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ABSTRACT
The prediction of the mean flow and turbulence structure of a boundary layer on surfaces with different type and
shape of roughness is still one of the major questions in fluid mechanics. The specific character of wall roughness in
terms of shape, size and distribution strongly varies from case to case and an equivalent roughness concept was
introduced in order to enable engineers to design systems with rough walls. The current paper shows a method to
obtain the roughness function of different surface roughness by using a small-scale rig with rotating disks and a
long-distance microscopic PIV in order to obtain submicron resolution inside the boundary layer developed on the
disks when they rotate. This rig was designed and constructed for the optical measurements and consists of an
electric motor which drives the disks that are rotating in the middle of a 20-liter water tank. The measurements were
performed on surfaces with different degree of roughness. These are a smooth reference, three antifouling coatings
used in marine applications, two different sand roughness and one case of periodic roughness. All measurements
were performed at two different Reynolds numbers (5.7×10 and 1.15×10 ), corresponding to disk rotational speeds
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of 300 and 600 rpm. Field mean velocity profiles were calculated by averaging vertical bins with 1-pixel (px) width.
Every point of a mean velocity profile was based on near 200 instant velocity values obtained from 2000 PIV image
pairs by using particle tracking approach. The results of a wall shear stress study of the smooth disk case were used
together with torque measurements and the micro-PIV measurements for the different rough surfaces to come up
with their dimensionless velocity profiles. The results show that as expected, the velocity profiles are shifted
downwards due to the roughness presence. Finally, the skin friction coefficients of the different cases are compared
with previous studies and the roughness function is determined for the different surfaces. The roughness function is
very useful in some industries such as in the naval architecture field, where the drag can be better estimated and the
adverse effect can be better counteracted.

1. Introduction
One of the major and still actual questions in fluid mechanics is the prediction of the mean flow
and turbulence structure of the turbulent boundary layer on a surface with different type and
shape of wall roughness.
The specific character of wall roughness in terms of shape, size and distribution strongly varies
from case to case and an equivalent roughness was introduced in order to enable engineers to
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design systems with rough walls. The equivalent sand roughness concept was introduced by
Moody (1944) and is widely accepted as a standard approach to account for the roughness
influence on skin friction factors. This concept assumes that a given arbitrary-shape roughness is
represented by an equivalent homogeneous sand roughness, which is composed of densely
packed spheres. The height of the equivalent sand roughness has to be chosen such that the
friction factor for the roughness under consideration is equal to that for the equivalent sand
roughness at high Reynolds numbers (i.e. in the fully rough regime). In engineering practice, it is
commonly assumed that the corresponding equivalent roughness is the same for all Reynolds
numbers. The corresponding values of the equivalent sand grain roughness have been
determined experimentally for many materials and surface finish in the past and thus can be
taken from general tables of correspondence. However, values in these tables in most cases are
given as ranges, and thus provide only a low degree of accuracy. Furthermore, for any new type
of surface roughness the correlation has to be derived again from numerous expensive
experiments.
The aim of an ongoing research project at Chalmers is to develop a more optimal and accurate
method for obtaining the roughness function for an arbitrary surface roughness. The main idea
of the method is to replace expensive high-Reynolds number experiments by tests in a smallscale rig and subsequently by calculations with a resolved CFD.
A small-scale test method utilizing rotating disks (Granville, 1972) is used. The advantage of this
method is that the disks with different surface roughness can easily be manufactured and the
entire disk surface can be scanned by a high-precision laser scanner. According to Granville, the
fluid dynamic drag is accurately determined from disk torque measurements and the roughness
function (Hama, 1954) is evaluated from a theoretical analysis. In order to validate this method,
boundary layer measurements are necessary. Since the boundary layer on a rotating disk is very
thin, we use a long-distance microscopic PIV in order to obtain a submicron resolution. In
addition, CFD calculations and results from other researchers are presented for comparison.
2. Experimental Setup
2.1. General description of the rig and the setup
A rotating disk rig based on Granville’s experiments was designed and constructed for the
measurements. The disk rotates by an electric motor in the middle of a 20-liter water tank. Figure
1 shows a schematic of the measurement setup.
Disks with radius R = 150 mm were used. The PIV measurements were performed at a radius
d

