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Direct numerical simulations are used to investigate turbulent flow in rough channels, in
which topographical parameters of the rough wall are systematically varied at a fixed friction
Reynolds number of 500, based on a mean channel half-height 4 and friction velocity. The
utilized roughness generation approach allows independent variation of moments of the
surface height probability distribution function [thus root-mean-square (rms) surface height,
skewness, and kurtosis], surface mean slope, and standard deviation of the roughness peak
sizes. Particular attention is paid to the effect of the parameter A defined as the normalized
height difference between the highest and lowest roughness peaks. This parameter is used
to understand the trends of the investigated flow variables with departure from the idealized
case where all roughness elements have the same height (A = 0). All calculations are done
in the fully rough regime and for surfaces with high slope (effective slope equal to 0.6-0.9).
The rms roughness height is fixed for all cases at 0.0454 and the skewness and kurtosis of
the surface height probability density function vary in the ranges —0.33 to 0.67 and 1.9 to
2.6, respectively. The goal of the paper is twofold: first, to investigate the possible effect
of topographical parameters on the mean turbulent flow, Reynolds, and dispersive stresses
particularly in the vicinity of the roughness crest, and second, to investigate the possibility
of using the wall-normal turbulence intensity as a physical parameter for parametrization
of the flow. Such a possibility, already suggested for regular roughness in the literature, is
here extended to irregular roughness.
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I. INTRODUCTION

The study of rough wall-bounded turbulence finds application in a wide range of problems, piping
systems, gas turbines, marine vehicles, river flows, and atmospheric boundary layers over (urban or
forest) canopies being typical examples [1]. In the past few decades, the fluid mechanics research in
this field has been mainly focused on two issues: On the engineering side, there have been attempts to
find a correlation between roughness geometrical properties such as surface mean slope [2], surface
height distribution moments [3], and roughness density [4,5] and equivalent sand roughness or other
skin-friction-related quantities; on the turbulence physics side, considerable effort has been devoted
to understanding the inner-layer—outer-layer interactions and the validity of outer-layer similarity as
stated by Townsend [6]. In this regard, Flack ez al. [7], showed, by examining flow over sandpaper and
woven wire mesh, that for a flat plate turbulent boundary layer well downstream of the tripping point,
the effect of roughness on the first- and second-order statistics is only sensed up to five roughness
heights, a distance referred to as the roughness sublayer thickness. Further details on the outer-layer
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similarity can be found in the comprehensive review by Flack and Schultz [8] and recent boundary
layer experimental results by Squire et al. [9], among others. Compared to the two above-mentioned
research directions, relatively less attention has been paid to the effect of roughness morphology
on the turbulence within the roughness sublayer, even though one can find a number of insightful
papers in which a range of roughness geometries is examined. For instance, Leonardi ez al. [10] used
direct numerical simulation (DNS) to study channel flow with spanwise square bars attached on the
wall and varied the spacing ratio of the bars in order to observe the transition from k- to d-type
roughness. Schultz and Flack [11] used pyramids with different angles and heights to experimentally
investigate the effect of surface slope on the scaling of roughness function (the downward shift
in the logarithmic velocity profile due to roughness). Leonardi and Castro [12] (channel DNS) and
Placidi and Ganapathisubramani [13] (boundary layer experiments) both used combinations of cubic
elements mounted on a smooth wall in order to systematically investigate the effect of roughness
density on the drag and turbulence field. The distance from the wall, beyond which there is no
significant difference among Reynolds stress profiles of different surfaces, was reported to be 2k in
the former and 2k—5k in the latter reference, k being the roughness element height. Both values agree
with the previously mentioned estimation of viscous sublayer thickness [7] even though the ratios
of roughness height to boundary layer thickness or channel height adopted by the recent authors are
significantly smaller than that of Ref. [7]. Placidi and Ganapathisubramani [13] also found that the
thickness of the roughness sublayer can be affected by roughness morphology. Recently, Chan et al.
[14] numerically investigated the flow in pipes with three-dimensional (3D) sinusoidal roughness
and systematically studied the effect of roughness height and wavelength (thus surface slope) to
conclude that a combination of the two parameters can properly characterize the flow over a rough
wall. A common simplification in all the above-mentioned works is the use of similar-size roughness
elements (or waves) distributed in a regular way, which cannot be readily related to the industrial
roughness often formed due to natural and random processes, thus being strongly irregular.

Since the landmark paper of Nikuradse [15], equivalent sand roughness height has been
predominantly used in research and engineering as a means of characterization of rough walls.
Despite its practicality, one needs to keep in mind that, except for the uniform sand-grain roughness
tested in Nikuradse’s experiments, this quantity is not a physical measure of the roughness, but rather
an effective flow property. This serves as a motivation to look for alternative approaches with a more
clear physical meaning to parametrize the roughness [16]. One such approach is using the velocity
fluctuations instead of equivalent sand roughness. The idea stems originally from the channel DNS
carried out by Orlandi ef al. [17] in which nonzero fluctuating velocity components are imposed at
the wall. It was observed by these authors that use of a nonzero wall-normal component results in
structural changes in the flow similar to what is already observed in the flow over rough walls. This
lent support to the idea that fluctuating velocities can be alternative quantities for parametrization of
flow over rough walls. Orlandi and Leonardi further investigated this hypothesis by performing DN'S
in channels with 2D square bars and 3D roughness elements (cubes, cylinders, and wedges) of similar
size and showed that the roughness function indeed correlates with root-mean-square wall-normal
fluctuating velocity at the plane of the crests, i.e., vrfns|yc [18,19]. Here yc denotes the wall-normal
location of the plane of crests and the subscript rms indicates the root mean square of fluctuations
averaged in wall-parallel directions and time. Orlandi and Leonardi [19] suggested a linear relation

between the roughness function and vy, |,. for fully rough flows
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K

where B and « are the logarithmic-law intercept and von Kérmdn constant, respectively, and AU g
denotes a variant of the roughness function defined by those authors. The exact definitions of AU s
and v} (|, will be discussed in Sec. IV C. This relation is of key importance since it implies that an
expression for the mean velocity can be found in which the equivalent sand roughness is replaced
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by the wall-normal fluctuating velocity. Later on, Orlandi also described the laminar-turbulence
transition threshold in a channel in terms of the same quantity, i.e., vr‘fns lye [20].

The correlation between roughness function and wall-normal turbulence fluctuation, i.e., Eq. (1),
has been independently confirmed by DNS data of Lee et al. [21] for cubic roughness elements
and Chan et al. [14] for 3D sinusoidal surfaces. Apart from the physical insight they provide, such
results are of high practical significance as they may open up the opportunity to develop a new class
of turbulence models for rough surfaces, which are based on prescription of turbulence fluctuations
(v;flye) on the boundary. It is reasonable to expect better predictions of turbulence structures in the
roughness sublayer from such models since they are based on a quantity that directly reflects the
physics of turbulence in the vicinity of the rough surface. Clearly, considerable effort is required
to turn this physically justified idea into a working model. It is, however, important before such an
effort is made to have a sufficient amount of data in support of the idea and, in particular, its central
component, which is the existence of a correlation between roughness function and wall-normal
turbulence fluctuation. The references mentioned above provide evidence of the validity of this
hypothesis for their investigated type of geometries. Nevertheless, these investigated geometries all
consist of similar-shape and regularly distributed roughness elements or sinusoidal waves, which is
fairly far from generic. The lack of data on irregular roughness calls for further investigation.

A fundamental problem faced in the use of the above-mentioned hypothesis for the irregular
roughness is the definition of the plane of the crests for such a roughness, as in this case, unlike in a
regular roughness, the roughness peaks have different heights. In fact, there is no clear-cut definition
of crest in an irregular roughness, hence one can try to find an effective plane of crests. Orlandi and
Leonardi [19] suggested that the location of the highest peak can be used as the crest plane for an
irregular roughness. Another possible choice may be the average height of all roughness peaks. The
present work is a systematic investigation based on extensive data.

