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ABSTRACT
Improving the understanding of the effect of roughness on wallbounded flows is crucial for further improvements of

turbomachinery and wind turbines. To this end, direct numerical simulation (DNS) with the immersed boundary method
(IBM) is a powerful tool, if the surface topography of the real rough surface is known. Throughout the processes from
geometric measurements to simulation, many inherent uncertainties can induce misleading aerodynamic results. This study
reviews the three main steps for investigating real rough surfaces: measurement, data processing, and simulation. Taking
a used blade surface from an aero engine as a sample both, an optical and a tactile surface measurement technique are
compared as to their weaknesses and advantages. It is shown that the measured roughness depends on the resolution of
the measurement. A concept, used for extracting the surface roughness by filtering out the superimposed blade curvature
after the measurement, is introduced. Mapping the processed rough surface onto the simulation mesh lowpass filters the
roughness. Three DNS IBM with the same roughness but different mesh resolutions are used to determine this sensitivity
of the simulation results to the resolution of the mesh. For the studied surface, even a coarse mesh grants good results.

INTRODUCTION
Rough surfaces influence the flow by changing the momentum transfer between the fluid and the surface due to a

change in the production of turbulence. In turbomachinery, such as aero engines, changing the resulting flow losses on the
blades can lead to several effects, which influence the performance of the engine. In general, roughness increases turbulence
production. Higher turbulence leads to higher losses. The losses decrease the fluid’s velocity close to the wall and thereby
increase the boundary layer thickness. Other effects like separation bubbles and the transitional behavior of a blade profile
are also affected by a change in turbulence (Roberts and Yaras, 2005). These effects additionally change the boundary layer
profile along the blade. The velocity defects lead to a deflection of the wake, and therefore a changed angle of incidence
on the stage downstream. A disturbance of the incidence, for example in a compressor, can reduce the performance by
up to 2.5% (Seehausen et al., 2020). The roughness found on worn blades of an airplane engine is diverse and depends
on the position on the blade and the blade in the engine (Gilge et al., 2019a). Examples for roughness measurements on a
compressor blade are shown in Fig. 1. The roughness geometry consists of roughness elements like valleys or hills which
can be found in both isotropic and anisotropic arrangements. The types and the influence of roughness, as shown, vary
immensely. Therefore, it is crucial to understand the influence of the roughness on the flow and to consider its presence
in numerical simulations. In lowfidelity simulations like RANS, the roughness at the wall can be taken into account via
a modified boundary condition at the wall. Most often, as in the k−ω turbulence model by Wilcox (1988) for instance,
the equivalent sand grain roughness ks as a single parameter is used as the boundary condition. Many approaches exist
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Figure 1 Examples of roughness measured on the blades of the third stage of a compressor adopted from (Gilge
et al., 2019a). An extended collection of roughness measurements from worn compressor blades and a worn blisk
can be found in (Gilge et al., 2019b).

to correlate this parameter with the profile of the rough surface (Bons, 2010). These correlations either use parameters
calculated from linear surface height measurements (h = f (x)) or areal surface measurements (h = f (x,y)), as defined in
various industrial standards (DIN EN ISO 4287, 2009; DIN EN ISO 251782, 2012). To develop newmodels, or to improve
the existing turbulencemodels and the ks correlations, results from experiments or direct numerical simulations (DNS) can be
used. Compared to experiments, DNS provide greater insight into local flow statistics regarding turbulence production and
dissipation, such that they are of more use in the development of turbulence models. In literature, many studies investigating
the influence of roughness using DNS are found. They can be roughly divided in two subgroups; investigations of artificial
roughness composed of regular roughness elements (e.g. Orlandi and Leonardi, 2006; Leonardi and Castro, 2010; Coceal
et al., 2006), and investigations of real rough surfaces from surface scans (e.g. Yuan and Piomelli, 2014; Busse et al., 2015;
Thakkar et al., 2017). Investigations of rough surfaces from surface scans, in comparison to artificial roughness composed
of regular roughness elements, are closer to reality but also introduce challenges in meshing and accuracy of the simulation.
Busse et al. (2015) investigated the influence of the filtering of a roughness, taken from a graphite surface, on the simulation
results for Reτ = 180. The mesh resolution was chosen according to the cutoff wavelength of the filter. With increasing
filtering, the roughness effect decreases. The shift of the loglayer ∆U+ decreases from 5.3 from the least filtered surface
(∆x+ = ∆y+ = 1.6) to 2.5 for the most filtered surface (∆x+ = ∆y+ = 4.9). Also, changes in the Reynoldsstresses are
observed and linked to the amount of smallscale roughness elements. It is noted that no general rule can be deduced from
this, as every real roughness is unique. In this paper, further investigations in the accuracy of flow simulations over real
rough surfaces by DNS are made and discussed. The focus of this paper is on the resolution of the smallscale roughness
elements due to the filtering effect of immersing the roughness into the mesh. Simulations are conducted with Reτ = 395
and a roughness from an airfoil is taken as an example. Additional to the accuracy of the simulations, the accuracy of the
measurement and data processing are considered:

