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ABSTRACT

Ratchet roughness is the simplest example of 2D direc-
tional roughness that breaks forward-backward symmetry due
to the imbalance between the slope of its windward and lee-
ward oriented faces. As a result, the fluid dynamic properties
of these surfaces depend on the sign of the mean flow direction.
In the present study, the influence of the windward slope and
effective slope of ratchet-type roughness on the mean flow and
turbulence statistics is investigated. To this end, direct numer-
ical simulations of turbulent channel flow at friction Reynolds
number 550 are conducted for a series of systematically var-
ied ratchet surfaces. The results show that roughness function
and mean flow and turbulence statistics strongly depend on the
windward and effective slopes of ratchet-type surfaces. The
roughness function increases with increasing windward slope
for a fixed effective slope value. The roughness effect also
depends on the effective slope, but this dependence is more
complex in comparison. Deviation from outer-layer similar-
ity is influenced both by effective and windward slope, with
a stronger effect observed for longer ratchets. Windward and
effective slope also leave a clear imprint on the streamwise en-
ergy spectra and quadrant statistics.

INTRODUCTION

Directional roughness is a special class of surface rough-
ness that encompasses anisotropic surfaces of different kinds,
such as riblet surfaces, surfaces composed of transverse and
longitudinal bars or elongated roughness elements, and irreg-
ular surfaces with significant differences in their streamwise
and spanwise correlation lengths (Chung et al., 2021). The
fluid dynamic behaviour of such surfaces depends on the flow
direction relative to the dominant direction of the surface,
e.g., streamwise-aligned bars result in a lower roughness ef-
fect compared to their spanwise-aligned counterpart (Orlandi
& Leonardi, 2006).

Most directional forms of roughness studied to date pre-
serve forward-backward symmetry, i.e., the flow statistics are
invariant to a change in sign of the mean flow direction. An ex-
ample of directional roughness that breaks forward-backward

symmetry are ratchet surfaces which are composed of span-
wise aligned bars with scalene triangular cross-section. For
these surfaces, depending on the sign of the mean flow direc-
tion, the flow will encounter windward surfaces with high or
low slopes. Examples of ratchet-type roughness include sand
dunes and ripples, fish scales, and some forms of ocean waves.

The study by Jiang et al. (2018) demonstrated that the ori-
entation of ratchet-type roughness influences large-scale con-
vective structures and global heat transport. Similar surfaces
are also studied in river hydrodynamics and overland flows
in the context of flow structures over large-scale river dunes
and barchan dunes (e.g., Wiggs & Weaver, 2012; Dey et al.,
2020). However, roughness effects of ratchet-type surfaces
have received considerably less attention. Busse & Zhdanov
(2022a,b) reported for direct numerical simulations (DNS) of
turbulent channel flow strong dependence of the mean flow
and turbulence statistics on the orientation of ratchet-type sur-
faces with respect to the mean flow direction. The roughness
function of surfaces with high slope sections facing the mean
flow significantly exceeded the values obtained for the same
surfaces but with the low-slope faces exposed to the flow.

In previous research on rough-wall turbulence, the
streamwise effective slope ES (Napoli et al., 2008)

1
ES=—
=3,

where H(x,y) is the roughness height map, A is the planform
area of the surface, and x is the streamwise and y the spanwise
coordinate, has been identified as a key topographical param-
eter that influences the roughness effect of a surface (Chung
et al., 2021). However, existing predictive correlations based
on ES fail to capture the roughness effect of ratchet surfaces,
since the effective slope is insensitive to the imbalance be-
tween leeward and windward slope that is characteristic of
ratchet roughness. Even correlations that take the windward
slope explicitly into account, e.g., the Sigal-Danberg parame-
ter (Sigal & Danberg, 1990; Van Rjj et al., 2002), demonstrate
poor performance.
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Table 1. Parameters for the direct numerical simulations: Ly, Ly, and L, are domain sizes in the streamwise, spanwise, and wall-normal
directions; Ny, Ny, and N, are the number of grid points in the streamwise, spanwise, and wall-normal directions; N, is the number of
ratchets placed on each channel wall; Ax™ and Ay™ is the viscous scaled grid spacing in the streamwise and spanwise directions; Az$in
and Az, are the minimum and maximum viscous scaled grid spacing in the wall-normal direction.

