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ABSTRACT
Ratchet surfaces are a form of regular two-dimensional

spanwise bar roughness where the bars have a scalene triangu-
lar cross-section. The structure of turbulent channel flow over
ratchet surfaces is investigated using direct numerical simu-
lations at Reτ = 395 for a set of five ratchet surfaces with
ratchet lengths from 2k to 16k, where k is the ratchet height, in
windward and leeward orientation giving a total of ten cases.
The focus of this paper is the turbulent kinetic energy and
the Reynolds stress anisotropy measured at the mid-cavity and
the ratchet crest location. Both show strong dependence on
the ratchet length and orientation. Visualisations of the in-
stantaneous wall-normal vorticity field show that the near-wall
turbulence activity is strongest at the mid-cavity location for
ratchets in leeward orientation, whereas the highest turbulence
activity is observed upstream of the roughness crests for ratch-
ets in windward orientation.

INTRODUCTION
The effect of a rough surface on a wall-bounded turbulent

flow strongly depends not only on the roughness height but
also on the roughness topography. One of the key topographi-
cal parameters in this context is the effective slope of a rough
surface (Chung et al., 2021), which is defined as (Napoli et al.,
2008)

ES =
1
A

∫ ∂h(x,y)
∂x

dxdy (1)

where h(x,y) is the height of the surface as a function of the
streamwise (x) and the spanwise (y) coordinate and A is the
planform area of the heightmap.

One of the weaknesses of the effective slope parameter
is that, by definition, it is insensitive to the orientation of the
rough surface: upslope sections, where ∂h(x,y)/∂x > 0, make
the same absolute contribution to ES as downslope sections,
where ∂h(x,y)/∂x< 0, although wall-bounded turbulent flows
tend to interact much more strongly with the windward sides

of roughness features than with their leeward sides. In most
cases, this insensitivity to the sign of the slope is not relevant,
since for the majority of rough surfaces the probability den-
sity function of ∂h(x,y)/∂x is not skewed, and therefore no
significant orientation dependency is expected.

However, there are rough surfaces where a significant im-
balance in the slope distribution can be observed. For example,
geomorphical forms such as transverse sand dunes typically
have a low windward slope and a high leeward slope which is
a result of their formation processes (Gao et al., 2015). Fur-
ther examples from a geophysical context, where skewed slope
distributions can emerge, include sand ripples and some types
of ocean waves. Other roughness generation processes may
also produce orientation dependent roughness. For example,
some icing processes experienced by aircraft (e.g., run-back
icing) can result in roughness forms that have higher windward
slopes than leeward slopes (Whalen et al., 2007).

Ratchet-type roughness is an idealised two-dimensional
form of roughness that is comprised of transverse bars with
scalene triangular cross-section. By varying the relative slope
of the leeward versus the windward side of the triangle, rough
surfaces can be constructed that have identical effective slope
but different windward and leeward slopes. Using direct nu-
merical simulations of channel flow we showed that the rough-
ness function ∆U+ of ratchets in high windward slope orienta-
tion is significantly higher than for otherwise identical ratchet
surfaces in low windward slope orientation (Busse & Zhdanov,
2021). Previously, Jiang et al. (2018) demonstrated for tur-
bulent convection over ratchet roughness that large-scale con-
vective structures are strongly influenced by the orientation
of ratchet surfaces. The present investigation therefore aims
to determine whether structures in turbulent channel flow are
also strongly influenced by ratchet orientation. To this end, the
structure of turbulent channel flow over ratchet-type roughness
is investigated from both an Eulerian and a Lagrangian view-
point.
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ℓ 2k 2k 4k 4k 8k 8k 12k 12k 16k 16k

a/ℓ 1/8 7/8 1/8 7/8 1/8 7/8 1/8 7/8 1/8 7/8

orientation ww lw ww lw ww lw ww lw ww lw

ES 1 1 0.5 0.5 0.25 0.25 0.167 0.167 0.125 0.125

Ssk∂h/∂x +2.3 −2.3 +2.3 −2.3 +2.3 −2.3 +2.3 −2.3 +2.3 −2.3

Table 1. Key geometrical and topographical parameters of the ratchet surface: ℓ - base length of the triangular cross-section; a -
x-coordinate of apex; orientation of high slope section (ww - windward; lw - leeward); ES - effective slope; Ssk∂h/∂x - skewness of
streamwise slope distribution.

Figure 1. (a) Schematic cross-section of a triangular bar. k
is the roughness height, ℓ is the length of the bar. By moving
the apex location, a, a high windward slope or a high leeward
slope can be achieved. The mean flow direction is from left to
right. (b) Measurement locations for statistics: apex location
(solid line) and mid-cavity location (dashed line); statistics are
phase averaged over repeating units.

