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To my little family

Abstract
The main focus of this study was to examine the different methods used for connecting measured tunnel roughness to hydraulic roughness, for tunnel boring machine
(TBM) tunnels and drill and blast tunnels.
For TBM tunnels, a couple of different methods have been suggested for connecting
measured tunnel roughness to hydraulic roughness. The results of a previous study
indicate that the best fitting method for this conversion, for tunnels where the
characteristic roughness moves in and out of the average pipe surface, overestimates
the effect on head loss from tunnels characterized by groove roughness elements. In
this study attempts were made to decrease the depth of groove roughness elements,
to investigate if the same method could be used for tunnels with these two types of
characteristic roughness. The decrease of the depth of the grooves was based on a
comparison between a back-calculated friction factor from measured head loss, and
friction factor calculated with the best fitting method for tunnels with roughness
moving in and out of the average pipe surface. The results show that it is possible
to decrease the depth of the grooves and use the same method.
When connecting the measured physical roughness of drill and blast tunnels to hydraulic roughness, the IBA-method is the most commonly used method. A comparison was made between friction factors and head losses found with design estimate,
calculated with the IBA-method and from measured head loss, for the headrace
tunnels of three hydroelectric power plants (HEP). The purpose was to assess the
validity of the IBA-method and the design estimates. The results indicate that the
IBA-method gives a good estimation of the measured head loss and back-calculated
friction factor. The design estimates are further from the measured values, mainly
because the design calculations underestimate the tunnel diameter.
This study also includes calculations aimed at monitoring the reservoir water level in
a HEP where it is not measured directly. This process entails finding a location for a
pressure meter in the headrace tunnel of a HEP, and calculating the reservoir water
level from measured pressure, measured discharge and calculated tunnel roughness,
for another HEP.
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Útdráttur
Aðal áherslan í þessu verkefni var að fjalla um þær mismunandi aðferðir sem notaðar
eru til þess að tengja saman mælt hrýfi í göngum og straumfræðilegt hrýfi, fyrir
heilboruð göng annars vegar og boruð og sprengd göng hins vegar.
Nokkrar mismunandi aðferðir hafa verið settar fram fyrir heilboruð göng, til þess
að tengja saman mælt hrýfi í göngum og straumfræðilegt hrýfi. Niðurstöður fyrri
athugana hafa leitt í ljós að mismunandi aðferðir eru best til þess fallnar að tengja
saman þessa þætti fyrir mismunandi tegundir hrýfis í göngum. Sú aðferð sem best
passar fyrir göng þar sem hrýfið gengur inn og út úr yfirborðinu ofmetur áhrif grópa
á falltapið, fyrir göng þar sem hrýfið einkennist af grópum. Í þessu verkefni voru
gerðar tilraunir til þess að stytta dýpt grópanna þannig að mögulegt væri að nota
sömu aðferð fyrir þessar tvær tegundir af göngum. Stytting grópanna ákvarðaðist
út frá samanburði á núningsstuðli reiknuðum út frá mældu falltapi og núningsstuðli
reiknuðum með þeirri aðferð sem best passaði fyrir göng sem einkennast af hrýfi
sem gengur inn og út úr yfirboðinu. Niðurstöðurnar sýna að það er mögulegt að
stytta grópirnar og nota sömu aðferð.
Fyrir boruð og sprengd göng er algengast að nota IBA-aðferðina, til að tengja mælt
hýfi við straumfræðilegt hrýfi. Samanburður var gerður á milli núningsstuðla og
falltapa reiknaða með hönnunarútreikningum, með IBA-aðferðinni og fundna út frá
mældu falltapi, fyrir þrjár vatnsaflsvirkjanir. Niðurstöðurnar gefa til kynna IBAaðferðin gefur gott mat á mældu falltapi og núningsstuðli reiknuðum út frá mældu
falltapi. Gildin sem reiknuð voru með hönnunarútreikningunum voru lengra frá
réttum gildum. Aðal orsökinn er talin vera að í hönnunarútreikningunum er notað
of lítið þvermál.
Í þessu verkefni voru einnig framkvæmdir útreikningar sem nota má til þess að
reikna vatnshæð í lóni, þar sem lónshæðamælir er ekki tilstaðar. Þetta ferli felur í
sér að staðsetja þrýstimæli í aðrennslisgöngum einnar vatnsaflsvirkjanar og reikna
lónhæðina í annarri virkjun, út frá mældum þrýstingi, mældu rennsli og reiknuðu
hrýfi.
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1. Introduction
1.1. Preface
Waterways of hydroelectric power plants are usually excavated by either the tunnel
boring machine (TBM) method or the drill and blast method. The method used
for excavation has a major effect on the roughness of the tunnel, in addition to the
geology and geological conditions. The TBM method is a more recent development,
and the roughness of tunnels excavated by TBM is of a lesser scale than of those
excavated by drilling and blasting. Furthermore, the characteristic roughness of
TBM bored tunnels differs from that of drill and blast tunnels.
The roughness of waterways affects the friction factor of the tunnel and hence also
the frictional head loss in the tunnel. When the friction factor is calculated, traditionally the tunnel roughness is described by Nikuradse’s equivalent sandgrain
roughness, also called hydraulic roughness. To be able to calculate the friction
factor the physical roughness of the tunnel needs to be converted to Nikuradse’s
equivalent sandgrain roughness i.e. hydraulic roughness. The friction factor is then
used to calculate the frictional head loss.
For TBM bored tunnels the conversion of irregular physical roughness of the tunnel
to hydraulic roughness has not been extensively studied. For drill and blast tunnels,
on the other hand, this conversion has been more extensively studied. Different
methods have been developed for drill and blast tunnels, adapted to the existing
measuring equipment at the time of development (Pegram & Pennington, 1996;
Rønn & Skog, 1997).

