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Abstract

Most studies of secondary currents (SCs) over streamwise aligned ridges have been per-
formed for rectangular ridge cross-sections. In this study, secondary currents above tri-
angular ridges are systematically studied using direct numerical simulations of turbulent
channel flow. The influence of ridge spacing on flow topology, mean flow, and turbulence
statistics is investigated at two friction Reynolds numbers, 550 and 1000. In addition, the
effects of ridge width on SCs, which have not previously been considered for this ridge
shape, are explored. The influence of SCs on shear stress statistics increases with increased
ridge spacing until SCs fill the entire channel. One of the primary findings is that, for
ridge configurations with pronounced secondary currents, shear stress statistics exhibit
clear Reynolds number sensitivity with a significant growth of dispersive shear stress lev-
els with Reynolds number. In contrast to rectangular ridges, no above-ridge tertiary flows
are observed for the tested range of ridge widths. Flow visualisations of SCs reveal the
existence of corner vortices that form at the intersection of the lateral ridge sides and the
smooth-wall sections. These are found to gradually disappear as ridges increase in width.
Premultiplied spectra of streamwise velocity fluctuations show strong dependency on the
spanwise sampling location. Whereas spanwise averaged spectra show no strong modifi-
cations by SCs, a significant increase of energy levels emerges at higher wavelengths for
spectra sampled at the spanwise locations that correspond to the centres of the secondary
currents.
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1 Introduction

Secondary currents (SCs) occur in a wide range of wall-bounded flow configurations,
where their time-mean signature manifests itself as streamwise vortices in the cross-plane
perpendicular to the primary flow direction. Based on their generation mechanism SCs
were classified by Prandtl into two kinds (Prandtl 1952). Secondary currents of the first
kind are formed as a result of the mean flow curvature, for example, as Dean vortices in
flows through pipe bends, while secondary currents of the second kind are a result of tur-
bulence anisotropy and gradients of turbulent stresses. For the latter kind, a well-known
example is the flow through non-circular ducts (Nikuradse 1930), where SCs form in the
corners of the duct. Experiments by Hinze (1967, 1973), where strips of roughness were
applied to one wall of a rectangular channel, showed that surfaces with spanwise hetero-
geneity can also generate SCs. In these experiments secondary currents formed not only
in the channel corners but also at the edges of the roughness strips. These currents also
originate from turbulence anisotropy and spatial gradients of the Reynolds stresses and
therefore fall under Prandtl’s secondary flows of the second kind (Anderson et al. 2015).
Despite being relatively weak compared to the mean flow (e.g., Kevin et al. 2017), SCs can
have a significant impact on the mean flow profile and turbulence statistics. In particular,
the presence of secondary currents induces elevated levels of dispersive stresses not only
close to the wall as in case of typical rough surfaces with short correlation lengths but also
in the outer layer (Vanderwel et al. 2019).

Systematic studies usually distinguish between two types of spanwise heterogene-
ous surfaces that induce secondary currents: ridge-type roughness and strip-type rough-
ness (Wang and Cheng 2006). The former type includes surfaces with spanwise variation
of topography, i.e., variation of local elevation, while the latter type covers surfaces with
spanwise variation of skin friction. In both cases, the streamwise vortices that represent
the SCs are separated by high- and low-momentum pathways (HMPs and LMPs), which
correspond to the downwash and upwash flow regions, respectively, alternating in the span-
wise direction. Ridge-type and strip-type roughness have been studied experimentally and
numerically for several canonical wall-bounded configurations such as zero pressure gradi-
ent turbulent boundary layers (Vanderwel and Ganapathisubramani 2015; Hwang and Lee
2018; Wangsawijaya et al. 2020), closed channels (Chung et al. 2018; Stroh et al. 2020a),
open channels (Stroh et al. 2020b; Zampiron et al. 2020), and pipe flow (Chan et al. 2018;
Liu et al. 2022).

Surfaces with spanwise variation of roughness topography are also investigated in the
context of riblets (e.g., Bechert et al. 1997; Garcia-Mayoral and Jiménez 2011). However,
while sharing geometric similarity with ridge-type roughness, riblets and ridges interact
with the flow on different scales. In case of riblets, their size and effects are related to
the inner scale of wall-bounded turbulence and investigations of flow over riblets mainly
consider their drag-reducing or drag-increasing properties (e.g., Endrikat et al. 2021;
Von Deyn et al. 2022). In addition, due to the small size of riblets with respect to the outer
scale of the flow, especially at typical Reynolds numbers for the applications of riblets for
drag reduction, they are not expected to induce large-scale secondary flows. In contrast,
investigations of ridge-type roughness concentrate on their ability to generate large-scale
secondary currents which emerge at spanwise ridge spacings of the order of the outer scale
of the flow, i.e., the channel half-height or boundary layer thickness. Therefore, we will
focus in the following on studies investigating ridge-type surfaces that generate macro-
scopic secondary currents.
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For ridge-type roughness, which is the subject of the present study, most systematic
investigations have been performed using ridges with rectangular cross-section (Vanderwel
and Ganapathisubramani 2015; Hwang and Lee 2018; Vanderwel et al. 2019; Medjnoun
et al. 2020). Spacing between adjacent ridges was found to be one of the primary param-
eters that characterises spanwise heterogeneity of the surface and has a strong effect on
the size and strength of SCs (Vanderwel and Ganapathisubramani 2015; Hwang and Lee
2018). For rectangular ridges Vanderwel and Ganapathisubramani (2015) determined that
a ridge spacing of approximately 50% of the outer scale of the flow is required to induce
significant SCs. As the ridges are placed further apart, secondary currents increase in size
and eventually become space-filling and their strength is maximised when the ridge spac-
ing reaches the outer length scale of the flow (Vanderwel and Ganapathisubramani 2015).
Further increase in ridge spacing leads to emergence of tertiary flows which are formed in
the centre of the valleys in between ridges (see, e.g., Vanderwel and Ganapathisubramani
2015; Hwang and Lee 2018). Similarly to secondary currents, tertiary flows are represented
by a pair of counter-rotating streamwise vortices although of reduced strength compared to
SCs, e.g.,Vanderwel and Ganapathisubramani (2015) reported a difference in strength of
approximately 50%.

Another important parameter that influences secondary currents over rectangular ridges
is the ridge width. The increase of ridge width was found to have an opposite effect on the
strength of SCs compared to the ridge spacing: at constant spacing in terms of the outer
scale of the flow wider ridges produce weaker secondary currents (Hwang and Lee 2018;
Medjnoun et al. 2020). However, both parameters share commonalities when considering
their effect on flow topology. Wide rectangular ridges also generate pronounced tertiary
flows, but instead of emerging at the centre of the valley between ridges, as for wide ridge
spacing, they form above the ridge crest. Technically, these flow structures can also be
classified as “secondary currents” based on Prandtl’s definition but are widely referred to
as “tertiary flows” to distinguish between secondary currents generated by the sides of the
ridges and the additional persistent streamwise vortices that emerge over wide ridges. For
very wide ridges, an additional downwash region forms at the centre of the ridge. These
phenomena are observed for rectangular ridges whose width exceeds approximately half of
the outer scale of the flow (Hwang and Lee 2018; Medjnoun et al. 2020). However, this is
a result of formation of the tertiary structures and upwash regions associated with SCs are
still tied to the ridge sides and no reversal in their rotational direction is observed.