R = 135 mm. The test disks had different surface roughness as listed in Table 1. The study
m
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includes a smooth reference, three different marine paint coatings, two different sandpaper
roughness and one case of periodic roughness. For each case, the measurements were
performed at two different rotational Reynolds numbers equal to 5.7×10 and 1.15×10 ,
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corresponding to disk rotational speeds of 300 and 600 rpm.
The rotational Reynolds number Re is defined in terms of the rotational speed
viscosity

and the

as (Granville, 1972):
(1)

Fig 1. Schematic of the measurement set up. To the upper right, a frontal view of the water tank is shown with the
disk and the point where measurements were taken (red dot in the tank).

Roughness cases A, B and C correspond to realistic surfaces of antifouling paints used in marine
applications. The way to obtain the coatings with different roughness is explained in detail in
Savio et al. (2015). The coating applications were made by spraying the surfaces to give the three
levels of roughness A, B and C. Level A of roughness simulates an optimal new build ship or full
blast dry docking paint application. The second level (B) of roughness represents a poorly
applied coating and roughness C represents a severe case of underlying roughness accumulated
from many dry dockings and a very poor application. The test disks were scanned by Martin
Axelsson, R&D Chemist from Jotun A/S (Norway) using a 3D laser profilometer from which
roughness parameters, such as the average roughness height k, were determined. The values of
the average roughness for the sandpaper cases (80-grit and 400-grit) were obtained from the
Federation of European Producers of Abrasives (FEPA) website and the roughness for the
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periodic case was measured with a micrometer. Figures 2 shows typical roughness geometry
scans (for surfaces B and C). Figure 3 shows the disk with the 80-grit sandpaper case.
Table 1. Experimental cases of surface roughness with their average heights in micrometers.

Smooth

A

B

C

80-G

400-G

Periodic

0.55

13

33

55

201

35

500

(a)
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(b)
Fig 2. Surface scans showing roughness type B (a) and type C (b). Dimensions in mm.

Fig 3. Rough disk with the 80-grit sandpaper and a PMMA insert installed.

2.2. PIV Measurement Setup
Measurement of boundary layer profiles on disks is a challenging task due to very small
thickness of the boundary layer (3 – 5 mm). In order to measure the azimuthal velocity
component near the disk wall with the high spatial resolution and to capture the inner layer of
the turbulent boundary layer, a microscopic optics was used. The optical magnification M
during the experiments was M = 4 – 12 times, so that the 1.5 – 4 mm area of interest was
projected on a 16-mm camera image sensor. A long distance microscope (Questar QM1) was
located at a distance 560 mm from the measurement point, as shown in figure 1, to provide the
maximal possible magnification and the minimal depth-of-field of 155 μm, which defined the
spatial resolution of the method. The microscope is the Maksutov Cassegrain Catadioptric type
with two mirrors and had the f-number #f = 8.7 for the used configuration of optics.
For flow seeding, spherical PMMA particles (Microparticles GmbH) with the minimum diameter
1 μm were used. The particle density 1.19 g/cm is close to the water density and the particles
3