1.2. Objective
This study is divided into three main parts, TBM bored tunnels, reservoir water
levels and drill and blast tunnels. The first and third part have a joint main objective,
which is to investigate the different methods used to convert measured physical
roughness in tunnels to hydraulic roughness, as well as looking into the difference
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between the methods used for TBM bored tunnels and drill and blast tunnels. A
further objective is investigating roughness elements in tunnels, and their effect on
eddy formation and head loss. Although the first and third parts have a joint main
objective, each part has it’s own specific objective, stated below.
TBM bored tunnels: The purpose of the TBM bored tunnels part of this study is
to look further into the connection between measured irregular physical roughness
of tunnels and hydraulic roughness, for tunnel profiles where groove roughness elements are dominating. A central question is if the same methods can be used for
tunnels were groove roughness elements are dominating as for tunnels where the
characteristic roughness moves in and out of the average tunnel surface. Another
objective is to explore how much of the groove depth should be used in calculations
as the roughness height when the same method is used for the two previously described types of tunnels, and further to examine if this decreased roughness height
can be estimated from other factors.
Reservoir water levels: The objective of this part is to calculate reservoir water levels
in a HEP based on pressure measurements, discharge measurements and the roughness of the headrace tunnel. Also, to find a placement for a pressure meter in the
headrace tunnel of another HEP, with the purpose of making water level calculations
possible when data has been gathered.
Drill and blast tunnels: The friction factors and head losses found with design calculations, the IBA-method and from measured head loss will be compared. The
objective is to investigate the error of the calculated values compared to the measured ones.

1.3. Literature review
The first modern textbook on hydrodynamics was published in 1850 by Julius Weisbach. In this textbook Professor Weisbach proposed an equation for calculation of
head loss, which is still used today. This equation contains the dimensionless parameter f which is called the Darcy friction factor or the Darcy-Weisbach friction factor.
It was not until 1935 that Prandtl derived an equation for the Darcy-Weisbach friction factor for turbulent flow in pipes that have smooth walls. Later one of his
graduate students, Nikuradse, investigated the effect of wall roughness on pressure
drop and flow rate in pressurized pipe flow. Nikuradse also connected the DarcyWeisbach friction factor to relative wall roughness and the dimensionless Reynolds
number and showed his results on a graph. In 1939 Colebrook put forward a formula,
termed the Colebrook-White formula, to calculate the Darcy-Weisbach friction factor based on a given Reynolds number of the flow and relative roughness. In 1944
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1.4. Organisation of the study
Moody used the Colebrook-White formula to make a design chart called the Moody
chart (Crowe, Elger, Williams & Roberson, 2010; White, 2009). Nikuradse (1940)
investigated the connection between the Reynolds number of the flow and thickness
of the boundary layer, and how Nikuradse’s sandgrain roughness is connected to
the size of uniformly distributed projected irregularities and the thickness of the
boundary layer.
Pegram and Pennington (1996) used a laser scanner to collect roughness profiles of
TBM tunnel wall surfaces in order to find a connection between measured physical roughness and Nikuradse’s sandgrain roughness. They used mean range and
standard deviation of measured roughness profiles for the connection. Heerman’s
equation used standard deviation of the physical roughness data to calculate the
Darcy-Weisbach friction factor, f (Pegram & Pennington, 1996). Hákonardóttir,
Pálmason, Kasprzyk & Filipek (2011) conducted small scale laboratory experiments
to identify the relationship between measured head loss and head loss calculated
from roughness measurements in fully turbulent pressurized pipe flow.
Rønn and Skog (1997) presented a statistical method for obtaining the roughness
of drill and blast tunnels, the IBA-method. The IBA-method uses the standard
deviation of a roughness profile to calculate the hydraulic roughness.

1.4. Organisation of the study
The second chapter: In the second chapter the theoretical foundation of head loss
calculations will be presented, together with the theory concerning the presence of
roughness elements, or objects, in the fluid flow. Emphasis will be placed on discussions about the formation of eddies and different eddy patterns around different
roughness elements. The difference between groove roughness elements and projection roughness elements will be examined, and an answer will be sought to the
question of if and why these two types of roughness elements have different effect
on the head loss.
The difference between the two excavation methods, TBM method and drill and
blast method, and the different characteristic roughness of these types of tunnels
is discussed, as well as the methods used for converting measured roughness to
hydraulic roughness for either type of tunnel. Finally, the methods used and the
calculations performed in each of the three main parts of this study are described.
The third chapter: The results of the calculations described in the second chapter
are presented and discussed. Comparisons between results are made where these are
relevant.
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The fourth chapter: The conclusions of each part of the study are put forth.

1.5. Hydroelectric power plants
In all three main parts of this study one or more hydroelectric power plant is discussed. Below is a short introduction to each power plant.