The Reynolds number dependency of secondary currents over rectangular ridges has
received less attention since most studies have been conducted at fixed Reynolds number.
By comparing the results of a direct numerical simulation at Re, = 500 with experimental
results at Re, = 4000, Vanderwel et al. (2019) found that the induced secondary currents
are similar for both cases. At both Reynolds numbers the same flow patterns were observed
for the most energetic modes and the relative contributions of dispersive and turbulent
stresses to the total shear stress were comparable. According to Vanderwel et al. (2019) the
generation of secondary currents over ridge-type roughness is governed by outer scaling
rather than inner (viscous) scaling, which is in line with results for strip-type roughness
(Stroh et al. 2016). It should be noted that the compared configurations were at different
spacings and performed only for a single value of ridge width and therefore the exact effect
of Reynolds number on mean flow and turbulence statistics for fixed ridge configurations
remains to be explored.

Ridge-type roughness comprised of ridges with other cross-sections have also been studied,
although in less systematic manner. In general, it is presumed that SCs can be generated by
any ridge shape, but the exact flow topology and strength of secondary currents are geometry
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dependent (Wang and Cheng 2006). Medjnoun et al. (2020) investigated effects of ridge shape
on secondary currents using ridges with triangular, semicircular, and rectangular cross-sec-
tion at a fixed spacing. It was found that triangular ridges produce the strongest upwash above
them, which extends further in the wall-normal direction compared to the other two shapes.
Stroh et al. (2020a), who performed numerical study with triangular ridges that had concave
sides, reported SCs of significantly higher magnitude and swirl strength compared to those
generated by rectangular ridges in the studies by Vanderwel and Ganapathisubramani (2015)
and Vanderwel et al. (2019). These results can be explained by the more favourable geometry
of triangular ridges for deflecting flow upwards confirming that lateral ridge slope and flow
deflection are important for formation of secondary currents (Goldstein and Tuan 1998; Wang
and Cheng 2006).

For ridge shapes other than rectangular ridges, spanwise spacing is the main parameter
that has been investigated to date (see, e.g., Zampiron et al. 2020), whereas the influence of
other parameters, such as ridge width or Reynolds number, has mainly been studied for ridges
with rectangular cross-section. Therefore, due to the limited number of systematic studies for
other ridge shapes, it is unclear whether results obtained for rectangular ridges can be extrapo-
lated to other ridge shapes. For example, comparing rectangular and triangular cross-sectional
shapes, the former can be viewed as a section of the wall with a constant offset relative to the
main wall, which allows for formation of secondary currents and tertiary flows above very
wide ridges and in the valleys between them. In the latter case, the number of corners to which
secondary currents are pinned is lower and the slope of ridge sides varies with ridge width.
Therefore, the question regarding emergence of tertiary flows over side surfaces of triangular
ridges with wide base remains open.

The present study aims to expand the knowledge on the behaviour of secondary currents
generated by triangular ridge-type roughness by performing a numerical study using direct
numerical simulations in a closed channel configuration. In the first part, the effects of ridge
spacing on the topology and strength of secondary currents as well as mean flow and tur-
bulence statistics are explored. To gain insight into the Reynolds number sensitivity of the
secondary currents, the simulations are performed at two friction Reynolds numbers for each
considered ridge spacing, an area where systematic studied are scarce. The results are com-
pared to the data of Zampiron et al. (2020) who systematically studied the spacing effects
for triangular ridges in an experimental study where ridges were placed on a rough bed in an
open channel configuration. In the second part, the ridge base width is systematically varied to
establish the influence of this parameter on the induced secondary currents, which to date has
not been considered for ridges with triangular cross-section. To the best of the authors’ knowl-
edge, this is the first study on triangular ridges, where the effects of ridge base width as well as
the Reynolds number sensitivity of ridge spacing on the emergence of large-scale secondary
currents are systematically investigated using direct numerical simulations. The paper is struc-
tured as follows: the simulation approach, including the definition of the ridge geometry, stud-
ied configurations, and the DNS setup, is described in Sect.2. The main findings are presented
and discussed in Sect.3. Conclusions are provided in Sect.4.

2 Methodology

Direct numerical simulations (DNS) of incompressible fully developed turbulent channel
flow over systematically varied longitudinal ridges are performed to quantify the effects of
spacing and ridge base width on the induced secondary currents. The DNS are performed
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using the second order accurate finite difference DNS code iIMB (Busse et al. 2015).
Streamwise, spanwise, and wall-normal velocity components are denoted by u, v, and w.
The channel size is set to 376 X 76 X 26 in the streamwise (x), spanwise (y), and wall-
normal (z) directions, where 6 is the channel half-height (Fig. 1). The channel height, i.e.,
the distance between the lower and upper wall, is fixed to 26 in all cases which is consist-
ent with previous DNS studies of turbulent channel flow over streamwise ridges (see, e.g.,
Stroh et al. 2020a; von Deyn et al. 2021, 2022). The flow is driven by a constant mean
pressure gradient, I, based on which the mean friction velocity, u,, in the simulation is
defined as u, = 4/—6I1/p, where p is the constant density. The ridges are placed on both
the lower and the upper channel walls and are mirrored with respect to the channel centre-
plane. Periodic boundary conditions are imposed in the streamwise and spanwise direc-
tions, and the no-slip boundary condition is prescribed at the solid walls. The ridge-rough-
ened surfaces are resolved using an iterative version of the embedded boundary method of
Yang and Balaras (2006).

The first part of this study focusses on the influence of the ridge spacing, s, which
is defined as the spanwise distance between tips of adjacent ridges (Fig. 1). The ridges
have equilateral triangular cross-section with height /6 = 0.08. Four values of the
ridge spacing, s/6 = z/8,s5/6 = x/4,5/6 = x/2, and s/6 = =, are considered. To inves-
tigate the Reynolds number sensitivity of the results, DNS are conducted at two fric-
tion Reynolds numbers, Re, = u,6/v, where v is the kinematic viscosity, namely 550
and 1000, for each ridge spacing. For both Re_, uniform computational grid spacing is
applied in the streamwise and spanwise directions maintaining a spatial resolution of
Ax* <5 and Ay* <5 in all simulations. The grid spacing in the spanwise direction is
sufficiently fine to ensure a minimum of 16 grid points across the width of the ridge.
This value is based on preliminary simulations conducted for the case with ridge spac-
ing s/6 = /2 at Re, = 550, where doubling number of grid points in the spanwise
direction did not induce significant differences in terms of the mean flow and turbu-
lence statistics. In the wall-normal direction, uniform grid spacing is applied up to the
ridge crest (Az'. = 2/3), while above the grid spacing is gradually increased reaching
its maximum value (Az} 5 5) at the channel centre. The details of the computational

Fig. 1 Schematic (not to scale) of a channel with triangular ridges used for the DNS. 6 is the channel half-
height, A is the ridge height, b is the ridge base width, s is the spacing between adjacent ridges. The channel
is symmetric with respect to the centre-plane and only the lower half of the channel is shown
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grids, including number of grid points used for domain discretisation are summarised in
Table 1. Reference smooth-wall simulations have been conducted at the same friction
Reynolds numbers and their details are also included in Table 1. The dependency on
the spanwise computational domain size was checked for the largest ridge spacing by
conducting a simulation at Re, = 550 using a computational domain where the spanwise
width was doubled (L, = 2x). The details of this simulation can be found in Table SI 1.
The results (see Fig. SI 1) for the case with doubled domain size show very good agree-
ment with the domain size used in the main study (L, = z). In the following, for con-
sistency all presented results are reported from simulations with L, = .