METHODOLOGY
Ten different ratchet surfaces were constructed using bars

of different triangular cross-sections (see schematic shown in
Figure 1(a)). In all cases, the height of the triangles was set to
k = 0.1δ , where δ is the mean channel half-height. The base
size of the triangle, ℓ, was varied from 0.2δ to 1.6δ . The en-
tire surface was covered by the triangular bars, i.e., the plan
solidity, λp, is unity for all cases. For roughness composed of
triangular transverse bars at λp = 1 the effective slope is given
by (2k)/ℓ, i.e., for the present cases ES was varied from 1 to
0.125 as ℓ was increased. An imbalance between the slopes of
the two sides of the triangle interacting with the flow was intro-
duced by positioning the x-coordinate of apex of the triangle,
a, at 1/8ℓ to create triangles with high windward and low lee-
ward slope (windward oriented ratchet). To create equivalent
leeward oriented ratchets, a was positioned at 7/8ℓ, i.e., effec-
tively mirroring the triangle with respect to the vertical axis.
Table 1 gives an overview of key topographical parameters of
the surfaces. Due to the simple triangular form of the present
surfaces, all of them have the same height distribution, and the
root mean square roughness height and skewness of the height
distribution are identical for all cases (Sq= k/(2

√
3), Ssk = 0).

The skewness of the streamwise slope distribution Ssk∂h/∂x is
positive for ratchets in windward orientation and negative in
leeward orientation (Ssk∂h/∂x = (ℓ−2a)/

√
a(ℓ−a) for trian-

gular transverse bars at λp = 1).
For each case, a direct numerical simulation of incom-

Figure 2. Schematic illustration of the computational domain
(not to scale). The ratchet roughness is applied to both channel
walls. On the upper wall, the pattern is shifted by ℓ/2 in the
streamwise direction. A ratchet case in leeward orientation is
shown.

pressible turbulent channel flow was conducted at Reτ = 395
using the code iIMB (Busse et al., 2015) which uses an iter-
ative version of the embedded boundary method of Yang &
Balaras (2006) to resolve the roughness. The ratchet surfaces
were applied to both walls of the channel and the flow was
driven by a constant mean streamwise pressure gradient. A
schematic illustration of the domain is shown in Figure 2. The
wall reference location was set to the roughness mean plane,
i.e., the total wall-normal extent of the simulation domain was
2.1δ . For cases with ℓ = 2nk the domain size was set to 6.4δ

in the streamwise and 3.2δ in the spanwise direction (see Ta-
ble 2). For the case ℓ = 12k the domain size was increased
to 7.2δ in the streamwise direction to fit an integer number
of transverse triangular bars into the domain. Uniform grid
spacing was applied in the streamwise and spanwise direction,
using ∆y+ = 4.94 and ∆x+ ≤ 4.94. For short ratchets, the
streamwise grid spacing was reduced to keep a minimum of
128 grid points per ratchet. In the wall-normal direction, uni-
form grid spacing was applied across the height of the ratchet
∆z+min = 0.667 and the grid was gradually stretched above at-
taining ∆z+max = 4.22 at the channel centre.

RESULTS
Local statistics for the turbulent kinetic energy measured

at the apex location and at the mid-cavity location are shown
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Table 2. Simulation parameters for the direct numerical simulations. Lx - domain size in streamwise direction; Ly - domain size in
spanwise direction; Lz - domain size in wall-normal direction; Nx×Ny×Nz - grid size; ∆x+ - grid spacing in streamwise direction; ∆y+

- grid spacing in spanwise direction; ∆z+min - minimum wall-normal grid spacing; ∆z+max - maximum wall-normal grid spacing.

Lx/δ Ly/δ Lz/δ Nx ×Ny ×Nz ∆x+ ∆y+ ∆z+min ∆z+max

ℓ= 2k 6.4 3.2 2.1 4096×256×432 0.67 4.94 0.67 4.22

ℓ= 4k 6.4 3.2 2.1 2048×256×432 1.23 4.94 0.67 4.22

ℓ= 8k 6.4 3.2 2.1 1024×256×432 2.47 4.94 0.67 4.22

ℓ= 12k 7.2 3.2 2.1 1152×256×432 2.47 4.94 0.67 4.22

ℓ= 16k 6.4 3.2 2.1 1024×256×432 2.47 4.94 0.67 4.22

smooth 8.0 4.0 2.0 640×320×360 4.94 4.94 0.50 3.98

in Figure 3. Closely above the ratchets, the streamwise mea-
surement location has the strongest effect for flow over long
ratchets (ℓ ≥ 8k) in leeward orientation – the maximum ob-
served for the turbulent kinetic energy profile is significantly
higher when measured at the mid-cavity location compared to
the equivalent measurements taken at the apex location. The
opposite behaviour can be observed for ratchets in windward
orientation. Here, for long ratchets significantly higher lev-
els of turbulent kinetic energy can be observed above the apex
location compared to the mid-cavity location.