As already discussed, outer-layer similarity entails independence of turbulence statistics from the
roughness geometry outside the roughness sublayer. It is however not the case in the immediate
vicinity of roughness peaks, where surface parameters, i.e., statistical properties of the rough surface
geometry, are expected to affect the turbulence. Therefore, any investigation of the flow inside
the roughness sublayer should ideally account for the effect of roughness geometry. One group
of surface parameters, which can be used to parametrize the texture of a rough surface, are those
based on the probability density function (PDF) of surface height. It is shown that moments of this
PDF (shortly surface moments), i.e., rms surface height, skewness, and kurtosis, can control the
roughness function [3,8]. Surface slope is another parameter, which is widely believed to impact the
rough-wall turbulence [11,22,23]. Another factor that can influence the problem is the nonuniformity
of roughness peaks. It has been shown that equivalent sand roughness has a meaningful trend with the
relative height difference between the tallest and the shortest peaks [24]; at fixed surface moments and
mean slope, a roughness with uniform peaks has a higher friction factor than one with nonuniform
peaks.

Direct numerical simulation is an effective tool in the evaluation of turbulence statistics inside
the roughness sublayer, since it does not have the limitations of experimental measurements near or
below the roughness crest. It has been argued by Orlandi and Leonardi [18] that only DNS can be
used to exactly evaluate turbulence intensities at and below the crest level despite the disadvantage of
limitation in Reynolds number. There has been a fairly large number of DNS studies on roughness in
the past 15 years. However, as already pointed out, these studied cases have predominantly belonged
to the category of regular roughness: roughness generated by regular distribution of similar-size
elements, namely, cubes [12,18,19,21], cylinders [19], wedges [19,20], spheres [25,26], egg-carton
shapes [27,28], and pyramids [29]. The 3D sinusoidal surfaces examined in Ref. [14] could also
be classified in the same category. In contrast, a rather limited number of reports can be found in
the literature on irregular surfaces. Cardillo et al. [30] carried out zero-pressure-gradient boundary
layer DNS on a sandpaper surface roughness and observed the most noticeable difference between
smooth and rough walls in the wall-normal and shear Reynolds stresses. Moreover, they observed,
by performing proper orthogonal decomposition, an increase in the size of injection events in the
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first mode of the wall-normal component, which was attributed to the enhancement of mixing due to
roughness. In one of the most comprehensive DNS reports on irregular roughness, Thakkar ez al. [31]
examined several industrially relevant surfaces in channels with two rough walls at relatively low
Reynolds number (Re,; = 180). They mainly focused on the scaling of the roughness function and
clearly showed that surface morphology is a key parameter in the determination of flow properties.
Busse et al. [32] performed DNS for one of the scanned surfaces used in Ref. [31]. They studied the
effect of the resolution by which the surface is described on the resulting flow. Chau and Bhaganagar
[34,35] performed DNS of flow over irregular ripples relevant in the coastal applications at Re, =
180. They systematically varied the mean wavelength of their highly anisotropic roughness geometry
while keeping the height constant, thereby studying the effect of ripple spacing and surface slope
on the velocity and vorticity statistics. Yuan and Piomelli [23] conducted highly resolved large-eddy
simulation (LES) for five realistic roughness samples with a relatively low roughness slope. They
mainly concentrated on the applicability of different correlation types for the calculation of equivalent
sand roughness. They also compared the inner-scaled profiles of Reynolds stress inside the roughness
sublayer and confirmed that the streamwise component is damped strongly in this region, leading
to a more isotropic turbulence, an established characteristic of fully rough flow suggested by earlier
authors, for example, in Ref. [33].

In the present paper we address irregular roughness, by using random distributions of dissimilar
roughness elements for the generation of the surface samples. The roughness generation approach
used in this research allows independent variation of several surface parameters and thereby enables
a systematic investigation in a wide range of the parameter space. In this research we independently
study three roughness parameters, namely, the skewness of the surface height PDF, the standard
deviation of peak heights, and, to some extent, the mean surface slope. We believe that, on account
of the sensitivity of the flow inside the roughness sublayer to the geometrical parameters, such a
systematic investigation is necessary in order to avoid inadequate generalization of the results. The
flow is simulated in a so-called open-channel configuration at a friction Reynolds number of 500
based on the channel half-height. The main goals of the paper are first to investigate the influence
of the surface parameters on the mean velocity and Reynolds and dispersive stresses, particularly
inside the roughness sublayer, and second to examine the possibility to parametrize the flow over
irregular rough walls based on wall-normal Reynolds stresses at the plane of crests in the same way
for the irregular roughness as suggested in the literature for the regular roughness. In doing so, we
also examine different possible choices for the effective plane of crests.

The paper is organized in the following way. In Sec. II, the roughness generation procedure and
our choice of the surface parameters is explained. In Sec. III, the numerical procedure is introduced.
In Sec. IV, the simulation results from 14 rough channels as well as a smooth channel are used to
investigate possible effects of roughness morphology on the outer- and inner-layer flow statistics
and the quality of correlation between the roughness function and wall-normal velocity fluctuation.
Section V summarizes the main findings.

II. ROUGH SURFACE

The roughness generation approach in the present paper is the same as the one in Ref. [24]. In the
present section, the main aspects of this approach are summarized. The approach is based on random
distribution of roughness elements of different sizes randomly on a smooth reference plane, which
is the bottom boundary of the computational domain. The sizes of the roughness elements follow
a random function with normal distribution within a certain variation interval. In the special case
that this interval is prescribed a value of zero, all roughness elements are identical but still randomly
positioned. The shape profile and the average spacing of the elements are also prescribable. Use of
these tuning parameters and scaling of the geometry in wall-parallel or wall-normal directions allow
adjustment of a number of surface parameters that are believed to control the problem based on the
literature survey presented before. These parameters include rms roughness height ks, skewness S
and kurtosis /C of the surface, effective slope £, and the coefficient of variation of peak size A. If k
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FIG. 1. Schematic representation of a rough surface: MD, meltdown plane (mean location of the surface);
VW, virtual wall plane based on the best logarithmic profile fit; CM, effective plane of crests based on the mean
location of all roughness peaks [kcy in the figure is equal to kpeak ave in Eq. (7)]; CT, effective plane of crests
based on the location of the highest roughness peaks. Here k denotes the surface height at each point with
reference to the lowest point. The dash-dotted line indicates center of the channel. In the present notation, the
y coordinate has its origin at the virtual wall plane, while two other coordinate systems 7" and #7 have
their origins at the CM and CT planes, respectively.

denotes the surface height measured from the bottom plane (see Fig. 1), ks, S, IC, and € are defined
as

K2 = é fs (k — kpp)*dS, 2)
S = Sklfms /S (k — kyp)ds, 3)
K= ﬁ /S (k — kyp)*ds, “
£ = é /S 9k /0x1dS, 5)

where S is the area projected on the bottom plane and &y, p is the meltdown thickness defined as the
mean thickness of the roughness, or

1
kap = / kds. (©)
S Js

If H is the vertical size of the computational box (open channel simulation), h = H — ky;p will be
the half-height of a smooth channel with a cross section equal to that of the rough channel under
consideration. The coefficient of variation of peak size A is defined as a 1:50 uncertainty interval of
the roughness peak sizes (Akpear) divided by the average peak size

Akpeak

A= , @)

kpeak.ave
where Akpe,i is indeed a statistical measure of the height difference between the highest and lowest
peaks in the roughness.

As already discussed, in this paper we examine two possible choices for the equivalent plane of
crests. The first choice is the statistical location of the highest peaks and the second is the mean
location of all peaks. The former is calculated by averaging the height of the highest peaks in several
area subsets, each with a size of 2k x 2h. We believe that this averaged maximum peak height is
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TABLE I. Surface and flow parameters for all cases under investigation. The k.n,s/h and Re. »p for all
cases are 0.045 and approximately 500, respectively. Snapshots of all surfaces are presented in Appendix A.
The exact definitions of Re, ¢ and k" are in Sec. IV.