• Measurement: To what extent do measurement technologies with different methods of measurement and resolution
influence the aerodynamic and geometric features of the measured surface?

• Data processing: What steps in data processing are needed to convert the measured and curved surface into a model
for DNS of a plane channel flow? How to filter out the surface curvature while retaining the significant characteristics
of the roughness?

• Numerical simulations: How precisely does the computational mesh of DNS represent the geometry of the rough
surfaces? Could a slightly incorrect representation have a significant effect on the simulation results?

To illustrate the influence of the effects discussed, a measurement of a roughness (Fig. 2) from a worn compressor blade
(Gilge et al., 2019b) is taken as an example surface. The roughness was measured at a relative chord length of x/c = 0.9 on
the suction side of a thirdstage compressor rotor blade of a medium size highbypass aircraft engine.

MEASUREMENT OF REAL ROUGHNESS
The first step in investigating real rough surfaces deals with measurement. Measurement techniques can be divided

into two groups: linear surface measurements and spatial surface measurements, both defined in various industrial standards
(DIN EN ISO 4287, 2009; DIN EN ISO 251782, 2012). An example of a linear surface measurement is the measurement
using a perthometer. A probe with a diameter dP is dragged along a line over the surface. The vertical displacement of
the probe corresponds to the height profile of the roughness. In order to show the impact of the probe’s head geometry on
the measurement, the path of a spherical probe head with a diameter of dP = 1 ·10−5m is simulated to measure the surface
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Figure 2 Compressor blade roughness (Gilge et al., 2019b) used as an example to illustrate the influence of the
discussed aspects of the process chain from measurement to simulation.
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Figure 3 Roughness measured by a bifocal microscope (blue) compared to a simulated path of a perthometer head
(red) with a probe head diameter of dP = 1 ·10−5m. The height profile is extracted from the example roughness (Fig.
2) at the dashed line.

from Fig. 1 along the dashed line (Fig. 3). The roughness height map is measured by a confocal microscope and is for
this purpose assumed to be the roughness geometry to be measured. Because of the lateral expansion of the probe’s head,
surface sections with narrow grooves and high gradients are misrepresented. In the resulting measurement, the depth of
narrow grooves are underestimated, while the lateral width of roughness elements with high gradients are overestimated.
The influence on the roughness parameters is dependent on the probe’s head diameter, the probe’s head shape, and the
roughness geometry itself. An error estimation as a function of the probe’s head diameter is not possible, as a comparison
can only be made to another measurement rather than to the real roughness geometry. The probe’s head diameter of most
modern perthometers is smaller than dP = 1 · 10−5. Therefore, the difference calculated in this example can be seen as
an upper limit to the measurement error. When a smaller probe head diameter is used, the measured height profile will
approach the measurement with the confocal microscope.

With a linear measurement method, such as a tactual measurement method, the roughness is only measured along
a line such that spatial characteristics of the roughness, like the shape of roughness elements or the angle of isotropic
formations, are not recorded. Therefore, it is advisable to measure a twodimensional height map instead, e.g. with a
confocal microscope. A confocal microscope measures the surface height by scanning the surface point by point. All points
are equidistant with a distance of ∆x and ∆y to each other. At each point, the roughness height is measured by focusing
two laser beams. Roughness parameters like the mean roughness height Sa are calculated by integrating the height profile
f (x,y) with respect to x and y. Therefore, the height distribution between the measured points is assumed to be linear, and
the trapezoidal rule is used for integration. The same assumption is made for calculating the local gradient of roughness
elements. The distance between the measurement points is equal to the dimensions of the smallest roughness details that
can be resolved. Consequently, a change in the measurement resolution alters the calculated roughness parameters. Some
k+s correlations, which make use of local gradients such as slopes, are particularly influenced. Two correlations for the
equivalent sand grain roughness are considered. The kscorrelation by Sigal and Danberg (1990) is based on the ”shape and
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Table 1 Roughness parameters of the measured rough
ness and filtered by each mesh respectively.

