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1 Abstract

In a wide range of engineering applications, turbulent flows
over rough surfaces are commonly encountered. Despite
decades of research, accurately predicting drag and roughness
function solely from surface geometrical parameters remains
an unresolved issue. Various attempts have been made to
identify combinations of these parameters that reliably correlate
with surface drag. However, significant variability in results
has been observed. It is hypothesized that not all roughness
elements contribute equally to drag. Specifically, elements in the
wake of larger ones may have minimal impact on drag, while
isolated peaks can induce significant pressure drops compared
to a uniformly distributed roughness with equivalent volume
and frontal area. To test this hypothesis, simulations were
conducted of turbulent flow over rough surfaces composed of
triangular elements, varying their height distribution and spatial
arrangement. Results indicate that geometries with identical
effective slope, skewness, and kurtosis can exhibit distinct drag
and roughness functions. A new geometrical parameter, the
Effective Distribution, is introduced, showing strong correlation
with drag within the range of variability considered in the study.

2 Introduction

Rough surfaces are encountered in a wide range of engineering
and environmental applications. The flow in heat exchangers,
the atmospheric boundary layer over urban areas, complex
topography or vegetation and the leading edge erosion of turbine
blades are just a few examples of the wide range of problems
where roughness plays a key role. Roughness in general leads
to a drop in system performance and a huge boost in the
management costs. Hence, predicting the effect of rough walls
on turbulence has become an important design prerequisite for
practical applications. In the last decades, several studies have
been carried out to understand the flows physics over corrugated
walls, starting from the seminal work of Nikuradse Nikuradse
(1993). Despite extensive efforts have been made by the scientific

community, our knowledge cannot be considered sufficiently
robust and universal yet. One of the first attempts to predict the
main roughness effect was given by [Hamal (1954)), introducing
the correlation between a geometrical parameter, known as
equivalent sand grain roughness kg and the energy loss induced
by the roughness. [Hamal (1954) observed that the main effect of
the roughness is the downward shift of the mean velocity profile
(scaled in inner units) in the log region, known as Roughness
function AU (hereafter, the superscript ™ denotes variables
made non-dimensional with inner variables u; = (1;/p)®>) and
V/ur , where u.is the friction velocity, T, is the wall stress, p the
fluid density and v the kinematic viscosity).

AU = %ln(kf) +B (1)
where k is the von Karman constant, kj:ks -V/u; and B is
a constant. Unfortunately, k; cannot be assigned a priori; it
can be, in fact, determined once the mean velocity profile over
the rough wall is known. Moreover, as pointed out by several
authors (see among others [Flack et al.| (2020)), k, isn’t a physical
measure of the corrugation. The prediction of the drag, as
well as roughness function, based on geometrical features of the
wall, has received extensive attention in the past and a variety
of roughness correlations have been developed in literature (see
among others [Van Rij et al.| (2002), [Bons| (2005), Napoli et al.
(2008)), [Flack & Schultz] (2010), |Chan et al.| (2015)), [Forooghi
et al| (2017), [Thakkar et al.| (2017), [Piomelli (2019), Chung
et al| (2021). Several parameters were analyzed in the past,
for instance the mean roughness height k™, the peak-to-valley
distance k:;v, the root mean square k., the skewness S, the
kurtosis K;, the effective slope ES and the density parameter Ay,
using both experiments or numerical simulations over 2D or 3D
roughness. Furthermore, some studies focused the attention on
regular elements arranged over a flat plate (see among others
Leonardi et al.| (2003)), [Volino et al.| (2011)), |Gatt1 et al.| (2020),
Modesti et al.| (2021), | Busse & Zhdanov| (2022) for 2D elements
and |Orlandi & Leonardi (2008)), Boppana et al.| (2010), [Hong
etal.|(2011)), Busse & Jelly| (2020) for 3D elements). Geometrical
statistics, developed so far, correlate well with the drag of some
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particular type of roughness but lack universality and fail with
other generic irregular walls. This calls for an effort to develop
a universal correlation to predict roughness effects. In this study,
Direct Numerical Simulations (DNSs) have been performed to
reveal the influence of rough elements. A new parameter,
called Effective Distribution ED, has been defined. The ED is
based on a modified version of the known effective slope and
the preliminary results show a good correlation with different
roughness shape.Sect. describes the numerical procedure
adopted for DNS, Sect {4 highlights flow configurations, results
are presented in[5|and conclusions are drawn in [6]

