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Abstract
A set of direct numerical simulations is used to

analyse the application of the so-called parametric
forcing approach (PFA), which allows computation-
ally cheaper simulations, instead of high-resolution
immersed boundary method (IBM) for modelling of a
homogeneous and inhomogeneous rough surface. It is
observed that while the PFA delivers excellent agree-
ment for homogeneous case, the agreement between
IBM and PFA is rather limited for the inhomogeneous
roughness. While secondary motion topology can be
successfully reproduced with the PFA approach, the
modification of the mean velocity profile and hence
integral flow properties cannot be entirely matched be-
tween the two approaches. It is shown that the appli-
cation of homogeneous forcing to an inhomogeneous
configuration might lead to deviation of the introduced
forcing in the regions where topographical transition
occurs so the global drag is altered.

1 Introduction
Formation of secondary motions of Prandtl’s sec-

ond kind is observed in turbulent boundary layer flows
subjected to a spanwise inhomogeneity of the near-
wall flow field [2]. The spanwise inhomogeneity alters
local turbulent properties of the flow and introduces
distinct gradients into the Reynolds stress distribution,
which eventually manifests in the presence of large-
scale vortex pairs occupying the entire boundary layer
thickness and significantly modifies the mean velocity
profile [7]. The presence of secondary flow translates
into an enhancement of momentum and heat transfer,
which is of great interest from atmospherical, geolog-
ical and technical point of view. However, in spite of
the seemingly straightforward formation mechanism
behind this phenomenon, its physical interpretation,
reliable prediction and impact on the local distribu-
tions of friction and heat transfer on the wall surface
are still being discussed in literature.

Due to the vast parameter space and flow complex-
ity it is still impossible to establish a direct link be-
tween the surface topography and corresponding sec-
ondary flow. Besides that, investigations of flow over
surface structuring pose further difficulties: while on
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Figure 1: Schematic of the numerical domain with rough-
ness stripes at the walls.

the experimental side it is challenging to capture the
flow dynamics associated to secondary motion forma-
tion in the vicinity of structuring, the direct numer-
ical simulations (DNS) are often limited by the re-
quirements of fine resolution meshes and hence are
extremely expensive from the computational point of
view. In order to overcome these limitations and avoid
high-resolution meshes a simplified roughness mod-
elling can be utilized: a rough surface can be repre-
sented as a wall boundary condition [9] or as an addi-
tional forcing term in the near-wall region [1].

In the present contribution we perform DNS with
a simplified parametric forcing approach (PFA) pro-
posed by Busse & Sandham [3] and further extended
by Forooghi et al. [5] for a simulation of inhomo-
geneous roughness stripes and compare the results
to fully-resolved roughness DNS results reported by
Stroh et al. [8] in respect to global flow properties and
secondary motion formation.

2 Methodology
The secondary motion are studied in a DNS of a

fully developed turbulent open channel flow driven by
constant pressure gradient (CPG). However, since the
introduction of various rough surfaces alters the chan-
nel cross-sectional area and hence the effective chan-
nel half height δeff, the pressure gradient Px = τeff/δeff
is adjusted to maintain the friction Reynolds number
Reτ = uτδeff/ν = 500 across all cases. In stream-
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Figure 2: Introduced variation of the smooth wall elevation
with resolved (a) and modelled (b) roughness and
parametric forcing functions A and B (c).

wise (x) and spanwise direction (z) periodic bound-
ary conditions are used and the wall-normal direction
(y) is bounded by no-slip condition at the lower do-
main (y = 0) and symmetry boundary condition at the
upper domain (y = δ) as shown in Figure 1(a). The
Navier-Stokes equations are integrated by the spectral
solver SIMSON [4] with the elevated smooth surfaces
represented by the immersed boundary method (IBM)
proposed by Goldstein [6].

