much shorter than224

the very-large-scale motions). Consequently, these observed pathways are influenced,225

if not significantly modified, by the simulation setup and thus not discussed in depth226

herein.227

3. Results228

In the following, the characteristics of turbulence structure are discussed using two-229

point velocity correlation, various length scales, energy spectra, vorticity, and both230

instantaneous and conditionally-averaged vortical motions.231

3.1. Two-point velocity correlations232

The general form of a two-point correlation of turbulent velocities is defined as233

Ruαuβ(y, r1, r2, r3) ≡
〈
u′α(x, y, z, t)u′β(x+ r1, y + r2, z + r3, t)

〉
. (5)

The normalized two-point correlations (denoted by subscript n) with a separation in234

x is235

Ruαuβ ,n(y, r1) = Ruαuβ(y, r1, 0, 0)/Ruαuβ(y, 0, 0, 0) . (6)

In Figure 5, the profile of Ruu,n(y, r1) is shown at different distances from the wall. It236

can be seen that, close to the wall, Ruu,n is most affected by local features of roughness,237

depicted by the black lines. In an unperturbed turbulent flow field, the magnitude of238

Ruαuβ ,n decays smoothly from unity at zero separation, as shown in Figure 5 for flow239

over a smooth wall. However, the effect of surface roughness can be to either enhance240

or reduce the value of the correlation at different displacements, due to the periodicity241

and length scales of roughness.242

Near a rough wall, the two-point velocity correlation at a given displacement r can243

be attributed to: i) coherent motions of turbulence of scale r; and ii) periodic exci-244

tation from the surface roughness at wavelength r. For example, in the case of CB245

roughness shown in Figure 5, near the wall the correlation at displacements shorter246
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Figure 5. Profiles of Ruu,n(y, r1) at y locations from y ≈ 0 (black) to y/δ = 0.3 (blue).

Figure 6. Profiles of Ruu,n(r1) (black) and Rww,n(r1) (blue), at y/δ = 0.15 (a), at y/δ = 0.3 (b).
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Figure 7. Averaged streamwise (L11,1) and spanwise (L11,3) energy-containing length scales.

than 0.1δ associates predominantly to local streaky motions, while for r1 of approxi-247

mately λCB = 0.21δ, the periodic spatial distribution of these streaky motions (smaller248

than 0.21δ) on account of periodic cube arrangements contribute to the correlation.249

Pronounced local peaks of Rvv with a separation of the wavelength of distributed250

roughness such as 2D bars was also observed [41]. It will be shown in section 3.3251

that this effect results in peaks and troughs in velocity spectra measured within the252

roughness sublayer.253

Streamwise and spanwise velocity correlations are plotted in Figure 6 for two outer-254

layer locations, y/δ = 0.15 and y/δ = 0.3. In Figure 6(a), it is shown that Ruu,n is255

still affected by surface roughness at y/δ = 0.15 and in Figure 6(b), it is shown that256

Ruu,n in flow over the smooth wall and TB roughness collapse at y/δ = 0.3, whereas257

in flows over walls with SG and CB surfaces they do not—they exhibit a lower degree258

of correlation over the entire channel. The spanwise velocity correlations Rww,n yield259

a better overall collapse for the different surfaces than streamwise correlations at both260

locations. According to the Townsend’s outer-layer similarity hypothesis [1], velocity261

correlations at this location would be expected to collapse when δ/k (where k is the262

roughness height) is sufficiently large. Jiménez [42] has proposed that Townsend’s263

similarity hypothesis applies when δ/k ≥ 50. In the present study, the maximum value264

of δ/kc is 14 (for CB roughness), which may explain departures from the hypothesis265

for the two-point correlation, although it has been shown that wall similarity applies266

to single-point statistics such as components of the Reynolds stress tensor. It follows267

that outer-layer structural characteristics of turbulence (such as two-point velocity268

correlations) appears to be more sensitive to roughness influence than single-point269

statistics.270

3.2. Length scales and inclination angles271

The size of large-scale energy-containing coherent motions are previously quantified272

in various ways: (1) a length scale defined by a cutoff value of Ruiuj ,n [43, 44, 12], (2)273

integral length scales of Ruiuj ,n [45, 22], (3) the length scales of low-momentum regions274

of a linear-stochastically-estimated velocity field [46], (4) the length scales obtained275

from the spectral coefficients of the correlations [47, 48]. In the present study, two types276
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Figure 8. Turbulent (a) and Kolmogorov (b) length scales.