3 Numerical procedure

The non-dimensional Navier-Stokes and continuity equations for
incompressible, neutrally stable flows can be expressed as

ou; dUU; P 1 9°U;
ot + dx; 7737xi+Rie 8x§ + 110 @
V-U=0 3)

where Re is the Reynolds number based on the bulk velocity (U
=1/h foh Udy), which is held constant in time, J;; is the Kronecker
delta, U; is the i-th component of the velocity vector, x; is the i-th
coordinate direction and P is the pressure per unit mass. The
quantity IT is the pressure gradient which varies with time in
order to keep constant the flow rate. The Navier-Stokes equations
were discretized in an orthogonal coordinate system using the
staggered central second-order finite difference approximation.
The surface roughness was treated using the immersed boundary
technique, which allows solution over complex geometries
without the need for intensive body-fitted grids. This consisting
of imposing U; = 0 on the body surface, which does not necessary
coincide with the grid. Full details about the immersed boundary
method and the numerical schemes can be found in [Orlandi &
Leonardi| (2006).

4 Flow configuration

Direct numerical simulations have been performed for an
asymmetric fully developed turbulent channel flow with
roughness on the bottom wall. The advantage of having an
asymmetric channel is that the position of free shear is not forced
to be at the centerline but it moves upward. The effective outer
scale increases with respect to the half height of the channel,
decreasing the k/h ratio as recommended by Jiménez (2004).
Due to the difference of upper (smooth) and lower (rough)
walls, here the total shear stress on the respective wall has
been used (not the average between the two walls or the overall
pressure gradient) for normalization in inner units. Periodic
boundary conditions have been applied in streamwise (x) and
spanwise (z) directions while no-slip condition has been imposed
in wall-normal direction (y). The computational box in X, y, z

Figure 1: 3D computational domain for (one) the surfaces

direction is 6.4h X 2.2h x mh respectively; a sketch of one of
the roughness cases here considered is shown in Figure[I). The
computational domain has been discretized using 512 x 256 x
256 grid points. The mesh is uniform in the streamwise and
spanwise directions, with Ax/h = 0.0125 and Az/h = 0.0123.
On the other hand a non-uniform mesh has been used in the y
direction. Specifically, in wall-normal direction the points are
clustered near the wall within the cavity Ay,,;,/h = 0.002. The
mesh increases toward the channel centerline, with Aypg,/h =
0.03. The Reynolds number is Re = 4,300 and corresponds to
the friction Reynolds number Re; = 240 when both walls are
smooth. For a fixed pitch to height ratio w/k = 4, which is
below the value for which transverse bars can be considered
virtually isolated (w/k = 7, [Leonardi et al.| (2003)), two sets of
simulations have been analyzed varying the roughness height k.
The first set is made of 16 triangular transverse bars equally
spaced in the streamwise direction w/h = 0.4. The baseline
case (m Al), has a constant roughness height k/h = 0.1. In the
second set of simulations, we halved the number of triangular
bars in streamwise direction but doubled the roughness height to
k/h = 0.2 (m case Aly). The subscript indicates the roughness
height. Other cases are considered as a modification of the
baseline to highlight specific geometrical features, such as a
protuberance above the roughness layer and the wake of larger
elements affecting the downstream roughness. The height is
slightly adjusted in each case to keep constant either the value
of Effective Slope, kurtosis and skewness. In cases Bl (a) and
B1, (a) we doubled the vertical size of one element; in cases B2
(a), B2 (a) and B2;;, (a) we removed the element immediately
downstream the tallest one. The set of simulations labeled with C
presents 2 taller triangles, with streamwise distances A gradually
increasing from C1; to C4; (o, @, @, ®) and from C1, to C4, (e,
e, @, ©). The geometrical and flow properties are summarized in
table [Tl