Sisimiut HEP and Ilulissat HEP
Sisimiut HEP and Ilulissat HEP are both located in Greenland. Sisimiut HEP
harnesses discharge from the natural lake Tasersuaq and Ilulissat HEP is connected
to two natural glacial lakes in the area called Paakitsup Akuliarusersua. The two
lakes of Ilulissat HEP are connected by a gated transfer tunnel where the lower lake
is the intake reservoir. For both hydropower plants the water from the lakes flows
through intake structures equipped with bulkhead gates and then through headrace
tunnels excavated by the drill and blast method. Both plants also include Francis
turbines and the tailwater goes through a tailrace tunnel which opens up into the
sea. The installed power of Sisimiut HEP is 15 MW and the installed power of
Ilulissat will be 22.5 MW. Operation of the Sisimiut HEP started in October 2012
but Ilulissat HEP is still under construction. The electricity produced by these power
plants will be used to supply the towns of Sisimiut and Illulissat with electricity and
thus substituting the diesel generators that have been used for this purpose (Verkís,
n.d.). Figures 1.1 and 1.2 show the location of Sisimiut HEP and Ilulissat HEP.

Figure 1.1: Location of the town of Sisimiut and Sisimiut HEP (Ístak, n.d.; Ístak &
Verkís, 2010)
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Figure 1.2: Location of the town of Ilulissat and Ilulissat HEP (Ístak & Verkís, 2010)
Sultartangi HEP
Sultartangi HEP is located in the south of Iceland between two other hydropower
stations, Búrfell HEP and Hrauneyjafoss HEP. The river Þjórsár as well as the river
Tungnaá, which also runs through the upstream hydropower station Hrauneyjafoss,
feed into the Sultartangi reservoir. The water flows from the reservoir through a
headrace tunnel which leads to a surge basin. Penstocks transport the water down to
the powerhouse. Sultartangi HEP has two Francis turbines and the installed power is
120 MW. The tailrace canal from the powerhouse, runs along the river Þjórsá until it
enters the river upstream of Búrfell HEP (Landsvirkjun, 2009; Landsvirkjun, n.d.a).
Figure 1.3 shows a overview of the area around Sultartangi HEP.

Figure 1.3: Overview of Sultartangi HEP (Landsvirkjun, n.d.a)
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Kárahnjúkar HEP
The Kárahnjúkar HEP is located in the North-East part of Iceland and has two
intake reservoirs, Hálslón reservoir and Ufsarlón pond. The glacial river Jökulsá á
Dal feeds into Hálslón reservoir which is dammed by three dams. The largest dam
is called Kárahnjúkar dam and is a concrete faced rockfill dam, the highest of its
kind in Europe, 198 m high. The other two dams are smaller saddle dams. Jökulsá í
Fljótsdal is the main river that feeds into Ufsarlón pond. Three other smaller rivers
are also diverted to Ufsarlón pond. Water from the two intake reservoirs runs to
begin with in two separate tunnels which then join into one headrace tunnel. Figure
1.4 shows the layout of the Kárahnjúkar HEP waterways. Two vertical pressure
shaft transport the water down to the power station. Kárahnjúkar HEP is equipped
six Francis turbines and the total installed power is 690 MW (Landsvirkjun, 2009).

Figure 1.4: Overview of Kárahnjúkar HEP (Hákonardóttir, Tómasson, Kaelin &
Stefánsson, 2009).
The Káranjúkar waterways are extensive and 90% of its tunnels were excavated with
TBM, the remaining 10% were drilled and blasted. The drilled and blasted part of
the Jökulsár tunnel is studied in the drilled and blasted tunnels part of this study.
The Jökulsár tunnel connects the Ufsarlón pond to the joint headrace tunnel. The
Jökulsár tunnel is 13.4 km long, of which 4.9 km where excavated using the drill
and blast method (Káranjúkar Engineering Joint Venture [KEJV], 2009).
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2.1. Theory
2.1.1. Head loss
Head loss in a tunnel is the decrease of total head as water flows through the tunnel.
The total head is the sum of the pressure head, velocity head and elevation head.
Head loss in pressurized tunnels is caused by wall friction on one hand and due to
changes in the cross section of the tunnel, valves and bends on the other hand. Of
these two the frictional head loss tends to be the dominant component. Frictional
head loss is caused by wall shear stress and increases with increased wall roughness
for turbulent flow. Equation (2.1) is applied to calculate head loss in pressurized
circular pipe flow. The first part of this equation is called the Darcy-Weisbach
equation and accounts for frictional losses. The second part refers to singular losses.

hf = f

u2
L u2
+k ,
D 2g
2g

(2.1)

where f is the Darcy-Weisbach friction factor, k is a factor accounting for singular
losses, L is the length of the pipe, D is the diameter of the pipe, u is the velocity
and g is the gravitational acceleration. The Darcy-Weisbach friction factor, f , will
be referred to as the friction factor, for simplicity. If the conduit is noncircular
the hydraulic diameter is used instead of the diameter. The hydraulic diameter is
calculated with Equation (2.2).

Dh =

4A
,
Ph

(2.2)

where A is the wetted cross sectional area of the conduit and Ph is its wetted
perimeter (Crowe et al., 2010; White, 2009).
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2.1.2. Converting measured roughness to hydraulic roughness
in TBM bored tunnels
The Colebrook-White equation, Equation (2.3), relates Nikuradse’s equivalent sandgrain roughness, ks , to the friction factor, f .

