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ARTICLE INFO ABSTRACT

Keywords: Turbulent flows over rough surfaces are a common phenomenon in engineering applications, yet predicting
Roughness how the roughness affects the turbulent flow remains a challenge. In the present paper, we expand the results
Effective slope of Bruno et al. (2024) on the new geometrical parameter, the Effective Distribution (ED). Specifically, the
DNS

effect of roughness on turbulent intensities has been investigated. The ED demonstrates improved correlations
with both drag and roughness function across a wide range of surface configurations, including irregular
rough surfaces generated by random sinusoidal functions. A detailed analysis of the ED equation reveals
that the contributions of higher pinnacles and the spacing between roughness elements, play a dominant role
in capturing the impact of roughness on drag and turbulent intensities. To investigate this issue, a detailed
analysis of turbulent intensities modification induced by the roughness is performed, thus showing the highest
pinnacle’s role. These results emphasize the importance of considering these terms in the parametrization of
rough surfaces.

Effective distribution

1. Introduction unit vector in the streamwise direction, and s is a coordinate along the
surface). The symbol (-) indicates quantities averaged in the spanwise
Rough surfaces are a fundamental feature in many engineering and direction and time, * indicates dimensional units, L, represents the

environmental systems influencing turbulent flow behavior. Examples
include the atmospheric boundary layer over urban areas (Oke (1988),
Jiménez (2004)), the erosion of turbine blades (Bons (2005)), flow
through heat exchangers and natural terrains with vegetation. The
interaction between turbulent flows and surface roughness leads to

streamwise length and u is the dynamic viscosity. The downward shift
AU™ is often correlated with the equivalent sand grain roughness, k,,
as first proposed by Schlichting (1937). Hama’s formulation for the
roughness function is given by:

increased drag, energy losses, and higher operational costs, making AU = 1 In(k*) + B a

prediction and control of roughness-induced effects a critical design Tk s

challenge across disciplines. Research on the influence of surface rough- where « is the von K4rmén constant, k* = k, - u, /v is the non-
> s - s T

ness dates back to the work of Nikuradse (1933), who studied flows
over sand-grain roughness. Since then, extensive efforts have been
devoted to understanding the complex interplay between roughness
geometry and turbulence. One of the key developments in this area has
been the roughness function, AU ™, introduced by Hama (1954), which

dimensional roughness height, and B is a constant. However, as pointed
out by several authors (see, among others, Flack et al. (2020)), k; is
not a direct geometrical measure of surface roughness and must be
determined empirically, which limits its general applicability. In recent

quantifies the downward shift in the mean velocity profile caused by decades, researchers have introduced a variety of geometrical param-
rough surfaces. Hereafter, the superscript * denotes variables made eters to better characterize roughness effects. These include the mean
non-dimensional with inner variables u, = (1/7,/p) and v/u_, where u, roughness height, peak-to-valley distance, roughness density, skewness,

is the friction velocity, p is the fluid density, v is the kinematic viscosity, kurtosis, and the Effective Slope (ES) (Sigal and Danberg (1990); Waigh
and 7, is the wall S}Er stress, equal to the sum of the viscous (or and Kind (1998); Van Rij et al. (2002); Bons (2005); Flack and Schultz
skin frictional) stress C; = LLXfoLX(ﬂd(U*)/ay*)(l/PUcz)ds and the form (2010); Chan et al. (2015); De Marchis et al. (2017); Busse et al.
drag PT, = LLX /OL"(P)h’ - Xds, (1 is the normal to the surface, X is the (2017); Forooghi et al. (2017); Thakkar et al. (2017); Piomelli (2019);
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De Marchis et al. (2020); Chung et al. (2021); Bruno et al. (2024a)).
Despite these advancements, no single parameter has yet emerged
as universally applicable, specifically for surfaces with irregular or
complex geometries. This highlights the need for a more comprehensive
approach to predict roughness effects on turbulence. Based on the
findings of Bruno et al. (2024b), this study extends the analysis of the
recently introduced Effective Distribution (ED) parameter. The ED in-
corporates multiple aspects of roughness geometry, including sheltering
effects, peak interactions, and surface patterns. Although previous work
demonstrated strong correlations between ED, drag and the roughness
function for 2D triangular roughness and irregular surfaces, generated
through random sinusoidal functions, the present study investigates
the individual components of the ED and their contributions to the
overall parametrization of roughness, better explaining the role of
each quantity. Furthermore, to give more insights on the physics of
a single roughness element, an in-depth analysis of the turbulent in-
tensity components has been performed, focusing particularly on the
contribution of roughness peaks to the production of rms values. By
providing a more detailed understanding of the ED parameter and
its correlation with drag and the roughness function, this study aims
to advance our ability to predict the effects of surface roughness in
practical applications. The paper is organized as follows: Section 2
describes the numerical methods used for Direct Numerical Simulations
(DNS), Section 3 details the flow configurations analyzed, Section 4
presents the key findings and Section 5 summarizes the conclusions and
outlines directions for future research.