measured fine medium coarse
roughness mesh mesh mesh

Sa+ 5.11 5.09 5.06 5.04
Sq+ 7.23 7.21 7.20 7.18
Sz+ 29.81 29.65 29.45 29.23
Ssk 1.88 1.89 1.90 1.91
Sku 6.93 6.97 7.01 7.05
ESx 0.20 0.18 0.17 0.15
ΛS 145.15 155.58 168.47 189.74
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Figure 4 Influence of the measurement resolution
(∆x+ and ∆y+ being the pixel distance) on the
equivalent sand grain roughness k+

s and roughness
height Sz+. For the equivalent sand grain rough
ness the correlations of Sigal and Danberg (1990)
and Hummel et al. (2004) are used.

density parameter” ΛS. For the shape factor of this parameter, the local gradient of the roughness, exposed to the flow, is
evaluated. In contrast, the correlation of Hummel et al. (2004) is nothing but a linear function with the mean roughness
height Sa as the only variable. Note that the mean roughness height Sa is less sensitive to the change of resolution. Table 1
lists some roughness parameters calculated from the measured and by the mesh filtered surface.

Fig. 4 shows both estimated equivalent sandgrain roughness k+s and the roughness height Sz+ as a function of the
measurement point distances ∆x+ and ∆y+. All physical distances s are nondimensionalised by

s+ =
s ·uτ

ν
(1)

with uτ being the friction velocity, and ν being the kinematic viscosity of a smooth surface under the DNS flow conditions.
With increasing distance between the measurement points, i.e. the surface resolution, all roughness parameters shown are
decreasing. The equivalent sandgrain size decreases more severely than the roughness height because the local gradients
of the roughness elements have a higher sensitivity to the change of resolution. Both of these parameters are important for
the aerodynamic characteristics of the roughness, such that an underestimation might lead to wrong turbulence and drag
predictions. Thus, when comparing measurements from different measurement methods, the resolution of the roughness
measurement must also be considered.

DATA PREPROCESSING FOR SIMULATION
The height map measurements of real surfaces, such as compressor or turbine blade surfaces, have a general curvature

in at least one dimension (Figure 5). The measured height map is distorted by the curvature of the blade. The curvature
must be removed through filtering, so as to reduce the height map to the height data of the pure roughness. To extract the
surface shown in Figure 2 from the measurement shown in Figure 5, an approach to filtering the curvature with the following
polynomial function

fC(x,y) = a20 · x2 +a02 · y2 +a10 · x+a01 · y+a11 · xy+a00 (2)

is adopted. This function is fitted to a grid of equidistant support points extracted from the surface (Black dots in Fig. 5).
The height map of the curvaturefiltered surface

f (x,y) = fM(x,y)− fC(x,y) (3)

is equal to the difference between the fitted function fC(x,y) and the measured surface fM(x,y) (Fig. 6). If the curvature
is strong, the change in the size of the surface patch must be considered, by stretching the curvaturefiltered profile in x
and ydirections by the ratio of the arc length of the fitted curvature function to the length of the curvaturefiltered height
profile. The change in size equals 1% in the case shown, and is hence negligible.
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Figure 5Measured surface heightmap f (x,y)M
before curvature filter is applied. Black dots
represent support points for the polynomial
curvature filter with equation 2.

Figure 6 By polynomial function Curvature filtered roughness
height profile compared to measured height profile.
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Figure 7 Roughness immersed in mesh. Three cell types can be recognized: solid cells (grey), immersed boundary
cells (yellow) and fluid cells (blue).