of length scales are analyzed: (1) the x- and z-extent of the isocontour of Ruiuj ,n = 0.5277

[44, 12], Lij,k with separation in xk, as a two-point structural property, and (2) the278

turbulent length scale, Ltrb ≡ k3/2/ε, as a single-point statistical property, where k is279

the turbulence kinetic energy (TKE) and ε is the TKE dissipation rate. The choice of280

Ruiuj ,n cutoff value in Lij,k does not change the overall comparison of L11,1, as shown281

by the shape of Ruiuj ,n profiles in Figure 6.282

These two length scales are plotted in Figures 7 and 8(a), respectively. In both283

figures, the length scales show linear behavior near the wall (y+ < 150 or y/δ <284

0.15), which implies the self-similar growth of the large-scale motions in an average285

sense. The linear increase of spanwise length scales were also observed by Tomkins286

and Adrian [46]. Also, it is shown here that L11 is smaller above CB and SG surfaces287

than those above the smooth wall and TB surface. It should be noted that, although288

Ltrb (as a direction-free length scale) and L11,3 (as a spanwise length scale) appear289

to conform with the Townsend’s outer-layer similarity hypothesis, L11,1 and Ruu,n290

(Figure 6) do not. This suggests that the response of the outer layer flow to wall291

roughness is directionally sensitive and that the streamwise structure can be influenced292

strongly by the roughness texture. The experimental study of Krogstad and Antonia293

[43] on boundary layer flows over smooth and rough walls with δ/k ≈ 50 also showed294

that L11,1 (based on a cutoff value of Ruu,n = 0.3) for rough walls was smaller than295

for smooth walls in outer layer, and L11,3 was almost the same in both cases. The296

departure from Townsend’s similarity in both our results and Krogstad and Antonia297

[43] may be due to limited Reynolds number, as repeated experiment of turbulent298

boundary layer flow over a square bar roughness by Krogstad and Efros [49] at a high299

Reynolds number (Reθ = 32600 and δ/k = 131) indicated reduced roughness influence300

on the outer layer.301

To compare the size of energy-containing motions mentioned above with the size of302

the dissipative-scale motions, the Kolmogorov length scale η = (ν3/ε)1/4 is plotted in303

Figure 8(b). It can be seen that profiles of η are sensitive to the surface textures only304

below the roughness crest. Note that, in this region, turbulence departs significantly305

from a homogeneous isotropic state due to the mean-flow heterogeneity; consequently,306

η may no longer represent the dissipative scales. For y > kc, all η profiles collapse,307

indicating that small scale structures become independent of the surface texture even308

though large-scale structures do not. This observation agrees with the first hypothesis309

of Kolmogorov [50] that, at scales of the order of η, turbulence obeys a universal310
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Figure 9. Contours of Ruu,n(r1, r2) (left) and Rww,n(r1, r2) (right) centered at y = d for SG, TB and CB

roughness, and at y+ = 15 for the smooth case. The contour level range is [0.4 1.0] with a step size of 0.2.

equilibrium and is locally isotropic.311

To quantify the inclination angles of large-scale coherent motions, contours of312

Ruu,n(y, r1, r2) and Rww,n(y, r1, r2) were plotted in the x-y plane, centered at two313

types of elevations: (1) a near-wall location in the roughness sublayer (y = d) for314

rough cases and in the buffer layer (y+ = 15) for the smooth case, shown in Figures315

9, and (2) an outer-layer location, at y/δ = 0.3 for all cases, shown in Figure 10. The316

characteristic inclination angles were obtained by plotting the best-fitted line (using317

linear least square method), traversing the farthest points from the origin at contour318

levels of {0.2, 0.4, 0.6, 0.8}. These angles are examined in the context of: i) how319

the angle depends on the particular correlation, for a given surface; and ii) how the320

inclination angle depends on the surface texture.321

The figures show that the inclination angles of Ruu,n are much smaller than those of322

