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Summary of contents

The fluid mechanical field of rough surface flows has been developed ever since
the first experiments by Haagen (1854) and Darcy (1857). Although old, the
area still holds merit and a surprising amount of information have to this day
yet to be fully understood, which surely is a proof of its complexity. Many
equations and CFD tools still rely on old, albeit reliable, concepts for simplifying
the flow to be able to handle the effects of surface roughness. This notion is,
however, likely to change within a not so unforeseeable future. The advancement
of computer power has opened the door for more advanced CFD tools such
as Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES). It
can be argued that once a given flow situation has been fully accessible by
numerical simulations, it is likely to be fully understood within a few years
1. However, DNS is still limited to small scales of roughness and relatively
low Reynolds number which is in contrast with given hydropower conditions
today. The hydropower industry annually supplies Sweden with about 45% of
its electricity production, and tunnels of various types are regularly used for
conveying water to or from turbines within hydropower stations. The tunnels
are a vital part of the system and their survival is of the essence. Depending on
the manner of excavation, the walls of the tunnels regularly exhibit a roughness,
this roughness may range from a few mm to m, which is true especially if the
tunnel have been subjected to damage. For natural roughness e.g. hydropower
tunnels, there is no clear way to distinguish between rough surface flows and
flow past obstacles. Yet, to be able to distinguish between the two cases has
proven to be important. This work is aimed to increase the understanding
of how the wall roughness affects the flow, and how to treat it numerically.
Paper A employs the use of pressure sensors to evaluate local deviations in
pressure as well as head loss due to the surface roughness. Paper B is aimed
at using PIV to evaluate the flow using averaging techniques and characteristic
length scales. Paper C Further investigates the data from the PIV and pressure
measurements and Evaluates the possibility to use basic but versatile turbulence
models to evaluate the flow in such tunnels.

1See article ”Physics of Wall Turbulence” by Javier Jiménez, 1999
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Paper abstracts

Paper A

Flow in hydropower tunnels is characterized by high Reynolds number and often
very rough rock walls. Due to the roughness of the walls, the flow in the tunnel
is highly disturbed, resulting in large fluctuations of velocity and pressure in
both time and space. Erosion problems and even partial collapse of tunnel
walls are in some cases believed to be caused by hydraulic jacking from large
flow induced pressure fluctuations. The objective of this work is to investigate
the effects of the rough walls on the pressure variations in time and space over
the rock surfaces. Pressure measurement experiments were performed in a 10
m long Plexiglas tunnel where one of the smooth walls was replaced with a
rough surface. The rough surface was created from a down-scaled (1:10) laser
scanned wall of a hydraulic tunnel. The differential pressure was measured at
the smooth surface between points placed at the start and end of the first four
2 m sections of the channel. 10 gauge pressure sensors where flush mounted on
the rough surface, these sensors measure the magnitude and the fluctuations
of the pressure on the rough surface. The measurements showed significant
spatial variation of the pressure on the surface. To exemplify, sensors placed on
protruding roughness elements showed low gauge pressure but high fluctuations.
The differential pressure indicated a head loss through the tunnel which was
almost four times higher than a theoretical smooth channel.

Paper B

High Reynolds number flow inside a channel of rectangular cross section is ex-
amined using Particle Image Velocimetry. One side wall of the channel has been
replaced with a surface whose roughness is random and large scale compared to
the hydraulic radius of the channel. The rough surface is a 1:10 scaled version of
a wall from an existing blasted hydropower tunnel captured by high-resolution
laser scanning. For analysis of the flow, a temporal and spatial double averaging
technique is applied to the data, revealing a single profile for any desired flow
field. For visualisation of the eddy sizes of the flow, auto-correlation functions
are applied and integral length scales are derived. The results show roughness
effects which can be seen up to at least half the channel height and different
effects on the flow depending on the shape and size of the roughness elements.
Roughness elements of similar sizes have contrasting effects on the flow leading
to a high spatial dependence of the flow above the rough surface, this makes
any spatial averaging for determining local flow parameters less appropriate.

Paper C

Flow inside a channel is examined in two planes using PIV, pressure gauges
measuring the head loss and numerical simulations. One of the side walls of
the channel has been replaced with a rough hydraulic surface captured by high-
resolution laser scan. The numerical simulations were performed using the k −
ε turbulence model. The friction velocity was derived using both PIV and
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head loss, both methods gave excellent agreement for the experiments but less
for the simulations. Further comparison showed that the simulations could
successfully predict the behaviour of the Reynolds stress profiles, such as the
position of profile maximum, but fails in predicting the magnitude. Additionally,
the simulations fail to predict the spatial dependence of the velocity profiles
which was prominent in the experiments. When scaling the Reynolds stresses
with the friction velocity the profiles for both the experiments and simulations
collapse close to the surface. The major difference between the simulations and
experiments are the k− ε models inaccuracy in predicting the velocity gradients
within the flow, this affects both the Reynolds stress profile and the wall shear
in the numerical model. However, the model did manage to predict the bulk
flow and the ratio between the velocity gradients and the friction forces to
satisfactory levels.
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ABSTRACT 
 
Flow in hydropower tunnels is characterized by a high Reynolds number and often very rough rock walls. Due to 
the roughness of the walls, the flow in the tunnel is highly disturbed, resulting in large fluctuations of velocity and 
pressure in both time and space. Erosion problems and even partial collapse of tunnel walls are in some cases 
believed to be caused by hydraulic jacking from large flow induced pressure fluctuations. The objective of this work 
is to investigate the effects of the rough walls on the pressure variations in time and space over the rock surfaces. 
Pressure measurement experiments were performed in a 10 m long Plexiglas tunnel where one of the smooth walls 
was replaced with a rough surface. The rough surface was created from a down-scaled (1:10) laser scanned wall of 
a hydraulic tunnel. The differential pressure was measured at the smooth surface between points placed at the start 
and end of the first four 2 m sections of the channel. 10 gauge pressure sensors where flush mounted on the rough 
surface; these sensors measure the magnitude and the fluctuations of the pressure on the rough surface. The 
measurements showed significant spatial variation of the pressure on the surface. For example, sensors placed on 
protruding roughness elements showed low gauge pressure but high fluctuations. The differential pressure indicated 
a head loss through the tunnel that was almost four times higher than a theoretical smooth channel. 
 
Keywords: Pressure measurements, rough surface, hydropower-tunnel, laser scan, friction factor.  

1. INTRODUCTION 

Tunnels are often used when transporting water to or from hydropower turbines. In many cases, these tunnels have 
to be excavated through solid rock, a process which often leads to the occurrence of very large protruding roughness 
elements on the walls of the tunnels. These roughness elements considerably modify the local cross-sectional area of 
the tunnel in a more or less stochastic manner. The dynamic action of flow in such tunnels creates disturbances in 
the flow (Krogstad & Antonia, 1999), (Nakagawa, et al., 2003), (Kruse, et al., 2006) manifesting in, for instance, 
large pressure variations along the walls of the tunnel; i.e. the rock surfaces are exerted to local net destabilization 
forces. These forces are likely to contribute to events such as erosion or even partial collapse of the tunnel. These 
events may, in most applications, be difficult to predict and also hard to detect once they happen. The only indicator 
of a collapsed tunnel in a hydropower plant may be a substantial drop in turbine efficiency. One method applied 
with the aim to reduce the destabilizing forces is to “smoothen” the surface and, thus, make it more durable (Barton, 
et al., 1974); this can be done by spraying concrete on the wall, i.e. shotcreting (Austin & Robins, 1995). The 
roughness elements of rock tunnels could be considered to be self-similar and random (Perfect, 1997); however, the 
nature of the roughness elements differ depending on the method used when excavating the tunnel. Rock blasting a 
tunnel is a rapid method compared to utilizing tunnel boring machines but gives rise to periodic features of the 
tunnel where large roughness elements of similar size might occur at recurring intervals in the tunnel. These features 
inhibit the flow, increase the head loss due to friction, and increase the strain on the walls (Andersson, et al., 2012). 
There might also be new requirements on the tunnels and the operating conditions with the introduction of 
intermittent energy sources on the market with the demand on the hydropower industry to handle more transient 



 

flow conditions. The purpose of this experiment is to evaluate the pressure fluctuations of a hydro-power tunnel and 
to determine the effects of wall roughness on the pressure distribution with respect to parameters of wall roughness.  