1
√ = −2 log10
f



ks
2.51
√
+
3.71Dh Re f


,

(2.3)

where Re is the Reynolds number. Nikuradse’s sandgrain roughness is a uniform
roughness scale representing the roughness of the conduit, also called the hydraulic
roughness. For fully-developed turbulent flow in rough pipes at high Reynolds numbers Equation (2.3) can be rewritten as Equation (2.4) (Pegram & Pennington,
1996).

1
√ = 2 log10
f



Dh
ks


+ 1.14.

(2.4)

Pegram and Pennington (1996) suggested four approaches to connect Nikuradse’s
equivalent sandgrain roughness, ks , to measured roughness profile of a tunnel wall.
These approaches involve calculations of one typical roughness height, h, for each
profile and relating it to ks by:

ks
ks
ks
ks

= hσ ,
= 2hσ ,
= hλ ,
= 2hλ .

(2.5)
(2.6)
(2.7)
(2.8)

Two different roughness heights were defined, hσ and hλ . The roughness height hλ
is found by first calculating the range ri . The range ri is the difference between
the maximum and minimum over intervals which are the length of the centroidal
wavelength of the measured roughness profile, calculated with Equation (2.9).
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ri = max[xi , xi+λ ] − min[xi , xi+λ ], f or 1 ≤ i ≤ T − λ,

(2.9)

where λ is the centroidal wavelength, x(t) is the roughness profile and 0 ≤ t ≤ T
and T is the number of measured points in the series.
The roughness heights for each interval is then averaged over the whole sample. The
averaged roughness height hλ is found with Equation (2.10) (Pegram & Pennington,
1996).

T −λ

hλ =

1 X
ri ,
T − λ i=1

(2.10)

The roughness height hσ is found from the equivalent sinusoid of the roughness data.
The equivalent sinusoid is a sinusoid of equal characteristics as the physical roughness data and is obtained from the variance of the roughness data and centroidal
wavelength.

Figure 2.1: The equivalent sinusoid of a measured tunnel profile (Pegram & Pennington, 1996)
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Furthermore, hσ is calculated with Equation (2.11).

hσ = 2a = 2.83σ,

(2.11)

where σ is the standard deviation and a is the amplitude of the equivalent sinusoid.
Because the variance of the equivalent sinusoid is the same as the variance of the
roughness data the roughness height hσ can be found directly from the roughness
data (Pegram & Pennington, 1996).
The roughness heights hλ and hσ are converted to hydraulic roughness, the Nikuradse’s equivalent sandgrain roughness with Equations (2.5) - (2.8). The Nikuradse’s equivalent sandgrain roughness is then used to find the friction factor, f ,
with Equation (2.3) or (2.4).
The friction factor, f , can also be calculated directly from the standard deviation
of the roughness profile with Heerman’s equation, Equation (2.12) (Pegram &
Pennington, 1996).

Dh
1
√ = 4.285 log10 1.66
− 8.798.
σ
f

(2.12)

In this study the five methods described above will be referred to as methods 1 - 5.
Method
Method
Method
Method
Method
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1:
2:
3:
4:
5:

Heerman’s equation,
ks = hσ ,
ks = 2hσ ,
ks = hλ ,
ks = 2hλ .
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2.1.3. Converting measured roughness to hydraulic roughness
in drill and blast tunnels
As for TBM bored tunnels the Colebrook-White equation is used for the conversion
of measured physical tunnel roughness to hydraulic roughness in drill and blast
tunnels. Rønn and Skog (1997) developed a new method, called the IBA-method,
to obtain the total roughness of drill and blast tunnels. The IBA-method is a
statistical method based on measurements of the tunnel wall and cross section. The
total roughness is the same factor as the Nikuradse’s equivalent sandgrain roughness
and calulated with Equation (2.13).

Total roughness = ks = rmswall + rmscross

section .

(2.13)

The wall roughness, component rmswall , is found with Equation (2.14).

s

Pm

i=1

rmswall =

(rmsi )2
,
m

(2.14)

where m is the number of longitudinal sections and rmsi is found with Equation
(2.15).

s
rmsi =

Pn

i=1

(xi − x̄)2
,
n

(2.15)

where xi is the distance between a zero line parallel to the tunnel axis and the tunnel
wall, x̄ is the average distance between a zero line parallel to the tunnel axis and
the tunnel wall and n is the number of measurements in each longitudinal section.
Rønn and Skog (1997) suggested a fixed distance of 0.25 - 0.5 m between the measurements and a minimum of 50 measurements obtained. They also suggested a
minimum of 3 longitudinal sections with a length of 20 - 25 m (4 - 5 drill and blast
rounds). The three longitudinal sections are sections of the left wall, right wall and
the tunnel roof. Figure 2.2 shows a sketch for the calculations described above.

11

2. Methods

Figure 2.2: An illustration for the calculation of wall roughness (Rønn & Skog, 1997)
The cross sectional roughness rmscross
tion (2.16).

section

s
rmscross

section

=

in Equation (2.13) is found with Equa-

Pm

i=1

(rmsi )2
,
m

(2.16)

where m is the number of tunnel sections and rmsi is found with Equation (2.17).

s
rmsi = 0.53

Pn

i=1


0.5 2
A0.5
i − Ā
,
n

(2.17)

where A is each measured cross section area, Ā is the average cross section area of
the tunnel and n is the number of measurements per tunnel section. A distance
of 0.5 - 1.0 m is suggested between the cross sectional area measurements. The
measurements should be made on a tunnel section of minimum 25 m and a minimum
of 50 measurements per tunnel section (Rønn & Skog, 1997). Figure 2.3 shows a
sketch for the calculation of cross section roughness.
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Figure 2.3: An illustration for the calculation of cross section roughness (Rønn &
Skog, 1997)