Case Ly xLyxL,

N; X Ny x N,

N, N/N, At Ay A Az

min

s/h=4  6.48x3.28 x2.085
s/h=8  6.48x3.28 x2.085

2560 x 384 x 576 20 128 1.375 458 0.67 <5.0
1280 x 384 x 576 10 128 275 458 0.67 <50
s/h=12 6.7286 x3.366 x2.080 896 x 384 x 576

7 128 4125 481 0.67 <5.0

a=15° a=22.5°
(WS=0.268) (WS=0.414)
s/h=4
(ES=0.5)
s/h=8
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Figure 1. Schematic illustration of the studied ratchet configurations and their basic geometric parameters. Only one ratchet per case

is shown. WS = tan() is the windward slope and ES is the effective slope.

The windward slope (WS) for ratchets composed of tri-
angular bars is equal to the tangent of an angle o formed by
its windward side and base, while the effective slope, for fully
covered ratchet surfaces, is related to the ratchet length s and
ratchet height i as ES = 2h/s. The focus of the current study
is to systematically explore the dependency of the roughness
effect on the windward slope of the ratchet, which influences
the upward deflection of the mean flow, and on the effective
slope, which determines the distance between ratchet crests.
To this end, a series of DNS are conducted to obtain mean
flow properties and turbulence statistics, including Reynolds
and dispersive stresses and quadrant maps of turbulent veloc-
ity fluctuations. A further aim is to lay the basis for improved
predictive correlations for rough surfaces that can take into ac-
count a break in forward-backward symmetry.

METHODOLOGY

Ratchet surfaces are generated by fully covering both
walls of a channel with spanwise bars of scalene triangular
cross-section. In total, fifteen different ratchet-type surfaces
are considered in this study (Figure 1). The ratchet height ()
is set to 0.086 in all cases, where 6 is the mean channel half-
height. The ratchet spacing (s) is systematically varied from 44
to 12h, which correspond to the ES range from 0.5 to 0.167.
For each spacing five values of windward slope angle o are
considered (15°, 22.5°, 30°, 60°, and 90°).

For each surface, a DNS of incompressible fully devel-
oped turbulent channel flow is performed using the code iIMB
(Busse et al., 2015). The flow is driven through the channel
by a constant (negative) mean streamwise pressure gradient,
which determines the mean friction velocity (u¢). All sim-
ulations are performed at friction Reynolds number (Re; =

ur0/v, where v is the kinematic viscosity) of 550. Depending
on the ratchet length, the streamwise (L) and spanwise (Ly)
domain size is set to either 6.40 x 3.28 or 6.726 x 3.360 to
fit a natural number of ratchets. The ratchets are placed on
both channel walls and the ratchet pattern on the upper wall is
shifted by s/2 to minimise any local blockage effects. The ref-
erence plane z = 0 corresponds to the mean roughness height
resulting in a mean channel height of 28 for all cases.

The ratchet geometry is resolved using an iterative ver-
sion of the embedded boundary method by Yang & Balaras
(2006) and ratchet surfaces are treated as no-slip walls. Peri-
odic boundary conditions are imposed in the streamwise and
spanwise directions. Uniform grid resolution is applied in the
streamwise and spanwise directions (Ax™, Ay™ < 5.0). The
streamwise grid spacing is adjusted depending on the value of
s to maintain a constant resolution of each ratchet with 128
grid points, i.e., s/Ax = 128 in all cases. In the wall-normal
direction, uniform grid spacing (Az;ﬁn = 0.67) is applied up
to the ratchet crest, while above it gradually increases up to
the maximum value (Az},, < 5.0) at the channel centreplane.
In all simulations, the flow statistics are acquired for a mini-
mum of 57 flow through times after the initial transient. The
statistical quantities are computed using the double-averaging
approach of Raupach & Shaw (1982).