Case A S K & Yup/h Yem/h Yer/h Re. o kj

1 0.70 0.21 2.62 0.88 0.080 0.001 0.086 460.4 121.8
2 0.35 0.21 2.57 0.88 0.087 0.035 0.085 462.2 142.6
3 0 0.21 2.58 0.88 0.111 0.048 0.048 458.2 164.2
4 0.70 0.21 2.62 0.60 0.078 0.015 0.091 468.0 115.6
5 0.70 —0.33 2.62 0.88 0.093 —-0.012 0.065 471.2 75.3
6 0.35 —0.33 2.57 0.88 0.103 0.016 0.068 471.0 89.6
7 0 —0.33 2.59 0.88 0.152 0.037 0.037 468.9 99.7
8 0.70 —0.35 2.62 0.60 0.093 0.001 0.065 482.0 71.1
9 0.70 0.66 2.64 0.88 0.049 0.016 0.090 460.9 148.6
10 0.35 0.67 2.60 0.88 0.050 0.041 0.086 453.5 167.4
11 0 0.67 2.62 0.88 0.055 0.067 0.067 454.6 210.3
12 0.70 0.68 2.62 0.60 0.049 0.026 0.085 463.9 143.5
13 0.70 0.21 1.92 0.88 0.056 0.002 0.067 466.1 87.1
14 0 0.22 1.88 0.88 0.059 0.041 0.041 468.9 119.5

a more representative quantity to describe a random roughness compared to the global maximum,
which only gives information about the single largest roughness peak. The size of the area subsets
used for averaging is to a high extent arbitrary; here we chose the 24 x 2h size as this choice leads
to a satisfactory scaling of k; based on Ref. [24]. To maintain brevity in our terminology, we use
the abbreviation CT (for crest top) wherever the first choice of the effective crest is addressed and
CM (for crest middle) for the second. Figure 1 illustrates different geometrical parameters related to
these definitions.

Napoli et al. [22] and Schultz and Flack [ 11] classified the nonsmooth surfaces in the two categories
of rough surfaces and wavy surfaces based on their effective slope. They demonstrated that in the
wavy regime, where the slope is lower, the scaling between equivalent sand roughness and roughness
height may not perfectly hold. For a 3D and regular roughness, a threshold of £ = 0.35 was suggested
for this regime transition [11]. Later on, Yuan and Piomelli [23] suggested a higher value, £ = 0.7,
for this threshold in random roughness. In the present paper we try to avoid the wavy regime and
focus on the roughness regime; therefore, most of the investigated samples have an effective slope
equal to 0.88. Apart from that, a few samples with a lower £ = 0.6 are also generated and examined
to include the effect of surface slope in our parametric study. This value is slightly below the threshold
suggested in Ref. [23], but considering that the regime transition is a gradual event, we believe that
the waviness effect is negligible in these samples too.

The main parametric study in this paper is made on the two parameters S and A. For skewness
a range of —0.4 to 0.7 is covered, which is based on the realistic surface measurements reported
by Refs. [23,31,36]. Nearly 80% of all samples outlined in these references have a skewness in
this range. The other key parameter A is varied in the range of 0-0.7. This parameter measures the
departure from an idealized roughness composed of similar-size elements, i.e., the case of A = 0.
In this special case the CM and CT planes are identical. The surface parameters of the samples
generated in this study and their snapshots are presented in Table 1.

It is important to note that the surfaces samples covered in this study contain some important
features of realistic irregular roughness, namely, randomness in size and positioning of the
roughness peaks, yet cannot be considered as accurate representations of realistic roughness due
to simplifications such as use of axisymmetric elements. Obviously, adding more complexity to the
roughness geometry would translate to a larger degree of freedom in the geometry, thus a larger
parameter space whose systematic study would only be possible with extremely high computational
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FIG. 2. Schematic of the numerical domain.

cost. The present roughness generation approach should be seen as a compromise in the complexity
of the geometry to make a systematic parameter study feasible.

As afinal remark on the roughness generation approach, it is important to ensure that the stochastic
nature of the approach does not affect the generalizability of the results. As a matter of fact, the lateral
spacing of the roughness elements in all cases is more than an order of magnitude smaller than the
dimensions of the computational domain and, consequently, the number of elements is adequately
large for statistically reproducible samples (the number of elements in different cases varies from
716 to 2777). Also for the first case in Table I, a second sample with all the same statistical properties
is generated. The calculated statistics obtained from simulations of these two statistically identical
samples match well.

The roughness generation procedure is computerized using an algorithm described in Ref. [24] and
carried out during the preprocessing of the simulations and the resulting discretized surface geometry,
mapped on the physical-domain solution grid, is fed into the main solver. This information is used
by the solver to determine which points are located inside the solid part of the domain, on which the
source term due to the immersed boundary method (IBM) should be exerted. Details of the direct
forcing IBM employed in this work are explained in the following section.

III. NUMERICAL PROCEDURE

The study has been carried out using DNS of an open turbulent channel flow driven by constant
pressure gradient. The implementation is based on a pseudospectral solver for incompressible
boundary layer flows [37]. The Navier-Stokes equations are numerically integrated using the
velocity-vorticity formulation by a spectral method with Fourier decomposition in the horizontal
directions and Chebyshev discretization in the wall-normal direction. For temporal advancement, the
convection and viscous terms are discretized using the third-order Runge-Kutta and Crank-Nicolson
methods, respectively. Figure 2 presents the configuration of the numerical experiment with a rough
surface placed at the domain lower wall and introduces a coordinate system with x, y, and z
representing streamwise, wall-normal, and spanwise coordinate axes, respectively. The origin of
y in the present notation is at the so-called virtual wall plane, which will be exactly defined in
Sec. IVC. Periodic boundary conditions are applied in the streamwise and spanwise directions,
while the wall-normal extension of the domain is bounded by no-slip boundary conditions at the
lower domain boundary and symmetry boundary condition (v = 0 and du/dy = dw/dy = 0) at the
upper domain boundary.

Table II presents the properties of the numerical domain of the considered simulations. The box
size of 8H x H x 4H is adopted based on Ref. [38], where it is shown that for calculation of first-
and second-order one-point statistics (the ones discussed in this paper) a domain size of 2w H and
m H in the streamwise and spanwise directions is sufficient up to a friction Reynolds number of at
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TABLE II. Numerical domain and grid resolution of the simulations setup. Additional Fourier modes are
used for 3/2-rule dealiasing in the x and z directions.

Grid size Dimensions Grid spacings
ny X ny, xn, Ly xLy,xL, Ax™ Ayt Ayt Azt
1152 x 301 x 576 8H x H x 4H 3.65 0.015 2.7 3.65

least 2009, although some of the longest structures in the outer layer may not fit into the box. The
grid spacing shown in Table II is calculated based on the average viscous length scale of all cases
and can vary up to £5%. Statistics are calculated by integration during a time period of at least 50
turnover times after the flow has reached a statistical steady state, the turnover time being calculated
for the eddies of & size and of friction velocity. This integration time corresponds approximately to
24 000 viscous time units.

The rough surface is modeled by introduction of an external volume force field to the Navier-Stokes
equations based on the specific IBM proposed by Goldstein et al. [39]. The method imposes zero
velocity in the solid region of the numerical domain utilizing a volume force distribution given by

t
Fi(x,y,2,t) =omi(x,y,z,t)+ﬂ/ ui(x,y,z,t)dt fory < k(x,z), ¥
0

where k(x,z) is the roughness height distribution and « and § are negative constants that determine
the relative strength of the applied force. This technique constitutes an explicit feedback loop in
which the amount of force is determined using a direct velocity feedback and an integral feedback
[first and second terms on the right-hand side of Eq. (8)]. The volume force distribution is added to the
Navier-Stokes equations at every time instant of the simulation and is introduced on the dealiasing grid
with additional Fourier modes (3/2 rule). Here o ! and 8~ 172 both have the dimension of time and can
be considered relaxation times of the method. Their values are tuned in the preliminary simulations.
It is understood that values smaller than the viscous time scale 7, = v/u? lead to satisfactory results.
In the present simulations values of 0.2¢, and 0.45t¢, are used for the first and second relaxation times,
respectively. It is worth mentioning that very low values of @ and 8 (around an order of magnitude
lower than the used values) can lead to the penetration of flow inside the solid domain, particularly
around sharp corners.