2. Numerical procedure

In order to investigate the effect of 2D roughness elements transver-
sally placed in the flow direction, several Direct Numerical Simula-
tions were conducted in fully developed turbulent channel flows. The
flow domain is bounded by an upper flat wall and a rough bottom
wall. The non-dimensional Navier-Stokes and continuity equations for
incompressible and neutrally stable flows are resolved, as follow:

ou; oUU;  5p 1 0%,

—t——L =t —— + 1§, 2
ot 0x; dx; Re asz' il 2
V-U=0, 3)

where Re represents the Reynolds number based on the bulk velocity
o, = ﬁ /Oh U,dy), which is kept constant over time, & denotes the
channel’s half-height, §;; is the Kronecker delta, U; corresponds to the
ith velocity component, x; refers to the ith spatial coordinate, and P
is the pressure. The simulations were performed to ensure a constant
flow rate. In order to do this, a time-dependent pressure gradient IT
is imposed at each iteration to balance friction and pressure drag. The
Navier-Stokes equations were discretized in an orthogonal coordinate
system using a staggered second-order central finite difference scheme.
According to Orlandi and Leonardi (2006) a modified version of the
immersed boundary method is applied to perform computations on
complex geometries without requiring highly detailed body-fitted grids.
This approach involves enforcing the condition U; = 0 at the surface
of the roughness elements, which do not necessarily align with the
computational grid. The method has been extensively validated by
the research group ensuring the correctness of the simulation results
(see among others Leonardi et al. (2003), Orlandi and Leonardi (2006,
2008), Leonardi et al. (2007), Leonardi and Castro (2010)).

3. Flow configuration

Direct Numerical Simulations of a turbulence channel flow with
roughness on the lower wall were performed (Fig. 1). Periodic bound-
ary conditions were applied in the streamwise (x or x;) and spanwise (z
or x;) directions, with a no-slip condition in the wall-normal direction
(y or x,). The computational domain is 6.4h x 2.2h X zh (the reference
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length scale h denotes the half-height of the channel measured from
the crest plane of the roughness elements).