2.1.4. Flow regimen and boundary layer
Pressurized pipe flow is classified as laminar, transitional or turbulent according to
the Reynolds number of the flow. Guidelines are most often used to state at which
Reynolds number the flow should be considered in which regimen. This transition
may, however, not be this straightforward. It has been observed that laminar flow
can be sustained under laboratory conditions for flow rates that usually produce
turbulent flow. In the same way, turbulent flow can be triggered by a disturbance
in the flow to occur at flow rates where laminar flow is usually observed. Also, the
Reynolds number of the transformation from turbulent to laminar is generally lower
then the Reynolds number of the transformation from laminar to turbulent (Crow
et al., 2010; Willis & Kerswell, 2008).
A boundary layer is observed where a fluid flows past an object. The flow velocity
is zero at the surface of the object and increases to the free stream velocity as the
distance from the object increases. The boundary layer is defined as the region
where the velocity of the fluid changes from zero to the free stream velocity of the
fluid. Most often the initial part of the boundary layer, at the upstream end of the
object, is laminar. The boundary layer grows in the downstream direction because of
shear stress that acts on the fluid particles close to the object. These particles then
retard the particles next to them, further away from the object, and the boundary
layer grows. The transition region of the boundary layer starts at a critical point
where the boundary layer becomes unstable. The boundary layer then becomes
fully turbulent at the transition point and this point marks the beginning of the
turbulent boundary layer region. In the laminar region the boundary layer grows
and the velocity gradient becomes smaller and therefore the shear stress decreases.
After crossing over to the turbulent region the velocity gradient again becomes much
steeper close to the object and the shear stress increases again before starting to
decrease as the turbulent boundary layer grows. These conditions apply when there
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is no external pressure gradient. This can be observed, for example, for flow over a
flat plate as in Figure 2.4 (Crow et al., 2010).

Figure 2.4: Development of the boundary layer along a thin flat plate. Drawing
based on an illustration in Crow et al. (2010).
The velocity profile of the turbulent boundary layer can be divided into three zones
of flow and is more complicated than the laminar boundary layer. Figure 2.5 shows
an illustration of the three zones of the turbulent boundary layer.

Figure 2.5: A sketch of the zones in the turbulent boundary layer. Drawing based
on an illustration in Crow et al. (2010).
Each of these zones can be described with different equations for the velocity profile.
They are called the viscous sublayer that is closest to the wall, next is the logaritmic
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region and then the velocity defect region. In the viscous sublayer the conditions of
the flow can be regarded as laminar. The closeness of this layer to the wall prevents
most of the turbulence to influence the conditions in this region. Outside the viscous
sublayer the flow conditions are turbulent and therefore totally different from the
conditions in the viscous sublayer (Crow et al., 2010). The thickness of the viscous
sublayer is calculated with Equation (2.18).

14.1
δ
√ ,
=
D
Re f

(2.18)

where δ is the thickness of the viscous sublayer, D is the pipe diameter, Re is the
Reynolds number for the flow in the pipe and f is the friction factor (White, 2009).
When roughness elements in conduits are smaller than the thickness of the viscous
sublayer, there is no additional energy loss because of the projections. The energy
loss in the pipe is therefore the same as it would be for a smooth conduit. When
the Reynolds number for the flow increases the thickness of the viscous sublayer
decreases and more roughness elements stick out of the sublayer. When this takes
place vortices are formed downstream of the roughness element and kinetic energy
is lost to heat. When all the projections stick out from the viscous sublayer an
increase in the Reynolds number no longer causes increase in friction (Nikuradse,
1940; Pegram & Pennington, 1996). Note that the head loss still increases with
increasing Reynolds number because the velocity increases, according to Equation
(2.1).
For laminar flow the wall roughness has no effect on the friction factor and values
for the friction factor for different relative roughness all fall on the same line. Going
over to the transitional and turbulent flow regimens the friction factor is highly
dependent on the roughness of the conduit walls. The Moody diagram illustrates
this relationship by plotting the Colebrook-White equation. The Moody diagram is
shown in Figure 2.6. The friction factor, f , is plotted as a function of the Reynolds
number of the flow for different values of the relative roughness, kDs . As the pipes
become smoother and the relative roughness decreases the wall roughness does not
matter anymore and the pipes can be considered smooth. At the point where the
relative roughness lines become horizontal the flow is fully turbulent and the value
of the friction factor is independent of the Reynolds number (Crow et al., 2010;
White, 2009).
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Figure 2.6: The Moody diagram,


d

=

ks
D

(White, 2009).

2.1.5. Fully developed flow
When flow enters a conduit from a nearly inviscid upstream flow, for example a
reservoir, the velocity profile changes in the downstream direction because of viscous
effects, from a plug-type profile to a parabolic profile, shown on Figure 2.7.
The boundary layer in the conduit grows until they merge in the center of the
conduit and the flow is fully viscous. When the flow is fully developed the velocity
profile is uniform and the pressure drop is linear. Equations (2.19) and (2.20) show
the required entrance length, Le , until the flow is considered fully developed. In
turbulent flow the boundary layers grow faster and the entrance length is therefore
shorter. If there are components upstream in the pipe that creates complex flow
fields, the entrance length will be different then stated in Equations (2.19) and
(2.20) (Crow et al., 2010; White, 2009).