In the second part, the influence of the ridge base width, b, on secondary currents
is investigated at a fixed ridge spacing s/6 = /2. This value of s/6 was chosen based
on the results of the first part of this study, where at this spacing the SCs attained their
maximum size. The ridge base width is systematically increased transforming the equi-
lateral triangular cross-section with /6 = 0.16/ \/3 into an isosceles triangular cross-
section. The ridge height remains constant in all simulations. First, the base width
is increased to b/56 = n /4, i.e., the ridges cover half of the channel wall, and then to
b/6 = n /2 covering the whole wall of the channel. In this part, the simulations are per-
formed at a fixed friction Reynolds number of 550 and the same computational setup is
adopted as for the spacing study at the same Re_ (Table 1).

For each case, flow statistics are acquired for a minimum of 140 flow through times
in all simulations at Re, = 550 and for a minimum of 112 flow through times for simu-
lations at Re, = 1000 after the initial transient. Statistical quantities, such as Reynolds
and dispersive stresses, are computed using a double-averaging approach (Raupach and
Shaw 1982) which is applied in combination with intrinsic averaging (Gray and Lee
1977), i.e., only the fluid occupied region is considered when computing averages below
the ridge crest. In the following = indicates time-averaged quantities and ( - ) indicates
intrinsic spatial averaging over wall-parallel (x — y) planes.

Table 1 Parameters of the direct numerical simulations

Re, L./ L,/é L/ N, N, N, Ax* Ay* Az:“.n Azt
Ridges

550 3z T 2.00 1152 576 512 4.50 3.00 0.67 4.69
1000 3z T 2.00 1920 640 896 491 491 0.67 5.02
Smooth

550 8 4 2.00 896 448 512 491 491 0.50 3.87
1000 8 4 2.00 1536 768 896 5.21 5.21 0.50 4.08

L, Ly, and L, are the domain sizes in streamwise, spanwise, and wall-normal direction; N,, Ny, N_ are the
number of grid points in the streamwise, spanwise, and wall-normal direction; Ax* and Ay* are the grid
spacing in plus units in the streamwise and spanwise direction, Az;in and Azt~ are the minimum and maxi-
mum grid spacing in plus units in the wall-normal direction
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3 Results and Discussion

In this section the key results for the influence of ridge spacing, width, and friction Reyn-
olds number are presented and discussed. First, the effects on the mean flow field and
development of secondary currents are explored. Second, variation of the mean velocity
profiles and turbulence statistics is examined. Finally, the changes in flow structure and
streamwise velocity fluctuation are discussed using premultiplied streamwise energy spec-
tra at different spanwise locations for surfaces with varied spacing.

3.1 Effects of Ridge Spacing and Reynolds Number on Mean Flow Fields
and Secondary Currents

The influence of ridge spacing on the mean streamwise velocity field normalised by the
centreline velocity (U,) is presented in Fig. 2. Values of the centreline velocity can be
found in Table 2. For each case, results are shown at both friction Reynolds numbers,
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Fig.2 Contours of the normalised phase-averaged mean streamwise velocity with superimposed in-plane
velocity vectors, which are downsampled and scaled for clarity, for surfaces with varied ridge spacing: a
s/6=n/8,bs/6=n/4,¢cs/6=n/2,ds/5=mr The left half of each panel shows results at Re, = 550
and the right half at Re, = 1000. Due to statistical symmetry with respect to the thin vertical black line only
one half of the spanwise ridge pattern is shown for each Re,
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Re,. =550 in the left half and Re, = 1000 in the right half of the corresponding panels
in Fig. 2. The changes in flow topology and strength of secondary currents with ridge
spacing and Reynolds number are also identified and quantified through the magnitude of
secondary currents, contours of which are shown in Fig. 3a—d, and time-averaged signed
swirl_strength presented in Fig. 3e~h. The magnitude of secondary currents is determined
as V> +w’/ U,, where U, is the bulk flow velocity (Stroh et al. 2020a, b). The signed
swirl strength is computed as A_; = 4,,(w,/|@,|), where swirl strength A, is defined as the
imaginary part of the complex conjugate eigenvalue of the time-averaged velocity gradient
tensor (Zhou et al. 1999) and inherits the sign of the time-averaged streamwise vorticity
through multiplication by (@, /|w,|). Therefore, K”- > 0 corresponds to clockwise rotation
and Xd < 0 to counter-clockwise rotation.

As expected, triangular ridges generate SCs in the form of a pair of counter-rotating
streamwise vortices. This vortex pair is symmetric with respect to the ridge and clearly
evident from the in-plane velocity vectors (Fig. 2) and the vorticity-signed swirl strength
(Fig. 3e-h). The upwash regions (LMPs) are located over the ridge crests, while the down-
wash flow (HMPs) is observed in the valleys in between ridges. The rotational direction
of the secondary currents is preserved for all ridge spacings. The observed topology of
secondary currents and their behaviour with ridge spacing are consistent with previous
studies on the continuous streamwise ridges (see, e.g.,Vanderwel and Ganapathisubramani
2015; Hwang and Lee 2018; Zampiron et al. 2020). For streamwise heterogeneous ridges,
a swap in the location of upwash and downwash regions was reported by Yang and Ander-
son (2018) and Medjnoun et al. (2021) for s/6 > 1. In the present study, no swap in the
location of HMPs and LMPs is observed. This can be attributed to the different nature of
the ridge geometry: the ridges investigated by Yang and Anderson (2018) and Medjnoun
et al. (2021) were created by placing individual elements in series, namely truncated pyra-
mids (Yang and Anderson 2018) or cuboids (Medjnoun et al. 2021). Thus, in addition to
spanwise heterogeneity, these surfaces exhibited heterogeneity in the streamwise direction,
which may induce the swap in the locations HMPs and LMPs at wide ridge spacing due
to presence of a pressure drag component, which is absent in case of homogeneous ridges
(Medjnoun et al. 2021).