Two sets of simulations were carried out, varying the roughness
height and keeping the pitch-to-height ratio fixed (w/k = 4). In the
first set of simulations, 16 triangular transverse bars were placed on
the bottom wall, with a constant roughness height of k/h = 0.1, as seen
in the baseline case (0 A1,), illustrated in Fig. 1a. In the second set,
the number of bars was halved and the roughness height was doubled
to k/h = 0.2 (8 Al,), shown in Fig. 1b. Other cases involved modifi-
cations of the baseline, such as increasing the height of one element
in cases Bl, (A) and Bl, (A), or removing the element immediately
downstream of the tallest one in cases B2 (A), B2, (A), and B2,, (A).
Additionally, the set of simulations labeled with C included two taller
triangles, with streamwise distances gradually increasing from C1; to
C4, (0, @, ®, @) and from C1, to C4, (0, @, ®, ®). The geometrical
parameters and flow properties are summarized in Table 1. Based on
the friction Reynolds number and k/h values, a fully rough regime was
ensured, as discussed in Leonardi et al. (2007) and Bandyopadhyay
(1987). The Reynolds number was set to Re = 4,300, resulting in a
friction Reynolds number equal to Re, = 240 for the smooth channel.
For the rough surfaces, the drag increase and Re, ranged between 500
and 700. A grid of 512 x 256 x 256 points was employed. A grid
sensitivity study has been performed to check that the results did not
depend on the resolution. The mesh is uniform in both the streamwise
and spanwise directions, with spacings 4x/h = 0.0125 corresponding
to 5 < Ax* < 9 (depending on the particular roughness geometry)
and 4z/h = 0.009, respectively. In the wall-normal direction, a non-
uniform mesh was employed: the grid is refined near the wall and
within the cavities, reaching a minimum spacing of Ay.;,/h = 0.002
(about 1 wall unit in inner scaling depending on the particular rough
surface), and gradually coarsens toward the channel centerline, where
the maximum spacing is Ay,,,/h = 0.026. Across all simulation sets,
we ensured that the spanwise grid spacing in wall units, Az*, remained
within the range 4-6 around the roughness elements. This range is
in agreement with the values recommended in previous DNS studies
performed in turbulent flows over rough surfaces (e.g., Chan et al.
(2015), MacDonald et al. (2016)), which have demonstrated that such
a resolution is sufficient to accurately capture the essential flow physics
in the vicinity of roughness elements when using immersed boundary
methods.

Particular attention has been given to resolving the sharp geometric
features of the roughness elements, especially near the triangle peaks,
where strong velocity gradients and intense vorticity can develop.
These localized effects play a significant role in the formation of coher-
ent structures that extend into the outer flow region. The relevance of
such small-scale phenomena has been thoroughly discussed in Castro
et al. (2021) and Castro and Wook (2024). To ensure adequate reso-
lution of these effects, the base of each triangular element is covered
by approximately 9 grid points in the configurations A, B, C with a
subscript “1” and 17 grid points in the configurations A, B, C with
a subscript “2”. As previously discussed, in order to ensure a correct
resolution of the small scales, a sensitivity analysis has been carried
out by doubling the number of streamwise points from 512 to 1024.
The results, not shown here, confirmed that the current grid resolution
is sufficient to accurately capturing the relevant flow dynamics.

4. Results and discussion

The effect of roughness can be represented through the downward
shift of the mean velocity U™ profile, compared to that of a smooth
wall, by the roughness function AU, expressed as:

Ut=x""'ln y*+C—-aU* (@)

In this paper, the roughness function is determined as the offset of
the log-region relative to an ideal smooth wall, with a constant value
of C = 5.6. The friction velocity on the rough wall is computed as
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Fig. 1. Computational domain and color contours of streamwise averaged velocity: (a) k/h =0.1; (b) k/h =0.2.

Table 1

Geometrical and flow properties. k/h: roughness height; w/h: cavity width; E.S: Effective Slope; ED: Effective
Distribution; D/pU}: total drag; AU*: roughness function.