DIRECT NUMERICAL SIMULATION WITH IMMERSED BOUNDARY METHOD
In this study, an immersed boundary method (IBM) is adopted for direct numerical simulation (DNS) of the flow

over the rough surface. This method has some advantages over the conventional bodyconforming approach. Firstly, mesh
quality can be perfect easily, being independent of the immersed body. Secondly, the mesh can also be used for other
surfaces, simply because the introduction of the surface involves nothing but immersion in the computational domain. Last
but not the least; the generation of the mesh requires very little human effort. The IBM approach used presently is the one
provided in foamextend4.0. It is based on the polynomial fitting of the solution on the IB cells concerning the boundary
condition on the wall (Fig. 7). A detailed explanation of the method can be found in Senturk et al. (2019).

The CFD tool used, foamextend4.0, is based on a cellcentered finite volume discretization. For the incompressible
solver based on icoFoam, Gauss linear scheme and backward temporal discretization are chosen, resulting in secondorder
accuracy both in time and space. PISO algorithm is used for the solution of the incompressible flow equations. For all the
simulations, a maximum CFL number smaller than 0.5 is ensured.

A channel setup is convenient to investigate the flow over a roughness patch because the friction velocity Reynolds
number

Reτ =
uτ ·δ

ν
, (4)

can easily be set through the incorporation of a constant body force in the momentum equations. Hence, the drag on the
surface is balanced by this flowdriving force as long as the flow is fully developed. The boundary layer thickness δ is fixed
by half channel height, where symmetric conditions are imposed. Moreover, periodicity is imposed on the lateral boundaries
to enable not only the use of a smaller domain but also the use of spatial averaging for better flow statistics. On the bottom
wall, the roughness patch is immersed in the mesh ensuring noslip condition. The mean height of the surface corresponds
to the z = 0 plane (Fig. 8). The periodicity of the roughness patch is ensured by using a linear blending function to blend
10% of the roughness patch on the borders. The structured computational mesh is generated using constant spacing in both
of the lateral directions. In the wallnormal direction, the channel is split into three blocks: the IB block with a constant
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Figure 8 Double infinite channel with rough surfaces on bottom wall. The channel is symmetric in wallnormal
direction with the gray plane being the symmetry plane.
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Figure 9 Validation of the DNS IB channel with literature simulations. left: mean streamwise velocity profiles; right:
variance of velocity components. Only one component is shown for the smooth channel to unclutter the graph.

spacing z+ ≈ 0.9, the transition block with a growth rate of less than 6%, and the core block with a constant spacing of
z+ ≈ 4.9. In this study, a friction Reynolds number of Reτ ≈ 395 is enforced for all of the simulations. As soon as the
flow is developed, statistics are collected for a sufficient amount of convection time. The statistics are then averaged both
spatially and temporally.

The DNSIBM approach is validated with the Reτ ≈ 180 channel setup on a smooth surface with the highly resolved
DNS results by Lee and Moser (2015), as well as on a rough surface (surface s8) by Thakkar et al. (2017). Figure 9
demonstrates the agreement between the benchmark simulations. For the rough surface, the resolution and the domain
size are set to be identical to those by Thakkar et al. (2017). For the smooth surface, however, a domain of 6δ × 3δ with
∆x+ = ∆y+ = 4.32 is considered. The validation cases are run on a fullheight channel, whereas the rest of the results are
obtained on a halfheight channel with symmetry condition on the midchannel plane (Fig. 8). Using the halfheight has
some impact on the core flow due to the restriction of turbulent structures on the symmetry plane. Nevertheless, it is shown
by MacDonald et al. (2017) that the inner boundary layer as well as the roughness function are not affected.
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Table 2 Comparison of the mesh and roughness resolution for the conducted DNS.

Roughness Mesh
Simulation Reτ ∆x+, ∆y+ ∆x+, ∆y+ ∆z+IB Ncells ∆U+

fine mesh 395 4.1 4.7 0.9 9.5 ·106 4.67
medium mesh 395 4.1 6.3 0.9 5.2 ·106 4.50
coarse mesh 395 4.1 7.3 0.9 3.9 ·106 4.51
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Figure 10 Mean velocity profile and diagonal Reynolds stress components compared to a smooth reference case
by (Moser et al., 1999)

Immersing the roughness in the mesh, as shown in Fig. 7, filters the surface by itself. Thus, the shape of ”Solid Cells”
gives a rough impression of the roughness perceived by the IBM (see Fig. 7). It is observed that the general shape of
the roughness is retained, while the details like small hills or valleys are lost. Consequently, almost all of the geometric
roughness parameters could notably change, similar to the changes due to the measurement resolution as shown in Fig. 4.