5 Results and discussion

The effect of the roughness is to shift the mean velocity profile,
with respect to that on a smooth wall, by an increment AU,

referred to as the roughness function:
Ut=x'Iny"+Cc—-AU" 4)

In figure [2] the total drag and the roughness function are plotted
as function of the Effective Slope (ES), skewness and kurtosis



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)

Montreal, Canada, June 25-28, 2024

Marker Sketch Case k/h  kpa/h w/h A/h ES K, S« D/pU AU
¢ Fla. 000 00 00 00 000 000 000 012 03
m Aly 010 01 04 00 050 749 264 023 115
A ke Blp 010 020 04 32 056 1138 3.07 034 130
A it B2y 010 020 04 32 050 13.17 330 035 13.0
e eitieeeeai. Clp 009 018 04 04 056 11.61 313 028 122
° ctaae. C2; 009 018 04 08 056 1161 3.13 031 128
° ctarbeeeaea. C37 009 018 04 12 056 1161 3.13 037 135
e cbniannieea C4; 009 018 04 1.6 056 1161 313 038 138
= A A0 020 00 64 00 006 749 264 023 110
= saaaaaaa Al 020 00 08 00 050 749 264 035 135
= saaaaaaa Aly 022 00 08 00 055 749 264 038 13.6
A saakhaaaa Bl 020 040 08 64 056 1138 307 052 146
A saad aaa B2, 020 040 08 64 050 13.17 330 055 146
A aaad aaa B2y 023 046 08 64 058 1317 330 068 155
e saaddaaa Clp 018 036 08 08 056 1161 3.13 045 137
° saadadaa C2; 018 036 08 1.6 056 1161 3.13 049 142
° saadaaks C3, 018 036 08 24 056 1161 3.13 058 150
° saadaaak C4 018 036 08 32 056 11.61 313 060 150

Table 1: Geometrical and flow properties. k/h roughness height; k.. /h big element roughness height; w cavity width; A distance
between big elements; ES: effective slope; K, Kurtosis; Sy Skewness; D/ pU,,2 total drag; AU Roughness function.

(Ky). For the same ES, or K, the drag and roughness function
vary significantly, about 30 —40%.
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Figure 2: Roughness function and drag as function of the
geometrical features of the rough wall (Effective slope, skewness
and kurtosis). Symbols as inE}

5.1 Inconsistency in geometrical parametrization

The flow structure and the pressure around the roughness
elements have been analysed to assess why these geometrical
features fail to depict the differences in drag and roughness
function of the different cases we considered. Specifically,
comparing case Al (m uniform triangles) and B1; cases, (a same
as Al; with an element Ak higher), to a slight change of ES
corresponds a major difference in drag. For uniform roughness,
the cavities are filled with a recirculating flow (Fig[3p). The non
dimensional form drag of each element is P; = 0.005. On the
other hand, in B11, the streamlines impinge on the tallest element
(labeled 70" in Fig[3p for ease of identification) generating a
strong stagnation point. The form drag is P; = 0.04, about 8 times
larger than that of uniform triangles. This shows how sensitive
the drag is to pinnacles emerging outside the roughness layer,
which, instead, is not accounted for in the ES, skewness and
kurtosis. The form drag of the upstream triangle (labeled -1")
is slightly smaller because the streamlines are tilted upward by
the taller element. The large recirculation closes on the second
element downstream (labeled ”2”) at a distance of about 8k. The
pressure drag of the two roughness elements in the wake is very
small and negative, meaning that the pressure on the leeward
side is higher than that on the windward side. The drag of the
other roughness elements is to a good approximation unaffected
implying that a perturbation to the geometrical topography of the
surface affects the flow slightly upstream (up to 4k) and a bit more
downstream (8k). The surface B2 is obtained by removing the
triangle (labeled 1" in Fig[3b) downstream the highest roughness
element. The mean streamlines are quite similar with those
observed for the surface B1;. In both cases, in fact, a main
recirculation originated on the highest peak and closing about 8k
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Figure 3: Streamlines superposed to color contours of pressure:
a) Aly (m), b) Bl (a), ¢) B2 (a), d) Cl; (®). The pressure drag
of each triangle is indicated below them, i.e. P;(4) = 0.005.
Definition of Ak is included in the figure.