2. EXPERIMENTAL SETUP 

The experimental setup consists of a closed-loop water system with a 10 m rectangular Plexiglas channel having one 
rough surface, a pump, two tanks placed on different levels, and pressure sensors. The high level upstream tank 
provides a stable driving flow through the tunnel and is connected through a 90° bend with a honeycomb placed at 
the entrance of the channel to straighten the flow. The honeycomb is 50 mm thick and has a cell diameter of 10 mm. 
In addition, three guide vanes are mounted inside of the bend to reduce secondary flow effects. The channel is 10 m 
long to allow the flow to be developed when it reaches the measuring section placed 6 m downstream of the 
honeycomb. Additionally, the channel is divided into five sections with a height of 200 mm, length of 2000 mm, and 
a width of 250 mm. The rough surface has an average height of 60 mm and is placed on the left wall in the flow 
direction of the channel, making the average cross sectional area of each section 250x140 mm2. The water is 
collected in the second, downstream tank placed in level with the channel before it is pumped back up to the high-
level tank. The flow is controlled with a PID regulator and manual valves and monitored with a flow meter. A 
schematic of the flow can be seen in Figure 1 where the channel has been mirrored for visual purposes; in the setup, 
the rough surface is placed on the left wall in the flow direction. 
 

 
Figure 1. Schematic of the experimental setup used in the campaign, the measuring section started 6 m downstream 

of the honeycomb, the flow in the figure is from right to left 

As mentioned, one sidewall of the tunnel was replaced with a rough surface model (Figure 2). The rough surface is 
based on a real surface that was captured by a high resolution laser scanning of a rock tunnel, a method that has been 
proven to be efficient for determining surface roughness (Bråtveit, et al., 2012). The laser scanning was conducted at 
a resolution of approximately 200 points/m2. A side wall of the tunnel was extracted and scaled to 1:10 in size; the 
resulting model is a surface of 250x2000 mm2 that has an RMS roughness factor of 9.4 mm. The difference between 
the highest and lowest point on the surface is 56 mm. A right-handed coordinate system is implied throughout this 
study. The x-axis is directed along the main flow direction with zero at the honeycomb, the y-axis is directed 
perpendicular to the lower wall pointing upwards, and the z-axis is perpendicular to the rough surface. 
 
Pressure sensors were flush mounted in both the measuring section of the rough surface and 
every 2 m of the lower channel wall. In the rough surface, the pressure sensors are positioned to 
represent peaks and valleys of the rough surface (Figure 4). The coordinates for the pressure 
sensors can be found in  
Table 2. The differential pressure sensors were placed on the lower smooth surface on the tunnel. From the 
differential pressure sensors, it was possible to capture the total head loss over the channel as well as the head loss 
over specific sections of the channel. 



 

 
A total of 14 pressure sensors were used in the experiments, 10 pressure sensors in the measuring section and 4 
differential pressure sensors. Each differential pressure sensor measures the difference in pressure between two 
points located at the wall in the inlet and outlet of each of the first four 2 m sections. The pressure sensors used were 
MTM/N10 104490 from STS, which have a measuring range of 0-10 mwc (meter water column) with an accuracy 
of ±0.5%. During the experiments, a sampling frequency of 200 Hz was used; all measurements ran between 40-50 
minutes and were repeated five times. The magnetic flow meter used was an IFS4000 from Krohne connected to an 
IFC 110 signal converter. The data acquisition module used in the experiments was a cDAQ-9174 chassis with a 
Ni9025 module from National Instruments. 
 

 
Figure 2. The rough surface channel; the pressure gauges can be seen just upstream of the downstream tank 

The flow through the channel is pressure driven; the head is adjusted by regulating the water level in the upstream 
tank placed before the channel inlet (Figure 3), and the water level is regulated by a valve placed under the upstream 
water tank. The flow rate was regulated by adjusting the pump connected to the loop; the pump was controlled by a 
PID-regulator (Figure 3), which was connected to a magnetic flow meter. The flow was approximately 63 liters per 
second (Re ≈ 200 000) and differed about ±4% throughout the measured sets. 
 



 

 
Figure 3. The upstream water tank and PID-regulator 

The upstream water tank was also used when calibrating the pressure sensors. During the calibration, the outlet of 
the channel was closed and the water level inside of the tank was kept steady at a few different values allowing the 
pressure sensors to be calibrated. The date and time for each measurement is shown in Table 1, the measurements 
will follow this denotation throughout the paper. 

Table 1. The dates and denotation for each measured set 

Date Denotation 
20150602-095023 Set 1 
20150602-130400 Set 2 
20150602-155523 Set 3 
20150603-092302 Set 4 
20150603-124918 Set 5 

 

3. RESULTS AND DISCUSSION 

The measuring campaign was conducted over two days. All units of pressure are in meter water 
column [mwc], which will furthermore be denoted as [m]. The head provided by the water tank 
was kept constant at approximately 3 m. A summary of the measurements can be found in  
Table 2. The rough surface is placed on one of the side walls of the channel, and, thereby, the 
height of the pressure sensors differ; this means that the sensors are submitted to different 
magnitudes of static pressure. These heights can be seen in the sixth column of  
Table 2. This effect has been adjusted for by subtracting the height of the sensors from the gauge pressure. 
 

Table 2. Summary of the pressure measurements; the third column(σ) is the standard deviation at each point, z 
denotes the height above or below the mean height of the roughness elements, the chevrons denote the temporal 

mean 

Sensor Mean Pressure [m] σ [m] <pmax-pmin > [m] z [m] y [m] x [m] 
1 0.3098 0.0295 0.3083 0.0081 0.1210 6.285 
2 0.4435 0.0248 0.2410 -0.0049 0.1047 6.490 
3 0.2520 0.0272 0.2673 0.0103 0.1828 6.629 
4 0.2812 0.0250 0.2399 0.0120 0.0992 6.635 



 

5 0.3352 0.0235 0.2324 -0.0167 0.1598 6.894 
6 0.1215 0.0357 0.3676 -0.0005 0.1741 7.060 
7 0.4700 0.0225 0.2194 -0.0049 0.0656 7.139 
8 0.3262 0.0221 0.2163 -0.0119 0.1551 7.304 
9 0.2715 0.0294 0.3028 0.0021 0.1255 7.459 
10 0.3121 0.0205 0.1985 -0.0037 0.1427 7.664 

3.1. Mean Pressure 

In Figure 4, the placement of the pressure sensors on the rough surface are visualized along with one pressure time 
series. The highest mean pressure can be found in sensors 2, 5, and 7, which are located in valleys on the surface. 
The high pressure in these zones indicates that there is a loss of velocity in that area due to the sudden decrease of 
surface elevation, which is to be expected. 
 

 
 
 

Figure 4.  Pressure sensors and the corresponding measured pressure over time, the red lines denotes the average 

The results from all five measurements are averaged for each pressure sensor (Figure 5). The figure shows both the 
amplitudes of the fluctuations and the spread of the averages for each measurement at each point. The difference 
between each measurement is at most ≈ 10%, which occurs for sensor 9, while the difference for sensor 6 is only ≈ 
3%. This shows that the setup in general is insensitive in the sense of reproducing the same conditions during 
several measurements. 
 



 

 
Figure 5. The average pressure in the pressure sensors for all five measurements 

The apparent spatial variation in pressure indicates that net forces act on the surface that is not necessarily 
perpendicular to the main direction of the wall. The largest pressure fluctuations along with the lowest pressure 
magnitude can be found in position number 6. 
 

 
Figure 6. Comparison between pressure point 5 (left) and 6 (right) with the surface profile (top), a measured set 

(bottom), the standard deviation and the pressure magnitude. The flow goes from left to right. 

From Figure 6, it is clear that the gauge pressure is higher in position 5 as compared to position 6. The measurement 
in sensor 6 shows a higher standard deviation of the pressure than in sensor 5. This can be interpreted as a higher 
production of turbulence in that position and that there might be some flow separation occurring. Additionally, the 
distance between these points is merely 166 mm. However, there is evidently a considerable difference in average 
static pressure and fluctuating pressure. It is not surprising that point 6, which is located on a roughness peak, 
displays larger fluctuations due to the vorticity generated at the roughness peak; however, the reason for displaying 
lower average pressure remains to be investigated.  

3.2. Differential Pressure 

The differential pressure was sampled at the same frequency as the gauge pressure. The differential pressure sensors 
were placed so that the differential pressure was measured as the difference between the inlet and outlet of each 2 m 



 

section. The total average head loss over the channel is 0.24 m. The measurements from each set of data on each 
pressure sensor can be found in Figure 7. 
 