The roughness is measured with a pixel density of ∆x+ = ∆y+ ≈ 1. Choosing a sufficient mesh resolution for a proper
representation of the surface is always in conflict with an acceptable computational cost. For example, for the surface
considered, immersing the roughness in a mesh with a resolution of ∆x+ = ∆y+ ≈ 6, which could marginally adhere to
DNS best practice guidelines, would decrease the equivalent sand grain roughness estimation by around 12%, according to
the correlation by (Sigal and Danberg, 1990). Refining the mesh evenly in lateral directions, on the other hand, increases
the computational cost quadratically.

To investigate the impact of the mesh resolution on the simulation results, three simulations are conducted. All sim
ulations are done with the same roughness and a constant roughness resolution of ∆x+ = ∆y+ ≈ 4.1 but with different
computational mesh resolutions in the x and ydirections (Table 2). The resolution in the zdirection is kept constant. Ac
cording to Fig. 4, the perceived roughness, in terms of k+s , decreases by about 8% as the mesh is coarsened going from
”fine” to ”coarse”. Figure 10 compares the streamwise mean velocity profiles and the diagonal turbulent stress components
of the three levels of mesh resolution. The odd behavior close to the midplane stems from the symmetry condition, which
can only disrupt the flow in the vicinity of the midplane (MacDonald et al., 2017). As compared with the smooth surface,
the roughness brings the normal stresses closer to each other, resulting in a turbulence of less anisotropic nature. In other
words, the streamwise streaks are suppressed by the roughness. Another observation is that less turbulence kinetic energy
is sustained for the same drag. Different mesh resolutions do not alter the results, in contrast with the expectations from
the altered k+s estimations (see Fig. 4). There seems to be a mesh convergence already on the coarse mesh. The drop seen
in the k+s estimation by (Sigal and Danberg, 1990), can be directly related to the high sensitivity of the correlation to the
slopes of the surface.

CONCLUSIONS
A process to investigate the aerodynamic effects of real rough surfaces through use of direct numerical simulations

(DNS) is presented. Each step in the process is crucial for obtaining reliable surface data and conducting correct DNS.
Starting with the measurement, it is shown that the roughness parameters, which are based on the shape of the roughness
elements, are more sensitive to the resolution of the roughness measurement than the parameters, that are based on the mean
height. As an example, the equivalent sand grain roughness, calculated with the shape and density parameter, is predicting
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a loss in roughness by 20%, when doubling the pixel distance in roughness measurements. By contrast, the equivalent sand
grain roughness, calculated with the mean roughness height, is predicting only a small change in roughness. The change
in roughness resolution and its effect on the roughness parameters are also important when conducting DNS of the flow
over the surface using the immersed boundary method (IBM). As the computational mesh generated for the simulation
with IBM inherently filters the measured surface, the roughness parameters might be affected. Simulations with the same
roughness but with different mesh resolutions in flow and lateral direction, however, indicate no significant sensitivity of
the DNS results to the mesh resolution. For the surface in the present study, even a coarse mesh can be used to obtain
accurate numerical simulations reducing the computational resource requirements by 59% compared to the fine mesh. It
might also be argued, that a roughness correlation based on the shape and density parameter is too sensitive to the shape of
the roughness elements. However, for such a general statement, more simulations at varying roughnesses are needed. As
each real roughness can have different characteristics, the appropriate mesh resolution must be tested for each and every
roughness.

NOMENCLATURE

Symbol Name Definition
ESx effective slope in xdirection 
ks equivalent sand grain roughness 
k+s normalized equivalent sand grain roughness uτ ·ks ·ν−1

Reτ shear stress Reynolds number uτ ·δ ·ν−1

Sa mean roughness height 
Sku kurtosis of height values 
Ssk sknewess of height values 
Sz maximum roughness height 
uτ friction velocity

√
τW ·ρ−1

u,v,w velocities 
u+,v+,w+ normalized velocities u ·uτ

−1

x,y,z spatial coordinates 
x+,y+,z+ normalized spatial coordinates uτ ·x ·ν−1

δ channel half height 
Λs shape and density parameter 
ν kinematic viscosity 
ρ density 
τw wall shear stress 
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