downstream (Fig@;), can be observed. Furthermore, the overall
drag and AU ™ are approximately the same as those of B1; despite
variations of ES, Sy or K;,. This suggests that roughness elements
located in the wake region of higher elements must be weighted
differently in the geometrical statistics of the surface. Adding a
second taller roughness element to B1{, immediately downstream
(labeled 17 in Fig@i), surface C1, increases the mean surface
height, as well as the higher moments statistics, but reduces the
drag (and roughness function) instead of increasing it. The wake
of the first higher pinnacle shields the second. The recirculation
shrinks compared to B1; and B15,, filling the cavity formed by the
two higher triangles (elements ”0” and 1" of Fig[3d).

Increasing the distance between the two highest pinnacles (cases
C3; @ and C4, o, FigE|a,b), leads to an increase of drag and
AU™ because the streamlines tend to reattach on the lower array
of triangles with a consequent increase of pressure drag on the
large element. These results suggest that the position of the
roughness elements affects the flow physics and the drag despite
the geometrical features are the same. A single pinnacle much
higher than the others have a major effect on the flow. Its
contribution is not proportional to the wet area, or exposed area
to the flow; it is much higher if the upstream elements are
smaller. It could be interpreted mathematically into a geometry

-0.005  0.000 0.029  -0.005

Figure 4: Streamlines superposed to color contours of pressure:
a) C3; (@), b) C4 (o).

height gradient, which was partially taken into account by the
ES. However, cases C1; — C4, highlight also how it is important
the presence of other tall roughness elements upstream, and their
wake. The distance A between two consecutive highest peaks
is a key parameter to determine the influence of roughness on
turbulent flow.

5.2 Effective Distribution

The analysis of section[5.I|showed that any parametrization based
on geometrical features of the walls needs to be consistent with
the following:

* pinnacles emerging above the roughness layer produce a
wake (Fig[3p). The roughness elements in the wake have
a negligible contribution to the drag. As a consequence, the
geometrical quantities used to parameterize the roughness
should be filtered by the contribution of those elements in
the wake length.

* the contribution to the drag of each roughness element
depends on its size, distance from previous elements (figure

Bb).

A new geometrical parametrization, Effective Distribution, is
here proposed as a modification of the Effective Slope introduced

by Napoli et al.| (2008):

S

d IX; flar -k
OCi'ESi+Z/3i'ESAki+Z%

ED=ES—
i=1 = Lx i ok

| 5)

i=1

It is obtained from the original ES definition, by subtracting the
contribution of roughness elements located in the wake region
and adding the contribution of pinnacles above the crest plane.
For all test cases analyzed, the wake was verified to be 8 time
kmax- This result is consistent with previous experiments and
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Figure 5: Effective Distribution
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Figure 6: Roughness correlations: (a) Effective Slope (Napoli
et al.| (2008)); (b) Effective Distribution.