Le
≈ 0.06Re
d

Le
≈ 4.4Re1/6
d
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f or turbulent f low.
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Figure 2.7: A sketch of developing flow and fully developed flow. Drawing based on
an illustration in Crow et al. (2010).

2.1.6. Boundary layer separation
Flow past a suspended object causes variation in pressure with distance along the
surface of the object. This can be seen, for example, for flow around an airfoil or
a cylinder. At the point where the flow hits the upstream front of the object the
pressure is equal to the stagnation pressure. As the flow travels around the object the
pressure decreases as the velocity increases. The maximum velocity and minimum
pressure occurs at the midsection, or highest point, of the object. Therefore, at the
upstream side of the object the pressure decreases with distance and the pressure
gradient is referred to as favorable pressure gradient. The naming referrs to the
fact that when the pressure gradient is decreasing, the force due to the pressure
is in the same direction as the flow and the pressure gradient accelerates the flow.
After the midsection of the object the pressure gradient is adverse and the pressure
increases with distance. At the downstream end of the object, the pressure therefore
decelerates the flow as the force due to the pressure is in the opposite direction to
the flow. This is illustrated in Figure 2.8 (Crow et al., 2010).
The effect of a favorable pressure gradient on the boundary layer is that the boundary
layer grows more slowly and is more stable. On the other hand, the effect of an
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Figure 2.8: A sketch of favorable and adverse pressure gradient on an airfoil. Drawing is based on an illustration in Crow et al. (2010).
adverse pressure gradient is much more severe. As the adverse pressure gradient
decelerates the flow the effect is most noticeable close to the object where the velocity
is lowest. The retarding force causes a reversal in the flow at the wall of the object,
which then develops into a recirculatory pattern and the formation of an eddy. This
is called boundary layer separation. Recirculatory flow, or a wake, forms downstream
of the object and the flow in this region is called separated flow. Separation can
produce unsteady forces that can lead to structural failure, it increases drag on the
object and reduces lift (Crow et al., 2010).
As illustrated in Figure 2.9 the flow downstream from an object, in this case a
cylinder, depends on the Reynolds number of the flow. The flow does not separate
for very small Reynolds numbers, as shown in (a). The flow is called creeping flow
when the boundary layers does not separate from the cylinder and the flow is steady.
For Reynolds numbers around 10 - 30 steady symmetric re-circulation vortices start
to form behind the cylinder, as shown in (b). Vortex shedding from the cylinder
starts around Reynolds number 40. Opposite-signed vortices are shed alternately
from each side of the cylinder in a periodic manner. For lower Reynolds numbers,
in this region, the vortices are two-dimensional and are called Von Kármán vortices.
These kind of vortices can be seen in (c).
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Figure 2.9: The effect of the Reynolds number on the flow pattern downstream from
a cylinder (Feynman, Leighton and Sands, 1977)
For higher Reynolds numbers, in this region, and up to Reynolds numbers of 106 , the
vortices are no longer two-dimensional, this is shown in (d). For Reynolds numbers
above 106 a major change is seen in the wake region and the drag on the object
also decreases drastically. This can be seen in (e). Experiments show that as the
Reynolds number is increased further the wake grows in size and drag increases
again. It is considered likely that new periodic motion is formed but the exact
form of this motion is not know. Vortex shedding produces oscillatory forces on
the object in the flow. These forces cause the object to vibrate and the vibrations
are predominantly in the cross-stream direction of the flow. In the vortex shedding
region the behavior of the object in the flow is very complicated. The reason for
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this is that the movement of the object alters the flow field and the flow field is
responsible for the forces that cause the vibrations (Feynman et al. 1977; Crow et.
al., 2010; Carmo, 2009).

2.1.7. Wall roughness elements in conduits
Wall roughness in conduits includes both grooves into the conduit wall and projections from the conduit wall. Commonly the same theory applies to both cases when
calculating friction factors and head losses (Pegram & Pennington, 1996). When describing grooves and projections, the height of the projection is the same parameter
as the depth of the groove, in the same way as the spacing between the projections
is the same as the width of the groove. Here the effect of wall roughness elements
will be discussed for both grooves and projections.
It is generally accepted that the loss of kinetic energy to heat is caused by eddy
formations and subsequent energy dissipations connected to roughness elements.
Figure 2.10 shows the flow around an isolated projection roughness element. The
flow is laminar upstream of the element. The figure clearly shows the eddy formation
downstream of the element and also the eddy formation in the 90 degrees corner
upstream of the element. For very slow flow and low Reynolds numbers the eddy
formation is different as shown in Figure 2.11. Here the flow is laminar both
upstream and downstream of the element and the eddies only form in the corners
(Van Dyke, 1988).

Figure 2.10: Photograph of the flow around a projection roughness element, the
Reynolds number of the flow is not known (Van Dyke, 1988).
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Figure 2.11: Photograph of the flow around a projection roughness element for very
slow flow, Reynolds number of 0.02 (Van Dyke, 1988).
Figure 2.12 shows the eddy formation in a groove roughness element. As the width
of the grooves reduces, and the width to height ratio tends to zero, secondary eddies
start to form beneath the primary, or top, eddie. The beginning of this can be seen
in Figure 2.12 where hb = 0.5 or more clearly in Figure 2.13. Each lower eddie
produced is much weaker than the one above it (Van Dyke, 1988).