 
Figure 7. The head loss over the 4 first sections from the entrance of the channel 

In the first two sections of the channel, there is some deviation between the differential pressures recorded between 
the sets; this effect may be due to the valve located under the water tank upstream of the channel. The valve had to 
be slightly adjusted between the sets and definitely had an impact on the flow at the inlet. However, those 
discrepancies diminish further downstream in the channel, which points to the conclusion that the perturbations from 
the valve are small, and the flow is developed in the 4-6 m section and, hence, in the measurement section (6-8 m). 
One would expect the differential pressure to diminish and approach a constant value through the channel, but 
instead, the differential pressure seems to increase throughout the channel. The reason for this is unclear, and it 
needs to be further investigated.  
 
The head loss inside the channel can, to an order of magnitude, be estimated and compared to a theoretical smooth 
channel by using the Darcy-Weissbach equation (Cengel & Cimbala, 2014): 
 ∆ = , (1) 
 
where  is the length of the channel,  is the mean flow velocity,  is the hydraulic diameter of the tunnel, and f  is 
the friction factor. We replace  with 4 times the hydraulic radius. The friction factor  can be evaluated by using 
the Colebrook-White equation: 
 = −2 2.51 + . , (2) 

 
assuming the sand grain roughness factor  to be the RMS roughness height of the surface. This is, however, a 
rough estimate since some of the roughness elements are significantly larger than the RMS value; hence, the flow 
around the largest roughness elements rather resembles flow around objects than flow over a uniformly rough 
surface. The results from the estimation can be found in Table 3.  

Table 3. The head loss and friction factor for the experiment 

 Smooth surface Measuring section Darcy-Weissbach ∆ [m] 0.028 0.109 0.139 f[-] 0.015 0.0582 0.0733 
 
The Darcy-Weissbach equation estimates the head loss and the friction factor about 20% higher than the actual 
measured pressure. 



 

3.3. Conclusions 

Pressure measurements of the flow over a rough surface were performed in a downscaled model of a laser-scanned 
hydraulic tunnel at a Reynolds number of about 200 000. The pressure fluctuations and the wall friction play a 
crucial role in a number of flow induced effects, such as erosion and hydraulic jacking. These effects are hard to 
predict, and, therefore, accurate measurements are valuable. The study revealed a range of mean pressures and 
pressure fluctuations depending on location of the sensor. The largest magnitude of the average pressure was found 
in the valleys of the rough surface. The largest pressure fluctuations were found in sensors located at peaks of the 
surface; this can be an effect of vorticity generated at the roughness elements. From the data, it is clear that the 
pressures in the channel have a very high spatial variance; pressure sensors positioned relatively close to each other 
displayed different magnitudes and fluctuations of pressure. This indicates that the net forces acting on the rough 
surface are not uniform and may have a destabilizing effect on sections of the tunnel walls. Decreasing the size of 
the protruding elements is therefore of interest when excavating rock tunnels. Differential pressure sensors were 
mounted along the entire length of the channel, enabling measurement of the head loss over the channel. The 
differential pressure sensors showed a significant increase of the head loss comparing the first and last measured 
section of the channel. Assuming the RMS roughness height of the surface to be the sand grain roughness factor, the 
head loss could (to an order of magnitude) be estimated using the Darcy-Weissbach equation. The head loss and the 
friction factor in the channel is about four times higher than in a theoretical smooth channel with similar dimensions, 
which indicates that the rough surface has a substantial effect on the flow. 
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been replaced with a surface whose roughness is ran-
dom and large scale compared to the hydraulic radius of

the channel. The rough surface is a 1:10 scaled version
of a wall from an existing blasted hydropower tunnel
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parameters less appropriate.

Keywords PIV · Rough surface · High Reynolds
Number

1 Introduction

Water tunnels are frequently used to convey water to
and/or from turbines in hydropower plants and in some
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others sectors of infrastructure. The tunnels are often a
key part of the design and their durability is vital for the

continued operation of any area of application. There
are numerous ways to construct these tunnels and de-
pending on the manner of excavation, large protrud-

ing elements may appear on the tunnel walls (Perfect,
1997). These roughness elements significantly modify
the local cross-sectional area of the tunnels and thereby

create surfaces which in the fluid mechanical sense are
deemed highly rough (Schlichting and Gersten, 2003).
In most cases, the roughness elements may be consid-
ered stochastic and self-similar (Perfect, 1997) e.g. some

features of the roughness may, to some extent, be sta-
tistically determined using probability distributions or
fractal functions (Zhao et al, 2006). Additionally, when

applying techniques such as rock-blasting when exca-
vating the tunnels large periodic features may appear
on the rock walls, i.e. roughness elements of similar size
may appear at specific intervals. This makes the rough-

ness on the surface difficult to determine or predict and
thereby its effects on the flow (Leonardi et al, 2005).
It is well established that rough walls modify the be-

haviour of the flow (Jimenez, 2004; Pope, 2001), how-
ever to what extent has been thoroughly debated. Tur-
bulent production in flow over smooth walls is tradition-

ally associated with hairpin vortices and low-velocity
streaks formed near the walls (Panton, 2001; Jimenez,
1999). However, for rough surfaces, the turbulence is in-
stead associated with shear layers formed at the crests

of the roughness elements where eventual flow separa-
tion occurs (Kruse et al, 2006). For surfaces of suffi-
ciently large roughness, individual surface aberrations

frequently penetrates into the inertial sublayer (Cheng
and Castro, 2002; Schlichting and Gersten, 2003), mak-
ing the log-law approach less appropriate for determin-
ing properties of the flow situation. Yet to this day, a
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common way to model flow in hydropower tunnels in
the industry is to replace the natural roughness with
numerical wall-roughness functions. This method relies
on the conventional concept that roughness effects are

confined to a thin layer near the surface and have no
effect on the outer flow (Nakagawa et al, 2003; Nak-
agawa and Hanratty, 2003), a theory which for some
flow cases have been questioned (Krogstad and Anto-
nia, 1999; Patel, 1998). The physical manifestation of
the flow in highly rough tunnels includes large varia-

tions and gradients of pressure (Andersson et al, 2016)
and velocity (Andersson et al, 2015), resulting in shear
layers and net destabilizing forces acting on the walls
of the tunnel. One problem that arises from this is in-

creased friction forces (i.e. all net opposing normal and
shear stresses to the flow), and thereby additional head
loss of the system connected to these tunnels. Addition-

ally, these effects may very well contribute to events
jeopardizing the structural integrity of the walls, such
as erosion or even partial collapse of the tunnel. Both
of these events are in most applications very difficult, if

even possible, to measure during operation. The only in-
dicator of for example a partially collapsed hydropower
tunnel may be a substantial drop in turbine efficiency,

which of course may also be an indicator of a num-
ber of other issues. Therefore the risks have to be as-
sessed before the tunnel can be utilized, which points

out the need for accurate models for treating rough
surface flows at high Re. The flow inside the tunnel
in question can, of course, be modelled in its entirety
using computational fluid dynamics (CFD), after cap-

turing the topography of the tunnel via for example
laser scanning. However, the resulting models are often
characterised by high Reynolds number, large geome-

tries with roughness elements ranging from a few mm
to m in size. This will increase the demand on computer
power and will also require the tunnel to be shut down
for a long period of time. To decrease the roughness,

if deemed necessary, and increase the durability of the
walls of the tunnel techniques such as e.g shotcreting
(Austin and Robins, 1995) may be applied. This partic-

ular technique involves spraying concrete on the walls of
the tunnels in order to reduce the relative height differ-
ence of its roughness elements. For the right application

this method may decrease the head and friction losses
of a tunnel, but has the drawback of being both time
and resource consuming. In addition, the cross-sectional
area of the tunnel becomes smaller which may coun-

teract the intended head loss reduction. Rough surface
flows is a hot topic in fluid mechanics research today,
the development of computer power have opened the

doors for evaluation of more complex models by Di-
rect Numerical Simulation (DNS). Refs, (Kruse et al,

2006; Nakagawa and Hanratty, 2001; Seddighi et al,

2015) are all interesting cases employing both DNS and
experimental methods to evaluate rough surface flows.
The cases employing DNS are however still restricted
to low Re number or relatively smooth surfaces where

the effects of the surface roughness cannot be observed
beyond the inertial sublayer (the flow can however be
considered fully rough). In addition, the rough surfaces

in these studies exhibit properties that are in contrast
with actual existing rough surfaces employed in hy-
dropower plants today. These properties include non-

stochastic roughness elements which traditionally are
periodic and relatively small compared to the hydraulic
radius of the tunnel. A study performed by Andersson
et al (2012) shows some interesting phenomena which

needs to be further investigated. The study employed
measurements of the flow over a downscaled model of
a rough surface, a set-up similar to Andersson et al