Rww,n at both the near-wall and outer-layer elevations. A physical explanation is that323

w′ fluctuations originate from ωx and ωy motions, associated with individual vortical324

motions such as quasi-streamwise vortices, while the u′ motions are associated with325

streaky motions. As a result, the x-extent of u′ and w′ motions are very different and326

characterized by different inclination angles.327

For the near-wall elevations, the angles of inclination depends significantly on the328

presence of roughness and its texture. These angles are approximately 3◦ for Ruu,n and329

9◦ for Rww,n near the smooth wall and much higher on rough walls, equaling 7◦−9◦ and330

16◦− 28◦, for Ruu,n and Rww,n respectively (Figure 9). Here, the CB roughness yields331

much higher Rww,n inclination angle of 28◦ than the other rough surfaces. Near the332

wall, Yuan and Piomelli [22] also observed higher inclination angles in the roughness333

sublayer than in the viscous sublayer, for the SG roughness in sink-flow boundary334

layers. In the outer layer, all cases show similar inclinations of 8◦ – 11◦ for Ruu,n335

and 26◦ - 31◦ for Rww,n (Figure 10). The outer-layer values are consistent with those336

reported by Volino et. al. [12], where angles of turbulent structures for boundary layer337

flows over 3D cubes and 2D bars were also deduced from Ruu,n contours. They found338
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Figure 10. Contours of Ruu,n(r1, r2) (left) and Rww,n(r1, r2) (right) centered at y/δ = 0.3. The contour

level range is [0.4 1.0] with a step size of 0.2.

that for 0.2 < y/δ < 0.5 the inclination angle of Ruu,n contour was surface-texture339

independent and ranged between 10 to 14 degrees. Similar observations were made by340

Coceal et. al. [10] for channel flow over cubes. These values are largely comparable to341

the angles found here for very different roughness geometries.342

3.3. Velocity spectra343

One-dimensional velocity spectra are defined as twice the Fourier transform of344

Ruiuj (y, r1), as345

Eij(y, κ1) ≡ 1

π

∫ ∞
−∞

Ruiuj (y, r1)e−iκ1r1dr1. (7)

Using equation (7) to calculate Eij is computationally more expensive than the equiv-346

alent expression from cross-correlation theory (the Wiener-Khinchin theorem when347

i = j):348

Eij = 2F (Ruiuj ) = 2F ∗(u′i) ·F (u′j), (8)

where F is the Fourier transform operator and * indicates the complex conjugate.349

The right hand side of equation (8) is cheaper to compute as it can be obtained by350

a Fast Fourier Transform (FFT) algorithm. Equation (8) was also used to obtain Rij351

by taking the inverse Fourier transform of its right-hand side [51]. We verified the352

numerical equivalence of equations (7) and (8) for y > kc (where the velocity fields353

are simply connected) by calculating the energy spectra using both methods, which354

yield very similar results. Below the roughness crest, however, the interpretation of355

Eij obtained from equation (8) is less clear because fluid domains in the x− z plane is356

multiply connected. On the other hand, equation (7) is appropriate because Ruiuj is357
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Figure 11. One-dimensional longitudinal premultiplied velocity spectra, Eij , and surface-height power spec-

tra, Es. E11; E22; E33; E12; (thin) Es. Es is normalized to give a maximum
value of 1.
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Figure 12. One-dimensional transverse premultiplied velocity spectra. E11; E22; E33;

E12; (thin) Es. Es is normalized to give a maximum value of 1.

continuous regardless of the elevation. To our knowledge, no velocity spectra appear358

to have been reported to date in the region where y < kc. Here, we use equation (7)359

for spectral estimation in regions both below and above kc. In this study, the velocity360

spectra at all y-locations are obtained using a Hann window function to minimize361

the Gibbs phenomenon at large wavenumbers [52]. Data within half of the x and z362

domains are used to calculate the two-point correlations; thus, noises are present in363

the spectra if no window function is used.364

The premultiplied velocity spectra E11, E22, E33, and E12 are plotted in Figures 11365

and 12 in the κ1 and κ3 directions, respectively. They are compared with the power366

spectra of surface height fluctuations to explore a possible relation between the length367

scales of turbulence and those of the rough surface. Three types of elevations are of368

particular interest. First, at y = d, the rough-case results are compared with those in369

the smooth case inside the buffer layer at y+ = 15. Secondly, the lower edge of the370

logarithmic region (around y = kc, see Figure 3) in the rough cases is compared with371

y+ = 40 in the smooth case, which is also at the lower edge of the logarithmic region.372