To better observe the performance of the method, instantaneous snapshots of streamwise velocity
field are presented in Fig. 3. In the present IBM implementation, the velocity is brought to zero
only at the Cartesian grid points, which means that the interface prescribed by the IBM should pass
through the grid points. This discrete interface is not perfectly smooth, as can be clearly seen in
the zoomed-in snapshot. In the same figure, contours of £0.1% bulk velocity are added and it is
observed that the locations where the flow is brought to rest follow the prescribed surface well,
although there are some minor deviations indicating that the flow slightly penetrates inside the solid
body. The nonsmoothness of the captured interface is of the order of one grid spacing size, and
due to the fine grid (Ay™ =~ 1 around the tip of roughness elements) we believe that they do not
influence the resulting flow; as argued in Ref. [18] the small disturbances due to IBM are likely to
dissipate rapidly by viscosity and do not alter the flow in the fully rough regime where inertial drag is
dominant. It is additionally observed in the zoomed-in snapshot that some spurious flow exists under
the interface (bubbles formed by dotted contours). This weak flow is not expected to have an influence
on the flow over roughness as it is already inside the solid domain. To confirm the sufficiency of
the adopted grid resolution, a grid independence study is carried out, and it is confirmed that for the
first- and second-order statistics studied in the present paper, the solution is grid independent. Also,
the present implementation is validated against the high-fidelity DNS by Chan-Braun et al. [25],
showing good agreement for the statistics of interest. Appendix B presents complementary material
regarding validation and a mesh independence study.
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FIG. 3. Snapshots of streamwise velocity normalized by the bulk velocity over several roughness peaks
(left) and a single peak (right). The white line is the desired solid surface prescribed by the IBM. Red and light
blue dashed lines are the contours of u/ U, = £0.001. The divergence of the red contour from the prescribed
interface on the left-hand side of the roughness peak shown in the zoomed-in snapshot is due to the separation
on the upstream peak and the resulting backflow.

IV. RESULTS AND DISCUSSION

It is a well established concept that the velocity profile over a rough wall shows a logarithmic
region with a downward shift compared to the corresponding smooth wall

1
Ut = ;ln(er) +B - AU, )

In the present paper we adopt the same values of ¥ and B used by Orlandi [16] for rough channels,
i.e., 0.4 and 5.5, respectively. In Eq. (9), U denotes the mean streamwise velocity. The origin of the
wall-normal coordinate y for which the best logarithmic fit is obtained (referred to as the virtual wall
in this paper), however, cannot be determined a priori. Jackson [40] proposed that the position of the
virtual wall can be obtained by finding the centroid of the drag force profile due to roughness. Most
researchers, however, opt for adjustment of the mean streamwise velocity profile to a logarithmic law
(see Ref. [41]). In the present research we use the latter approach and determine the location of the
virtual wall (y = 0) based on minimizing the deviation from the logarithmic law for 50 < y* < 150.
The locations of the meltdown plane and the two already introduced effective planes of crest relative
to this origin of coordinates are —yup, Ycu, and ycr, respectively (see Fig. 1). In Sec. IVC, the
location of the virtual wall will be further discussed with reference to the present simulations. One
can use the virtual wall to define the effective channel half-height h as depicted in Fig. 1. Unlike A,
ho is an a posteriori quantity.

The wall shear stress 7, is defined by linear extrapolation of total shear stress (sum of viscous
and turbulence shear stresses) from the outer region to y = 0, i.e., the location of the virtual wall. The
method is explained in detail in Ref. [25]. Using this wall shear stress, it is possible to calculate the
friction velocity u, o = \/Tw,0/p and the friction Reynolds number Re; o = u. oh¢/v for each rough
channel. This friction velocity and the corresponding length scale v/u- o are used to normalize the
velocity U and wall distance y in Eq. (9) above. A minor disadvantage of this definition of friction
Reynolds number is that it cannot be set a priori since the location of the virtual wall is an a posteriori
quantity. One can, however, use /& and the wall shear stress evaluated at the meltdown plane to define
an alternative version of friction Reynolds number Re; jp. The Re; yp is equal to 500 for all cases
studied in this research, while the values of Re; ¢ are different. These values are displayed in Table I.
The values of equivalent sand roughness k" for all cases are also available in this table. Equivalent
sand roughness is defined as the size of uniform sand in Nikuradse’s experiment [15] resulting in the
same skin friction as the surface of interest in the fully rough regime and its value in viscous units
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can be calculated using the definition
1
—In(k})+ B — AUt =85 (10)
K

if the roughness function AU™ is known [3]. Values of k] in Table I range between 71 and 210, all
larger than the threshold of the fully rough regime based on a variety of works reviewed in Ref. [3].
Furthermore, for three cases 8, 9, and 13 (the two cases with the smallest kj at £ = 0.88 and the one
at £ = 0.6), extra simulations at Re; o = 420 and 570 are carried out and the logarithmic relation of
the roughness function with the characteristic roughness size in wall units is confirmed. The extra
simulations at the highest Reynolds number are carried out using 1.5 times more grid points in the
wall-normal direction to ensure a satisfactory grid resolution.

Fluctuating velocity components are obtained by subtracting the temporally averaged velocity at
each point from the instantaneous velocity at the same point

ui(x,y,z,0) = u;i(x,y,z,t) — u;(x,y,2). (11)

An overline indicates temporal averaging. Unlike in a smooth channel, in a rough one, the time-
averaged velocity u; varies in a wall-parallel plane, particularly in the region close to or below the
roughness peaks. We calculate the difference between u; ateach (x,y,z) location and (u; ) additionally
averaged over the xz plane at the same y in order to obtain a local velocity difference, which is
indicated with a circumflex,

ai(x,y,2) = ui(x,y,z) = (i) (y). 12)

In the following, angular brackets indicate area averaging over the y-normal plane. Indeed, #;
measures the spatial inhomogeneity of the time-averaged velocity field u;. For brevity, double-
averaged velocity components (i; » 3) are denoted by capital letters U, V, W, or U; hereinafter.
Reynolds stresses are the temporal average of the products of fluctuating velocity components
defined by Eq. (11), i.e., u;u/] Analogous to Reynolds stresses, dispersive stresses can be calculated
by spatially averaging the products of the #; velocity differences defined by Eq. (12), i.e., (4,1 ).
It should be noted that dispersive stresses (ii;4 ;) are only functions of the y coordinate, while

Reynolds stresses u;u; are functions of all three coordinates in space. Although the Reynolds and
dispersive stresses are analogous in definition, they are different in nature; the former measures the
local momentum transfer due to turbulence fluctuations, while the latter measures the momentum
transfer in a given wall-parallel plane due to geometry-induced spatial inhomogeneity.

It can be shown that the difference between the local instantaneous velocity u; and the double-
averaged velocity U; is equal to the sum of u; and #1;. This velocity difference is indicated by a double
prime in the present notation,

M;/(X,y,ZJ) = ui(-xvyvzst) - Ul(y) = u;(X,y,Z,t) + ’/Ali(xv)HZ)- (13)

In consequence, the sum of Reynolds and dispersive stresses can be expressed in terms of the u
products

(uiuy) = (uju';) + (A;4;), (14
where (u; u’j ), being a function of y only, is the Reynolds stress additionally averaged in the y-normal
plane. In a smooth channel where the time-averaged flow is homogeneous parallel to the wall, there

is no distinction between (u;'u’;) and (u}u’j). In rough channels, as Eq. (14) suggests, their difference

corresponds to the dispersive stress (i;i ;).