(2016). The previous study yields effects connected to
the roughness elements which would not be present if
using numerical roughness functions. The focus of this

paper is to furthermore evaluate the spatial dependence
of flow over a large scale random rough surface. Due to
the large scale and randomness of the surface rough-
ness, local flow patterns are very unpredictable both

spatially and temporally, applying only temporal aver-
aging for the analysis of the flow may, therefore, prove
problematic. Adding a spatial averaging to a plane par-

allel to the mean flow may make the local flow varia-
tions uniform, this technique is called double averaging
(Nikora et al, 2007). The double averaging process is
performed through two decompositions, the first part

is the Reynolds decomposition where θ = θ̄ + θ′. θ̄ is
the temporally averaged quantity and θ′ is the quan-
tity fluctuating in time. The second part is the spatial

decomposition, θ̄ = 〈θ̄〉 + θ̃ where the chevrons denote
spatial averaging over the desired plane and tilde de-
notes the temporal deviation from the double averaged

component 〈θ̄〉. The Reynolds decomposition is applied
when post-processing the raw PIV-images, while the
spatial decomposition is applied a posteriori on the pro-

cessed PIV images.

2 Experimental setup

The experimental setup consists of a closed loop water
system with a 10 m long rectangular Plexiglass (PMMA)
channel having one rough surface, a pump, an electro-

magnetic flow meter, two tanks placed on different lev-
els and a PIV-system, see Fig. 1. The function of the
tank placed upstream of the channel is to provide an

even head on the system and to avoid air entrainment
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Fig. 1 The setup used in the experimental campaign. The channel along with the laser setup have been mirrored in this figure
to provide a more apprehensible overview of the setup

inside the channel. A rough schematic of the experi-
mental setup can be seen in Fig. 1, it should be noted
that the schematic is not in correct scale. A detailed
description of the setup can be found in (Andersson

et al, 2016). The flow rate was approximately 62 l/s
(Reh

2
≈ 200 000) which differed with approximately

4% throughout the campaign. The channel had an av-
erage cross-sectional area of 0.14x0.25 m2 with a length
of 10 m. The measuring section is positioned about 6.8

m downstream of the tunnel inlet and has a length of
about 0.45 m. Figure 2 depicts the section of the rough
surface which was measured during the experiments,

the colour of the surface represents the slope of the
surface topography and the two coloured lines marks
the position of the two measured planes. As can be
seen in the figure, a ridge is passing through both mea-

sured planes at x ≈ 7.06 m. This ridge is of interest
for the measurements since the maximum height rela-
tive to the mean height of the surface is similar in both

measured planes, additionally, the gradient of the sur-
face is similar in both planes. However, the relative size
of the ridge differ significantly between the planes. In

the middle plane, the slope of the ridge is very sharp
but the roughness in front of the element is relatively
smooth, consequently, the relative size of the roughness
element is small. In the second plane, the roughness el-

ement is preceded by a ”valley”, making the relative
height larger.

In this study a right-hand coordinate system is em-
ployed with the x-coordinate (u-velocity component)
originating from the tunnel entrance pointing in the

flow direction. The y-coordinate (v -velocity component)
is perpendicular to the rough surface with y = 0.0 de-
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Fig. 2 The rough surface in the measuring section, the two
coloured lines marks the position of the two measured planes.
The colour of the surface represents the slope of the surface
topography. The flow is from left to right in the figure

fined as the average height of the rough surface, hence
all presented heights are relative to the average height
of the surface. Accordingly, the z-coordinate originates

from the right wall of the flow direction.

2.1 The rough surface model

The rough surface model used in the experiments is a
side wall of an existing rock tunnel whose topography
had been captured by high resolution laser scanning, a

method which has been proven efficient for determin-
ing surface roughness (Br̊atveit et al, 2012). One of the
main characteristics used to describe a rough surface is

the height distribution function p(h), in this case the
Gaussian distribution. The meaning of p(h) is that the
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probability of any surface height between h and h+ dh
is p(h)dh (Zhao et al, 2006). The distribution p(h) is a
non-negative function and is normalized such that

+∞∫
−∞

p(h)dh = 1. (1)

Another important factor for characterizing a rough
surface is the RMS roughness factor, which describes
the average height of the roughness elements on the
surface. In this study the RMS roughness factor is de-

noted as the equivalent sand grain roughness factor ks
for the surface and is defined as

ks = w2 =

+∞∫
−∞

h2p(h)dh. (2)

These two factors only describe the statistical proper-

ties of random variables of a random field at individual
positions and are not enough to adequately describe
a rough surface; the height distribution function can-
not relate the connection between two random vari-

ables at different positions in the random field. Two
surfaces can have the same height distribution function
and RMS roughness factor but look completely differ-

ent because the difference in height occurs at different
length scales. To differentiate the spatial difference the
auto-correlation function R(r) ∼ Rs(p) is introduced

(Zhao et al, 2006), where

R(r) =
1

〈w〉2
1

L

L/2∫
−L/2

h(x)h(x+ r)dx. (3)

Chevrons denote spatially averaged variables. The
auto-correlation function is applied in the x-direction
of the rough surface and the result can be seen in Fig.

3. The x-axis of the figure denotes the distance between
two points and the y-axis denotes the correlation be-
tween the two points, consequently Fig. 3 show the cor-
relation between all points on the surface depending on

how far apart they are.
Integrating the auto-correlation function according

to (4) reveals the integral length scale of the surface,

which is a measure of how far two points on the surface
are still correlated.

τ ≡
∞∫
0

Rx(x)dx (4)

Results from applying equation (4) on the rough

surface along with other important statistics from the
surface can be found in Table 1.

0 0.1 0.2 0.3 0.4 0.5
Distance between points [mm]

-0.5

0

0.5

1

R

Fig. 3 The auto-correlation function of the rough surface

Table 1 Rough surface statistics. Subscript l denotes the
maximum height within the measured section and subscript
g denotes the maximum height on the rough surface in its
entirety

ks [mm] kmax,l [mm] kmax,g [mm] τr [mm]

9.4 11.0 30.7 39.1

ks is derived from equation (2), kmax,l and kmax,g

denotes the size of the largest roughness element on the
entire rough surface and within the measured surface,

respectively. τr is computed from equation (4).

2.2 PIV-setup and error estimation

PIV is a non- intrusive method used for visualisation

of the flow and quantitative velocity measurements in
this study. The method typically requires optical access
from two perpendicular sides of the phenomena studied

(Raffel et al, 2013). The PIV-system used is a commer-
cially available system from LaVision GmbH. It con-
sists of a Litron Nano L PIV laser, i.e. a double pulsed
Nd:YAG with a maximum repetition rate of 100 Hz and

a pulse energy of 50 mJ. A 10-bit LaVision FlowMas-
ter Imager Pro CCD-camera with a spatial resolution
of 1280 x 1024 pixels per frame is used for image ac-

quisition. Sheet optics and mirrors produced a 1.5 mm
thick laser sheet and placed it in the desired location,
and a Nikon 50 mm f/1.8D lens was fitted on the cam-

era. The laser is mounted on a traverse so that the laser
sheet and camera can be repositioned up to 500 mm in
the x-, y- and z-directions. To cover the entire measur-
ing section the traverse needed to be repositioned and

therefore, to consider the laser sheet attenuation in the
image periphery, subsequent positions are set to give a
20 mm overlap of the images. The tracer particles used

were the previously proven feasible (Andersson et al,
2012) AkzoNobels Expancel 461 WU 20 hollow ther-
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moplastic spheres with a diameter ranging from 2 µm
to 30 µm, and a density of 1.2 g/cm3. The measure-
ments were performed with a frequency of 75 Hz dur-
ing 9.49 s, corresponding to a total of 712 image pairs

for each recorded set. The time interval between the
laser pulses ranged from 150 µs-275 µs depending on
the measuring position. The results was a typical mean
displacement over the whole velocity field of 0.3 pixels
in the y-direction and 7 pixels in the x-direction with a
characteristic particle image diameter of 2 pixels.