And thirdly, the outer layer at y/δ = 0.3 is compared among all cases, where the flow373

is expected to be independent of surface conditions if Townsend’s similarity hypothesis374
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Figure 13. Profiles of RMS vorticity in wall units. Thin vertical lines show the corresponding roughness crest
elevations.

applies.375

In Figures 11 and 12, it can be seen that at the near-wall locations, the peak values376

of Eij components, normalized by uτ and κ, show higher anisotropy in SM and TB377

cases, consistent the Reynolds stress comparison in Figure 4. At y = d and y = kc378

the Eij components are dependent on the kind of surface chosen and, as y increases,379

they become progressively more independent of the surface condition. For example, at380

y/δ = 0.3, the location of the energy peaks and the general shapes of Eij are similar381

for each kind of wall roughness, consistent with Townsend’s similarity hypothesis. As382

y decreases, the peak of E11 moves toward higher wavenumbers in both the κ1 and κ3383

directions, indicating shrinking of energy-containing scales as the wall is approached.384

The energy carried by the low-wavenumber u′ motions is, in all rough cases at both385

y = d and y = kc, much less than in the smooth-wall case at the corresponding386

elevations, because surface roughness breaks down the buffer-layer streaky motions by387

introducing voritcal structures with high three-dimensionality.388

At the near-wall elevation, the connection between the energy spectra and the sur-389

face length scales is analyzed for each kind of roughness. For SG roughness, it appears390

that the peaks of E22(κ1) and Es(κ1) coincide at the same wavenumber. Similarly, the391

peak of the E11(κ3) coincides with both that of Es(κ3), though such wavelength is also392

where the smooth-wall E11(κ3) peak is located. For TB roughness, the fractal nature393

of the surface-height distribution does not yield a dominant surface wavenumber; its394

Eij profiles are similar to those in the smooth case. For CB roughness, the energy395

spectra are strongly correlated with the surface power spectrum, which has spikes at396

κ = 2π/λCB and its multiples. At y = d, in Figure 11 it can be seen that E11 and397

E33 have toughs and peaks, respectively, at the same κ1 values as these spikes. These398

extrema appear to be a consequence of the surface periodicity described in section 3.1.399

3.4. Vorticity and helicity400

The root-mean-square (RMS) values of vorticity fluctuations, normalized in wall units,401

are plotted in Figure 13. In the outer layer, irrespective of the surface type, all cases402

collapse showing the isotropy of the vorticity tensor—a result observed previously403

for both smooth [53] and rough walls [54]. It is known that, near a smooth wall ω′3 is404

mostly caused by the intense shear generated by u′ between the wall and the streaks, ω′2405

represents mostly ∂u′/∂z in the regions between adjacent high and low-speed streaks,406

and ω′1 displays a local minimum and a local maximum at y+ = 5 and 20 respectively,407

attributed to the quasi-streamwise vortices. Roughness affects the anisotropy of the408

vorticity tensor near the wall. The peaks of ω′y,rms and ω′z,rms are significantly lower409
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Figure 14. Joint PDFs of instantaneous values of u′α and ω′α, normalized by their respective RMS values;

data are from the wall-parallel plane at y+ = 15 for smooth-wall flow and y = d for SG, TB and CB roughness.
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in flow over rough walls compared to smooth ones, implying that roughness modifies410

the organized motions by breaking down the near-wall streaks and promoting the411

three-dimensionality of the vortical motions. SG and CB roughnesses have a similar412

effect on producing significantly more isotropic vorticity fluctuations. In contrast, ω′i413

near the TB roughness maintains a high anisotropy similar to the smooth wall. This414

is because that, for TB roughness, low-speed streaks with intense u′ are still present415

below y = d in the recessed roughness region (due to the largest x and z wavelengths416

of the surface). The behavior of TB roughness is again shown to be intermediate to417

that of smooth wall and SG roughness.418

The joint probability density functions (PDFs) of u′α and ω′α, which contribute to419

the local helicity u′αω
′
α, are compared in Figure 14. Data are plotted at y = d for420