As mentioned above, Reynolds stress u;u’] is, in the general case, a function of all space
coordinates. The present results suggest that in the flow over a rough wall, Reynolds stresses can
be significantly inhomogeneous in the wall parallel directions up to a certain wall distance. To
better observe this inhomogeneity, fields of all Reynolds stress components for one simulated case
on a z-normal plane are presented in Fig. 4. The time-averaged streamwise velocity on the same
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FIG. 4. Time-averaged streamwise velocity (top row); streamwise (second row), wall-normal (third row),
and spanwise (fourth row) normal Reynolds stresses; and Reynolds shear stress (bottom row) for case 1 in an
arbitrary z plane. All field variables are normalized with u. o or u? .

plane is also displayed in the top plot of this figure, where it can be seen that the isocontours are
roughly parallel to the wall at a short distance above the highest roughness peaks. As for the Reynolds
stresses, the parallel isocontours start to be present at higher distances above the roughness peaks, i.e.,
roughly at y/hy = 0.4. Parallel isocontours obviously indicate homogeneity in the x direction. Near
the roughness peaks, however, all Reynolds stresses are highly inhomogeneous in the x direction.

For instance, VU can locally reach values above 1.3, which is about 30% higher than the peak
value of its xz-averaged profile, which, as will be discussed later, approximately equals unity. It
is also observed in Fig. 4 that both streamwise and wall-parallel Reynolds stresses as well as the
Reynolds shear stress reach their highest values (dark red color) in the regions downstream of the
highest roughness peaks, which is most likely a sign of mixing due to vortex shedding past these
peaks.

Quantitative discussion of the flow statistics in the outer and inner layers for all the simulated
cases follows in Secs. IV A and IV B. In Sec. IV C the logarithmic law of the wall and its different
versions for a rough channel are discussed. Finally, in Sec. IV D, parametrization of roughness using
wall-normal velocity fluctuation will be examined.

A. Outer-layer similarity

Investigation of outer-layer similarity begins with a comparison of double-averaged profiles of
first- and second-order one-point statistics. Figure 5 compares these profiles for all 14 simulated
cases. The top two plots depict the defect of the mean velocity profile UT(y/ hy) with reference to
its value at the center of the channel U, . The bottom two plots depict diagonal components of the

(ug’u’j/ )t tensor and the shear stress. The statistical location of the highest roughness peaks (CT) is
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FIG. 5. Mean streamwise velocity defect profiles (top) and the sum of Reynolds and dispersive stress profiles
(bottom) of all simulated cases against outer scale wall distance. For clarity, (w”w”)* and (u”u”)* curves are
shifted upward by one and two units, respectively (similarly for the smooth curve). Numbers in the line legend
correspond to the case numbers in Table 1. The symbols on (u”u”)* curves indicate the locations of the highest
peaks in the respective samples.

shown by a symbol on one curve for each case. Interestingly, the mean velocity profiles in Fig. 5
demonstrate a nearly perfect similarity down to the very vicinity of the roughness peaks. Also, the
Reynolds stress profiles collapse within a £3.5% difference once y/ hy is greater than roughly 0.3.
Minor wall-parallel inhomogeneities that may exist at higher locations (see Fig. 4) are smoothened
out due to spatial averaging. The +3.5% discrepancy among different curves that continues to exist
up to the center of the channel can possibly be an indication of the low-Reynolds-number effects.
A similar minor mismatch is also observed in the center of the channel by Thakkar et al. [31] in
their DNS of channels with two rough walls at Re, = 180. This mismatch is most pronounced for
the streamwise component. Obviously, the wall-normal component is always zero in the middle
of the channel due to the impermeability boundary condition applied. The profiles of shear stress
(u"v")* for all rough and smooth channels collapse perfectly with the linear relation (shown by a
thick dashed line) until the very vicinity of the wall. It must be noted that, as will be shown later,
dispersive stresses are negligible compared to the Reynolds stresses outside the roughness sublayer;

therefore, although here the profiles of (u}u j>+ are used as the proof of outer-layer similarity, the

same conclusion would be achieved for (uju’;)".

Figures 6(a) and 6(b) show the variation of local u;,s/U as a function of U/ Uyax, Where s
is the square root of (u”u”). This type of diagnostic plot is suggested by Alfredson et al. [42] and
experimentally shown to be universal in the outer layer at least for smooth-wall-bounded turbulence
at adequately large Reynolds numbers. As observed in the figure, the present smooth channel results
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FIG. 6. (a) and (b) Streamwise turbulence intensity u,,,/ U as a function of local normalized mean velocity
U / Upax for all simulated cases as well as the smooth channel at Re, = 500. The line legend is the same as in
Fig. 5. The red and black dashed lines represent the linear relation set by Eq. (15) with (a,b) = (0.314,—0.267)
and (0.482,—0.407), respectively. (c) and (d) Same profiles obtained when U is replaced by U + AU.

collapse into the linear relation

Ums |\ U
( m )_a—i—b(Umax) (1)

when U/ Upyx > 0.75 if the constants suggested by Ref. [43] for the channel flow (a = 0.314 and
b = —0.267) are applied. It is however revealed by the same plot that the rough curves do not
collapse into the same relation as the smooth channel, but into another linear relation (@ = 0.482
and b = —0.407). This is in accordance with the findings by Castro et al. [44]. These authors
proposed that a more general scaling than that of Eq. (15) is required when AU ™ is nonzero and
obtained a universal collapse among the smooth and rough zero-pressure-gradient turbulent boundary
layer results by using a modified diagnostic plot in which U™ is replaced by Ut + AU™. The
modified diagnostic plots for the present data are provided in Figs. 6(c) and 6(d) and the same
universal behavior is observed for the present channel result. The extent of the linear region of the
present profiles is shorter than that reported in Ref. [44], which is likely a low-Reynolds-number
effect.
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A common way to define the extent of the roughness sublayer is by taking the wall-normal
location where the mean profiles of turbulence statistics collapse into those of the corresponding
smooth wall as the edge of the roughness sublayer [7]. Based on the statistics of second order for
the cases studied in the present paper (Fig. 5), the roughness layer terminates at y/ho = 0.3 or
in viscous units y* & 150. It should be kept in mind that, in the present notation, y measures the
distance from the virtual wall plane and not the bottom plane. In the literature the extent of the
roughness sublayer is often expressed in terms of the depth of the sublayer from the bottom plane
and normalized by the roughness height. For the present cases this definition leads to a roughness
sublayer extent of 2k,—2.7k,, where k; is the statistical size of the highest roughness peaks (precisely
defined as the vertical distance between the CT plane and the bottom plane). An alternative, and
more general, definition for the roughness sublayer is the layer where the turbulence statistics are
inhomogeneous due to the presence of roughness [27]. This definition shifts the edge of roughness
sublayer farther away from the wall for the present results and leads to roughness sublayer depths as
large as 2.6k,—3.7k, based on second-order statistics, i.e., Reynolds stresses. It is clear from Figs. 4
and 5 that if the first-order statistics, i.e., mean velocity profiles, are used for the definition of the
roughness sublayer, either definition would lead to a smaller roughness sublayer as the effect of
roughness on the mean velocity fades out in a shorter distance above the roughness peaks than on
the Reynolds stresses.

B. Reynolds and dispersive stresses in the roughness sublayer

Figure 7 compares the profiles of Reynolds and dispersive stresses (the three normal stresses as
well as the shear stress) normalized with the wall shear stress of the corresponding case t,, . To
maintain the clarity of the graphs and avoid prolonging the paper, only profiles of four representative
cases (5,7,9, and 11) are shown in this figure. These cases feature a combination of the highest and
lowest values of S and the highest and lowest values of A simulated in this research. In view of the
fact that profiles of (u;/u/j’ ) are already investigated for the whole cross section, in the present section
of the paper, only the statistics in the vicinity of the roughness crest, i.e., y/hy < 0.3, are shown. The
first notable observation in Fig. 7 is that, except for the streamwise component, dispersive stresses
are considerably smaller than the Reynolds stresses. For the wall-normal component, in particular,
the dispersive stress is almost negligible. Considering all cases studied in this paper, the ratios of the
peak dispersive stress value to the peak Reynolds stress value are less than 10%, 23%, and 21% for
the vertical, spanwise, and shear components, respectively. This ratio is depicted for the streamwise
component against A in Fig. 8. In order to include information regarding other geometrical parameters
in the same figure, different symbol shapes and sizes are used for different values of S and £ (see
the figure caption). Clear trends with geometrical parameters can be observed in Fig. 8. Dispersive
stresses become relatively large with an increase in A but a decrease in £. High streamwise dispersive
stresses indicate inhomogeneity of mean velocity in the y-normal planes caused by the roughness
elements. This inhomogeneity can increase by a decrease in the mean roughness slope as a lower
slope translates to more sparsely distributed roughness peaks with more distinguished wakes, hence
an increase in the streamwise dispersive stress. The same argument holds for an increase in A as it
leads to larger distances among the highest roughness peaks or, in other words, a sparser roughness
close to the top crest where the peak in dispersive stresses is observed. It is also observed (not shown
here) that the sum of dispersive and Reynolds stresses also increases with a decrease in the slope
and an increase in A. This trend is in qualitative agreement with findings of previous studies on the
effect of the roughness slope on turbulence statistics [31,34].