At the lowest ridge spacing (s/6 = z/8), secondary currents are readily observed
(Fig. 2a). They are confined close to the ridge and are relatively small in size compared
to the outer scale of the flow, i.e., 6, thus the flow field in the outer layer is not affected
by SCs and remains homogeneous. This result is similar to the results of Zampiron et al.
(2020) in open-channel flow and highlights the influence of ridge shape on formation of
secondary currents. In particular, triangular ridges produce persistent SCs at smaller spac-
ings compared to rectangular ridges, where SCs emerge for s/6 > 0.5 (Vanderwel and
Ganapathisubramani 2015). With an increase in ridge spacing, first to s/6 = x /4 and then
to s/6 = x/2, secondary currents progressively grow in size in both spanwise and wall-
normal directions until they occupy the entire cross-section of the channel. This is accom-
panied by an increase in the level of spanwise heterogeneity of the mean flow with sig-
nificant heterogeneity observed for the surface with s/6 = z /2 (Fig. 2c). Spatial growth of
SCs with ridge spacing is also reflected in the vorticity-signed swirl strength (Fig. 3e-g).
Further increase in s/6 to  does not affect the size of the SC vortices, but results in the for-
mation of an additional pair of counter-rotating streamwise vortices in the valley between
ridges, commonly referred to as tertiary flows. These vortices are significantly weaker
compared to the main secondary currents (Fig. 3h).

Stroh et al. (2020b) suggested that the strength of secondary currents can be estimated
as the maxima of their magnitude, i.e., max( V4w /U,). For s/6 = =, the tertiary flows
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Fig.3 Contours of the phase-averaged magnitude of the secondary currents (a—d) and mean signed swirl
strength (e-h) for surfaces with varied ridge spacing: a, e s/6 = z/8,b,fs/6 =n/4,¢,g5/6 =x/2,d, h
s/6 = m. The left half of each panel shows results at Re, = 550 and the right half at Re, = 1000. Due to
statistical symmetry with respect to the thin vertical white/black line only one half of the spanwise ridge
pattern is shown for each Re,. Positive (solid) and negative (dotted) contour lines in e-h are shown at levels
{0.01,0.025,0.07,0.1,0.2,0.5,0.75} and —{0.01, 0.025,0.07,0.1,0.2,0.5,0.75}

are approximately 12 times weaker at Re, = 550 and 8 times weaker at Re, = 1000). If
instead comparing maximum swirl strength of secondary and tertiary vortices, follow-
ing the approach by Vanderwel and Ganapathisubramani (2015), the secondary currents
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are approximately 34 and 27 times stronger than the tertiary flows at Re, = 550 and
Re, = 1000, respectively. For the present triangular ridges, the ratio of secondary to ter-
tiary currents’ strength is significantly higher compared to the factor of ~ 2 reported by
Vanderwel and Ganapathisubramani (2015) for rectangular ridges. This can be explained
by a number of factors: first, as can be seen from the present results, tertiary flows become
stronger with Reynolds number and at Re, = 4200, which was used in Vanderwel and Gan-
apathisubramani (2015), the relative difference in secondary / tertiary currents’ strength is
expected to decrease. Second, due to their shape, triangular ridges produce more localised
and stronger upwash flow compared to rectangular ridges. However, the downwash region
is more spread across the valley and therefore is weaker, resulting in tertiary flows of lower
strength. Third, comparing signed swirl strength contour maps from experiments by Van-
derwel and Ganapathisubramani (2015) and those obtained in DNS by Hwang and Lee
(2018) it can be noted that the region of the highest swirl strength around the ridge edges
was outside the field of view in the experiments. This may have caused an underprediction
of the maximum swirl strength for the secondary currents and thus the ratio of secondary
to tertiary currents’ strength.

For cases with narrow ridge spacing (s/6 < z/4), an increase in Reynolds number from
Re, =550 to Re, = 1000 has only minor qualitative effects on flow topology and span-
wise flow field heterogeneity (Figs. 2a and b and 3a and b). However, for surfaces with
wide ridge spacing (s/6 > n/2) and hence the most pronounced secondary currents, at
Re, = 1000 an increase over Re, = 550 levels can be observed in the spanwise heteroge-
neity of the flow due to elevated mean flow speed in HMPs regions (see also Fig. 3a—d).
The signed swirl strength of SCs also increases with Reynolds number (Fig. 3e-h), but
this increase is observed mainly in the core region of the SCs, while at the outer edges it
remains largely insensitive to Re,. The tertiary flows show a stronger Reynolds number
sensitivity and intensify with increase in Re..

Irrespective of the ridge spacing and Re,, the highest magnitude of secondary currents
is found in the upflow regions over the ridges (Fig. 3a—d). At the lowest tested spacing, the
strength of SCs is approximately 4.1% of the bulk flow velocity at Re, = 550. As the spac-
ing is increased to 7 /4, SCs strength reaches approximately 4.4% of U, and remains almost
unaffected as the ridges are placed further apart. At Re, = 1000, the same trend with vari-
ation of ridge spacing holds, but SCs become stronger reaching 4.3% of U, at s/6 = x/8
and 4.6% at the higher values of s/6. The present results are consistent with 4.4% reported
in the experimental study of Medjnoun et al. (2020) for triangular ridges of the same height
in outer units (4/6 = 0.08) at spacing of s/6 = 1. In the context of other ridge shapes, the
present values are higher compared to 2.2% — 3.3% found for semicircular and rectangu-
lar ridges of various widths with similar heights (2/6 = 0.08 — 0.09) in the experimen-
tal study by Medjnoun et al. (2020). This is consistent with the observation of Wang and
Cheng (2006) that a triangular ridge shape enhances upward deflection of the flow and thus
the strength of secondary currents. SCs of even higher strength (6.6%) have been reported
for triangular ridges with concave sides (Stroh et al. 2020a). However, it should be noted
that Stroh et al. (2020a) used twice taller ridges with /5 = 0.16, which in addition to the
concave sides may have increased the strength of SCs.

The changes in flow topology with spacing and Reynolds number are quantified
by measuring the wall-normal elevation of the centres of the SCs above the ridge tips
((zy. — h)/6). The centres of secondary currents move towards the channel centre-plane as
the spacing is increased from /8 to # /2 and the SCs grow in size (Fig. 4a). At both Re_,
the change in (z,, — h)/6 follows a linear trend over this range of spacing, which is con-
sistent with the experimental results of Zampiron et al. (2020) for tringular ridges with
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Fig. 4 Wall-normal elevation of secondary current centres as a function of a ridge spacing at different Re,
and b ridge width at Re, = 550. Experimental results from Zampiron et al. (2020) for triangular ridges in
open channels with rough beds are included in part (a)

h/6 = 0.12 at Re, = 1400. At the lowest ridge spacing, the wall-normal elevation of SCs
matches between the experiments and the present DNS data and does not exhibit sensitivity
to Re,. However, for cases with pronounced SCs, Reynolds number appears to influence the
dependency of (z,, — 1)/6 on the spacing s/6. With higher Re,, the slope in the linear rela-
tionship between (z,, — h)/6 and s/ increases (see Fig. 4a). At the maximum tested ridge
spacing (s/6 = =), where tertiary flows are present, no significant change in (z,, — h)/6
is observed compared to s/6 = /2. This is consistent with the data of Zampiron et al.
(2020) and confirms that the secondary currents have already reached their maximum size.
However, the maximum value of (z,. — )/ is consistently lower in the present DNS com-
pared to the experimental result of Zampiron et al. (2020). This can be attributed to the
different flow configurations, namely closed channel in the DNS versus open channel in the
experiments. In contrast to an open channel flow with a free water surface, in a closed sym-
metric channel configuration, the wall-normal growth of secondary currents is restricted
by SCs generated on the opposite wall. Dependency of secondary current elevation on the
specific channel configuration can also be found in the study of Stroh et al. (2020a) where
secondary currents in a closed symmetric channel displayed lower elevation compared to a
closed channel case with identical ridge configuration where the pattern was shifted by s/2
on the upper wall breaking the symmetry with respect to the centre-plane.