The width of one alternating smooth and rough
wall pattern amounts L = δ, where the roughness
width is W = 0.5δ. In Figure 2(a) the three different
rough and smooth surface combinations from Stroh et
al. [8] are presented with the position of the smooth
wall at h = 0, representing a protruding roughness, at
0.97k̄, mimicking a roughness which consists of equal
contributions of deposition and erosion and at 1.70k̄,
a roughness generated by erosion or corrosion. In Fig-
ure 2(b) shows the corresponding configuration, where
the parametric forcing is used to represent the rough
stripes. For the resolved cases roughness stripes are in-
troduced by the immersed boundary method, while for
the cases with modelled roughness stripes the paramet-
ric forcing approach by Forooghi et al. [5] is utilized.
The parametric forcing model augments the Navier-
Stokes equations with an additional forcing term ac-
tive in the area below the plane of the highest rough-
ness peak and represents the average resistance force
of the particular roughness topography. The forcing
term is fi = −A(y)ui − B(y)ui |ui|, where the wall-
normal distribution A(y) and B(y) represent viscous
and inertial resistance, respectively. The functions
A(y) andB(y) as shown in Figure 1(c) are determined
for the homogeneously rough case based on the ge-
ometrical definition provided in Forooghi et al. [5].
Both functions are iteratively tuned via introduction
of a constant prefactor for each function, A(y) and
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Figure 3: Mean velocity profile of smooth and rough simu-
lations.

Table 1: Integral flow properties for the considered rough-
ness configurations.

case Reb U+
b cf/c

s
f

smooth high res 9051 18.09 1.00
smooth low res 9045 18.09 1.00
h = 0 resolved 5756 11.52 2.47
h = 0 modelled 5909 11.82 2.34

h = 0.97k̄ resolved 5982 11.96 2.29
h = 0.97k̄ modelled 6005 12.01 2.27
h = 1.70k̄ resolved 6050 12.10 2.24
h = 1.70k̄ modelled 5961 11.93 2.30

rough resolved 5241 10.47 2.99
rough modelled 5229 10.45 3.00

B(y), until the skin friction coefficient cf = 2u2τ/U
2
b

of the modelled case coincides with the resolved rough
case. Botch functions remain constant for all consid-
ered simulation with modelled roughness stripes. It
has to be noted that the distributions depend only on y
and remain homogeneous within the rough stripe area
in spanwise and streamwise direction.

The domain size is (Lx×Ly×Lz) = (8δ×δ×4δ)
with 384 × 201 × 384 grid nodes (referred to as low
resolution grid) utilized for the parametric forcing sim-
ulations instead of 768×301×384 grid nodes (referred
to as high resolution grid) originally utilized in the ref-
erence simulations by Stroh et al. [8]. The simulations
carried out with parametric forcing on the low reso-
lution grid are also compared with their counterpart
on high resolution grid in order to check the resolu-
tion dependency. It is confirmed that the deviation be-
tween high resolution and low resolution simulations
does not exceed 1% for the intergral flow properties
like cf or Ub.

3 Results

Mean Flow Properties
Figure 3 shows the smooth reference simulation

at two grid resolutions and the homogeneously rough
simulation in resolved and modelled case. The plot
confirms the independence of the achieved solution on
the resolution and highlights the satisfactory choice
of the forcing distribution functions A and B, which



enables a very good agreement for the mean velocity
profiles in the resolved and modelled rough simula-
tions. Table 1 shows the global flow properties for
these cases. A negligible deviation (max 0.3%) be-
tween the resolved and the modelled cases in the re-
sultant Reb, cf and U+

b is observed for the entire-
surface rough simulations. The deviation for striped
cases varies from 1 − 3% for Reb, U+

b and 1 − 6%
for the ratio cf/csf – the highest deviation is observed
for h = 0. The modelled roughness simulations con-
sistently overpredict the bulk mean velocity, Ub, and
hence underestimate the skin friction coefficient for
h < k̄ in comparison to the resolved ones. In this re-
gion, the cf values are closer to the asymptotic case
with extremely wide stripes at W = 0.5L , where
cf = 0.5(csf + crf ) = 2.00csf is expected to be ful-
filled. The discrepancy can be traced back to the local
difference in the turbulent and dispersive stress distri-
butions (not shown here).