Marker Case k/h w/h ES ED D/pUZ AU Sketch
¢ Flat 0.00 0.00 0.00 0.00 0.12 0.30
O Al, 0.10 0.40 0.50 0.57 0.23 11.50
A Bl, 0.10 0.40 0.56 0.67 0.34 13.00 N L
A B2, 0.10 0.40 0.50 0.69 0.35 13.00 N N
o C1, 0.09 0.40 0.56 0.66 0.28 12.20 “ ad
[ J C2, 0.09 0.40 0.56 0.69 0.31 12.80 i i
@ C3, 0.09 0.40 0.56 0.71 0.37 13.50 L Laad
(@} C4, 0.09 0.40 0.56 0.73 0.38 13.80 s s N N
O A0 0.20 6.40 0.06 0.25 0.23 11.00 A
= Al, 0.20 0.80 0.50 0.65 0.35 13.50 A A A A A A A
] Al,, 0.22 0.80 0.55 0.72 0.38 13.60 A A aaaaa
A Bl1, 0.20 0.80 0.56 0.77 0.52 14.60 N a hoaaaa
A B2, 0.20 0.80 0.50 0.79 0.55 14.60 s aad a4
A B2,, 0.23 0.80 0.58 0.91 0.68 15.50 A
(& Cl1, 0.18 0.80 0.56 0.76 0.45 13.70 s a a hAoaaa
[ J C2, 0.18 0.80 0.56 0.78 0.49 14.20 aaahadoaa
[ C3, 0.18 0.80 0.56 0.81 0.58 15.00 s a ahaada
(] C4, 0.18 0.80 0.56 0.83 0.60 15.00 aaahaaad
0.8 16 n 0.1
() A o ® a 5 oosl ©
08 .8 2 ¢
s H . 12 . o’ 0.06 : ”i
0.4 2 3 A
3 s Ez a0 oo a :
o a
02p ° ° 8
0.02¢
’
6
0 0
0 01 02 03 04 05 06 0 01 02 03 04 05 06 0 01 02 03 04 05 06
ES ES ES

Fig. 2. Effective slope dependence on the Drag, roughness function and streamwise turbulent intensities of the rough wall.4 Flat; 1 A1,; O A1,,; A B1;; A B2;;
O cl,; @ C2;; @ C3;; @ C4,; [ A0; [ A1,; O Al,,; A Bl,; A B2,; A B2,,, ® Cl1,; @ C2,; ® C3,; @ C4,. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

the sum of form drag and frictional drag and further validated using
the zero crossing of the Reynolds stress as in Leonardi et al. (2005),
eliminating uncertainties arising from channel asymmetry. Once each
wall is scaled with the appropriate friction velocity, the asymmetry
of the geometrical configuration does not affect the results, as also
discussed in several studies conducted using asymmetric channels (see,
among others, Leonardi et al. (2003), Leonardi and Castro (2010), Flack
and Schultz (2014), and references therein). In fact, velocity profiles
on the upper smooth wall (not shown, as they are beyond this paper’s
scope) align well with the law of the wall when scaled using the proper
friction velocity derived from shear on that wall (and not from the
pressure drop). The extent of the log-region on the smooth wall is
shorter due to the smaller local turbulent Reynolds number. The virtual
origin in y is chosen such that the slope of the log-region corresponds to

x = 0.41. Although alternative choices for the virtual origin exist, fixing
the slope to x~! ensures consistent roughness function calculations
across analyzed cases.

One of the most recent challenges is to find a correlation between
roughness parameter and the effect on turbulence (drag and AU™).
Among others, the Effective Slope ES, introduced by Napoli et al.
(2008), ensured wide interest. Fig. 2 presents the total drag, roughness
function and streamwise velocity variance as functions of Effective

1 ok(x
Slope (ES L_xl '/Lxl a(x 11)
drag exhibits significant variations, up to 300%, while the roughness
function varies by up to 40%. Similarly, the streamwise velocity vari-
ance varies significantly despite the same E.S. Drag is included in the
analysis because it is free from uncertainties associated with defining
the roughness function, such as the choice of virtual origin, log-region

dx,). For identical values of E.S, the
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Fig. 3. Schematic representation of the parameter defined in the determination of the Effective Distribution (Bruno et al., 2024b).

slope, and constant C. It is worthwhile to notice how the roughness
function values of the proposed geometries are quite high, starting
from AU*=11.0 up to 15.5. This is due to the specific geometry of
the roughness composed by transverse 2D triangular bars. The results
are in agreement with the findings of previous literature; see among
others Leonardi et al. (2003), Ashrafian et al. (2004), Orlandi and
Leonardi (2006), Schultz and Flack (2009).