are small enough to follow the flow faithfully. The illumination is performed by a pulsed
double-cavity Nd:YAG 532-nm laser with the pulse energy of 200 mJ (Quantel EverGreen
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EVG00200), and pulse duration less than 10 ns. Time separation between pulses of laser were 6 –
20 μs to keep relatively the same particle displacement in the images between different cases. A
beam was aligned into a thin 0.5 mm laser sheet with a cylindrical LaVision sheet optics that was
located on a laser-guiding arm. The averaging depth of the measurement was defined by the
depth-of-field of the optics rather than the illumination domain.
Transferred and magnified the scattering field of the flow with tracers was registered by a
monochrome double-frame CCD camera ImagerProX 4M (LaVision GmbH) with 2048 pixel by
2048 pixel resolution, 14-bit pixel depth, and 7.4-μm pixel size. The camera recording time was
synchronized with the specific angle of rotation of the test disk through a signal from a Hall
sensor. For the rotation speed 600 rpm, the camera registered image pairs every second
revolution as its maximum frame rate at full resolution in double frame mode was 8.2 fps.
Registered images had particle images in the form of a diffraction pattern with a central circular
part and several rings around it as shown in figures 4 and 5 (b). The particle image size was near
8 pixels in diameter. We used DaVis 8.2.2 software (LaVision GmbH) for data acquisition during
the experiment. This software also controlled a timing device (LaVision GmbH) to trigger laser
pulses and image recording. Geometrical calibration of the measurement field was done by a
metal wire with a known diameter 0.85 mm which was imaged in the measurement area before
the actual experiment.
2.3. Procedure for Localization of the Wall
One of important issues was localization of the wall position in the images. For this purpose, a
10-mm radial transparent insert made of PMMA plastic was embedded in the disk as shown in
figure 3 to provide a reflective surface. Another purpose of this insert was to reduce excessive
light scattering from the rough surface that decreases the signal to noise ratio of particle images
near the surface. Additionally, the light-sheet was stopped down using an orifice located after
the LaVision sheet optics to avoid the reflections from the surfaces outside the transparent insert.
The wall location was determined by reflections of the tracers near the wall as shown in figure 4.
It was located by a peak velocity at the wall position since the reflected particles had decreasing
velocity in the direction away from the wall resembling a mirrored velocity profile in horizontal
direction. The wall location was carefully adjusted parallel to the vertical image coordinate
before the experiments to simplify the image processing. The camera recording synchronization
with the specific angle of the test disk rotation was performed to carry out the measurements at
fixed angular disk position and to freeze the disk at one position in a recording image.
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2.4. PIV Data Processing
For data processing we used a tracking based approach with the identification of individual
particle images in both recorded PIV image pairs and finding the correspondence between them.
The particle image tracking was complicated by the large diffraction pattern size with the bright
multiple rings, parts of which were identified as separate standalone particles with the standard
available algorithms for the PTV method. In order to decrease this multiple identification, the
raw images were pre-processed by correlating them with the Airy diffraction disk template
intensity distribution, which was extracted from one of the recorded images. Examples of the
used templates are shown in figure 5. The analytical template was obtained following the
equation 2 (Raffel et. al, 2007):

(2)
Where

is the Bessel function of the first kind of order one and

is a constant multiplier. This

is the theoretical solution for a diffraction image of a light point source through a circular
aperture. However, according to our tests the real particle image templates as one shown in
figure 5 (b) gave better results for the particle identification efficiency. An example of the
normalized correlation of the experimental image with the template from figure 5 (b) and
obtained vector field of the particles is presented in figure 6. As can be seen the applied image
preprocessing equalizes the intensity of the particle images regardless their original brightness
and size, which helps to identify more objects and decrease the number of erroneous
identifications linked with multiple rings in the Airy diffraction pattern.
Having low particle concentration on the images of the order of 5×10 particles per squared
-5

pixels (px ), the mean distance between neighboring tracers was approximately 150 px. A
2

relatively simple nearest neighbor algorithm for a corresponding particle search in both frames
was used, because the maximum possible displacement did not exceed 50 px or one third of the
mean distance between particles for the mentioned particle concentration. Particles without a
pair in one of the frames were rejected.
Final mean velocity profiles were calculated by averaging vertical bins with 1 px width. Every
point of a velocity profile was based upon near 200 instant velocity values obtained from 2000
PIV image pairs by using particle tracking approach described above.
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Fig 4. Example of particle images and their reflections by the wall.
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Fig 5. Used correlation templates for identification of a particle diffraction pattern: (a) an analytical Jinc template,
(b) a real diffraction template from a PIV image.

Fig 6. A pre-processed particle image by the normalized correlation with the real diffraction pattern. The velocity
vectors obtained from the particle tracking algorithm are shown over the image.

