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ABSTRACT
In many technical applications the effect of surface
roughness on the local flow as well as on integral characteristics is significant. Understanding and modeling
their effect is an ongoing challenge as there are plenty
of surface structures caused by intention, manufacturing, or wear which have different or even contrary effects on the boundary layer flow. Scale-resolving simulations like direct numerical simulations are a valuable
tool in this context as they provide highly-resolved view
of the local effect of roughness on the flow. However,
complex surface structures pose challenges to the generation of commonly used body-fitted structured computational grids. Immersed boundary methods (IBM)
are a promising tool for bypassing this challenge. In
this paper the IBM implemented in the CFD-solver
OpenFOAM is qualified for scale-resolving simulations
of turbulent channel flows over rough surfaces by introducing an additional mass-flow controller. By means of
three characteristic test-cases the direct numerical simulations with IBM are verified against corresponding
simulations with body-fitted grids. The excellent quantitative prediction of average flow quantities as well as
turbulent statistics demonstrate the suitability of the
method for the simulation of turbulent flows over arbitrary complex rough surfaces.
INTRODUCTION
Surface roughnesses and their effect on the boundary
layer flow was first investigated by Nikuradse (1933)
and Schlichting (1936). They used sand grain surface
structures to quantify the effect of these roughnesses in
pipe flows. To correlate the roughness height with the
effects in the boundary layer, they established the sand
grain diameter ks as the quantification of the roughness
height. Since then, ks is a standard parameter to characterize and to describe surface roughness for model
based low order fluid simulation.
Real surface roughnesses resulting from tribological effects in real gas turbine machines, like heavy duty or instationary machines like aircraft engines, usually form
non-equivalent sand grain structures (Bons 2010; Bons
et al. 2001; Achary et al. 1986; Taylor 1990). Because
of particle impacts, erosion, and wear a mix of difProceedings 32nd European Conference on Modelling and
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ferent undirected (isotropic) and directed (anisotropic)
structures are formed which are inhomogeneously distributed along a blade surface (Fig. 1). Also surface roughness structures resulting from manufacturing or refurbishment are forming individual structures
combining isotropic and anisotropic elements (Denkena
et al. 2015; Nespor et al. 2016). Thus, real surface
topologies are too complex to describe them with a
single parameter and model-based roughness investigations for near-wall boundary layer flows correlated
to this single parameter are not always expedient. To
investigate the effect of roughness on the flow, many investigations apply scale-resolving simulations like Large
Eddy Simulations (LES) or Direct Numerical Simulations (DNS) to avoid the use of model-based interpretation of roughness effects on the flow (Hohenstein and
Seume 2013; Flack and Schultz 2010; Cui et al. 2003a,b;
Ikeda and Durbin 2007; Singh et al. 2007; Iacone et al.
2008). However, DNS and LES are very sensitive to the
spatial discretization of the fluid. High quality standards are necessary, to get a proper discretization, especially of the near wall boundary layer region. For
very complex structures, these high standards of the
discretization in the near wall grid generation may not
be met.
One solution is the use of unstructured grids with e.g.
tetrahedral cells. However, because of the their geometric shape, they are susceptible to higher numerical
dissipation (Bensow and Liefvendahl 2008) than hexahedral cells and consequently they are not expedient
to study the effects of roughness on the near wall flow.
The hexahedral discretization reduces the dissipative
effects, but is difficult or even impossible to apply on
complex structures (e.g. with undercuts). Thus, only
simplified (viz. filtered) roughness structures can be
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Fig. 1. Real worn measured surface roughness on a high pressure
turbine blade from a aircraft engine