RESULTS
Mean velocity profiles

The double-averaged mean streamwise velocity profiles
for all cases are plotted in Figure 2a together with the smooth-
wall data at the same Reynolds number. In all roughness cases,
a zero-plane displacement (zq¢) is applied to recover the ex-
pected log-law slope of the profiles. The values of zy¢ are
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Figure 2. (a) Mean streamwise velocity profiles. The black dashed line shows the smooth wall log-law (#)™* = kK 'Inzt + A, with

von Kérman constant k¥ = 0.4 and log-law intercept A = 5.0. (b) Velocity-defect profiles. The inset shows velocity-defect profiles with

applied zero-plane offset. The thin dotted vertical line indicates the height of the ratchet crests in all panels.

included in Table 2. A substantial downward shift in the log-
law region is observed for all ratchet-type surfaces. For fixed
effective slope, increasing windward slope induces an increase
in the downward shift in all cases, indicating that higher « at
ES = const results in a larger mean momentum deficit. Below
the ratchet crest, a reverse flow is observed within the cavity
formed between the windward and leeward sides of adjacent
ratchets (see inset in Figure 2a). The size and shape of the re-
verse flow region is strongly dependent on both the effective
and windward slopes of the surface. In addition, for medium
(s/h = 8) and long (s/h = 12) ratchets the strength of reverse
flow is affected by the windward slope, while for short ratchets
(s/h = 4), the strength of reverse flow is relatively insensitive
to this parameter.

When plotted against z/ 8, the outer-layer similarity of the
mean velocity profile is affected in most cases (see Figure 2b),
with stronger deviation observed for larger s/h values, i.e.,
lower ES. Application of zy significantly improves the col-
lapse of velocity defect profiles (see inset in Figure 2b). Com-
pared to the short and medium ratchets (s/h < 8, ES < 0.25),
where the collapse extends almost down to the ratchet crest,
long ratchets (s/h = 12, ES < 0.167) exhibit inferior collapse
for all windward slopes. Moreover, for surfaces composed of
long ratchets the recovery of outer-layer similarity depends
on the windward slope, with superior outer-layer similarity
observed for low ¢, where better collapse with the smooth-
wall data is observed down to lower wall-normal locations.
These results are consistent with previous study on ratchet-
type roughness at Re; = 395 by Busse & Zhdanov (2022a).

Roughness function

The roughness function AU' was determined as the
downward shift of the rough-wall log law relative to the
smooth-wall log law and is presented in Figure 3 and Table
2. All tested surfaces demonstrate strong dependence of their
roughness effect on both windward and effective slope with the
strongest effect of o observed for the shortest ratchets. AU™
progressively increases with « for all tested s/h values, but the
rate of increase is not constant across tested range with higher
rate observed from o = 15° to & = 30°. In this region the
increase is close to linear in all s/h cases, while for o > 60
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Figure 3. Roughness function plotted versus windward slope
angle.

the roughness effect starts to saturate, i.e., the rate of increase
drops. The dependency of AU on the effective slope is more
complex. For high ¢, the roughness function increases, as ex-
pected, with increasing effective slope. However, for low to
moderate o (15° < a < 30°) the highest AU values are ob-
served for the medium effective slope case (s/h = 8).

These results reinforce that empirical correlations based
on orientation insensitive parameters, such as effective slope,
rms roughness height, skewness, etc, cannot give accurate pre-
dictions for ratchet-type roughness. In addition, there is also
no simple linear dependency of AUT on WS. For example,
using the correlation developed by De Marchis (2016):

1
AUT = - In(ES-Sq™) +B, )

where Sq is the rms roughness height (here: Sq = 1/(2v/3))
and B = 3.5 is an empirical constant, the predicted values of
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Table 2. Values of the roughness function AU, zero-plane
displacement z,, equivalent sand-grain roughness k;/k, and
Sigal-Danberg parameter A;.

o AUV 28 ke/k A
s/h=4,ES=0.5
15 672 0020 136 34.77
22.5°  7.60 0015 193 18.60
300 818 0013 243 1213
60° 942 0 398 504
90° 1000 -0.012 503  4.00
s/h=8,ES=0.25
15 790 -0010 217 69.55
225° 829 -0.025 254 3720
300 858 -0.032 285 2425
60° 923 -0.037 370 10.07
90° 940 -0.032 396 8.00
s/h=12,ES =0.167
15° 648 -0.034 123 10432
225° 667 -0.036 133 5580
300 7.07 -0.042 156 3638
60°  8.09 -0.046 234 15.11
90° 851 -0.040 277 12.00