Secondary Motion
Figure 4 presents the comparison of the secondary

motion and mean velocity distribution for the fully
resolved and the modelled roughness stripes. It can
be observed that the parametric forcing approach can
qualitatively reproduce the large-scale secondary mo-
tion and its rotational direction, hence capturing the
switch in the sense of rotation, which occurs between
h = 0 and h = 1.70k̄. The modelled rough stripes
also show the trends of mean velocity deformation
with upward bulging at h = 0. The strong down-
ward bulging observed at h = 1.70k̄ for the resolved
case, however, is not captured in the modelled sim-
ulation - the bulging can be barely observed for this
simulation (Figure 4 (c) vs. (f)). It has to be noted
that the case at h = 0.97k̄ shows the largest deviation
in the secondary motion topology compared to its re-
solved counterpart. This case, however, experiences
the weakest secondary motion due to the same mean
roughness height on smooth and rough area and hence
expected to be very sensitive to the roughness forcing
distribution.

In order to further elucidate the topology
transition we carried out additional simulations
with the parametric forcing approach at h =
0.50k̄, 1.25k̄, 1.50k̄, 2.00k̄ and 2.50k̄. The results of
the parameter variation is shown in Figure 5. In
this figure we can observe two characteristic topology
maps – a more complex topology with three counter-
rotating vortex pairs with upward streamwise velocity
bulging rather corresponding to the ridge-type rough-
ness (h = 0 − 0.97k̄) and a single large-scale vortex
pair with downward bulging known to be characteris-
tic for the strip-type surfaces (h = 1.70k̄ − 2.50k̄).
Two cases in the middle show the transition between
those two states (h = 1.25k̄, 1.50k̄). It can be seen
that the case at h = 2.00k̄ topologically rather corre-
sponds to the resolved case h = 1.70k̄, which indi-
cates that the parametric forcing approach in induces

a slightly different effect on the turbulent flow prop-
erties. Based on the comparison one might hypoth-
esize that the parametric forcing approach introduces
a slightly higher roughness layer and hence a smooth
wall at higher position is needed to obtain similarly
strong bulging of the mean velocity profile.

Figure 6 summarizes the resulting skin friction co-
efficient from the entire set of simulations as a func-
tion of smooth wall elevation h. It is observed that
the modelled roughness cases in the transitional state,
where the weakest secondary motion is formes (h =
1.25k̄, 1.50k̄) show the lowest skin friction coefficient,
while the strip- and ridge-type roughness cases below
h = k̄ and above h = 1.70k̄ with rather strong sec-
ondary motion show a higher skin friction coefficient.
Due to the limited amount of resolved simulations the
profile for cf shows a decreasing trend for h up to
1.70k̄.

Forcing Comparison
Figure 7 demonstrates the comparison of the

streamwise (fx), wall-normal (fy) and spanwise (fz)
mean force exerted by the immersed boundary method
and the parametric approach for h = 0.97k̄. For the
resolved streamwise component fx we observe a dif-
fuse forcing region resembling the shape of the rough-
ness elements. It has to be emphasized that the diffuse
are extends down to the lower wall. This is linked to
the fact that in the IBM case the roughness consists
of locally distributed elements, hence the local surface
force is also distributed in the wide range within the
roughness layer. Interestingly, the wall-normal forcing
fy for IBM shows a distinct negative region around
the top of the roughness elements, while the lower
part is rather positive. This is related to the fact that
the IBM approach enforces the flow to follow the cur-
vature of the introduced geometry, so a deflection to-
wards the wall is imposed on the element peaks, while
the positive area represents the windward side of the
elements, where a wall-normal deflection away from
the wall must be imposed. The spanwise forcing fz
represents the flow deflection around the roughness el-
ements and also resembles the introduced geometri-
cal shape of the roughness. It has to be noted that the
negative streamwise forcing is around 5 times stronger
than the forcing observed for wall-normal and span-
wise direction. For the PFA the force is applied only
to streamwise and spanwise velocity component, so fy
is zero. The streamwise force is rather concentrated in
the area y > k̄, while for y < k̄ it barely shows any
presence of forcing. Due to the spanwise homogene-
ity of the PFA we also observe a very homogeneous
distribution for fx within the roughness region. The
spanwise component of the force fz shows two peaks
concentrated around the corners, where the transition
from the smooth to rough and vice versa occurs. At
this point it is obvious, that the two approaches, IBM
and PFA, produce different force distribution when the
rough region is combined with a smooth wall in the



k̄̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k

kmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmax

roughroughroughroughroughroughroughroughroughroughroughroughroughroughroughroughroughsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmooth smoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmooth
0