investigated by LES or DNS with the necessary grid
quality (Hohenstein and Seume 2013).
An alternative method to discretize the near wall region
is the Immersed Boundary Method (IBM). The IBM is
based on a decoupling of the discretized fluid region
and the solid body structures. The effect of a wall is
implemented by an analytic force term which dependes
on the relative position of the wall and neighbouring
fluid cells (Mittal and Iaccarino 2005). This method is
usually used in LES or DNS investigation with moving
objects in a fluid domain (Kempe and Fröhlich 2012).
A first attempt to use the IBM for roughness investigations showed that the IBM can also be adopted for
near wall flow investigations (Busse et al. 2015). However, a direct comparison of surface roughness with different stages of complexity (deterministic model structures and real surface structures) has not been given so
far. The objective of the present work is a validation
of the IBM for complex surface structures in channel
flows. For this reason, plane channel flow, the flow
over a riblet structure, and an operationally stressed
surface structure measured on a real high-pressure turbine blade from an aircraft engine are investigated and
compared to literature results.
SETUP

Fig. 2.
method

Schematic of the direct forcing immersed boundary

the physical boundary condition to the cartesian grid,
forcing points at the center of wall layer cells and wallnormal vectors through each forcing point are defined.
Flow quantities at the forcing point are reconstructed
by interpolation using neighboring cells on an extended
stencil and the Dirichlet or the Neumann boundary
conditions on the IB directly imposed by specified values. The unknown coefficients for the quadratic polynomial interpolation on the stencil are determined using
a weighted least square method. The computed flow
quantities in the forcing point makes it possible to determine the additional force term at time instance n+1
for fluid cells interacting with IB-cells according to Eq.
(2):

Immersed Boundary Method
The DNS in the current work are conducted within the
open-source simulation environment foam-extend-3.1,
which is part of the open source library OpenFoam including various extensions and additional features, e.g
an implementation of the IBM. The IBM makes it possible to perform CFD simulations of arbitrary complex
and moving geometries with preferably cartesian, non
body-fitted grids. Hence, the time-consuming task of
conformal grid generation, often associated with additional problems regarding the mesh quality or interpolation errors in inter-grid transfer can be greatly simplified. Since the method was introduced by Peskin (1972)
a number of variants have been developed, which differ
in the approach used to impose the effect of the immersed boundary (IB) on the flow. The implementation
of the IBM in foam-extend-3.1, initially introduced by
Tuković and Jasak (2012), is based on a discrete forcing approach with direct imposition of boundary conditions. As the IBM grid’s boundary does not reflect
the contour of the geometry, the effect of viscous walls
on the flow is modeled by a force term Fi added to the
momentum equation for cells near the IB
∂ (ρui ) ∂ (ρui uj − τij )
+
= Fi
∂t
∂xj

(1)

with the density ρ and the shear stress τ .
The approach requires a classification of cells according
to Fig. 2 into fluid cells, solid cells, and IB cells. Please
note that the distinguishing criterion is the position of
the cell’s center relative to the IB. In order to transfer

Fi = ρ

n
un+1
∂ (ρui uj − τij )
IB − ui
−
.
∆t
∂xj

(2)

For a detailed overview of the mathematical formulation of the IBM the reader may refer to Peskin (2002)
and Mittal and Iaccarino (2005).
Implemented velocity/pressure correction
Presently foam-extend-3.1 does not include solvers suitable for solving the incompressible laminar NavierStokes equations for channel flows with constant mass
flow rates, that additionally support the IBM. For this
purpose a solver was developed based on the IBMcompatible finite volume flow solver icoIbFoam, which
solves the incompressible laminar Navier-Stokes equations using the PISO (Pressure-Implicit with Splitting
of Operators) algorithm. The time marching scheme is
an implicit second-order backward scheme, and spatial
discretization is based on bounded second order central
schemes.
To maintain a constant mass flow rate and to counterbalance energy dissipation induced by friction losses
driving forces were corrected by imposing an additional
pressure gradient calculated by means of comparison
of the current mean flow velocity in the channel and
a specified value. The mean velocity in the channel is
estimated by the sum of the local velocity of each cell
weighted with its corresponding volume (Vi ) in relation
to the overall volume of the computational domain