A PIV experimental setup consists of several sub

systems, and hence there are a number of potential er-
ror sources. The overall measurement accuracy in PIV
is a combination of a variety of aspects extending from

the recording process all the way to the methods of eval-
uation (Raffel et al, 2013). A cornerstone in all experi-
mental design is to randomise the measuring procedure.
By proper randomization, the effects of extraneous fac-

tors that may be present have less impact on the re-
sult (Montgomery, 2009). The measurement uncertain-
ties consist of those due to systematic biased errors and

random precision errors (or due to erroneous measure-
ments) (Coleman and Steele, 1999). The systematic er-
ror sources include events like refraction through the

tunnel walls, calibration of measurement equipment,
camera viewing angle and repositioning accuracy. These
errors can be hard to detect since they always push the
results in the same direction. A careful setup of the ex-

periments where the previously mentioned effects are
avoided can help minimise the systematic error. It is
nevertheless important to be aware of the equipment

limitations and error sources from both software and
hardware to correctly account for the bias errors. The
biased error associated with the scaling from pixels to
meters is estimated to be 0.5%. The primary source

of random error is introduced by the sub-pixel estima-
tor in the cross-correlation. This error is estimated to
be 10% of the particle image diameter, which is the

diameter in pixels of the particle as seen through the
camera (Balakumar et al, 2009). The mean particle im-
age diameter in the present case is about 2 pixels, and

a typical displacement between image pairs is 7 pix-
els in the main flow direction. Therefore the estimated
random error of the measured velocity vector in each
interrogation area is about 4%. The rough surface re-

flected the light from the laser which in some images
saturated the camera, inhibiting measurements of the
near-wall flow. However these effects rarely went be-

yond a few millimetres of the wall and did not affect
the bulk flow. Since the rough surface was placed on a
side wall of the channel, the camera was placed above
the channel facing downward, see Fig. 1.The roughness

elements closer to the camera sometimes covered parts

of the plane intended for measuring, this also led to

difficulties in measuring the near wall behaviour of the
flow. The laser sheet was first placed at the centre of the
channel to get a measurement where the effect of the

side walls was as small as possible, and to get a measure-
ment over a large roughness element. The second mea-
surement section was placed at the same x-coordinate
as the first one but closer to the camera, see Fig. 2. The

reason for this was to get as little interference as possi-
ble from eventual roughness elements blocking the view
from the camera, as well as to get measurements from

a part of the surface which had a smoother roughness.

2.3 PIV post-processing

Post-processing of raw PIV-images was done using the
commercial software DaVis by LaVision (lav, 2007). A
min/max filter for particle intensity normalization fol-

lowed by a multi-pass scheme with decreasing window
size and offset was used to calculate the particle dis-
placement. The interrogation window size was 32x32

pixels for the first pass and 16x16 pixels for the second
pass with adaptive window shift, both with an over-
lap of 25%. The cross-correlation was performed using

the standard cyclic FFT-algorithm with a three-point
Gaussian peak fit to estimate the sub-pixel displace-
ment, followed by vector post-processing by applying a
median filter to reject spurious vectors (less than 2%)

and to interpolate from surrounding interrogation win-
dows (Westerweel and Scarano, 2005).

The processed data was imported into Matlab us-

ing the free application PIVmat where further analysis
was performed. Due to limitations of the field of view
of the camera and the laser power it is not possible
to capture the entire measuring section in one mea-

surement. The planes therefore had to be divided into
smaller planes which was measured individually and
then manually merged together. The centre plane con-

sisted of 14 recorded sets, while the plane closer to the
camera consisted of 24 recorded sets. The process of
merging the sets into one plane resulted in some mi-
nor discrepancies, which can be seen in some of the

data. The v -component of the velocity was very small
compared to the u-component. Consequently, any dis-
crepancy between points will seem more significant for

the v -component.

3 Results and Discussion

The flow fields were evaluated in two planes in the mea-
surement section. One plane was placed at z = 125 mm,

which is in the centre of the channel. This plane will
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in the results be denoted ”Middle” and will be repre-
sented by a x in the figures. The other plane was placed
at z = 165 mm and will be denoted as ”Upper” since it
is placed closer to the camera. This data will be repre-

sented by diamonds in the figures. To avoid cluttering
in the plots only a portion of the data has been in-
cluded, typically 25%. This does not affect the results
and is solely for the purpose of making the data eas-
ier to distinguish. The black horizontal line in Figs. 5 -
10 denotes the height of the largest roughness element

on the entire rough surface. The red line in Figs. 5 -
8 denotes the height of the largest roughness element
within the measurement section, which is the maximum
height of the ridge. To evaluate the flow the u- and v -

components of the velocity were averaged over the time
for one measurement (see Sec. 2.2) to produce the tem-
poral averaged velocity components (ū, v̄), some of the

results are then spatially averaged according to

〈ū〉(x) =
1

x2 − x1

x2∫
x1

ū(x)dx (5)

and

〈v̄〉(x) =
1

x2 − x1

x2∫
x1

v̄(x)dt. (6)

This produce a 1-dimensional profile representing the
flow over the rough surface.

3.1 Average velocity

Figure 4 shows the u-component of the velocity fields
of the measurement section, and it can be seen that a
zone of high velocity is formed at the crest of the rough-
ness element positioned approximately at x ' 7.06 m

downstream.
Regularly when flow is perturbed by surface rough-

ness there is a corresponding distortion in the velocity

profile, the maximum of the average velocity is shifted
away from the rough surface (Nakagawa et al, 2003). In
this case though, the maximum velocity is found close

to the roughness elements (see Fig. 5). The high veloc-
ity zone formed at the crest of the roughness elements
becomes representative for the average velocity in the
channel, leading to a shift towards the rough surface of

the maximum velocity.
The double averaged velocity exhibits a spatial de-

pendence, the behaviour of the flow is related to the

gradient of the local wall normal of the surface topog-
raphy. Both measuring sections are positioned only with
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Fig. 4 The ū-component of the flow-field from the middle
measuring plane, the velocity is given in m/s
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Fig. 5 The double averaged u-component of the velocity for
both measured sections, U0 is the average free stream velocity

a lateral space of 40 mm between them yet the upper

profile more resembles a laminar flow profile 5, as the
maximum of the double averaged velocity is positioned
closer to the centre of the channel (y/ks ' 7). The size

of the roughness elements in both the upper and middle
field differs no more than 3% but the standard devia-
tion of the roughness elements is much higher in the
upper case.
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Fig. 6 The double averaged v -component of the velocity for
both measured sections, U0 is the average free stream velocity

Figure 6 depicts the double averaged v -component
of the velocity. A different behaviour of the bulk flow is
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observed for the v -component of the flow. As mentioned
in Sec. 2 the topography of the upper section exhibits a
higher relative roughness than the middle section. The
apparent height difference of the upper section drives

the flow in the y-direction of the channel and redis-
tributes the flow, consequently, the v -component of the
velocity is higher in the upper section.

3.2 Velocity fluctuations

The double averaged velocity fluctuation profiles show
a different behaviour where the largest deviations be-
tween the upper and middle section occur in close prox-

imity to ks = 1, which is the crest of the roughness
element at x ' 7.06 m in the plane, see Fig. 2. The
fluctuations are much higher in the middle measuring
section due to the steeper slope of the surface topogra-

phy in that field, see Fig. 7.
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Fig. 7 RMS value of the u velocity component of the mea-
surements from both the middle and upper measurement sec-
tion

The v -component show a more even behaviour be-
tween the two samples above the roughness elements,
see Fig. 8. Around ks = 5 the data differs slightly be-

tween profiles, however the largest difference is present
just above ks = 1.

The velocity fluctuations indicate a shear layer form-

ing at the crest of the roughness element in the middle
measuring plane. This shear layer produce fluctuations
in both the u- and v -component of the velocity and
will constitute conditions for an pronounced exposure

to forces on the tunnel wall.