Another observation in Fig. 7 is that peak values of (Wu/j) * for different rough cases lie relatively
close to each other. Figure 9 makes possible a comparison of the peak values of Reynolds stresses
against that of a smooth channel at Re, = 500. In this figure the values of Reynolds stresses are
normalized once with 7, o and once with the square of the respective bulk velocity Ut%ulk' The bulk
velocity is defined as the volumetric flow rate divided by the cross-sectional area. When normalization
with 1, o is applied, the vertical bars in the figure, indicating the range of values in all simulated rough
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FIG. 7. Profiles of spatially averaged Reynolds stresses and dispersive stresses normalized with wall shear
stress T, ¢ for cases 5,7, 9, and 11 in Table I as well as the smooth channel at Re, = 500. The smooth channel
profiles are the same as in Fig. 5; therefore, the peak of the smooth profile in (a) is excluded to keep the clarity
of the other profiles.

channel cases, are very small. It can be concluded that the roughness morphology does not interfere
with the scaling of peak Reynolds stresses in viscous units. Only the streamwise component shows
some sensitivity to the morphology. Interestingly, the inner-scaled peak values of the spanwise and
wall-normal stresses are very similar to the smooth wall while the streamwise stress is significantly
damped over the rough wall. This damping has already been reported by several authors [23,33] and
related to the suppression of elongated near-wall structures due to roughness. The similar peak values
of (v'v')* and (ww’)* for the smooth and all rough cases are a notable observation. It is important to
understand if this scaling is universal or, for example, shows a Reynolds-number dependence. Due to
the limited computational capacity, the present study is limited to the effects of geometry and cannot
be extended to the effect of Reynolds number. It is however possible to obtain some insight from
the previous works. Busse et al. [32] and Yuan and Piomelli [23] conducted a rough channel DNS
(highly resolved LES in the latter case) at friction Reynolds numbers of 180 and 1000, respectively,
which complements the present results well. The former authors reported very similar peak values of
(vv)* and (w'w’)* for a smooth and a rough channel. The latter authors investigated a number of
different roughness geometries and observed that the peak values of (v'v')" for the rough channels
are 10%—-25% smaller than those in the smooth channel, while the peak values of (w'w’)™ for the
rough channels are within +10% of the smooth case (all percentages are approximate). These results,
along with the ones presented in this paper, suggest that the discussed inner scaling may be altered
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FIG. 8. Ratio of maximum dispersive stress to maximum Reynolds stress for all simulated cases against A.
Different symbol types indicate different values of skewness: 7, S = —0.33; O, S = 0.21;and A, S = 0.67.
Smaller symbols indicate the cases with smaller values of £ (=0.6).

for higher Reynolds numbers, more likely for the wall-normal component, but this sensitivity to the
Reynolds number is relatively low.

Figure 9(b) shows that when the peak values of the Reynolds stresses are scaled in outer units,
i.e., with the bulk velocity, the results from the rough channels are meaningfully larger than for a
smooth channel. As a matter of fact, all simulations are run at the same friction Reynolds number,
which means that Uy, decreases due to the roughness and consequently the peak Reynolds stress
normalized by U2, increases. The increase in the Reynolds stress normalized by U2, can be seen as
an increase in the turbulent kinetic energy relative to the mean kinetic energy caused by roughness.
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FIG. 9. Peak values of Reynolds stresses from rough channel simulations (vertical bars) compared with
the smooth channel at Re, = 500 (crosses). The bars indicate the range of values obtained for all simulated
cases. (a) Reynolds stresses are normalized with wall shear stress u . (b) Reynolds stresses are normalized
with square bulk velocity in the channel.
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FIG. 10. Peak locations of (a) (u'u’), (b) (v'v'), (c) (w'w’), and (d) (u’v’) against A for all simulated cases.
The abscissa shows the peak location with reference to the coordinate attached to the effective crest of the
plane (C = CM or CT). For black symbols C = CT and for red symbols C = CM. The cases with A =0,
in which C = CT = CM, are shown using brown symbols. Different symbol types indicate different values
of skewness: 7, S = —0.33; O, S £ 0.21; and A, § = 0.67. Smaller symbols indicate the cases with smaller
values of £ (=0.6). The horizontal dashed lines indicate the peak locations above the wall for the smooth channel
at Re, = 500.

Unlike in Fig. 9(a), large vertical bars are obtained for all components in Fig. 9(b) as the peak
Reynolds stresses do not scale in outer units.

The last point to be discussed regarding the double-averaged profiles of Reynolds stresses is the
y* distance at which the profiles peak. Of particular interest are the distances of the peak locations
from the roughness crest. To avoid confusion due to frequent reference to peaks in Reynolds stress
and peaks of rough surface in the text, we always refer to the latter as the roughness peaks. Figure 10
shows the peak locations of the four Reynolds stress components discussed above for all 14 simulated
cases as a function of A. In this figure (and all similar figures throughout the paper) black symbols
are used to indicate the plane of crests based on the highest roughness peaks (C = CT) and red
symbols are used to indicate the plane of crests based on the mean location of roughness peaks
(C=CM). If A =0 the two planes are identical, and the corresponding data points are shown
using brown symbols. The peak locations for the smooth channel, measured from the wall, are also
given in the same figures using horizontal dashed lines. It is clearly shown that with an increase in
A, all (y — ycar)t values increase while all (y — ycr)™ values decrease. In other words, comparing
a surface with dissimilar roughness elements to one with similar roughness elements, the peaks of
Reynolds stresses are closer to the CT but farther from the CM plane.

Considering the streamwise normal component, its maximum is always at a roughly constant y*
distance (0-10) above the CT plane, which is lower but still comparable to the wall distance of the
(u'u’) peak in a smooth case. For the Reynolds shear stress, similarly, the peak has an approximately
constant y* distance from the CT plane, but the distance is considerably lower than in the smooth case.
Regarding the other two normal components of the Reynolds stress, the variation of (y — yca)* with
A is less steep than that of (y — yc7)™, which can indicate that these components adjust themselves
more to the C M plane rather than the CT plane. For the vertical normal component, the (y — ycy)™*
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FIG. 11. Wall-normal location of the effective crest of the plane with reference to the virtual wall for all
simulated cases against A. Symbols have the same meaning as in Fig. 10.

locations of the peaks vary from 55 to 75 viscous units, i.e., 20 to O viscous units lower than that of
the smooth channel.