Bruno et al. (2024b) analyzed the flow structure and pressure
distribution around rough surfaces to understand why drag and rough-
ness function can vary even when geometric statistics, such as mean
roughness height, Effective Slope (ES), skewness, and kurtosis, remain
constant. Their findings demonstrate that small changes in ES, such as
the introduction of a single taller element, can significantly increase
drag. For instance, a comparison between uniform triangular roughness
surfaces A1, and B1,, where B1, includes one taller element, revealed
that this small change causes a significant rise in drag. This increase
is attributed to flow streamlines impinging on the tallest element,
resulting in form drag approximately eight times higher than in A1,. In
uniform roughness, flow recirculates within cavities, whereas the tallest
pinnacles dominate the drag effects, a phenomenon not captured by ES.
When an additional taller element is placed immediately downstream
(C1,), the mean surface height and moment statistics increase, yet
drag and the roughness function decrease due to volumetric shelter-
ing effects. However, when the distance between the tallest elements
increases, as in C3; and C4,, drag rises because the flow reattaches
to lower elements, enhancing pressure drag. These results underscore
the profound influence of roughness element position on drag and flow
physics, even when geometric statistics remain constant. The presence
of a single tall pinnacle exerts a disproportionate impact on drag, an
effect amplified when upstream elements are shorter. To address these
findings, Bruno et al. (2024b) introduced a revised parametrization, the
Effective Distribution (ED), which extends the original ES framework
introduced by Napoli et al. (2008):

ED=(ES-ES, + ESﬂ) +y
m n m m n w k
. _ ) _ i+1
ESu:ZZa,J-ES,-, ESﬂ—ZZﬂ,J-ESAk,, =X
Jj=1i=1 Jj=1i=1 i=1 x
3 ) Ak; w; w;; (5)
a;; =min ( 1, — for 1<—=<8, «@,;=0 for —=>38,
k w; ; k k
i i i
L= - — <1, =1 fo 5.
b wake; wake; b ’ wake;

where ES is the overall Effective Slope calculated as in the original

formulation of Napoli et al. (2008) (LL A % dx,;), ES; is the
X X1 1

Effective Slope of the ith element, w; ; is the distance between the jth
higher peak, emerging 4k; over the crest plane, and the ith roughness
element. The index » in the summations indicates the number of
roughness elements while m is the number of pinnacles above the crests
plane. Previous papers showed that for a pitch-to-height ratio larger
than 8 the roughness elements act as isolated with a reattachment of
the flow on the flat wall of the cavities, therefore the wake length can
be approximated to wake; = 8k;. The ED accounts for the wake effects,

element spacing, and roughness height gradients, providing a more
comprehensive description of how geometry influences drag. Bruno
et al. (2024b) highlights that the roughness elements located in the
wake of larger elements contribute negligibly to drag. Consequently,
the geometrical parameters used to describe roughness should account
for the reduced influence of these elements within the wake length. The
drag contribution of each roughness element is strongly influenced by
its pattern and its distance from the upstream elements. Additionally,
the spacing between consecutive roughness elements significantly im-
pacts the velocity distribution, momentum within the cavity, and the
intensity of the stagnation point on the windward side of the roughness
element. In Fig. 3 a schematic representation of the parameter defined
in Eq. (5) is depicted.

Fig. 4 highlights how each term contributes to the Effective Dis-
tribution differently, influencing the final roughness parametrization.
Among these terms, the third term (pinnacles higher than the crest
plane) and the fourth term (spacing between consecutive roughness
elements) have the most significant impact on the final geometrical
parameter, as shown in Fig. 4e. A similar trend is observed when
plotting the correlations with the roughness function AU* (Fig. 5),
confirming that the same roughness features, such as pinnacles and
element spacing, play a crucial role in both drag and roughness function
analyses.