3.3 Spatial velocity correlation

To characterize the size of the flow structures above
the rough surface a correlation length approach is uti-

lized. The spatial velocity correlation is calculated by
(Tennekes and Lumley, 1972)
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Fig. 8 RMS value of the v velocity component of the mea-
surements from both the middle and upper measurement sec-
tion

Ru(y, r) =
1

˜̄u2(x2 − x1)

x2∫
x1

ũ(x, y)ũ(x+ r, y)dx (7)

and

Rv(y, r) =
1

˜̄v2(x2 − x1)

x2∫
x1

ṽ(x, y)ṽ(x+ r, y)dx (8)

where

ũ = u(x, y)− 1

x2 − x1

x2∫
x1

ū(x, y)dx = ū− 〈ū〉 (9)

and

ṽ = v(x, y)− 1

x2 − x1

x2∫
x1

v(x, y)dx = v̄ − 〈v̄〉. (10)

Using equation (4), a characteristic length scale can
be derived for each velocity component. An auto-correlation
function is calculated for each 0.5 mm of the flow field,

starting at the crest of the largest roughness element
continuing to the centre of the channel in the desired
measured plane. This operation continues to ks ' 8,
and an integral length scale is calculated for each ac-

quired auto-correlation function. Note that the y-scale
of Figs. 9-10 in this section does not start at y/ks =0.
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Fig. 9 The integral length scale τ for the u-component. The
vertical line denotes the maximum height of the rough surface

In Fig. 9 the integral length scale for the rough sur-
face is presented. The values labelled smooth are mea-
surements near the Plexiglass wall opposite of the rough
surface in the centre plane and are meant to represent

a smooth wall case. These values are similar for both
the upper and middle case, consequently, only the mid-
dle ones will be used. Near the surface, the flow ex-

hibit very different behaviour between the two planes
up until about half the channel (ks ' 8). In the upper
plane the roughness is guiding the flow away from the

rough surface, increasing the v -component of the veloc-
ity. This effect locally perturbs the flow making it not
mainly one directional and inhibits the forming of any
larger flow structures. The effect on the middle plane is

the opposite, where a sharp increase in the flow struc-
ture can be seen. The reason for this is likely due to the
jet-like structure formed at the crest of the roughness

element in the middle plane.
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Fig. 10 The integral length scale τ for the v -component,
The vertical line denotes the maximum height of the rough
surface

The integral length scale for the v -component (see
Fig. 10) of the velocity appears to be more uniform,

especially close to the rough surface. Although the flow
is highly perturbed by the surface roughness the flow is

mainly in one direction, apart from local points where
the gradient of the surface topography is very high. Any
large structures is therefore unlikely to form in the v -
direction of the velocity, consequently the effect on the

integral length scale of the v -component is smaller than
that of the u-component.

Scaling the results with the integral length scale

of the rough surface τr provides some interesting in-
sight on the size of the flow structures, the integral
length scale of the bulk flow above half the channel

(the smooth sample) appears to be very close to the
integral length scale of the rough surface. One possibil-
ity for this is that the length scale of the rough surface
actually creates similar length scales of the flow above

the rough surface. This notion seems very likely and the
idea is quite intriguing, however this phenomena has to
be further investigated before any conclusions can be

drawn from it.

4 Conclusions

Results from PIV measurements of flow over a rough
hydraulic surface are presented. The results include pro-
files of double averaged mean velocity, velocity fluctu-

ations and correlation length scales. The two measured
planes, upper and middle, are positioned relatively close
in the channel however the behaviour of the flow differs
substantially between them, as well as the topography

of the roughness elements within the measurement sec-
tion. Even small local alterations in the surface rough-
ness produce perturbations in the flow which increase

the local strain on the surface. The double averaged
velocity profiles show a distorted profile in the middle
measurement plane, the maximum of the velocity ex-
perience a shift towards the rough surface. This would

not be expected if treating the roughness with standard
numerical wall functions. The distorted profile is due to
the relatively steep gradient of the roughness element in

that plane, creating a zone of high velocity just above
the roughness element. The same effect can be seen in
the velocity fluctuations, where high fluctuations are

confined to heights between ks ' 1 - 3 above the rough
surface. This may be an indicator of flow detachment
and that this roughness element is a significant con-
tributor to the local turbulent production. Addition-

ally, this may be an indicator that the net-forces acting
on the surface in that area are not zero and may have
a destabilizing effect on the rough surface. Evaluation

of the correlation lengths of the flow reveals that the
largest sizes of the flow structures resides in proxim-
ity of the rough surface. For the upper case the surface

roughness appears to driving the flow away from the
rough surface, breaking up the flow structures forming
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above the rough surface. The results can be traced to
the high standard deviation of the height of the rough-
ness elements in that field. However, for the middle field
the effect becomes almost reversed where a sharp in-

crease in the flow structures can be seen just above the
roughness element. This is due to the previously men-
tioned phenomena where a jet-like structure is formed
at the crest of the roughness element. The effects of
the rough surface can be visible beyond the range of
the rough surface, and past half the channel. This is in

contrast to the log-law theory where the effect of the
roughness is confined to a thin layer near the surface.
Instead the flow over specific roughness elements holds
closer resemblance to flow around obstacles rather than

rough surface flows. The size of the roughness elements
is important, however the shape of the elements appear
to have a larger impact on how they interact with the

flow. The apparent spatial dependence of the flow above
the rough surface makes any spatial averaging, such as
assuming uniform roughness which is often the case in
hydropower application, disadvantageous for determin-

ing desired flow properties.
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A validation study
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Abstract Flow inside a channel is examined in two planes using PIV, pressure
gauges measuring the head loss and numerical simulations. One of the side walls
of the channel has been replaced with a rough hydraulic surface captured by
a high-resolution laser scan. The numerical simulations were performed using a
RANS-approach with the k − ε turbulence model. Using both PIV and head loss
measurements the friction velocity was derived, both methods gave excellent agree-
ment between the experiments but deviated from the simulation results. Further
comparison showed that the simulations could successfully predict the behaviour
of the Reynolds stress profiles, such as the position of profile maximum, but fails
in predicting the magnitude. Additionally, the simulations fail to predict the spa-
tial dependence of the velocity profiles which was prominent in the experiments.
When scaling the Reynolds stresses with the friction velocity the profiles for both
the experiments and simulations collapse close to the surface. The major reason
for the difference between the simulations and experiments is the k−ε model’s in-
ability to correctly predict the velocity gradients within the flow, this affects both
the Reynolds stress profile and the wall shear in the numerical model. However,
the model did manage to predict the bulk flow and the ratio between the velocity
gradients and the friction forces to satisfactory levels.

Keywords PIV · Rough surface · High Reynolds Number · CFD

1 introduction

Numerous studies within the fluid dynamics field have been devoted to the under-
standing of rough surface flows, and the applications of the research have proven
to be important in many industrial fields such as hydropower. Two reviews by
Jimenez (2004, 1999) provide a good overview of both smooth and rough wall
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flows that still holds merit today. One quite common way to handle surface rough-
ness in the industry is to assume a uniform sand grain roughness factor (ks) for
the entire rough surface and apply spatial averaging when evaluating the flow.
Similarly, when dealing with surface roughness in large scale computational fluid
dynamics (CFD), wall functions are regularly used (Launder and Spalding, 1974).
A characteristic wall roughness factor is assumed for the surface, and an additional
term is then added to the logarithmic law of the wall to account for the shift in the
maximum of the velocity profile away from the rough surface. This theory relies
on the concept that roughness effects are confined to a thin layer near the wall
and has no effect on the outer flow (Nakagawa et al, 2003; Nakagawa and Han-
ratty, 2001). The validity of this theory has though been brought into question for
specific flow cases employing high Re (Krogstad and Antonia, 1999; Patel, 1998).
Surface roughness elements induce local variations in the flow which may be hard
to predict, and impossible to account for if only averaged quantities are applied.
Assuming fixed and small scale roughness makes the analysis of the flow easier,
studies have focused on roughness on the form of e.g. wall mounted ribs (Leonardi
et al, 2003), wavy walls (Nakagawa and Hanratty, 2003, 2001; Kruse et al, 2006)
and pyramids (Seddighi et al, 2015). This assumption is however in contrast with
conditions in the hydropower industry where the roughness of tunnel surfaces com-
monly are random, large scale and sometimes periodic (Perfect, 1997). In addition,
the scales of roughness in unlined hydropower tunnels range from a few mm to
m, this is true in particular if sections of the tunnel have been subjected to dam-
age. Modelling the flow inside these tunnels is problematic, as there is no clear
way to distinguish between rough surface flows and flow past obstacles. Yet, to
be able to distinguish between the two cases has proven to be important (Ander-
sson et al, 2012). Local roughness elements induce gradients of velocity, pressure
and turbulence parameters which have to be sufficiently resolved to be modelled
properly, this has favoured the use of numerical wall functions which have been
known to fail for complex flows (Patel, 1998). To investigate the effect of the large
scale roughness in a tunnel, the topography of an existing blasted rock-tunnel was
captured by using high-resolution laser scanning, a method proven to be efficient
for determining surface roughness (Br̊atveit et al, 2012). A 10 m long simulation
model was created from a 1:10 scale of a sidewall of the laserscanned surface.
Additionally, the same geometry was 3D-printed to a 10 m long physical model
used in experiments by Andersson et al (2015, 2016a). The experiments showed
a very high spatial dependence of the flow phenomena captured. To evaluate the
flow above the rough surface, double averaging of some specifically desired flow
quantities were applied. The double averaging process is performed through two
decompositions, the first part is the Reynolds decomposition which is applied to
the Navier-Stokes equation, where θ = θ̄ + θ′. θ̄ is the temporally averaged quan-
tity and θ′ is the quantity fluctuating in time (Tennekes and Lumley, 1972). The
derived equation is the Reynolds-averaged Navier-Stokes (RANS) equations. The
second part is the spatial decomposition, θ̄ = 〈θ̄〉 + θ̃ where the chevrons denote
spatial averaging over the desired plane and tilde denotes the temporal deviation
from the double averaged component 〈θ̄〉. Reynolds decomposition is performed
when solving the flow equations, since a RANS approach with the k − ε model is
used. The spatial decomposition is applied on the resulting data. The experimen-
tal setup in this study is both large and complex, numerical simulations will make
sure that no disturbances in the flow is missed while evaluating the data from the
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campaign. To compare the turbulent quantities of the flow, the 〈uv〉 component
of the Reynolds stress profiles is evaluated. Two different methods have to be ap-
plied since the k−ε model use a specific definition to determine the stresses (Pope,
2001), while in the experiments the instantaneous velocity images can be used.