In addition to the dominant secondary current vortices, the presence of small vortices
formed in the corner between the lateral ridge surface and the channel wall can be observed
on each side of the ridge. In Fig. 2 only one of these vortices is shown as the inset to part
(c), but these corner vortices can be clearly observed for each considered ridge spacing
and Re, in the mean signed swirl strength fields in Fig. 3e-h. Castro et al. (2021) recently
reported similar corner vortices for rectangular ridges and pointed out that sufficient grid
resolution is required to resolve these features. It is therefore not unexpected that similar
vortices are also observed for the present configurations, but - to the best of our knowledge
- corner vortices have not previously been reported for triangular ridge geometries. The
corner vortices are weaker compared to the secondary currents but stronger than the ter-
tiary flows; the size and strength of the corner vortices appear to be consistent across most
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of the considered values of s/6 and Re_. Similar corner vortices may well be present for
other ridge shapes, but they would be difficult to observe in experiments due to their very
close proximity to the wall and their small size.

3.2 Effects of Ridge Width on Mean Flow Fields and Secondary Currents

The effects of ridge width on the mean streamwise velocity field normalised by U, and the
signed swirl strength are shown in Fig. 5. As the ridges become wider, the base region of
secondary currents remains attached to lateral surfaces of the ridge, expanding with /6,
while the wall-normal extent of SCs is not affected. Overall, the SCs assume a more square
shape as ridge width is increased. The swirl strength of secondary currents decreases as
b/§ is increased. Similar trends have been reported for rectangular ridges (Hwang and
Lee 2018; Medjnoun et al. 2020). However, in contrast to rectangular ridges, no tertiary
flows are found to form over wide triangular ridges even for the widest tested ridge with
b/6 = = /2. This key difference in flow topology between triangular and rectangular ridges
can be explained by the difference in cross-sectional geometry: with respect to the cross-
stream plane for a triangular ridge there is only a single corner to which SCs are pinned,
whereas two exposed, SCs-generating, corners separated by an elevated smooth-wall sec-
tion are present for a rectangular ridge. Increase in ridge width also affects the wall-normal
elevation of the centres of SCs. Similarly to spacing, increase in /6 moves SCs centres
higher above the ridges (Fig. 4b). However, in this case the variation of (z,. — /)/é appears
to follow a quadratic polynomial rather than a linear trend.
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Fig.5 Mean flow fields for varied ridge base width. Left half of each panel: contours of normalised phase-
averaged mean streamwise velocity with superimposed in-plane velocity vectors (downsampled and
scaled for clarity); right half of each panel: mean signed swirl strength. a /6 = z/2, b b/6 = x /4, and ¢
b/6 = 0.16/4/3 (the latter repeated from Figs. 2c and 3g). Statistical symmetry with respect to y/é = z /4
applies in all cases. Positive (solid) and negative (dotted) contour lines for swirl strength are shown on the
levels {0.01,0.025,0.07,0.1,0.2,0.5,0.75} and —{0.01, 0.025,0.07,0.1,0.2,0.5,0.75}
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The corner vortices forming at the intersection between the lateral sides of the ridges and
the smooth-wall sections are also affected by the ridge width. As b/§ is increased to = /4
they expand in size and their strength reduces (Fig. 5b). For the widest ridge (b/6 = 7/2)
they disappear. In this case, no smooth-wall sections remain in between ridges, and thus
the number of corners in between ridge crests is reduced by one. Effectively, as the ridge
width increases, the corner vortices move further towards the centre location in between
ridge crests weakening in strength until they ultimately cancel each other and disappear
when the ridge width matches the ridge spacing.

3.3 Effects of Ridge Spacing and Reynolds Number on Mean Flow and Turbulence
Statistics

The streamwise velocity profiles for all ridge spacings are shown in Fig. 6a. As s/6 is
increased, the downward shift in the velocity profile with respect to the smooth-wall data is
reduced. With increase in Re,, surfaces with wide ridge spacing show a stronger Reynolds
number sensitivity of AU* compared to those with narrow ridge spacing. At the lowest
spacing (s/6 = x/8), no change in AU" is recorded (Table 2). The value of AU™ is esti-
mated as the downwards shift in the mean streamwise velocity profile measured at the
channel centre-plane. Alternatively, AU™ can be estimated from the skin friction coefficient

(Cf) as AUt = (4/2/ Cf)s —( 2/Cf), (Granville 1987), where the subscript s denotes

‘smooth” wall, r ‘rough’ wall, and C; = 2(u, JU,)?. Although this measure will result in
slightly different values of AU, the overall trends with variation in ridge spacing are

Table 2 Mean flow quantities for s/5 bJs

R U,
all cases ¢

T cl

U, Re AUt ;%1073

Varied ridge spacing

/8 0.16/\/5 550 19.58 16.60 182260 1.59 7.26
/8 0.16/\/5 1000 21.18 18.09 36,180 1.59 6.11
/4 0.16/\/3 550 19.95 1732 19,052 122 6.67
/4 0.16/\/3 1000 21.27 18.66 37,320 149 5.74
/2 . 16/\/5 550 20.09 17.75 19,525 1.08 6.35
/2 0.16/\/5 1000 21.30 19.09 38,180 1.47 5.49
pia 0.16/\/3 550 20.68 18.17 19,987 0.49 6.06
Fia 0.16/\/3 1000 21.93 19.56 39,120 0.83 5.23

Varied ridge base width

/2 =/4 550 20.20 17.56 19,316 0.97 6.49
z/2 x/2 550 20.20 17.09 18,799 096 6.85
Smooth wall

- - 550 21.17 18.54 20,394 - 5.82
- - 1000 22.76 20.11 40,220 - 4.95

U, centreline velocity; U, bulk flow velocity; Re = 26U, /v, bulk
flow Reynolds number; AU*, downward shift in the mean velocity
profile measured at the channel centre-plane; Cf, skin friction coeffi-

cient
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Fig.6 Profiles of streamwise velocity (a), streamwise Reynolds normal stress (b), and Reynolds (¢) and
dispersive (d) shear stress profiles for surfaces with varied ridge spacing at Re, = 550 (solid lines) and
Re, = 1000 (dashed lines). Reference smooth-wall data is shown with black lines. Location of the ridge
crest is marked by thin dashed (Re, = 550) and dash-dotted (Re, = 1000) vertical lines. The legend in part
a applies to all parts of the figure

preserved. It should be noted, that large ridge spacings and consequently the presence of
space-filling secondary currents modify the mean velocity profiles over the surfaces and
thus result in a loss of outer-layer similarity (see below). As pointed out by Endrikat et al.
(2022) for this type of surface, the interpretation of AU* as roughness function therefore
becomes questionable. A deviation from the smooth-wall log-law is observed for most
cases, and this deviation increases as the spacing is reduced. The values of AU* and G
suggest that all surfaces are in the transitionally rough regime. However, as was discussed
by Vanderwel et al. (2019), there may be no fully-rough regime for uniform streamwise
ridge-type roughness due to lack of the pressure drag component, which constitutes the
dominant drag contribution in the fully rough regime for conventional roughness.