Figure 2.12: Photographs of eddy formation in grooves, of different width to height
ratios, where the Reynolds number of the flow is 0.01 (Van Dyke, 1988).
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Figure 2.13: Photographs of eddy formation in a V-shaped groove for Reynolds number 0.17 (Van Dyke, 1988).
Whether a roughness element is classified as a projection or a groove is not clear
if the elements are close together. For isolated roughness elements the differences
between the grooves and projections are easier to explain. One isolated projection
roughness element produces eddies both upstream and downstream of the element.
For higher Reynolds numbers, faster flow, the eddies downstream of the element are
free to expand and grow. For grooves, on the other hand, the eddy formation takes
place in the groove itself and the eddy is much more restricted to the space of the
groove, although the eddies can travel out of the groove (Van Dyke, 1988). The
projection roughness elements also restrict the main flow of a conduit to a higher
degree than the groove roughness elements. For projections, the main flow has to
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move around the whole element, but for grooves much of the main flow can pass
over the element. This would suggest that grooves have less effect on the friction in
the conduit, and therefore also on the head loss.
The two contributors to the amount of energy loss are size, or volume, of eddies
generated and the frequency at which they are shed. The size of an eddy scales with
the height of a projection roughness element or depth of groove roughness element,
where an eddy is formed. The frequency at which the eddies are shed depends on
the longitudinal spacing between the roughness elements if isolated roughness flow
is present, see Figure 2.14(a).

Figure 2.14: Illustrations of (a) isolated roughness flow, (b) wake interference flow
and (c) skimming flow (Van Moeseke, Gratia, Reiter & De Herde, 2005).
Isolated roughness flow occurs where the eddies formed downstream of one projection
roughness element dissipate before reaching the next element. For grooves that
would be the case where the eddie formation in one groove does not interfere with
the eddie formation in the next groove. For isolated roughness flow to take place the
space between the roughness elements have to be sufficiently large or the Reynolds
number has to be low enough for the eddies downstream of one roughness element
to dissipate before reaching the next.
If the roughness elements are close enough together or the Reynolds number is
high enough, for the eddy formation following one projection roughness element
to interfere with the eddy formation downstream of the next roughness element,
the flow is described as wake interference flow, see Figure 2.14(b). For the case
of wake interference flow, the hydraulic resistance is mainly caused by eddies being
formed in the hollows between projection roughness elements or in individual groove
roughness elements. The eddies are then transported into the flow where their
energy is dissipated through mixing and viscosity. For wake interference flow the
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frequency at which eddies are shed does not depend on the longitudinal spacing
between the roughness elements. Since spacing has no effect on the energy loss for
wake interference flow, the hydraulic roughness is a function only of the height of the
projection roughness elements or the depth of groove roughness elements. For even
closer roughness elements or higher Reynolds numbers, the flow starts skimming
over the roughness and stable vortices are formed between the projection roughness
elements or in the grooves for groove roughness elements, see Figure 2.14(c). In this
case, the flow behaves similarly to flow over a hydraulic smooth surface (Pennington,
1998; Jia, Sill and Reinhold, 1998).

2.1.8. Conservation of energy
The energy equation is shown in Equation (2.21).

z1 +

u2
P2
u2
P1
+ α1 1 + hp = z2 +
+ α2 2 + ht + hL ,
γ
2g
γ
2g

(2.21)

where z is the height above a reference level, P is the pressure, γ is the specific weight
of the fluid, u is the velocity, α is the kinetic energy correction factor, hp is the head
added by pumps, ht is the head extracted by turbines and hL is the head loss due
to viscous effects. The head loss, hL , is found using the Darcy-Weisbach equation.
For turbulent flows the kinetic energy correction factor, α, is approximetily α = 1.
For the special case of finding the water level in a reservoir the energy equation takes
the form of Equation (2.22).

z1 = z2 +

P2
γ

⇔

z1 − z2 =

P2
,
γ

(2.22)

where the water can be considered still or having very small velocity. Point 1 is at
the surface of the reservoir and point 2 is at the bottom of the reservoir (Crowe et
al., 2010; White, 2009).

24

2.2. Excavation methods

2.2. Excavation methods
TBM tunnels are excavated using a tunnel boring machine. The front part of the
TBM is a rotating, circular head which contains small rotating cutters. The circular
head sits at the front of one or two shields which are large metal cylinders. Inside
the cylinders, behind the circular head and cutters, is a chamber which can either
be under pressure or open to external pressure. Next in line are the hydraulic jacks
which are used to move the TBM forward. This is done by bracing the rear part of
the TBM against the tunnel wall and pushing the machine forward. The machine is
pushed against the front part of the tunnel and the rear part of the TBM is dragged
forward. When the cutters hit the front wall of the tunnel the rotating cutters dig
into the rock and in this way the TBM continues forward. The excavated material,
cut by the cutters, is transported back through the TBM and out of the tunnel on
conveyor belts, on skips or mixed with slurry and pumped out. Behind the cylinder
shields, and the hydraulic jacks, are the support mechanisms. These are for example
machinery for soil and rock removal and control rooms. Figure 2.15 show a tunnel
boring machine, TBM. (Spences, Stolfa, Bentz, Cross, Blueckert, Forder, Wannick,
Guggisberg & Gallagher, 2009)