2 Numerical and experimental setup

2.1 Rough surface model

The rough surface model used in both the experiments and the simulations is a side
wall of an existing rock tunnel whose topography was captured by high-resolution
laser scanning. One of the main characteristics used to describe a rough surface is
the height distribution function p(h), in this case the Gaussian distribution. The
meaning of p(h) is that the probability of any surface height between h and h+dh
is p(h)dh (Zhao et al, 2006). The distribution p(h) is a non-negative function and
is normalized such that

+∞∫
−∞

p(h)dh = 1. (1)

Another important factor for characterizing a rough surface is the RMS roughness
factor, which describes the average height of the roughness elements on the surface.
In this study the RMS roughness factor is denoted as the equivalent sand grain
roughness factor ks for the surface and is defined as

ks =

+∞∫
−∞

h2p(h)dh. (2)

The channel is 10 m long with a width, b, of 0.25 m. The average height of the
channel, h, is 0.146 m. y = 0 is set to be the average height of the rough surface,
hence all presented heights are relative to the average height of the rough surface.
z = 0 emanates from the right wall of the channel relative to the flow direction.
x = 0 originates from the channel inlet and points towards the channel outlet. A
section of the channel starting at 6 m to 8 m downstream of the channel entrance is
denoted as the measurement section, since the pressure and PIV measurements are
performed here. Within that section, two planes both starting at 6.8 m downstream
of the channel inlet, have been used as the validation case between the experiments
and simulations, see Fig.1.
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Fig. 1 The rough surface in the measuring section, the two coloured lines marks the position
of the two measured planes. The colour of the surface represents the slope of the surface
topography. The flow is from left to right in the figure. The line to the right in the flow
direction denotes the middle plane and the other denotes the upper plane

The plane positioned at z = 0.125 m, which is in the middle of the channel
is denoted as ”middle”. The other plane is placed at z = 0.165 m and will be
denoted as ”upper” as it is placed closer to the camera. The largest roughness
element within the section containing the planes (Fig. 1) is 8.9 mm while the largest
roughness element on the entire rough surface is 26.1 mm. At approximately 7.06
m downstream, a ridge is located on the rough surface almost perpendicular to
the flow. This ridge passes through both measured planes and is of interest since
it maintains almost the same height throughout both of the measured planes. It
does however differ in shape and thereby how it interacts with the flow. The RMS
roughness factor (ks) for the rough surface of the planes are 6.3 mm for the middle
and 13 mm for the upper respectively. The relevant values for the planes and for
the measuring section can be found in Tab. 1.

Table 1 Roughness parameters for the middle plane, upper plane and the measuring section,
all units are in mm

Parameter Middle Upper Section

ks 6.3 13.0 9.0

hmax − hmin 18.7 30.8 46.9

2.2 Experimental setup

The experimental setup used in the campaign consists of a channel, a tank placed
upstream of the channel entrance, a tank placed downstream of the channel, pres-
sure gauges, a pump, an electromagnetic flow meter and a PIV-system. One of the
walls in the channel have been replaced with a rough surface previously described
in Sec. 2.1. The upstream tank provides an even head on the system and helps to
avoid air entrainment inside of the channel. The downstream tank collects the wa-
ter from the channel and the pump funnels the water back to the upstream tank.
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differential pressure gauges are placed along the walls of the channel, measuring
the head loss every 2 m of the channel. A rough schematic of the experimental
setup can be seen in Fig. 2 and a more thorough explanation can be found in
Andersson et al (2016a).

Fig. 2 A schematic of the experimental setup used in the campaign. Please note that the
figure is not to scale and that the channel has been mirrored to provide a more comprehensible
view of the setup

2.3 Turbulence modelling

The flow is modelled using a non-buoyant Reynolds-averaged Navier-Stokes ap-
proach, which is governed by (Pope, 2001)

∂U i

∂t
+

∂

∂xj
(U jU j) = −1

ρ

∂P

∂xj
+

∂

∂xk

(
ν
∂U i

∂xj
− uiuj

)
, (3)

and the continuity equation

∂U i

∂xi
= 0, (4)

where Ui,j is the velocity components, P is the model pressure and uiuj are the
Reynolds stresses. Equations (3) and (4) are solved for the mean flow while a
turbulent viscosity model, namely the k− ε (Pope, 2001) model, is used to model
the Reynolds stresses in (3).

uiuj =
2

3
kδij − νT

(
∂U i

∂xj
+

∂U j

∂xi

)
(5)

where k is the turbulent kinetic energy. The Eddy viscosity νT in equation (5) is
given by

νT =
Cμk

2

ε
(6)

where Cμ is a model constant and ε is the turbulent dissipation. At high Reynolds
number close to the wall

( y
2h << 1

)
, the dimensionless velocity u+ depends solely

on the dimensionless wall distance y+ defined as (Launder and Spalding, 1974)
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y+ =
uτy

ν
, (7)

where the friction velocity uτ is defined as (Pope, 2001)

uτ =

√
τr
ρ
. (8)

In this region the mean velocity gradient is

du+

dy+
=

1

κy+
, (9)

which integrates to

u+ =
1

κ
ln y+ +B. (10)

This relation is called the logarithmic law of the wall, B is a constant and κ is the
von Karman constant. Both constants differ depending on the application but are
generally within 5% of κ = 0.41 and B = 5.2 (Pope, 2001).

2.3.1 Discretization and simulation setup

The domain was discretized into smaller subgrid domains using the commercial
software ICEM CFD v.15. The walls of the domain had a tetra mesh size of 5 mm
while the elements closest to the rough surface have been refined to a size of 1 mm.
This resulted in a mesh of 4.8 million nodes and 24.9 million elements. The inlet
boundary condition was set to a flow rate of 64 l/s, which results in a Re ≈ 200 000
and a roughness Reynolds number k+

s = ksuτ/ν ≈ 1 300 (Schlichting and Gersten,
2003), meaning that the flow can be considered fully rough and fully turbulent in
both the experiments and simulations. The outlet boundary condition average
static pressure was set to 0.0 Pa. To solve the RANS equations the commercial
software ANSYS-CFX v.15 was used, with a High resolution advection scheme and
a Second order backward Euler transient scheme. The transient simulations ran
for a total of 10 s with a timestep of 5 ms seconds, resulting in an RMS Courant
number of 3.22 (maximum 32.18). A convergence criteria of 10−5 was used for the
RMS residuals for the velocity and pressure.

3 Results and discussion

Both evaluated planes are positioned 6.78 m downstream (x-direction) of the tun-
nel entrance having the length 0.49 m. To avoid cluttering only a portion of the
data will be included in the plots, this does not affect the results and is only to
make the data easier to distinguish. Typically only 20% of the data is included.
The black line in Figs. 4-6 represents the height of the largest roughness element
on the surface in its entirety, the red line in the same figures represent the largest
roughness element spanned by the measured planes, which is the height of the
ridge. The data from the simulations was adjusted to have the same resolution as
the experimental data, simplifying the post processing and making the compari-
son of the data more reliable. At y/ks ≤ 0.95 individual roughness elements starts
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to penetrate into the measured planes. Consequently, less and less values will be
available for the spatial averaging closer to the surface causing the dispersion of
the averaged values closest to the surface. In Sec. 3.1 the velocity field and double
averaged velocity profiles will be analysed. in Sects. 3.2 - 3.3 the friction velocity
will be evaluated from the head loss and the Reynolds stress profiles, addition-
ally, a comparison of the double averaged Reynolds stress profiles between the
experiments and simulations will be conducted.