SG, TB and CB roughness and at y+ = 15 for the smooth surface. Three types of421

turbulent eddies have been defined by Kassinos [55] as: jetal (u′α 6= 0, ω′α ≈ 0); vortical422

(u′α ≈ 0, ω′α 6= 0); and helical (u′α 6= 0, ω′α 6= 0). The joint PDF for the flow over the423

smooth wall is skewed towards jetal motions with u′ < 0 and ω′1 ≈ 0, which is the424

characteristic of the low-speed streaks. Roughness, irrespective of its texture, reduces425

the significance of these motions and makes the joint PDF contours more concentric.426

In the case of CB roughness, a slight tendency exists towards positive values of u′,427

which may suggest slightly more pronounced sweeping events at y ≈ d. The joint428

PDFs of v′ and ω′2 shows that, at y+ = 15 on the smooth wall, the v′ motions are429

dominantly associated with jetal sweeps (v′ < 0, ω′2 ≈ 0), inactive motions originated430

from above, and helical ejection motions (v′ > 0, ω′2 6= 0), representing the counter-431

rotating pairs of quasi-streamwise vortices. Near roughness, in contrast, all types of432

motions are roughly equally possible, indicating highly three-dimensional shape of433

coherent motions. The joint PDFs of w′ and ω′3 show a symmetric behavior for all434

cases, on account of the symmetry due to the boundary conditions in this direction.435

Joint PDFs were also obtained in the outer layer at y/δ = 0.3 and were all very similar436

(not shown), consistent with Townsend’s similarity hypothesis.437

3.5. Instantaneous vortical motions and conditional eddies438

Instantaneous coherent motions were visualized using iso-surfaces of their swirl439

strength, quantified by the imaginary part of the complex eigenvalue of the veloc-440

ity gradient tensor λci [6]. The results are shown in Figure 15 for y/δ < 0.25, in441

which it can be seen that inclined quasi-streamwise vortices exist in the vicinity of442

both smooth and rough walls, with higher inclination angles (in the x− y plane) and443

tilt angles (in the x− z plane), as well as more irregular shape for SG and CB rough-444

nesses. Large number of spanwise-aligned vortex segments are also visible on the rough445

surfaces. On SG and CB surfaces, two arch-shape vortical structures are highlighted,446

which are thought to be examples of the solid-body rotation of an originally head-down447

horse-shoe vortex on account of strong local shear layer, to be discussed in Section 3.6.448

449

Linear stochastic estimation (LSE) [4] was used to compare the vortex shape over450

both the smooth wall [6, 56] and rough ones [2, 57]. Instead of obtaining the domain-451

averaged field conditioned on a given event at specified locations as used by Adrian452

[58], we calculate such averaged field conditioned on a given event at all (x, z) locations453

at a reference elevation. The advantage of such approach is that the conditional eddy454

obtained herein is composed of all possible physical eddies associated with the events;455

an overall picture can be formed on how all types of relevant eddies are modified456
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Figure 15. Instantaneous vortical motions, visualized by iso-surfaces of λci = 0.2λci,max, colored according

to distance from the wall.

by the roughness, which is especially helpful for a qualitative comparison of vortex457

shape around random roughness geometries. It is also noted that the limitation of458

such approach is that it does not offer location-specific information on the shape of459

relevant eddies. Here, we use an event based on the vortex-identification parameter,460

following Talapatra and Katz [2]. The conditional velocity field at displacement r from461

the point x is determined as462

〈
u′(x + r)

∣∣∣λ′ci(x) > 0
〉∣∣∣∣
λ′
ci=λ

′
ci,s

=

〈
u′(x + r)λ′ci(x)

〉〈
λ′ci(x)λ′ci(x)

〉 λ′ci,s, (9)

with λci > 0 being the event. Here, λ′ci,s is equal to one and acts as a dummy variable,463

since the results shown in the visualizations are normalized. From this conditionally-464

averaged flow field, the shape of the coherent motions is obtained as the isosurface465

of the swirling strength and shown in Figures 16 at various elevations for all cases.466