Accuracy of the particle identification algorithm can be assessed as 0.5 px due to the relatively
large particle diameter 8 px. Hence, for two identifications of start and end positions we get the
accuracy of an obtained particle displacement as 1 px. This equals 4.3% at the region with the
half disk velocity or absolute errors 0.18 m/s and 0.36 m/s for the disk rotational speeds of 300
and 600 rpm. The assessment of the accuracy of the obtained mean velocity profile gives 0.5% for
the same region.
Generally speaking, the velocity profiles shown in the literature are based on the fact that the
flow is moving over a fixed wall. However, given the characteristic of the flow (which moves
with its highest velocity at the wall, dragged by the disk), the velocity profile obtained would be
different (reversed). For that reason, a transformation of the reference system was done, so the
final velocity profile can be easily compared to the ones seen in the literature.
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2.5. Torque Measurements
Resisting moment (or torque) measurements were performed for all disk cases in order to
determine the wall shear stresses. For doing that, a Kistler type 4503A torque meter was installed
on the rig connecting the electric motor and the rotating disk shaft (as seen in figure 1). The
torque sensor operates based on the strain gauge principle. The torque meter output was
monitored by an analogue to digital converter (ADC) controlled by a PC. The torque was
measured for rotational velocities from 0 to 600 rpm. The measurement procedure has included
a warm up of the running rig and the measurement equipment for at least one hour before
experiments. First the torque of the shaft and bearings with seals was measured without a disk
and these readings were subtracted from the measured total torque in order to obtain the torque
of the disks.
3. CFD Setup
The different cases were also simulated by a CFD software which is StarCCM+ version 9.06.009.
The domain for the simulations was chosen to be an area of 5 mm × 20 mm of the total scanned
surface described in section 2.1. The mesh was generated in ICEM CFD version 17.0 and a
dependency test was carried out to check how the wall shear stress changes while varying the
mesh density. Table 2 shows details of the final mesh sizes for the cases A, B and C. The
tolerance is describing the difference in wall shear stress between two refinements (the optimal
mesh that was used for simulations versus the most refined mesh) and is a measure of the
accuracy of the mesh used for simulations.
Table 2. Number of mesh cells in millions (M) for the simulations of the painted surfaces.

A

B

C

SIZE

3.8 M

6.3 M

7.5 M

TOLERANCE

0.2%

0.4%

0.6%

Once the mesh was obtained, then the physical model used for the computations was as
follows:
•

Steady flow

•

Segregated flow

•

Reynolds-Average Navier Stokes (RANS)
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•

K-omega Shear Stress Transport (SST) turbulence model

•

All y+ wall treatment.

The simulations were carried out using mass flow as input, so that the bulk velocity through the
domains were 4.24 m/s and 8.48 m/s (which were the tangential velocities at 300 and 600 rpm).
A converged result was considered when the values of the wall shear stress showed asymptotic
behavior and the difference in the last 20 iterations was 0.1%
For post-processing of the results, first the zero-plane wall was determined. The zero-plane was
chosen to be the value of the average roughness k subtracted from the y location of the rough
wall for cases A, B and C. For sandpaper cases, since they were simulated from a smooth wall
domain (adding the roughness as an input data in the physics model), the zero-plane wall was
located at the y location of the bottom wall. The same applied for the periodic case simulation.
From the zero-plane wall, planes at different distances were created. The average values of the
bulk velocity on those planes were obtained and the wall shear stress is also obtained from the
results. We are then able to plot the velocity profiles.
4. Results
4.1. Velocity profiles
In order to obtain the dimensionless velocity profiles for the different rough cases, a
determination of the wall shear stress on the smooth disk at different Re was carried out in
previous tests. The results are shown in figure 7.
As we already know the torques for all the cases, by calculating the torque ratio rough/smooth
for all cases, one is able to estimate the local skin friction coefficient and therefore, the wall shear
stress for the rough cases, because the local skin friction coefficient was already determined for
the smooth case. We can do that because the skin friction coefficient increases in the same
proportion as the resisting moment or torque if we keep disk radius constant (Granville 1972).
Table 3 summarizes the torque measurement results.
Table 3. Torque measurements for different roughness in N-m (Overall error 3.5%)