Figs. 4f and 5f present the correlations between the Effective Dis-
tribution and both the total drag and the roughness function. The
novel parametrization ED, proposed by Bruno et al. (2024b), correlates
with the drag significantly better than the ES (shown in Fig. 2). A
large variation in terms of drag, roughness function, and streamwise
turbulent intensities for the same value of ES was observed in Fig.
2, suggesting that the Effective Slope alone may not fully capture the
impact of geometrical features on turbulent flows. On the other hand,
the Effective Distribution, taking into account the geometrical features
that affect the turbulent flows discussed above, varies smoothly with
both the drag and roughness function. Although the present study pri-
marily focuses on idealized 2D triangular roughness to isolate the fluid
dynamic behavior around individual elements, Bruno et al. (2024b)
extended the analysis by using irregular 2D roughness, generated by
the superposition of sinusoidal functions with random amplitudes and
four different wavelengths, as studied in De Marchis et al. (2019).
This approach produced a more complex topography, allowing for
an investigation of how surface irregularities affect the mean flow,
with particular emphasis on the role of crest elements. In Fig. 5f, the
correlation between the data achieved by De Marchis et al. (2019) is
presented, marked with the ‘«” symbol. Since the calculated ED value
for this case was relatively low (0.15), Bruno et al. (2024b) performed
a new simulation, resulting in an ED value of 0.37, while replicating
the irregular surface analyzed by De Marchis et al. (2019). The point
depicted in Fig. 5f using the = marker follows the trend established for
the regular triangular roughness examined here. These results suggest
that the ED parameter can be generalized to different geometries,
although further investigations are required to fully validate this claim.
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reader is referred to the web version of this article.)

To illustrate how turbulence is influenced by the rough surfaces, a
comparison of the turbulent intensities (u/, . = /(u'v’), v}, = /(V'V')
and w/ = +/(w'w'), where angular brackets denote averages in time,
streamwise and spanwise direction) with respect to those in a smooth
channel are shown in Figs. 6, 7, 8 and 9. Following some recent
researches (see, among others Jelly and Busse (2018)) the intrinsic
spatial-average was used, thus ensuring that only the regions, between
the roughness, occupied by fluids, are considered. The other type of
average, the so-called superficial average, takes into account all the
domain volume, occupied by the solid boundary and by the fluid;
recently, the properties of intrinsic and superficial averages and their
effect on mean profiles with example data were illustrated by Schmid
et al. (2019). There are no differences among the two types of averages
above the roughness layer.

The increased drag over the rough walls, observed in Fig. 4, corre-
sponds to higher turbulent intensities when scaled with external units.
Roughness-induced disturbances lead to significant changes in stresses
near the crest plane and the outer region, which are driven by events

occurring in the near-wall region. For all rough surfaces, the wall-
normal turbulent intensity profile remains constant near the roughness
and reaches a maximum at the crest plane as observed in Figs. 6¢-d
and in Figs. 7c—d. The maximum value of turbulent intensities depends
on the geometrical shape, with the largest values observed for C4, and
C4, (the cases with two pinnacles more spaced with respect to the other
cases). The turbulent intensities (consistently with the drag) increase
with the size of the roughness from k/h = 0.1 to k/h = 0.2.

A different trend emerges when the root-mean-square (rms) values
on the rough wall side are scaled with the local friction velocity
u,, as plotted in Fig. 8 and in Fig. 9. In agreement with previous
contributions, see among others Bhaganagar et al. (2004) and Orlandi
and Leonardi (2006), Figs. 8 and 9 show a reduction in the near-wall
maxima of u:—ms (a + indicates scaling in inner units) and an increase
of v} ~and v} = (although not as large as observed when scaled in
external units). This is because while on a smooth wall, the friction is
due to the shear which is well correlated with the velocity fluctuations,
over a rough wall, the drag and then the friction velocity is partially
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Fig. 6. Turbulent intensities in external units for k/h = 0.1. (a)-(b): streamwise component u:m; (c)-(d): wall-normal component ¢/ s (e)-(f): spanwise component
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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due to the pressure drag. Over a rough wall, both the friction velocity
and the velocity fluctuations increase with respect to a smooth wall.
The larger is the form drag, the more the friction velocity increases
with respect to the velocity fluctuations resulting in the trend shown
in Figs. 9-10. The position of the peak is shifted with respect to the
smooth wall. If the vertical origin is taken on the bottom wall, the
position of the maxima are shifted upward. The opposite is observed
if the origin is taken at the crests plane. Similarly, shifting the vertical
origin the fluctuations on the outer region can overlap those relative
to a smooth wall. Parameterizing the drag provides valuable insights
into momentum loss, turbulence, and mixing induced by roughness.
However, despite efforts to correlate data with mean roughness height
or rms, significant scatter persists, underscoring the complexity of
capturing roughness effects on drag and turbulence with high precision.
The color contour of streamwise turbulent intensities for select cases is
shown in Fig. 10. When comparing A1, (Fig. 10a [0, uniform triangles)
and Bl, (Fig. 10b A, the same as Al, but with a higher pinnacle
element, Ak), it is evident that the introduction of a taller pinnacle leads
to a significant increase in «/,, . For the uniform roughness case (A1,),