A sensitivity analysis was carried out to ensure that the overall comparison of vortex467

shape is independent of the thresholds used. The near-wall elevations compare y+ = 15468

and 40 in the smooth case with y = d and y = kc in the rough cases. The outer-layer469

elevation is located at y/δ = 0.2. Note that, in Figures 16, the rough surfaces are for470

illustration of the size and elevation of the eddies only, not to show the exact (x, z)471

locations of such coherent motions.472

In the buffer layer (y+ = 15) of the smooth case, the conditional eddy comprises473

pairs of inclined streamwise-aligned vortices, with a bifurcation. This is because the474

quasi-streamwise vortices are not strictly aligned in x but tilted toward both positive475

and negative z-directions with equal probabilities [5]. The conditional eddy at y = d476

for TB roughness is similar to the smooth case because the quasi-streamwise vortices477

are also present in the troughs of δ-scale undulations of this roughness. Such near-478

wall similarity suggests that turbulence in flow over TB roughness obeys a similar479
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growth mechanism to that in smooth-wall flows, such as the streak transient growth480

mechanism of Schoppa and Hussain [59].481

At y = d, both the SG and CB cases show a pair of vortices with three-dimensional482

shapes. For SG roughness, it is evident that a head-up and a head-down U-shape483

vortices are both present. The lower vortex appears to represent the vortex formed484

due to shear-layer roll-up wrapping around the recirculation region downstream of a485

roughness element [60]. The upper vortex appears similar to the head-down horse-shoe486

vortex observed by Talapatra and Katz [2], which is formed as both ends of an incoming487

spanwise-aligned vortex undergo stretching in x (due to mean-flow channeling on both488

sides of the cube) and lifting (due to interactions with the adjacent vortices of the489

same kind). This similarity in conditional-eddy shape between SG and CB roughness490

is thought to be a consequence of both surfaces featuring distinct roughness elements491

with high values of local surface slope. Thus both kinds of roughness cause significant492

channeling phenomena and recirculation behind roughness elements.493

In the overlap regions and above (y ≥ 40 for the smooth case and y ≥ yR for the494

rough cases), the conditional eddies of all cases display connection between the pair495

of parallel vortices, comprising spanwise-aligned portions that resemble the horse-shoe496

heads. In the outer layer (y/δ > 0.1), the size of such outer-layer conditional eddy is497

similar regardless of the surface. At such elevation, the main difference in the vortex498

shape is that the legs are shorter on the rough walls than those on the smooth wall,499

due to the higher three-dimensionality and inclination angles of individual vortices on500

rough walls as shown in Figure 15.501

A comparison of the size of the conditional eddies shows that, far from the wall,502

spanwise spatial extents of the eddies are all very similar, while the streamwise extents503

are slightly shorter for SG and CB roughnesses compared to TB roughness and the504

smooth wall due to the shortened legs. Near the wall, shorter x extents of the vortical505

motions are also observed on SG and CB compared to TB and the smooth wall,506

possibly resulting from the difference in eddy shape and orientation. The z extents,507

however, are larger in the cases of TB and CB roughnesses, as these two roughness508

geometries impart larger spanwise length scales into the flow.509

3.6. A kinematic process of vortices in local shear layers510

We describe a process undergone by vortical motions around CB roughness (and prob-511

ably, to a lesser extent, around SG roughness also) that is thought to contribute to512

local TKE production and to a shorter x-extent of coherence compared to the smooth513

and TB cases. Without loss of generality, the CB roughness is used for illustration.514

A sketch is shown in Figure 17 (a). As the head-down horse-shoe vortex wrapping515

around a cube element (vortex B) develops from an incoming spanwise vortex (vortex516

A)—similar to the process described by Talapatra and Katz [2]—the head of this vor-517

tex is lifted (by convection) by the mean-flow ejection immediately upstream of the518

cube (where v > 0), while the legs are convected both downstream (due to channeling519

phenomenon, ũ > 0 on both sides of the cube) and upward (due to mutual induction520

between adjacent legs). The resultant vortex may take a shape similar to that of Vor-521

tex C. As the head portion of vortex C moves downstream near the top surface of522

the cube, it is subject to intense time-mean spanwise vorticity Ωz of a negative sign.523

Consequently, the head potion undergoes clockwise solid-body rotation. Meanwhile,524

the leg portions of vortex C, as they are inclined upward, undergo stretching by posi-525

tive ∂〈u〉/∂y and quickly break down due to non-linear interaction with other vortices.526
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Figure 17. (a) Sketch of evolution of a spanwise vortex approaching a cube element. (b) Wall-normal profiles

of
〈
V r,z

〉
normalized by uτ and δ; vertical lines indicate crest height for each rough case.