The streamwise velocity profiles in defect form are shown in Fig. 7 for both Reyn-
olds numbers. When taking the virtual wall origin at the channel wall (z, = 0), only the
surface with s/6 = z /4 yields a good collapse with the smooth-wall data at both Re,.
For the other surfaces absence of collapse is observed up to z/é % 0.6. Considering the
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Fig.7 Streamwise velocity defect profiles for surfaces with varied ridge spacing at Re, =550 a and
Re, = 1000 b with virtual wall origin taken at the channel wall (z, = 0). The insets in each panel show the
same profiles but with virtual wall origin taken at the ridge crests (z, = h). Line styles are the same as in
Fig. 6

usual range of wall origins for rough surfaces, which falls between the channel wall and
roughness height, we have tested the other end of this range, by setting the virtual wall
origin to the ridge crest (z, = h). This leads to significant improvement in the levels of
outer layer similarity for the case with the narrowest ridge spacing s/6 = /8 at both
Reynolds numbers (see insets in Fig. 7). However, for the other cases, including the sur-
face with ridge spacing s/6 = # /4, the collapse with the smooth-wall profile worsens. It
appears that the initial growth of secondary currents (before they become space-filling)
due to increase in ridge spacing shifts the virtual wall origin from the top of the ridge
crests (case s/6 = x/8) to the bottom wall of the channel (case s/6 = n/4). For these
two cases, some degree of outer layer similarity can be recovered, since above the sec-
ondary currents there is still a region of the flow unaffected by the dispersive stresses
associated with them. For the cases with ridge spacing s/6 > x /2, where the secondary
currents extend to the channel centre-plane, outer layer similarity is not expected. These
results for the outer behaviour of the velocity profile are in line with previous findings
for ridge-type roughness, which showed that the presence of space-filling secondary
currents breaks outer layer similarity due to elevated levels of dispersive stresses which
propagate into the outer flow (Chan et al. 2018; Medjnoun et al. 2020, 2021).

The streamwise Reynolds normal stress ((#’u’)) profiles are presented in Fig. 6b.
Below the ridge crests, a peak in (u/u’) is observed at the same location where the (/')
profile peaks in the smooth-wall case. It can thus be associated with the smooth sections
of the channel in between ridges. The levels of (u/u’) below the ridge crests increase
with s/6 and approach the smooth-wall case for the highest spacing. This is consistent
with the increase in the size of the flat wall sections as ridge spacing increases. As in
the smooth-wall case, an increase in the peak streamwise normal Reynolds stress can
be observed with Re_, with a slightly stronger Reynolds number sensitivity becoming
apparent as ridge spacing is reduced. For surfaces with s/6 < z/4 a second peak just
above ridge crest can be observed at both Re,. Above the ridge crest, (#/u’) decreases
as ridges are placed further apart, however, a slight recovery in («’'u’) levels can be
observed as tertiary flows emerge. In the outer region, a reduction in («'u’) compared to
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smooth-wall levels can be seen for all cases. Streamwise Reynolds normal stresses will
be discussed further in Sect.3.5.

Of all Reynolds and dispersive stress profiles, the ridge spacing has the most pro-
nounced effect on the Reynolds («’w’) and dispersive (uw) shear stress profiles, which are
shown in Fig. 6¢ and d. At the lowest ridge spacing (s/é = z/8), dispersive momentum
fluxes emerge above the ridge crest indicating the presence of SCs. As s/6 is increased
they extend further away from the ridge crests and almost reach up to the channel cen-
tre-plane for s/6 > x /2, thus reflecting the spatial development of SCs. With an increase
in ridge spacing from z /8 to z/2, the levels of Reynolds shear stress in the outer layer
drop (Fig. 6¢) and this drop is compensated by an increase in the dispersive shear stress
(Fig. 6d). However, at the maximum tested ridge spacing (s/6 = x), where tertiary flows
are present, some recovery in the (u’w’) profile is observed, where levels of dispersive
shear stress are reduced compared to the case with s/6 = z /2. Overall, the dependency of
(u'w') and (uw) above the ridge crest on ridge spacing is similar at both friction Reynolds
numbers and is consistent with the experimental findings of Zampiron et al. (2020) for tri-
angular ridges.

The present DNS also provide insight into the behaviour of the shear stresses just above
and below the ridge crest, a region of the flow which is difficult to access in experiments.
Figure 6¢ shows that (u/w’) progressively increases with ridge spacing in this region. At all
considered values of s/, the Reynolds shear stress profiles exhibit a double-peak behav-
iour, with the first peak located below the ridge crest and the second above (Fig. 6¢). At
the narrowest ridge spacing, a clear separation between these two peaks is observed, and
the magnitude of the peak located below the ridge crest is significantly smaller than for the
peak above. As the spacing is increased, the separation between peaks reduces, while the
magnitude of the first peak increases and exceeds the above crest peak for s/6 > /4. The
observed behaviour can be explained by considering the changes in the spatial distribution
of the Reynolds shear stress with s/6 presented in Fig. 8a—d. As ridge spacing grows, larger
smooth-wall sections between the ridges are exposed to the flow, and the u/w’ levels over
this part of the channel progressively increase. For all cases, the maximum value of the
local Reynolds shear stress is observed directly above the ridge crest with elevated values
extending almost up to the channel centre-plane. This distribution of u/'w’ appears to be
universal for ridge-type roughness (Vanderwel and Ganapathisubramani 2015; Hwang and
Lee 2018; Zampiron et al. 2020). The spatial distribution of the dispersive shear stress is
shown in Fig. 8e-h. As for the Reynolds shear stress, elevated levels of uw are correlated
with the upflow regions over the ridge crests. In addition, areas of elevated dispersive shear
stresses, although of lower magnitude, are observed in the downflow regions. Increase in
Re, results in higher magnitude of uw above ridge crests, which, as discussed below, is also
reflected in the corresponding profiles. In addition, the size of both regions affected by the
elevated levels of dispersive shear stress increases with Re,, especially in the cases with the
largest SCs. While in the upwash regions affected areas grow in size mainly in the wall-
normal direction, in the downwash-associated regions they expand in both wall-normal and
spanwise direction (see Fig. 8g and h).