C. Logarithmic law of the wall

Equation (9) defines the logarithmic law of the wall for a rough wall. As already discussed, the
origin of the y coordinate has to be determined a posteriori. This serves as a motivation to define an
alternative version of the law of the wall for rough walls, in which the origin of coordinate can be
determined merely based on the geometry. Orlandi and Leonardi [18,19] proposed such an alternative
form for expressing the mean velocity profile in which the origin of coordinates is shifted to the plane
of the crests. The wall-normal coordinate and mean streamwise velocity in the new formulation are
defined as

7O =y —ye, (16)

09w =U®W)-Uc, (17)

where U¢ denotes the value of U at the plane of crests. In the present paper we follow Refs. [18,19]
in using the tilde to indicate the wall-normal coordinate with reference to the plane of crests and
the corresponding velocity. We additionally use a superscript to specify which definition of the crest
of planes is used [(C) = (CM) or (CT)]. The new velocity and wall distance can be normalized in
viscous units as

5Oy 3 7©
FOr =1 gt == (18)
v Uz,c

where u, ¢ is the the friction velocity based on the total shear stress evaluated at y = y¢ instead of
y = 0. Using the new variables, the logarithmic law of the wall over a rough wall can be expressed
as

- 1 -
U©OF = ;ln(y(c)+) + B — AU/ (19)

The new formulation can also be considered as a more direct analogy of the velocity profile over
smooth walls as, by definition, U ©F) jo+=9 = 0. Obviously, the roughness function Aﬁg in the
new formulation is different from AU in Eq. (9).

In the present section, all three variants of the law of the wall (the conventional definition and the
alternative one with two choices of the plane of crests) are presented. It is however insightful to first
pay some attention to the location of the virtual wall relative to the two effective planes of crests. For
this purpose, the values of yé for all cases are plotted against A in Fig. 11. It is observed in Fig. 11
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FIG. 12. Mean streamwise velocity profiles of four representative cases (5, 7, 9, and 11). The abscissa
variable is y*, 7€M+ or €T+ for different groups of curves. The ordinate variable is U, UC*+ or TCD+
for the respective groups of curves. For clarity, the U* and "+ curves are shifted upward by four and two
units, respectively, and the curve for the smooth case is shifted downward by the logarithmic-law intercept value
B. The line legend is the same as in Fig. 7. For the cases 7 and 11, T©*+ and €7+ are the same, hence only
of the two is plotted.

that for a fixed S, ycr does not show strong variations with A. In other words, the virtual wall adjusts
itself more or less to the location of the highest roughness peaks. Obviously, with an increase in A, the
difference between ycr and ycy, grows and hence yc ), decreases. Another general trend observed in
the figure is that yc increases slightly but consistently with S. Recalling the correspondence between
the virtual wall and the centroid of drag profile, it can be said that the drag due to the positively
skewed rough surface occurs at deeper locations, i.e., lower y positions with respect to the roughness
crest.

Figure 12 shows the mean velocity profiles of the four representative cases in inner-logarithmic
scales in comparison with the profile of a smooth channel at Re, = 500. It is observed that when
the conventional Ut (y*) formulation is used, all curves show a clear logarithmic region roughly
in the range of y™ = 50-300. Expectedly, with a shift in the origin of the y coordinate in the
U™ (3%) formulations, the same logarithmic behavior cannot be repeated. In particular, when C =
CT, the logarithmic region becomes smaller and starts at a higher distance from the wall [compare to
Fig. 2(a) in Ref. [16]]. This can be seen as a disadvantage of using Eq. (19) instead of Eq. (9) for the
law of the wall, in particular at low Reynolds numbers, as the plane of crests does not necessarily
coincide with the virtual wall. There is, however, still a satisfactory logarithmic behavior in the range
of €1+ = 150-250 which allows the calculation of the roughness function.

+

D. Parametrization of the roughness using v, (|,.

A major goal of this paper is to investigate the correlation between the wall-normal fluctuating
velocity

_ ()] 0)

Ur,c

+
Urms | yc

and the roughness function AU, . As before, the superscript or subscript C can be replaced by either
CT or CM depending on which definition of the effective plane of crests is adopted.
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FIG. 13. Correlation between the roughness function and wall-normal fluctuating velocity v |,. at the
effective plane of crests for all simulated cases using two definitions of an effective plane of crests (C = CM

or CT). Symbols have the same meaning as in Fig. 10. Dotted lines indicate Eq. (1) and its 10% deviation.

Figure 13 depicts the values of roughness function obtained from all simulated cases as a function
of v/t | ).. Similar to Figs. 10 and 11, red and black symbols are used to distinguish the two definitions
of the effective plane of crests (CM and CT). The thick dotted line indicates the linear relation
suggested by Orlandi and Leonardi [18,19], i.e., Eq. (1). It is observed that, generally speaking, the
trend of the roughness function is predicted by the linear relation. To facilitate visual comparison,
thin dotted lines corresponding to £10% deviation from Eq. (1) are also plotted in the same figure.
While almost all data points lie within this deviation, there is a downward (upward) shift for black
(red) symbols. Interestingly, the symbols corresponding to A = 0 show a very good match with the
linear relation. This may be an indication that the linear relation indeed is most appropriate for a
roughness with similar elements, the kind of roughness for which this relation was originally obtained
by Orlandi and Leonardi. For a roughness with dissimilar elements (A > 0), even though the linear
correlation is still a good approximation, there is some uncertainty due to the lack of a clear-cut plane
of the crest. When the CT plane is chosen as the crest, DNS data show a smaller roughness function
at the same vl | or alarger vl |,. at the same roughness function, and when the CM plane is used
vice versa. This systematic overprediction or underprediction suggests that one may be able to find
an effective crest plane between the CM and CT planes, which delivers similarly good collapse for
A > 0 as for A = 0. Nevertheless, for the time being, we do not further examine this possibility.

Itis important to note that despite the imperfect collapse of the data points in Fig. 13, the correlation
of the roughness function with wall-normal turbulent fluctuations is far better than what can be
achieved using any of the geometrical surface parameters, namely, skewness, effective slope, and A
(see Ref. [24] for a full discussion of the geometrical parametrization of roughness). This suggests
that the roughness function is physically more closely linked to v |,. than the surface statistics,
although as a predictive quantity it has the disadvantage of not being a priori.

As mentioned before, the use of the alternative formulation for the logarithmic law of the wall, i.e.,
Eq. (19), rules out the need to determine the location of the virtual wall, but at the same time requires
the determination of another a posteriori quantity, the mean streamwise velocity Ug at the plane of
crests. The parametrization based on wall-normal turbulent fluctuations is hence more complete if
this quantity can be correlated to v |,.. Figure 14 is presented to examine such a correlation. The

rms
figure reveals that there is indeed some general correlation between the two quantities, at least when
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FIG. 14. Correlation between the mean streamwise velocity and wall-normal fluctuating velocity v |,. at

the effective plane of crests for all simulated cases using two definitions of an effective plane of crests (C = CM
or CT). Symbols have the same meaning as in Fig. 10.

the CM definition is used. For the CT plane the correlation is not convincing. A possible explanation
can be that the CT plane is already fairly close to the edge of the roughness sublayer (see Fig. 5, where
the mean velocity defect profiles show a collapse very close to the location of the highest peaks). This
means that the velocity at this plane is more directly controlled by the outer-layer velocity and there-
fore the inner scaling of Uc7 does not meaningfully reflect the variation in the roughness function.

Relying on one quantity directly arising from the turbulent flow (v |,,.) rather than two arbitrarily
defined length scales (k; and the location of the virtual wall), we believe that the presently discussed
parametrization provides a more physical framework in which to study the problem of roughness.
As suggested by Orlandi and Leonardi [19], it can provide new possibilities to model wall-bounded
turbulence, arguably ranging from a boundary condition for the vertical turbulence stress in second-
moment closure turbulence models to novel approaches based on the prescription of synthetic eddies
on the wall; examination of these possibilities is beyond the scope of the present work and calls for
extensive research in the future. We also believe that Eq. (1) can be used to assess those roughness
models in which roughness is effectively accounted for without being resolved (see [45,46] for two
examples of roughness models in Reynolds-averaged Navier-Stokes and DNS frameworks). These
models, which are mainly based on the reproduction of the mean flow by adding source terms to the
momentum equation, do not necessarily guarantee physical predictions of the turbulence statistics
inside the roughness sublayer and the present parametrization can serve as a physical benchmark
criterion for these classes of models.