The result is a significantly shorter extent in x of the coherent motions (vortex D).527

In the averaged eddy conditioned at elevation of kc shown in Figure 16, the afore-528

mentioned vortical motion may manifest itself as the arch-shaped structure roughly529

oriented in the (x, z) plane. Examples of instantaneous vortices possibly of this type530

are highlighted in Figure 15. Such process is a result of relatively flat top surface of a531

horizontally sizable roughness element; the local elevation of this surface into the flow532

(and the strong local Ωz in its vicinity as a result) leads to the aforementioned solid-533

body rotation of the vortex. For the TB roughness with mostly sharp protuberances,534

this process is probably less pronounced.535

In the following, evidences are provided to support the existence of such z-aligned536

vortices located in the vicinity of the top surface of a cube. First, the eddy axis of537

vortices around the cube is quantified, in an average sense, by an identifier inferred538

from the eddy-visualization method of Zhou et al. [6],539

V r(x, t) = −vr(x, t)λci(x, t), (10)

where vr, a unit vector, is the normal eigenvector of the velocity-gradient tensor cor-540

responding to the real eigenvalue (the other two eigenvalues being complex conjugates541

by definition of swirling motion). V r weighs the local rotation-axis direction of an542

eddy with its local rotational strength λci about this axis. Thus, a high magnitude of543

the time-averaged value of its i component, |Vr,i|(x), indicates local strong swirling544

motion around the xi axis in an average sense. The wall-normal profiles of the z com-545

ponent of the spatially-averaged V r are compared in Figure 17 (b) among all cases.546

The high-magnitude peak of 〈Vr,z〉 (with a negative sign) located at the crest level of547

CB roughness indicates significant strength of z-aligned, clockwise-rotating vortices548

at this elevation. In contrast, no peak of |Vr,z| is observed at the crest level for the549

other two roughness geometries. In addition, the spatial distribution of Vr,z around CB550

roughness in Figure 18 (a) shows that z-aligned eddies with high swirling strengths are551

found in the regions immediately upstream of a cube element and near its top surface;552

such eddies are also prevalent in the wake region of a cube. Moreover, in Figure 18553

(b), it is shown that regions of strong Ωz of the negative sign coincide with the region554

with strong |Vr,z| (Figure 18(a)) near the top surface of a cube. These evidences sup-555
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Figure 18. Contours of Ωz (a), V r,z (b) and time-averaged shear production of TKE (c) for CB roughness.

Normalization is done using uτ and δ.

port the existence of the aforementioned solid-body rotation process of the head-down556

horse-shoe vortex head, which leads to a shortened x-extent of coherent motions.557

Another significance of this process is that it is expected to yield significant TKE558

production at the top surface of a cube. At this location the spanwise-aligned head of559

vortex C and vortex D in Figure 17 (a) together with the two legs induces intense Q4560

motions, which yields significant local shear production of TKE in the background of561

the strong ∂u/∂y values within the thin shear layer. The spatial distribution of local562

shear production of TKE, Ps,ii/2 = u′iu
′
j∂ui/∂xj is plotted in Figure 18 (c), indeed563

showing high values in the vicinity of the top surface of a cube element.564

4. Concluding remarks565

Turbulence structures in fully-developed channel flows at Reτ = 1000 have been ana-566

lyzed for flow over a smooth wall (SM), and flows over a realistic turbine-blade surface567