0.2

0.4

0.6

0.8

1

y
/
δ

h = 0

(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)

k̄̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k

kmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmax

roughroughroughroughroughroughroughroughroughroughroughroughroughroughroughroughroughsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmooth smoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmooth

h = 0.97k̄

(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)

k̄̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k̄k

kmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmaxkmax

roughroughroughroughroughroughroughroughroughroughroughroughroughroughroughroughroughsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmooth smoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmoothsmooth

h = 1.70k̄

0.0

0.2

0.4

0.6

0.8

1.0

1.2

ū
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Figure 4: Mean velocity profile at different elevation of the smooth stripes for resolved roughness (a-c) and modelled roughness
(d-e). Black lines indicate time-averaged streamlines of secondary motion in y-z-plane, red solid lines mark the
isolines of the streamwise mean velocity distribution.
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Figure 5: Evolution of secondary flow topology for parametric forcing approach with increasing smooth wall position.
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Figure 6: Skin friction coefficient dependency on the smooth
wall height h for IBM (resolved) and PFA (mod-
elled) approach.

same configuration.

In Figure 8 we compare the streamwise mean force
introduced by IBM and PFA in the corner regions,
in the middle of the rough region at h = 0.97k̄ and
the force for homogeneous rough case. It is observed
that for both approaches the striped configurations pro-
duces a slightly stronger forcing in the middle of the
roughness stripes (dashed vs. solid lines), however,
the distribution of the forcing remains similar to their
homogeneous counterpart. In the corner regions at
z = 0.26δ the resolved approach introduces almost
the same forcing distribution as in the middle of the
rough surface at z = 0.5δ, while the parametric forc-
ing induces significantly stronger forcing at the cor-
ners (around two times larger magnitude) in compar-
ison to the position in the middle of the rough area.
This might indicate that the parametric forcing acts in
a different manner in an inhomogeneous configuration
and cannot capture the entire flow alteration effects in-
troduced by the resolved roughness.
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vertical lines mark the position of forcing com-
pared in Fig. 8.

0 0.05 0.1
−3

−2

−1

0

y/δ

f x
k̄
/u

2 τ

resolved, z = 0.5δ

modelled, z = 0.5δ

resolved, z = 0.26δ

modelled, z = 0.26δ

resolved, homogeneous
modelled, homogeneous

Figure 8: Comparison of the exerted local forcing at h =
0.97k̄ in the middle of rough stripe at z = 0.5δ
(solid), close to the corner at the position z =
0.26δ (dashed) between IBM (resolved) and PFA
(modelled) approach. Forcing for the homoge-
neous roughness is also shown for comparison
(dotted).

4 Conclusion & Outlook
A parametric forcing approach is used to model

rough surfaces in a DNS of a turbulent open chan-
nel flow. It is found that while the model performs
well for the homogeneous roughness, an application of
the model with the same forcing distribution used for
inhomogeneous roughness case can acceptably repro-
duce the secondary motions topology and magnitude.
However, a discrepancy in the resultant bulk mean ve-
locity and skin friction coefficient is observed. The
analysis of exerted forcing for IBM and PFA confirms
several differences in the forcing distributions, which
are specifically present at the corner regions where
the topographical transition from smooth to rough sur-
face occurs. Future investigations on PFA will aim
at providing a deeper understanding of drag genera-
tion mechanism related to the introduced forcing and
secondary motion with a long-term goal to provide a
forcing correction able to improve the prediction of in-
tegral flow properties.
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