3.1 Velocity field

When evaluating the velocity profile from the experiments, an apparent spatial
dependence can be seen. The profiles are positioned with a lateral space of 40 mm
apart, yet the difference between the flow fields is pronounced (Andersson et al,
2016b). This spatial dependency is not limited to the velocity, but can also be
seen in the pressure measurements (Andersson et al, 2016a). Figure. 3 depicts the
velocity field for the middle field.
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Fig. 3 velocity field for the middle plane of the experiments (left) and simulations (right)

The position of the zone of high velocity formed at the crest positioned at
x � 7.06 is accurately predicted by the simulations. However, the simulations
appear to under-predict the low-velocity regions close to the wall downstream of
the roughness element. In Fig. 4 the double averaged velocity profiles can be seen.
The maximum of the velocity profile is pushed towards the rough surface in both
the simulations and in the experiments.
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Fig. 4 The double-averaged streamwise velocity component for the middle plane (left) and
for the upper plane (right)

The position of the maximum of the velocity profiles are well predicted in the
middle plane, however the results differ in the upper field. The k − ε model does
not appear to capture the spatial dependence of the flow over the surface visible
in the experiments.

3.2 Estimation of uτ

The wall shear stress on the rough wall τr can be evaluated by

τr = ρgRrSf , (11)

where Sf is the gradient of the friction line defined as − 1
gρ

dp
dx . Rr is the hydraulic

radius and ρ is the fluid density. dp
dx is derived from the differential pressure mea-

surements (Andersson et al, 2016a). In river engineering it is common practice to
decompose the wet perimeter Pk and the cross sectional area Ak into parts when
properties (such as roughness) vary significantly over the considered cross section.
A good review of this practice is given by Yen (2002) and one of the simpler meth-
ods dates back to Einstein (1942). The rectangular cross section of the channel
is decomposed into a rough and a smooth part, after some rearrangements, using
this methodology the hydraulic radius can be derived from

Rr =
Ak

Pk
= h−

(
2
h

b
+ h

)(
nsU√
Sf

) 3
2

. (12)

The Manning equation have been used in the derivation of Eq. 12, which is of-
ten used to characterize natural roughness. ns = 0.010 represents the Manning’s
number for smooth walls (Chanson, 2004). Besides the assumption of the decom-
position of Pk and Ak, Eq. 12 also assumes that the pressure gradient, Sf , is
constant for all decomposed parts. U is the average velocity for the measurement
section, measured by the PIV in the experiments. Using Eq. 11 in Eq. 8 the fric-
tion velocity can be evaluated, see Tab. 2. Although this method of decomposition
should be considered as a rather approximate way of estimating the friction ve-
locity, is still reflects truer conditions than just considering average values for the
entire cross section (smooth and rough surfaces considered jointly).
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Table 2 Results from applying Eq. (8)-(12) on the experimental and simulated data, Section
denotes the measuring section at 6-8 m

Data U Sf Rr τr uτ

Experiments 1.745 0.0547 0.1192 63.9 0.253

Simulations 1.656 0.0202 0.0917 18.2 0.135

Table 2 show a considerable deviation between the experiments and the simu-
lations in all data except U. The numerical simulations predict a lower head loss
(Sf ) than the one recorded in the experimental data, which in turn lead to a
under-prediction in hydraulic radius, wall shear and friction velocity.

3.3 Reynolds shear stress profiles

To further evaluate the data from the experiments and simulations the Reynolds
stresses will be derived. The Reynolds stress profile for the experiments can be
evaluated by

〈uv〉 = 1

n

n∑
i=1

(ui − u)(vi − v), (13)

where n is the number of samples collected in the measurements. This method can
not be applied to the simulations since the equations used are averaged in time
and does not provide the velocity fluctuations. Instead, Eq. (5) is applied to the
simulation data to reveal the Reynolds stress profiles.
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Fig. 5 The 〈uv〉 component of the Reynolds stress for the middle plane (left) and for the
upper plane (right)

A similar behaviour can be observed for the Reynolds stress profiles in both
planes (see Fig. 5). The position of the maximum of the Reynolds stresses is
accurately predicted just above the crest of the roughness elements in the middle
plane. However, the magnitude deviates substantially between the simulations and
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experiments in the y/ks ≤ 5 region. Likely this is due to the k − ε model under-
predicting the gradients in the flow caused by the surface roughness element,
this is a known problem of the k − ε approach (ERCOFTAC, 2000). During the
experiments the pixel displacement was optimized for the main flow, which was
the u-component where there were an average pixel displacement of 7 pixels. In
the v -direction there was an average pixel displacement of 0.3 pixels. This likely
leads to an over-prediction in the velocity fluctuations in the v -component of the
velocity, and thereby an over-prediction of the magnitude of the Reynolds stress
profile (Scharnowski et al, 2012). Extrapolating the linear part of the Reynolds
stresses in the middle plane to the mean height of the rough surface (y = 0) reveals
the friction velocity (Nakagawa and Hanratty, 2003). This yields uτ,sim = 0.115
m/s and uτ,exp = 0.253 m/s. The simulated value deviates with about 15% from
the value in Tab. 1, which is not surprising since the k−ε model underpredicts the
velocity gradients of the flow. The experimental data however, showed minuscule
deviation between both methods. A summary of the derived values of uτ can be
found in Tab. 3

10-1

〈uv〉/u2
τ

0

1

2

3

4

y/
k s Experiment

Simulation

10-1

〈uv〉/u2
τ

0

1

2

3

4

y/
k s Experiment

Simulation

Fig. 6 The Reynolds stress profiles 〈uv〉 scaled with the friction velocity for the middle plane
(left) and the upper plane (right)

In Fig. 6 the Reynolds stress profiles have been scaled with uτ , although the
magnitudes of the Reynolds stress profiles and the friction velocity differ between
the experiments and measurements the profiles collapse at y/ks ≤ 4 and behave
similarly down to y/ks � 1 for the middle plane and y/ks � 0.2 for the upper
plane.

Table 3 Summary of the calculation of uτ from the two applied methods

uτ Pressure measurements Reynolds stress

Experiments 0.253 0.253

Simulations 0.135 0.115
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4 Conclusions

Simulations were performed on a computer model of a natural rough surface. The
k − ε model accurately predicted the behaviour of the bulk flow in the middle
plane. However, in the upper plane the position of the maximum double averaged
velocity profile is predicted too low in the simulations. The geometry of the rough
surface differ between the measured planes. In the upper plane, a ridge is preceded
by a deep and relatively smooth valley, giving the roughness in the upper plane
a higher ks than both the middle plane and the rest of the rough surface. This
apparent difference in relative height drives the flow away from the rough surface
in the upper plane in the experiments. The middle plane has a lower ks than
the measured section and the upper plane, but from the velocity perspective, the
simulations does not appear to capture the difference between them. However,
the Reynolds stress profiles exhibit different behaviour between the planes, which
have been captured in the simulations. The behaviour of the profiles agree in
predicting the position of the maximum, however, the magnitude of the maximum
profile is underpredicted. The friction velocity from the experiments was derived
from measurements of head loss and PIV, which where independently conducted
on the experimental setup. The agreement between the methods for determining
the friction velocity was excellent, this was not the case for the simulations. The
simulations under-prediction started with the head loss, this leads to an under-
prediction in both the hydraulic radius and the wall shear stress. The Reynolds
stress profiles collapse at y/ks ≤ 4 for both the upper and the middle plane, a small
deviation is still present at the maximum of the scaled profiles, this is likely due
to the under-prediction of the Reynolds stresses by the simulations. Consequently,
even though the k − ε model manages to poorly predict the magnitudes of the
Reynolds stress profiles in the middle plane, it does manage to predict the ratio of
velocity gradients and friction losses quite well for the experiments. Still, it does
not capture the spatial dependence which was prominent in both the pressure
measurements and the PIV-measurements. This can likely be accounted to the
usage of wall functions to model the near-wall flow.
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