RPM

A

B

C

80-Grit

400-Grit

Periodic

Smooth

300

0.20

0.23

0.24

0.32

0.20

0.36

0.16

600

0.65

0.82

0.87

1.39

0.90

0.93

0.58
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Once the wall shear stresses were determined, the dimensionless velocity profiles can be
obtained because the spatial distributions of mean velocities were determined during the PIV
post-processing. The law of the wall (von Kármán, 1930) is applied to obtain the different plots,
according to
(3)

Fig 7. Local skin friction coefficient versus Reynolds number for the smooth disk case.

Where the von Kármán constant is κ=0.41 and B =5.1. The velocity U and the wall coordinate y
+

are made dimensionless with friction velocity

+

and viscosity . Figures from 8 to 14 show the

velocity profiles for the different cases obtained from PIV. Cases smooth and roughness A, B and
C are also compared with CFD simulations.
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(a)

(b)

Fig 8. Dimensional (a) and dimensionless (b) velocity profiles for the smooth case compared with CFD.

(a)

(b)

Fig 9. Dimensional (a) and dimensionless (b) velocity profiles for the rough case A compared with CFD.
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(a)

(b)

Fig 10. Dimensional (a) and dimensionless (b) velocity profiles for the rough case B compared with CFD.

(a)

(b)

Fig 11. Dimensional (a) and dimensionless (b) velocity profiles for the rough case C compared with CFD.
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(a)

(b)

Fig 12. Dimensional (a) and dimensionless (b) velocity profiles for the rough case 80-grit sandpaper.

(a)

(b)

Fig 13. Dimensional (a) and dimensionless (b) velocity profiles for the rough case 400-grit sandpaper.
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(a)

(b)

Fig 14. Dimensional (a) and dimensionless (b) velocity profiles for the periodic rough case.

As can be seen from the figures, the velocity profiles between experiments and CFD agree (or at
least are close) for the smooth and rough case A. That is, for the smallest roughness cases. As the
roughness increases, the difference between the CFD and the experiments is more noticeable.
The experiments show that the dimensionless velocity profiles move more downwards as the
roughness increase, which is the expected behavior. This downwards displacement of the
velocity profile in the rough cases with respect the smooth case is known as the roughness
function, ΔU (more details will be given in section 4.3). It is also noticeable that the profiles in
+

general exhibit a similar slope as in the theoretical law of the wall lines, but maybe in some cases
the slope looks different, which might suggest a different value of the von Kármán constant.
However, the determination of the value of this constant is beyond the scope of the present
paper.
The CFD predictions do not behave as the experiments for cases B and C. The velocity profiles
do move downwards, but not as much as we can see from the PIV results.
From the dimensional velocity profiles, we can also see disagreement between the experiments
and the CFD computations. One could think that the velocities in the simulations are not well
predicted and that could explain the disagreement compared with the velocity profiles from the
PIV measurements. The simulation of surfaces with extremely complicated and random
roughness is quite challenging as can be shown from these results. It might be worth trying with
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another turbulence model to see if the velocities are better predicted and depending on this,
decide whether the mesh needs to be changed. Even with such disagreement in the
dimensionless velocity profiles from the CFD simulations, one is able to get the intercept of the
profiles with the y- axis (extending the lines) and from this intercept, we can get the CFD
roughness function, which will be shown later.
4.2. Skin Friction Coefficients
Skin friction coefficients Cf were determined as explained at the beginning of this chapter. Figure
15 shows the resulting plot with results from other researchers working with similar roughness.
Figure 15 shows that in general, the skin friction coefficients for the rough cases lie above the
smooth line (as they should) derived by Schultz-Grunow and described in Schlichting (1979).
The plot also shows that the sandpaper cases for Re = 5.7×10 lie above the smooth line more or
5

less at the same distance as shown by the skin friction coefficients in Shapiro (2004) and Schultz
(2002), taking into account that those results were obtained at higher Reynolds numbers. The
skin friction coefficient at Re = 1.15×10 for the sandpaper cases is overestimated, especially for
6

the 80-grit sandpaper case.
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Fig 15. C vs Reynolds numbers for different cases, including results from Shapiro (2004) and Schultz (2002).
f