N
P

umean =

TABLE I: Geometry and grid parameters of the computational
domains

ui Vi
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N
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In terms of using a cartesian non body-fitted background grid, which includes solid cells, these cells are
identified and neglected for the estimation of the mean
velocity by setting their volume to zero in Eq. (3).
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Computational Setups
In order to qualify the IBM for the simulation of complex surface structures, initianally a smooth wall configuration and two different roughness geometries providing different characteristic challenges to the IBM
are investigated systematically. The investigation includes the flow over a smooth surface, an operationally
stressed surface structure measured on a high-pressure
turbine blade, and a riblet structured surface with
trapezoid cross-section. The simulations were conducted at the friction Reynolds number
r
τw
uτ δ
; uτ =
(4)
Reτ =
ν
ρ
of Reτ = 180 and verified with the literature data of
Moser et al. (1999), Hohenstein (2014) and data provided by Koepplin et al. (2017b), respectively. The
comparative data was obtained by simulations, which
used the traditional approach to impose the presence of
solid obstacles by applying the no-slip boundary condition on body-fitted grids.
In accordance with the studies of Ashrafian et al. (2004)
the dimensions of the channel were set to Lx ×Ly ×Lz =
6δ × 2δ × 3δ in streamwise, spanwise, and wall-normal
direction with δ = 0.5 m representing half the height
of the channel. Depending on the the applied surface
structure the height of the computational domain can
differ slightly in order to maintain a constant channel
volume (Fig. 4). For the cartesian background grid a
uniform grid spacing is selected in streamwise and spanwise direction. The grid resolutions in the two homogeneous directions are set equally to ∆x+ = ∆z + ≈ 3.6
(~x+ = (~x uτ )/ν). In wall-normal direction equally
spaced cells are applied within the distance y = 2δIB+10
with a grid resolution of ∆y + ≈ 0.6. Therefore, approximately six nodes are embedded within the viscous
sublayer. Table I gives an overview of the channel dimensions and total number of cells used for the numerical investigations in reference to literature data.
In streamwise and spanwise directions periodic boundary conditions were applied representing a setup with
indefinitely extended channel dimensions. The time
step was chosen such that the maximal CFL number
remains below 0.3. In order to obtain converged turbulent statistics, a non-dimensional through flow time of
at least
t ub
= 1000
(5)
t+ =
δ
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Fig. 3. Computational grid for IBM investigations

is ensured for all investigated test-cases, whereby t is
the computed time, ub the bulk velocity, and δ the
channel half height.
RESULTS
The numerical results for the three test-cases are compared to literature data in terms of the spatial and temporal averaged velocity profiles in wall normal direction
normalized by the friction velocity uτ . Furthermore,
the Reynolds stresses u0 u0 and u0 v 0 are compared as
they are known to be highly sensitive to fluctuations in
the turbulent flows.
Plane Channel Flow
Initially, the IBM implementation is verified by a
smooth wall configuration of a turbulent channel flow.
In order to provide the required classification of cells,
it has been ensured, that near wall cells are cut by the
immersed boundary (Fig. 6). Figure 7 shows the wallnormal profile of the mean velocity in wall units compared to the DNS results of Moser et al. (1999). The
mean velocity profiles show a remarkable agreement
over the entire channel height. Special attention should
be paid to the first two cells, because they are directly
affected by the direct forcing approach. Furthermore,
the distributions of the Reynolds stresses illustrated in
Figure 10 also show good correlation with the data of
Moser et al. (1999). The deviation of the Reynolds normal stress u0 u0 in the range of 10 < y + > 20 can be attributed to the slightly mismatching friction Reynolds
number. The simulation of Moser et al. (1999) was conducted at a friction Reynolds number of 178.13, wheras
for the simulation based on the IBM a friction Reynolds
number of 176.6 was attained. The numerical studies of
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Moser et al. (1999) for various friction Reynolds numbers clearly state that an increased friction Reynolds
number leads to an increasing maximum Reynolds normal stress.

malized Reynolds stresses and the computed friction
Reynolds number was to be expected (cf. Equation
4). For the DNS of Hohenstein (2014) and the results
based on the IBM, a friction Reynolds number of 197.1
and 188.5 are computed, respectively. The obviously
underestimated friction velocity results in the overestimation of the normalized maximum Reynolds stresses
(Fig. 11) with simultaneously underestimating the friction Reynolds number.