V. CONCLUSION

Direct numerical simulation of turbulent flow in open channels with dense rough walls was carried
out at Re; = 500 and in the fully rough regime. Fourteen different surface samples were generated
using an approach based on the random distribution of roughness elements with different sizes, which
allows systematic variation of surface parameters. The surface parameters independently studied in
the present paper are the skewness of the surface height PDF as well as effective slope of the surface
and the coefficient of variation of roughness peak heights A (defined as the normalized height
difference between the highest and lowest roughness peaks).
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The main purpose of this research was to investigate the possibility of parametrizing the roughness
function using wall-normal turbulent fluctuations at the roughness crest, i.e., Eq. (1), for irregular
roughness. Such a possibility was already demonstrated by Orlandi and Leonardi [18,19] for aregular
roughness consisting of identical and equidistantly distributed elements. The present results suggest
that for the roughness samples with similar-size elements (A = 0) Eq. (1) makes perfect predictions.
For the roughness samples with dissimilar element sizes, while this linear relation generally holds,
the quality of collapse with Eq. (1) is not perfect. In this case, if the plane of crests is defined at the
mean wall distance of all roughness peaks (so-called CM plane), Eq. (1) underpredicts the DNS by
up to 15%. When the plane of crests is defined based on the statistical height of the highest roughness
peaks (CT plane) this equation leads to a systematic overprediction of 7%—8%. Such deviations can
be justified by considering the physics behind the relation of the roughness function with v |,..
The wall normal ejections caused by the roughness elements interact with the outside flow and create
resistance, thus increasing the roughness function. In an irregular roughness, the roughness peaks
and their resulting ejections take place at different wall-normal positions and the higher peaks are
likely to cause stronger ejections. By evaluating v} . at the CM plane, one excludes some strong
ejections and hence obtains comparatively small values for v;} |,.. For the same reason, at the CT
plane, larger values of v |,. are measured. The present results indicate that the linear correlation
between v, |y and AUZ may hold reasonably well for irregular roughness too when the effective
crest location is located between the two extreme cases of CT and CM planes examined in this paper.
Whether or not one can find an a priori definition for such an effective crest is unclear to the present
authors and calls for further investigation.

Additionally, the effect of roughness morphology on the scaling of Reynolds and dispersive
stresses, particularly the peak values, within the roughness sublayer was investigated in the paper. It
was demonstrated that, when normalized with bulk velocity, the peak values of all Reynolds stress
components are considerably larger in the rough channels compared to the smooth channel at the
same friction Reynolds number. In other words, the roughness increases the ratio of turbulent to
mean kinetic energy. Normalization with bulk velocity leads to considerable variation of the peak
values for different roughness morphologies. The dependence on the morphology vanishes to a high
extent when inner scaling is applied; here only the normal streamwise Reynolds stress is somewhat
affected by the geometry. Additionally, it was observed that all inner-scaled peak values of Reynolds
stresses, except the normal streamwise component, are very close in the rough and smooth channels.
Whether this finding is Reynolds-number independent calls for further investigation. Judging based
on the DNS results available in the literature [23,32], such a Reynolds-number dependence, if it
exists, can only be moderate. Contrary to the spanwise and wall-normal components, the normal
streamwise Reynolds stress component is meaningfully suppressed by the presence of roughness,
an already established characteristic of rough wall-bounded flow [23,33]. When it comes to the
dispersive stresses, all the components, but the normal streamwise, are relatively small compared to
the corresponding Reynolds stress irrespective of the morphology. The peak values of streamwise
dispersive stress are comparable to the corresponding Reynolds stresses and show a significant
dependence on the geometrical surface parameters.

The present results were also used to evaluate the extent of the roughness sublayer, the near-wall
layer directly influenced by the presence of the roughness. It is understood that all first- and second-
order one-point flow statistics, averaged in the time, streamwise, and spanwise directions, collapse
well at a distance 2k,—2.7k, above the bottom plane, k, being the statistical height of the highest
roughness peaks with respect to the bottom plane. When local time-averaged Reynolds stresses were
considered, however, it was observed that these stresses can show inhomogeneity in the streamwise
and spanwise directions up to higher wall distances. Defining the extent of the roughness sublayer
as the wall distance where this inhomogeneity vanishes, its values lie between 2.6k, and 3.7k, in the
studied cases. Moreover, in this paper, a linear relation between the streamwise turbulence intensity
ums/ U and local normalized streamwise velocity U/Up,x in the outer layer was confirmed for
all rough cases. When the roughness function AU is added to U, the profiles of all rough cases
collapse with that of a smooth channel. This universal diagnostic plot was suggested in Ref. [43]
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FIG. 15. The 3k x 3h patches from all simulated surface samples from (a) 1 to (n) 14. Coloring indicates
the surface elevation relative to the meltdown plane normalized with effective channel half-height 4. All other
dimensions are normalized with 4.
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FIG. 16. Comparison of the (a) mean streamwise velocity profile and (b) rms of the diagonal turbulence
stresses between the present implementation and Ref. [25].

for zero-pressure-gradient boundary layers and here its validity for the rough channels could be
confirmed.

As a final comment, the simulations reported in the present paper were limited to a moderate
Reynolds number (Re; =~ 500) due to the computational cost of DNS. Whether and to what extent
the scaling rules discussed in this paper are valid at much higher Reynolds numbers is a question that
cannot be answered with certainty using the present results. Most importantly, the correlation of the
roughness function with rms wall-normal turbulent fluctuations needs to be investigated thoroughly
at higher Reynolds numbers. This is a task for which a pure numerical methodology cannot be
relied upon and is also difficult to fulfill experimentally as measurements at the roughness crest are
complicated. How this important problem can be tackled is, in our view, a rather methodological
question calling for further discussions in the future.
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APPENDIX A

Sample patches from all surfaces outlined in Table I are displayed in Fig. 15.

TABLE III. Comparison of the numerical domain parameters between the present simulation and Ref. [25].

Grid size Dimensions Grid spacings

Work Re, Re, N, x Ny x N, Ly xLyxL, Axt o AyL Ayi. Azt

present 2339 2880 1024 x 151 x 256  12H x H x3H 3.21 0.026 2.46 3.21
Ref. [25] 235 2880 3072 x 256 x 768  12H x H x 3H 1.07 1.07 1.07 1.07
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FIG. 17. Comparison of the (a) mean streamwise velocity profile and (b) rms of the diagonal turbulence
stresses with various resolutions for the simulation of case 1. The domain size and Reynolds number are the
same for all simulations (see Table II).

APPENDIX B

A comparison of the present implementation of the rough surface with the IBM results of case N50
in Ref. [25] with a very fine grid is provided in Fig. 16. This case consists of a roughness generated by
spheres of size H /5.6 attached on the lower boundary of the computational domain (open channel).
The present simulations are run at the same bulk Reynolds number as that of Ref. [25]. Table III
summarizes the properties of the present simulations and those of Ref. [25]. It should be noted that
Ref. [25] makes no distinction between Reynolds and dispersive stresses, hence here we similarly
calculated the rms velocities based on the u” components, introduced in Sec. IV, for the sake of
comparison. Good agreement between the present profiles and those of Ref. [25] of first- and second-
order statistics is observed in Fig. 16. In particular, the present implementation predicts the location
of the Reynolds stress peaks well. Notably, the secondary peak of the streamwise component, which
is in fact the dispersive stress peak, is well predicted. The largest discrepancy is in the global peak of
streamwise normal stress, where the present solution shows around 2.5% underprediction. It should be
mentioned that the present IBM may require higher resolutions for different geometries; for instance,
we understood during the preliminary assessments of the implementation that for the prediction of
flow over a square bar, a streamwise resolution of roughly twice the one shown in Table I1l is necessary
to obtain a satisfactorily smooth solution and minimize the penetration particularly around the sharp
corners.

In order to ensure the sufficiency of the resolution employed in the present simulations, a mesh-
independence study for one of the cases (case 1) is done, in which the resolution is varied in both
wall-parallel and wall-normal directions. Figure 17 shows the results of the mesh-independence study
and it is clear that the adopted grid (dashed red line) is sufficiently fine for the first- and second-order
statistics studied in the present paper.
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