4.3. Roughness Function
The effect of roughness in the log-law profile is represented by the roughness function, ΔU

+

which is the downward shift in the log-law profile (Flack and Schultz, 2010) resulting in:
(4)
The roughness function shows the velocity deficit due to roughness and there are many ways to
express it. One of those ways was proposed by Hama (1954) using the skin friction coefficients
for the rough and smooth cases at the same Reynolds number:
(5)
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By using equation 5, one can plot the roughness function to see its dependence on a
dimensionless parameter called roughness Reynolds number, k defined as:
+

(6)
Here k is a roughness length scale (in this case the roughness average value),

is the friction

velocity

the viscosity.

with

as wall shear stress,

as the density of the fluid and

Figure 16 shows the roughness function plot of the paints (cases A, B and C) obtained when
equation 5 is applied, compared with roughness function from CFD simulations and from the
PIV profiles. For comparison, the uniform sand line of Nikuradse (1933) is shown. As can be
seen, the CFD and PIV roughness functions are not exactly the same, but are close. The case B
shows the largest difference between both methods at the low roughness Reynolds number. The
roughness function obtained from Hama’s equation is underestimated in all the cases. In general,
we can see similarities between CFD and results from PIV, which is desirable, but the best would
be to get agreement between these results and other methods (like Hama’s). This has to be
further investigated.
It is also possible for the different rough surfaces to behave like the uniform sand curve of
Nikuradse if the roughness length is scaled. For example, if the roughness length (in this case the
average) is around 4 times larger for the cases A, B and C, we can almost collapse the roughness
function obtained from PIV results into the uniform sand curve as shown in figure 17. The
importance of expressing the roughness in terms of Nikuradse sand-grain lies in the fact that we
can use Moody’s chart (1944) and get the corresponding friction factor. This is widely used in
engineering applications.
It is always desirable to compare experimental data with computations and get agreement. This
is sometimes difficult when the physics of the problem is not trivial. As might be inferred from
the results, in order to get reliable skin frictions and roughness functions from CFD, we need to
be carefully set up the case. Otherwise, it might be enough performing CFD once for the smooth
surface and different Re, then validate it with PIV measurements and use torque test data for the
different rough surfaces.

18th International Symposium on the Application of Laser and Imaging Techniques to Fluid Mechanics・LISBON | PORTUGAL ・JULY 4 – 7, 2016

Fig 16. Roughness function plot for the paints and sandpaper cases

Fig 17. Roughness function after scaling the roughness height
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4. Conclusions
Long-Distance Micro-PIV measurements in the boundary layer of rotating flow over disks with
different surface roughness were performed in order to validate disk resisting moment (or
torque) measurements. These torque measurements can be used to determine the fluid dynamic
drag and the roughness function of different rough surfaces.
The skin friction coefficients and wall shear stresses were determined using values from the
smooth case disk and from torque measurements. Using the velocities obtained from the microPIV measurements, the dimensionless velocity profiles were plotted. These profiles show a
deficit in velocity as expected and this deficit is represented by a downshift in the profile with
respect to the smooth theoretical velocity profile.
The skin friction coefficients and the roughness functions were obtained for the different cases
and compared with results given by the velocity profiles and other researchers. The roughness
function calculated using a former expression seems underestimated when compared with PIV
results.
The CFD computations might not be needed for all roughness cases but just for the smooth case
to be validated with experiments, but if they are required, another turbulence model or better
mesh have to be used. That is some work to be done in the future.
The results suggested that this is a promising technique that might help increase the knowledge
and the understanding of the boundary layer in flows over rough surfaces.
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