(TB), a sandgrain surface (SG), and a k-type cube (CB) surface. The results presented568

in the paper appear to be consistent with the following qualitative description of tur-569

bulent boundary layers over rough surfaces. When compared to flow over a smooth570

surface, the bulk drag force over each rough surface considered here (Table 1) is sig-571

nificantly larger. It is because the increase in form drag caused by the particular size,572

shape, and distribution of roughness elements exceeds the corresponding reduction573

in viscous drag on account of roughness-induced disruption of the viscous sublayer574

[42]. The magnitude of the increase in form drag depends upon the individual surface575

roughness topography and, in this study, is approximately twice as large for SG and576

CB roughness as it is for TB roughness. The second principal effect of surface rough-577
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ness is to modify near wall coherent motions and, consequently, to modify turbulent578

processes in this region. The penetration extent of roughness effects is mostly in the579

roughness sublayer, however it can go beyond this region depending on the type of580

the roughness, due to the limited δ/kc ratio. The significant modifications on near581

wall coherent motions, caused by different roughness geometries presented here, are:582

i) the smooth-wall quasi-streamwise vortices are retained over TB roughness within583

δ-scale undulations, whereas they are replaced by a pair of ‘head-up, head down’ horse-584

shoe vortices over SG and CB rough surfaces. ii) The longitudinal extent of near wall585

structures over smooth wall is retained in the TB roughness, but it is shortened sig-586

nificantly for SG and CB rough surfaces, which is in part, if not predominantly, due587

to a solid-body rotation process of the head-down horse-shoe vortices on account of588

the strong shear layer above a roughness protuberance. This effect is inherited to the589

vortical motions in the roughness sublayer and beyond that. Evidence supporting the590

existence of such process in case CB is provided by analyses of linear stochastic es-591

timation and eddy-axis-of-rotation. The results suggest that the process concerns a592

considerable amount of eddies at crest location, and may have a substantial influence593

on turbulence intensities and shear production of turbulent kinetic energy. iii) The594

effect of shortened structures in flows over SG and CB is to reduce the energy level at595

low wavenumbers (energy containing eddies), while increasing energy level at higher596

wavenumbers, which are closer to the dissipative scales. In stationary turbulent flows,597

the enhanced dissipation requires enhanced production of turbulent energy (required598

by equilibrium condition), leading to increase in drag work, on account of surface599

roughness.600

The strong dependence of the near-wall flow on surface texture is also revealed by601

profiles of Ruiuj ,n, which exhibit surface periodicity, and velocity spectra which con-602

trast the different cascades of energy from large-scale to small-scale motions for rough603

and smooth wall flows. Joint PDF profiles of (u′α, ω
′
α) show that roughness weakens604

low-speed streaks and results in roughly equal possibilities for all types of motions,605

yielding more isotropic flow in this region. Roughness also increases the inclination606

angles of large-scale structures near the surface. At y = d, conditional eddies obtained607

by linear stochastic estimation are very similar for flow over smooth walls and TB608

roughness: two bifurcated streamwise vortices. For flow over SG and CB roughness,609

they are a pair of horse-shoe structures, one on top of the other. The lower one is con-610

jectured to be produced by shear-layer roll-up in the wake behind roughness elements,611

and the upper one is similar to the U-shape structure observed by Talapatra and Katz612

[2], which is produced by vortex stretching due to flow channeling.613

In the outer boundary layer, Townsend’s similarity appears to apply to the single-614

point statistics, the average inclination angles of energy-containing coherent motions,615

velocity spectra, helicity characteristics (joint PDF of u′α, ω′α) and the average shape616

of turbulent eddies. However streamwise two-point velocity correlations and associated617

length scales are surface-texture dependent in this region, probably due to the limited618

δ/kc herein. Streamwise length scales, obtained by profiles of Ruiuj ,n and conditional619

eddies, for SG and CB roughness are shorter than those over smooth walls and TB620

roughness.621

The results discussed in this paper are for the values of turbulent Reynolds number622

and δ/kc permitted by today’s capabilities in direct numerical simulations. A more623

detailed understanding of the near wall physics and its connection to the outer-layer624

region for flows over rough walls at higher values of Reτ and δ/kc, having satisfied625

the expectations of both direct numerical simulations and fully-rough condition, re-626

mains an interesting challenge for the future. The future work also includes structural627
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comparison with various roughness textures with matching k+
s (or the drag).628
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