AU™ are 8.12, 6.39, and 5.37 for surfaces with ES = 0.5,
ES =0.25, and ES = 0.167, irrespective of a. For the long
and medium ratchets, the predicted values underestimate the
roughness effect in all cases, and for the short ratchet cases,
a good match is only obtained for the case a = 30°, i.e., the
configuration where windward and leeward slope have simi-
lar magnitude. We would expect for the empirical correlation
to give good results for ratchets with a nearly isosceles cross-
section. While this is the case for s/h =4, o = 30°, the rough-
ness function is significantly underpredicted for the s/h = 8,
o = 15° case, which is also close to an isosceles shape.

The correlation developed by Sigal & Danberg (1990)
takes into consideration windward and leeward oriented sur-
face faces in the definition of the eponymous parameter Ag,
which for the present surfaces is computed as:

_At Af —1.6
Ay = A (,Tw) ) 3)

where A, is the plan area of roughness elements, A is their
frontal projected area, and A,, is their windward wetted sur-
face area. The values of A for the present cases are included
in Table 2. Since the Sigal-Danberg relationship predicts the
equivalent sand-grain roughness kg, this parameter was esti-
mated from the present values of AU obtained at a single

10!
(@)
v © Oono
o a
OA O
) O
= 100 \4 4 A o
&
107! ,
100 102
A,

Figure 4. Estimate of the equivalent sand-grain roughness
ks as a function of the Sigal-Danberg parameter A;. Present
data is shown with coloured symbols and s/A(E/S) values are
as in Figure 3. Grey symbols show data from Busse & Zh-
danov (2022a). The same symbol styles correspond to the
same s/h(E /S) values, data for s/h = 2(ES = 1) is shown with
W and data for s/h = 16(ES = 0.125) with ©. The grey dash-
dotted line shows the Sigal & Danberg (1990) relationship for
2D roughness.

Re; using the relationship discussed by Chung et al. (2021):

ks _ exp(k(AU* —A + By()))
ko kt ’

@

where, k = h and A — Bg(e0) =~ 3.5. The estimated equiva-
lent sand-grain roughness values (see Table 2) are compared
to the Sigal-Danberg relationship for 2D roughness in Fig-
ure 4. In addition, the data from Busse & Zhdanov (2022a)
for ratchet-type roughness has been included. For all tested
s/h values, kg/k appears to decrease almost linearly with A
(in log scales), however the slope is non-linearly dependent
on the effective slope, complicating the development of pre-
dictive correlations. The Sigal-Danberg relationship does not
give accurate predictions for most of the surfaces, with a few
exceptions, namely for short ratchets with high ¢« and medium
and long ratchets with oo = 22.5°. The inability of the Sigal-
Danberg relationship to capture the roughness effect of ratchet-
type surfaces can be explained by the background of this rela-
tionship. Sigal & Danberg intended low A values to represent
dense roughness composed of square bars, while high A; were
to cover sparse roughness cases, whereas for the present study
100% planform solidity is maintained in all cases. In addi-
tion, none of the data used by Sigal & Danberg was for an
orientation-dependent two-dimensional roughness case.

The data by Busse & Zhdanov (2022a) obtained at Re; =
395 shows a good agreement with the present results for sur-
faces with the same effective slope. In addition, for some cases
it provides insight in the behaviour of ks /k over a larger range
of Ay, which is directly dependent on ¢ at constant s/h. In
particular, for long ratchets it can be observed that ks /k satu-
rates at high Ay, i.e., as « is decreased. In none of the present
cases, kg/k drops significantly below 1, whereas based on Si-
gal & Danberg (1990) a continued decrease would be expected
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as Ay is increased.