Change in Re, has considerable effect on the Reynolds and dispersive shear stresses,
especially for the cases with the most pronounced secondary currents. For the surface with
the narrowest ridge spacing, increase in Re, leads to elevation of (#/w’) only below and
immediately above the ridge crest, whereas the (uw) profile follows an opposite trend. As
the ridges are placed further apart and secondary currents grow in size, the increase in
dispersive shear stress levels above the ridge crest becomes more significant and propa-
gates further away from the ridge (Fig. 6d). The magnitude of increase in (uw) with Re,
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Fig.8 Contours of phase-averaged mean Reynolds (a—d) and dispersive (e-h) shear stresses for surfaces
with varied ridge spacing: a, e s/6 =z /8, b, fs/6 =n/4, ¢, gs/65 =n/2,d, hs/§=n. The left half of
each panel shows results at Re, = 550 and the right half at Re, = 1000. Due to statistical symmetry with
respect to the thin vertical white/black line only one half of the spanwise ridge pattern is shown for each Re,

depends on s/ with the highest change observed for s/6 = 7 /2, where SCs have reached
their maximum size. In contrast, the (uw) levels below the ridge crests are not affected by
Re_ for s/6 > = /4. Exactly opposite trends are observed for the (u’w’) profiles above the
ridge crest as spacing is varied from s/ = /4 to /6 = x, while below and just above the
crest, Reynolds shear stress levels increase with Re,. Comparing the present shear stress
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profiles to the experimental data of Zampiron et al. (2020) at higher Reynolds number
(Re, = 1400), Reynolds number dependency over the broader range can be extrapolated.
For example, at matched value of s/6 = 7 /2, the maximum value of the dispersive shear
stress at Re, = 1000 is 0.22, while at Re, = 1400 it reaches ~ 0.3. However, it cannot be
excluded that difference between the open and closed channel configuration, which was
found to affect the location of SCs centres (see above), could also influence the shear stress
statistics.

These findings contrast with the observations of Vanderwel et al. (2019), who reported
no significant Reynolds number sensitivity of secondary currents and shear stresses for rec-
tangular ridges. There could be a number of reasons for the differing conclusions regarding
Reynolds number sensitivity. First, a different ridge shape is considered in the present study
and the stronger SCs induced by triangular ridges could intensify further with Re_, while
those produced by rectangular ridges may reach their limit at lower Re.. Second, Vander-
wel et al. (2019) compared results for two surfaces with different ridge spacings, namely
with s/6 = 0.88 from experiments at Re, = 4000 and s/6 = 1 from the DNS at Re, = 500.
This mismatch in ridge spacing limits a direct comparison of turbulence statistics and thus
conclusions regarding Reynolds number sensitivity. Finally, the difference in the flow con-
figuration could also affect the comparison, i.e., the experimental data were obtained for a
turbulent boundary layer, while the DNS was performed in a half-channel with symmetry
boundary condition applied at the channel centre-plane. Further studies will be required
to elucidate the interrelationship between the influence of Reynolds number, ridge shape,
spacing, and flow configuration on SCs.

3.4 Reynolds and Dispersive Shear Stresses for Surfaces with Varied Ridge Width

Similarly to ridge spacing, variation of the ridge width has strong effects on the Reyn-
olds and dispersive shear stress profiles (see Fig. 9). As the ridges widen, the levels of
(u'w'") below and immediately above the ridge crest progressively drop, and the near-
wall peak, associated with the flat sections between the ridges, decreases in magnitude
(Fig. 9a). This is the result of a reduction of the flat wall area between the ridges. For
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Fig.9 Reynolds (a) and dispersive (b) shear stress profiles for surfaces with varied ridge base width at
Re, = 550. Reference smooth-wall data is shown with a black line. The location of the ridge crest is marked
by a thin dashed vertical line. The legend in part a applies to both parts of the figure
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the widest ridge case with b/§ = z/2, where ridges cover the entire wall, no distinct
near-wall peak can be observed in the (w'w’) profile. Dispersive shear stresses are also
reduced below the ridge crest as b/6 increases except in the immediate vicinity of the
wall, i.e., for z/6 Z 0, where an opposite trend is observed (Fig. 9b). Above the ridge
crest, Reynolds shear stress levels increase with widening of the ridge. However, none
of the cases collapse onto the smooth-wall profile with deviations observed almost up to
the channel centre-plane.

The changes in the (u/w’) profiles above the ridge crest are matched by corresponding
changes in the (uw) profiles. The highest (zw) levels above the ridge crest are observed
for the narrowest ridge case, where the maximum value of the dispersive shear stress
exceeds the widest ridge case by almost a factor of three (Fig. 9b). This drop mainly
occurs due to a decrease in dispersive shear stress levels in the upflow regions above the
ridges with increasing ridge width, as can be observed from the spatial distribution of
uw (see Fig. 10). The region of elevated dispersive shear stress in the centre of the val-
ley between ridges is unaffected as b/6 is increased to /4. For the largest ridge width
(b/6 = /2), where the flat section between ridges is eliminated, this region narrows
in the spanwise direction and approaches the ridge surface. This can be associated with
the observed small increase in dispersive shear stress profiles in the immediate vicin-
ity of the wall that was mentioned in the discussion above. For the largest ridge width,
the magnitude of uw is similar in both regions of elevated values, since uw levels in the
region above the ridge decrease with the ridge width. This trend is consistent with simi-
lar observations for rectangular ridges of increasing width by Medjnoun et al. (2020).
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Fig. 10 Contours of the phase-averaged mean Reynolds (left half of each panel) and dispersive (right
half of each panel) shear stresses for surfaces with varied ridge base width: a b/6 =z /2, b b/5 = /4, ¢
b/6=0.16/ \/5 (the latter repeated from Fig. 8c and g). Statistical symmetry of the fields with respect to
v/6 = = /4 applies in all cases
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3.5 Effects of Ridge Spacing on Premultiplied Velocity Spectra

The changes in the streamwise velocity fluctuations and flow structure with ridge spacing
are explored further using premultiplied streamwise energy spectra k,¢,,,/ uf (see Fig. 11).
Following Zampiron et al. (2020), k. ¢,,,/ uf is shown for three selected spanwise locations,
which correspond to the ridge centreline (left column in Fig. 11), the location of second-
ary current centres (middle column in Fig. 11), and the centre of the valley between ridges
(right column in Fig. 11). This representation is chosen since contribution of SCs are dif-
ficult to discern from contours of premultiplied streamwise energy spectra when presented
in their usual, spanwise-averaged, form (see Fig. SI 2). The spectra were computed using

(a) ridge valley
10*
10%
f< &
10%
(b)
10
10*
pos
10°
()
10*
10°
t{a
102 " u “
(d)
10*
10°
t<s~:
102 “ “ “
(e)

10*
108
+ 8
P
10° 5 1 1.5
Ky P12

Fig. 11 Premultiplied streamwise energy spectra k,¢,,,/ uf at Re, = 550 as a function of streamwise wave-
length (4,) and wall-normal location (z) for surfaces with varied ridge spacing a s/6 = 7/8,bs/6 = n/4, ¢
s/6=r/2,d s/ = r at three different spanwise locations: ridge centreline (left column), location of sec-
ondary current centres (middle column), and centre of the valley between ridges (right column). The thin
white dashed line marks the wall-normal location of the ridge crest. Reference smooth-wall data is shown in
(e). In addition, data from the channel flow DNS of Lee and Moser (2015) at Re, = 550 for a larger domain
size is included in (f)
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2000 instantaneous snapshots separated by 22 viscous time units (Art = Atui /v) that
were acquired in each simulation at Re_ = 550. Reference smooth-wall data are shown in
Fig. 11e for the present smooth-wall case; the spectrum from the DNS by Lee and Moser
(2015) at Re, = 550 for a larger domain size is also shown (see Fig. 11f).