The turbulent kinetic energy profiles for the shorter ratch-
ets show a good collapse on the smooth-wall turbulent kinetic
energy profiles for z/δ ⪆ 0.2. For long ratchets (ℓ ≥ 8k), the
differences in the turbulent kinetic energy profiles extend fur-
ther into the flow. This deviation from the smooth-wall be-
haviour tends to be more pronounced for ratchets in windward
orientation and for the mid-cavity location.

The Reynolds stress anisotropy measured at the apex and
the mid-cavity locations was analysed using the invariants ξ

and η which are derived from the anisotropy tensor bi j (Pope,
2000)

6η
2 = bi jb ji, (2)

6ξ
3 = bi jb jkbki. (3)

The anisotropic invariant maps of η plotted versus ξ are shown
in Figure 4 based on the Reynolds stress profiles measured at
the apex location (see Figure 4 (a,b)) and at the mid-cavity
location (see Figure 4 (c,d)). When the profiles are sampled
at the apex location, in all cases the trajectories first approach
the left boundary of the Lumley triangle, i.e., the Reynolds
stress ellipsoid attains an approximately axisymmetric, oblate
spheroid shape (‘disk’-like turbulence). A similar behaviour
was reported for roughness comprised of transverse square
bars (Ashrafian & Andersson, 2006).

Disk-like turbulence is also observed within the cavities
of the surface, however, above the reference crest location
(indicated by the square symbols on the maps) the trajecto-
ries corresponding to the mid-cavity location remain close to
the right side of the triangle and follow the reference smooth-
wall case (‘rod’-like turbulence). For short ratchets, there are
no significant differences between trajectories for the ratchet
roughness in leeward and in windward orientation at locations
above z/δ ≈ 0.15.

For long ratchets, the windward oriented cases experience
at the mid-cavity location a stronger tendency towards two-
dimensional turbulence above the roughness and the differ-

ences between the trajectories for surfaces in windward and in
leeward orientations extend significantly further into the flow.
This is also evident from the profiles of the anisotropy func-
tion F = 1− 27η2 + 54ξ 3 (F = 1 for three-dimensional and
F = 0 for two-dimensional turbulence), where lower levels of
isotropy can be observed for long ratchets in windward orien-
tation in the outer part of the profile up to the channel centre
whereas the leeward oriented cases show a good collapse on
the smooth-wall case for z/δ ⪆ 0.2 for all ratchet lengths.

Figure 5 shows a visualisation of the wall-normal com-
ponent of the instantaneous vorticity field closely above the
ratchets at a distance of approximately 12 wall units above the
roughness crests. Ratchet length and orientation have a strong
effect on how the structure of the vorticity field is affected by
the roughness. With decreasing ratchet length the organisa-
tion of the ωz contours is increasingly reduced. The reduc-
tion in the organisation of structures in the instantaneous wall-
normal vorticity field is in line with observations for trans-
verse bar roughness (Ashrafian & Andersson, 2006; Orlandi
& Leonardi, 2009).

For ratchets in leeward orientation, the strongest disrup-
tion of structures can be observed at the mid-cavity locations,
whereas for ratchets in windward orientation, the strongest in-
teraction between the vorticity field and the ratchets can be
observed just upstream of the crest locations. The orientation-
dependent differences are most obvious for the longest ratch-
ets with ℓ = 16k and become less pronounced for the shorter
ratchets. This is in line with the observations for the turbu-
lent kinetic energy profiles, which show elevated levels at the
crest location for ratchets in windward orientation and elevated
levels at the mid-cavity location for ratchets in leeward orien-
tation. This dependency of turbulent kinetic energy levels on
the measurement location is also most strongly developed for
the longest ratchets.

CONCLUSIONS
The structure of turbulence over ratchet-type roughness

has been analysed using local phase- and time-averaged
profiles of the turbulent kinetic energy and the invariant maps
of the anisotropy tensor. Both ratchet length and ratchet
orientation influence the local profiles of the turbulent kinetic
energy and the anisotropic invariant maps. Flow visualisations
of the instantaneous wall-normal vorticity field show that
the streamwise locations of elevated turbulence activity are
strongly influenced by the ratchet orientation. The influence
of ratchet length and orientation on further statistics, such as
ejections and sweeps, the wall-normal transport velocity of
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Figure 3. Turbulent kinetic energy profiles sampled at the apex location (a,b) and the mid-cavity (c,d) location for surfaces in leeward
orientation (a,c) and in windward orientation (b,d). Smooth wall data is shown for comparison. The vertical dotted line indicates the
apex height.

the turbulent kinetic energy, and tracer particle statistics will
be considered in the next stage of this study.
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Figure 5. Structure of instantaneous ωz at approximately 12 wall units above the roughness crest for ratchets with length ℓ= 2k, 4k,
8k, and 16k (from top to bottom) in leeward (left column) and windward (right column) orientation. The black dotted lines indicate the
locations of the roughness crests.
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