numerical simulations in literature where it was observed that
the cavity width w to roughness height k ratio achieve a critical
value in the range w/k = 7 — 8. The coefficients a is the
distance between each roughness element and the pinnacles,

a= Awiij, where, Ak; is the j-th roughness peak over the crest
plane, whereas w; is the distance between the i-t4 element from
the j-th pinnacle. In Figure [5] a sketch of these distances is
depicted. In addition, if the surface is characterized by more
than one peak higher then the surrounding elements, the distance
between two subsequent pinnacles, ”A,” has to be considered.
When A < 8kpyy, (recall that 8k, is an approximation of the
wake length), the downstream pinnacle is in the wake region
of the upstream pinnacle. This means that the flow around the
downstream pinnacle will be affected by the wake of the upstream
pinnacle, which can result in a reduced contribution to the overall
drag. To account for this effect, a coefficient B is introduced,
which scales the contribution of the downstream pinnacle to the
overall drag. When A < wake, B is less than 1 to reflect the
reduced contribution of the downstream pinnacle. As A increases
and the downstream pinnacle moves out of the wake region, 3
increases as well, until it reaches a constant value of 1 when A
is greater than the wake width. This indicates that both pinnacles
have the same contribution to the overall drag and can be treated
as isolated peaks. The ES does not provide information about
the distance between one element and another, as in the case
of a flat section where ES = 0. As observed by [Leonardi et al.
(2003), the velocity profile is strongly influenced by the flat
region downstream of each element. The last term of the equation
was introduced to account for it.

Figure[6]shows the correlation between the Effective Distribution
and the total drag or roughness function based on the above
considerations. The correlation between ED and the drag

significantly improves with respect to the Effective Slope, plotted
in figures 2] and [6] This result suggests how the new geometrical
parameter takes into account various geometrical features which
effect the turbulent flows, such as the peaks above mean
roughness, the wake region induced by the highest elements and
the distance between two consecutive elements.

6 Conclusions

DNSs have been performed to analyze a set of 2D rough
surfaces using triangle-shaped elements. One of the main
challenges of the last decade was the prediction of drag and
roughness function based on surface topography, which requires
a parametrization. Therefore, seven rough walls with different
shapes but similar effective slope, skewness, and kurtosis have
been investigated. The study found that for most of the
data, different shapes with the same geometrical quantities
can result in different drag and roughness functions. To
address this issue, a new geometrical parameter called Effective
Distribution (ED) was introduced. The ED is a geometrical
parameter that accounts for the physical behavior of fluid
around roughness elements. It is calculated based on two
hypotheses.  First, elements with a larger roughness height
than the roughness thickness produce a wake that influences
the following corrugations, making negligible their contribution
to the drag. Therefore, the geometrical statistics should be
filtered by the contribution of those elements in the wake length
or weighted differently. Secondly, rough elements have lesser
or greater contributions based on their size and pattern. To
validate these hypotheses, all test cases were analyzed, and
the pressure distribution around the roughness elements were
investigated. The results showed that roughness elements in
the wake of trailing pinnacles do not affect the flow and give
different contributions to the total drag. In fact, the triangles
above the roughness base-layer have a larger contribution to
the drag than the crest plane. The Effective Distribution has
been calculated as a modification to the Effective Slope by
subtracting the contribution of roughness elements located in the
wake region and adding the contribution of pinnacles above the
crest plane. The distance between each roughness element and
the pinnacles is taken into account. Additionally, if the surface
is characterized by more than one pinnacle, their distance has
to be considered. Overall, the Effective Distribution provides
a representative geometrical parameter of the entire roughness
configuration, taking into account the peaks above the mean
roughness, the wake region induced by the highest elements,
and the distance between two consecutive elements. In this
study, the Effective Distribution (ED) has shown to improve the
correlation between roughness-related parameters such as total
drag, drag coefficient, and roughness function. The Effective
Slope showed a vertical alignment for most of the data, meaning
that for a given Effective Slope value, there is a large variation
in terms of drag and roughness function. This suggests that
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the Effective Slope alone may not fully capture the impact
of geometrical features on turbulent flows. In contrast, the
Effective Distribution improved the correlation with the drag by
increasing the roughness-related value as the ED rises. This
indicates that the ED takes into account various geometrical
features that affect turbulent flows, such as peaks above mean
roughness, wake regions induced by the highest elements, and the
distance between two consecutive elements. Overall, the use of
the Effective Distribution has improved the correlation between
different parameters, but further analysis may be required to
better understand the variation observed for the Effective Slope
correlations.
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