At the ridge centreline location, which also corresponds to the upwash region of the
flow, an energy peak just above the ridge crest is observed in all cases. This peak reflects
elevated levels of u/u’ close to the ridge surface due to high local drag and is consistent
with previous studies on rectangular ridges where high levels of streamwise velocity fluc-
tuations in this region were observed (Vanderwel and Ganapathisubramani 2015; Hwang
and Lee 2018). Elevated energy levels propagate further away from the ridges as spacing
is increased up to s/6 = w/2 and SCs grow and consequently produce more pronounced
upwash motions at this location.

At the other two considered spanwise locations, i.e., at the location of the secondary
current centres and in the centre of the valley between ridges, a clear peak below the ridge
crest is observed. The location of this peak (4} ~ 1000 and z* ~ 15) corresponds to the
smooth-wall inner peak, which is associated with the near-wall cycle (Jiménez and Pinelli
1999; Monty et al. 2009). The magnitude of this peak decreases as ridges are placed closer
together indicating that the near-wall cycle becomes less energetic. When comparing spec-
tra at these spanwise locations at heights above the ridge crests, an increase in the energy
contributions at large streamwise wavelengths is observed for all s/5 at the location of SCs.
The wall-normal extent of the region with increased energy matches the size of second-
ary currents in this direction at the corresponding spacing, indicating that it is caused by
the presence of SCs in the flow. A similar increase in the energy at high wavelength due
to secondary currents was reported by Chan et al. (2018) for DNS of turbulent pipe flow.
Elevated levels observed at the valley location for s/6 = 7 /8 (Fig. 11a) are a result of a
close proximity of SCs generated on the sides of two adjacent ridges (see Fig. 3e) and can
also be observed in the experimental results of Zampiron et al. (2020) at low ridge spacing.

The present results emphasise that the spanwise flow heterogeneity observed in the
mean flow fields is also reflected in the spectra of the instantaneous velocity fluctuations.
Highly localised upflow regions above the ridge crests enhance the turbulent kinetic energy
while the spreaded downflow regions in the valleys show reduced levels of turbulent kinetic
energy but contain elevated energy contributions at high wavelengths. To see a clearer pic-
ture of the contribution of secondary currents a much longer domain in the streamwise
direction would be required, which is currently not feasible for systematic studies using
DNS. Increase in Re, does not significantly change the structure of secondary flows and the
observed trends and dependency of spectra on the spanwise location are very similar to the
results discussed for Re, = 550. The premultiplied spectra for all cases at Re, = 1000 can
be found in Figs. SI 3 and 4.

4 Conclusions

The influence of ridge spacing and base width on secondary currents, mean flow, and
turbulence statistics have been systematically studied using direct numerical simulations
of turbulent channel flow over streamwise aligned ridges with triangular cross-section.
Overall, the development and topological changes in SCs with ridge spacing are consist-
ent with previous results for ridge-type roughness composed of streamwise homogeneous
ridges, including the emergence of tertiary flows for very wide spacing (Vanderwel and
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Ganapathisubramani 2015; Hwang and Lee 2018; Zampiron et al. 2020). However, com-
pared to rectangular ridges, ridges with triangular cross-section induce persistent SCs at
lower s/6. In addition, the present results reveal a complex flow topology for triangular
ridges in the form of additional corner vortices that appear between the lateral ridge sur-
faces and the flat surface sections. These corner vortices are present for all considered val-
ues of s5/6 at fixed ridge width but disappear for the very wide ridge case (b/6 = s/6).
When varying ridge width at constant spacing (here s/6 = 7 /2), in contrast to rectangu-
lar ridges (Hwang and Lee 2018; Medjnoun et al. 2020), the topology of the flow is not
changed, i.e., no tertiary flows are formed over the tested range of ridge widths, with the
widest ridge exceeding the outer scale of the flow by more than a factor of 1.5. This is
attributed to the difference in ridge geometry with fewer SC-pinning corners. However, the
reduction of the SCs’ strength with b/6 is consistent for both shapes.

SCs induce progressively increasing levels of dispersive shear stresses as ridges are
placed further apart. This trend holds until SCs reach their maximum size. Further increase
in s/6 results in formation of tertiary flows and some reduction in (uw). Premultiplied
streamwise energy spectra were considered for different spanwise locations. Compared to
the standard presentation of energy spectra, which employs spanwise averaging, significant
differences between spanwise locations in terms of flow structure and energy contribution
at different wavelengths are observed. In particular, the signature of SCs at high wave-
length can be clearly seen in spectra sampled at the spanwise locations of secondary cur-
rent centres; this signature not obvious when spectra are presented in their usual spanwise
averaged form.

One of the primary findings of this study is the much stronger Reynolds number sen-
sitivity of Reynolds and dispersive shear stresses induced by pronounced SCs than was
reported previously for rectangular ridges (Vanderwel et al. 2019). Potentially, this can be
attributed to the difference in the considered ridge shape, but further studies are required
to discern whether sensitivity to Reynolds number is ridge shape dependent and/or affected
by the flow configuration. Since secondary currents generated by ridges and those observed
in non-circular ducts both represent Prandtl’s secondary flows of the second kind, com-
parisons regarding their Reynolds number dependency can be drawn. In square ducts, sec-
ondary currents move from the duct centre closer to the corners with increasing Reynolds
number until attaining a constant position (Pinelli et al. 2010). The strength of second-
ary currents relative to the bulk flow velocity was found for square ducts to be relatively
insensitive to Reynolds number (Pirozzoli et al. 2018). In contrast, for hexagonal ducts,
Marin et al. (2016) reported that with increasing Reynolds number secondary current cen-
tres move away from the duct walls, while their strength decreases. For triangular ridges,
the behaviour of the wall-normal elevation of secondary currents follows a similar trend as
observed in hexagonal ducts. However, an increase of the strength of secondary currents
with Reynolds number was found, which is opposite to the trend observed for hexagonal
ducts and instead resembles the behaviour seen in square ducts. This demonstrates that the
Reynolds number dependency of Prandtls’ secondary currents of the second kind is highly
dependent on the particular flow configuration.

Overall, the present results show the need for further studies on ridge shapes of non-
rectangular cross-section, the investigation of Reynolds number dependency of secondary
currents over surfaces with streamwise aligned ridges, and the systematic comparison of
secondary flows formed by identical ridge patterns but in different flow configurations.
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