Although it is not expected that correlations based solely
on surface windward face angles can give accurate predic-
tions for ratchet-type surfaces, since their roughness effect
also depends on the effective slope, we tested the correla-
tion developed by Bons (2005), which predicts ks/k based
on the average forward facing surface angle &y as: ky/k =
0.01916% +0.07360 ¢ (here: a = a&y). This correlation sig-
nificantly overpredicts ks for all cases (not shown). However,
the correlation by Bons (2005) was developed using data on
turbine blade roughness with low &y (&y < 12°) and there-
fore is not intended to cover high o s.

Quadrant statistics and spectra

As is evident from the mean velocity profiles in Figure 2a
there is a region of mean reverse flow in the cavity between
ridges. This is illustrated for a representative case (s/h = 8
and a = 30°) in Figure 5a, which shows the time- and phase-
averaged wall-normal velocity field with superimposed mean-
flow streamlines. The size of the recirculation zone depends
on the windward slope and effective slope, where the latter de-
termines the leeward slope of the ratchet at fixed ES. For cases
with short ratchets recirculation zone occupies almost the en-
tire cavity, while for long ratchets it is significantly reduced
and confined to the bottom of the cavity for all o (not shown).

From Figure 5a a gradual downwards motion of the mean
flow can be observed above the leeward slope of the surface,
which is compensated by a more pronounced upward flow de-
flection over the windward ratchet face. This corresponds to
the location of the highest levels of time-averaged Reynolds
shear stress (see Figure 5b). While for almost the entire do-
main u’'w’ < 0, high positive values for #’w’ > 0 occur over the
windward facing slope towards the ratchet crest. The preva-
lence of different types of events that make a contribution to
u'w', is presented in Figures 5c—f, which show the local proba-
bility of Q1 (outward interactions), Q2 (ejections), Q3 (inward
interactions), and Q4 (sweeps), respectively. Sweeps and ejec-
tions dominate over the leeward slope of the ratchet, with a
dominance of ejections over sweeps in the area of the flow as-
sociated with the recirculation zone. The high positive values
over the windward slope of the ratchets arise from outward
and inward interaction with the latter being dominant toward
the ratchet crest. The observations made are part of an ongoing
analysis of the data, and the dependency of the aforementioned
observation on ES and WS have yet to be fully determined.

Premultiplied streamwise energy spectra (ky@uy/ u%) for
all surfaces with s/h = 8 are presented in Figure 6 together
with reference smooth-wall data. In all roughness cases the
energy peak is located below the ratchet crest. The ratchet pat-
tern wavelength leaves a clear imprint in the spectra, since the
maximum energy levels are localized at the same wavelength.
As ratchet windward face angle is increased from 15° to 60°
the magnitude of this peak also increases, followed by a slight
drop at o = 90°, which is accompanied by the emergence of
a second peak located at higher wavelength and closer to the
crest. However, in all ratchet cases, the peak magnitude is sig-
nificantly reduced compared to the smooth-wall case. Spectra
for further Reynolds stresses and the two other s/h series of
cases are part of an ongoing investigation.

CONCLUSIONS

The present DNS results demonstrate the influence of
both windward and effective slope on the roughness effect of
ratchet surfaces. At constant effective slope, in the range of

low windward slope angles, AU increases linearly with o,
whereas for high windward slope AU starts to saturate. In
most cases, existing predictive correlations, including those
that take into account windward surface area or slope angle,
do not give satisfactory predictions for this type of surface. In-
crease in ratchet length leads to reduced levels of outer-layer
similarity, which can be improved by application of a zero-
plane displacement; however, for the longest tested ratchets
outer-layer similarity cannot be fully recovered. The mean
flow field shows a separation region in all cases, but the ex-
tent of this region depends both on ES and WS. Preliminary
results for the medium ratchets show that ejection and sweep
events dominate over most of the flow domain and take their
highest values over the leeward side of the ratchet. Outward
and inward interactions make only a small contribution in most
areas, however, they prevail over the windward face of the
ratchet. Similarly, a clear imprint of the ratchet length can
be observed in the premultiplied spectra which also change as
the windward face angle is increased. In the next stage of this
ongoing study, global and local flow statistics will be consid-
ered, including further analysis of Reynolds stress spectra and
quadrant statistics. The adaptation of existing predictive cor-
relations by introducing a slope-imbalance parameter will also
be attempted.
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