turbulent intensities remain relatively uniform within the roughness
sublayer, without notable peaks near individual elements. In contrast,
Bl exhibits a localized peak in «,, , driven by strong velocity gradients
and enhanced turbulence near the stagnation point on the windward
side of the tallest element, extending downstream into the wake. This
increase in u/, in Bl suggests higher turbulent mixing and greater
energy fluctuations compared to the uniform triangular roughness in
Al,. Similar observations can be made comparing A1, and B1, (Figs.
10c and d), where the taller pinnacle further amplifies turbulence
and mixing. Furthermore, the rms of flow fluctuations behind the
pinnacles is notably low, and within the wake, it approaches zero,
indicating that the surface perturbations have a localized effect on the
flow, with the most significant influence observed downstream in the
wake region. Comparing Figs. 10a and 10c, as well as Figs. 10b and
10d, a general increase in u, is observed as the roughness height
increases from k/h = 0.1 to k/h = 0.2. This trend aligns with previous
studies indicating that both drag and turbulent intensities are positively
correlated with roughness height, highlighting that larger roughness
elements promote stronger turbulence and higher momentum losses.



F. Bruno et al. International Journal of Heat and Fluid Flow 117 (2026) 110015

y/h y*

0 ‘ ‘ ‘ ‘ ‘ 0
0 02 04 0.6 0.8 1 1 10 100
y/h v

Fig. 9. Turbulent intensities in wall units for k/h = 0.2. (a)-(b): u:'m; (c)-(d): wall-normal component u:'m; (e)-(f): spanwise component w:'m. ¢ Flat; 0O a1,; 8
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references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Color contours of streamwise velocity turbulent intensities: (a) A1, (), (b) B1, (&), (c) Al, (), (d) Bl, (A). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

5. Conclusions

Building on the findings of Bruno et al. (2024b), Direct Numerical
Simulations performed to analyze a set of 2D rough surfaces using
triangle-shaped elements have been extended by incorporating an ex-
amination of turbulent intensities. The ED consistently incorporates
the influence of flow dynamics around roughness elements, including
wake effects and interactions between peaks, providing a more com-
prehensive representation of the roughness configuration. The Effective
Distribution thus offers an improved correlation with both drag and
roughness function over a wide range of surface configurations, in-
cluding more realistic irregular rough surfaces generated using random
sinusoidal functions. A detailed analysis of the terms of the ED equation
has revealed the contributions of each roughness element. In fact, by
isolating individual terms of the ED, a deeper insight into how different
surface features influence turbulence has been provided. Specifically,
the dominant role of the highest pinnacles and of the spacing between
roughness elements has been found. On the other hand, the sheltering
effect plays a fundamental role when a small triangle is quite close
to an highest pinnacle. To further investigate on this behavior the
turbulent intensities have been investigated. The analysis of rms values
has demonstrated that the tallest roughness elements contribute to an
huge increase in turbulent fluctuations. Despite the strong correlations
observed, further work is necessary to extend the applicability of the
ED to more complex rough surface configurations, particularly those
exhibiting irregularities in the spanwise direction.
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