Operationally Stressed Surface

Riblet Structured Surface

Figure 8 shows the wall normal profile of the mean velocity in wall units for the operationally stressed surface structure. Overall the results are in good agreement with the existing DNS by Hohenstein (2014). In
the logarithmic region, however, the velocity is slightly
overestimated. Furthermore, the velocity especially in
the first two cells shows a slight deviation compared to
the results of Hohenstein (2014). This possibly results
from an insufficiently precise reconstruction of the flow
quantities in the IB-cells, which are used to determine
the force term for neighboring fluid cells. As these nearwall cells are additionally used to compute the friction
velocity uτ , more precisely the mean wall shear stress
τW a deviation of the mean velocity profile, the nor-

The turbulent channel flow with a riblet structured surface shows the overall highest discrepancies between
the numerical results. Both, the mean velocity profile
and the Reynolds stresses exhibit a significant deviation
over the entire channel height. Therefore, comparable
to the results of the operationally stressed surface structure the friction velocity is obviously underestimated,
which coincides with the computed friction Reynolds
numbers (cf. Eq. 4) and the normalized Reynolds
stresses (Fig. 12). The frictional Reynolds number
for data provided by Koepplin et al. (2017b) and simulation based on the IBM were computed to 179.0 and
164.1, respectively.

Fig. 5. Schematic illustration of the flow configuration for the
riblet surface structure

Fig. 7. Mean velocity profile in wall units for the plane channel
test-case

Fig. 10. Normalized Reynolds stresses u0 u0 (×) and u0 v 0 (◦) for
the plane channel test-case

Fig. 8. Mean velocity profile in wall units for the operationally
stressed surface

Fig. 11. Normalized Reynolds stresses u0 u0 (×) and u0 v 0 (◦) for
the operationally stressed surface

Fig. 9. Mean velocity profile in wall units for the riblet structured
surface

Fig. 12. Normalized Reynolds stresses u0 u0 (×) and u0 v 0 (◦) for
the riblet structured surface

There is reason to presume that the IBM is not able to
provide a sharp representation of the riblet structure
with the applied background grid resolution (Fig. 6).
Thus, considering the fact that it is well known that the
riblet effect strongly depends on small geometric details
like the overall riblet shape, height, spacing, and tip
angle (Koepplin et al. 2017a) the observed deviation of
the mean velocity profile is not surprising. Moreover,
the positive shift of u+ for a given y + indicating less
frictional losses in the IBM appears physically plausible. Whereas trapezoidal riblets are discretized by the
body-fitted grid of Koepplin et al. (2017b) the IBM represents idealized blade-shaped riblets which are known
to be more effective (Hage 2005) in drag reduction.

A higher spatial resolution of the IBM background grid
would probably resolve the differences to the reference
data. However, in the author’s experience the required
number of cells would be higher or at least in the same
range compared to the corresponding body-fitted grid.
Thus, for deterministic geometries with sharp edges
and corners like riblets, body-fitted grids seem to be the
convenient choice regarding computational efficiency.
CONCLUSIONS
An extension of OpenFOAM for investigating the effect
of complex surface roughness on turbulent boundary
layers by means of the IBM is presented. In order to

allow for simulations of turbulent equilibrium boundary layers by streamwise infinite computational setups
of channel flows a massflow controller is developed and
implemented. DNS of one smooth wall configuration
and two roughness configurations are conducted and
verified by previous simulations with body-fitted computational grids. In all cases mean flow quantities as
well as Reynolds stresses are predicted in reasonably
good accordance with the reference data. Thus, it
is concluded that the improved IBM implementation
in OpenFOAM can be applied to the investigation of
the effect of arbitrary complex roughness on turbulent
boundary layers. However, based on the findings it can
be concluded that for deterministic sharp-edged surface
structures like Riblets body-fitted grids are the convenient choice regarding computational efficiency.
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