Figure 2.15: Worlds largest TBM, which has a diameter of 15.43 m (Jotocorp, n.d.)
The roughness of tunnels depends on the method of excavation. In TBM tunnels
different kinds of roughness elements can be observed. Steps are created by steering
changes made during boring in the tunnel and when new cutters are installed because
these cause increase in diameter compared to the worn cutters that they replace.
Roughness is also created by the sandgrains of the rock, systems of joints in the
rock and rockfall in the tunnel. Also periodic grooves are made by the cutters
as they rotate. The scale of each of these is highly dependent on the rock type.
Typically, the roughness of granite and sedimentary rock surfaces is dominated by
periodic grooves made by the rotating cutters. Roughness of volcanic surfaces such
as basalt are, however, dominated by joints, cracks, irregular pockets and grooves of
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gas cavities in the rock (Hákonardóttir et al., 2009; Pegram & Pennington, 1996).
Figure 2.16 shows typical roughness of a TBM bored tunnel in basalt.

Figure 2.16: A TBM bored tunnel. Here the roughness of the tunnel is influenced by
a regular system of cracks (Hákonardóttir et al., 2009).
Drilled and blasted tunnels are excavated in a cyclic process, beginning with the
use of a drilling machine to make holes into the rock surface. The number of holes
drilled and their pattern in the cross section varies from tunnel to tunnel, depending
on the tunnel size and properties of the rock. Most commonly, parallel holes are
drilled into the rock surface and filled with explosives, usually leaving the middle
holes empty to create free face. Free face makes it possible for the explosives to
blast the rock apart rather than just creating cracks in the rock. The explosives
are ignited in a chain-like manner. The explosives closest to the empty holes are
blown first and then the process continues outward. After the blasting the loose
rock has to be transported out of the tunnel and the tunnel ventilated. The final
step in the cycle is to clear the ceiling of loose material and install the necessary rock
support, such as shotcrete and bolts, before continuing the process (Arngrímsson &
Gunnarsson, 2009).
For drill and blast tunnels the roughness depends mainly on four different factors.
One of them is the change in cross section of the tunnel. For drill and blast tunnels
the cross section will not be constant throughout the length of the tunnel. The
roughness also depends on the roughness of the tunnel invert, the wall roughness
and the material roughness. The material roughness depends on the rock properties
at the site, rock type and crystal size. The effect of material roughness on the total
roughness has not been throughly investigated and it is therefore not clear how large
this contribution is (Rønn, 1997). The scale of roughness of drill and blast tunnels is
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larger than the roughness of TBM bored tunnels. The dominating roughness scale
in TBM tunnels is one to two orders of magnitude smaller than the roughness that is
dominant in drilled and blasted tunnels. Figure 2.17 shows a drill and blast tunnel.

Figure 2.17: Roughness of a drill and blast tunnel (Verkís, n.d.).

2.2.1. Choice of excavation method
The drill and blast method for excavating tunnels is an older method than the TBM
method. The choice of excavation method is project specific and depends on the
cost of each method, which is affected by factors such as the geology at site, tunnel
length and cross section. If the rock properties at site are favorable for TBM then
the excavation process can proceed in a pace that the drill and blast method cannot
compete with. However, if there are disturbances in the rock properties, the drill
and blast method can be more capable to deal with them. The cross section of drill
and blast tunnels can easily be changed according to need, but blasting overbreak
can be a problem. The cross section of TBM tunnels is restricted to a specific
diameter and the circular form. The TBM method is most often not feasible for
tunnels shorter than 3 km, because of the high investment cost connected to the
TBM. On the other hand, the labor cost for TBM is much lower in comparison to
drill and blast tunnels. Labor cost is different from country to country, which also
needs to be considered. The high labor cost of the drill and blast method stems from
the fact that the process has low level of automation and mechanization, therefore
requiring high level of manual labor. Drill and blast tunnels are also considered
worse in terms of danger and worker environment, mainly because of the high risk
of rock fall following blasting (Grimscheid & Schexnayder, 2002).
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2.3. Calculation approach
2.3.1. TBM tunnels
Background
The TBM tunnels part of this study is based on work performed by Hákonardóttir et al. (2011). The objective of their study was to seek the conversion between
measured irregular physical roughness of tunnels and hydraulic roughness, Nikuradse’s equivalent sandgrain roughness. The work by Hákonardóttir et al. (2011)
was motivated by the fact that when head loss was calculated from measured tunnel
roughness for the Kárahnjúkar TBM bored tunnel, it was found to be overestimated
by approximately 10 %, compared to measured head loss. The conversion between
measured irregular physical roughness of the tunnel and hydraulic roughness was
the weakest link when calculating the head loss for the Kárahnjúkar TBM tunnel.
Hákonardóttir et al. (2011) studied the conversion further through small scale laboratory experiments using six pipes with different types of internal roughness. The
experiments were scaled with the Reynolds number of the flow and the relative
roughness of the interior of the pipes. The flow was fully turbulent. Photographs of
the pipes are shown in Figure 2.18.

Figure 2.18: Photographs of pipes 1 - 6 (Hákonardóttir et al., 2011).
The pipes were 7.5 m long and 0.07 m wide. Pipe 1 was brushed with a steel brush,
which created a roughness of 0.1 - 0.5 mm. Pipe 6 was brushed with a steel brush
and then coated with a mixture of sand and acryl paint. Pipes 2 - 5 where roughened
by brushing the interior with a steel brush, then spiral grooves where carved into the
pipes. The grooves where 1 - 2 mm deep. Pipes 2 - 5 represent the groove roughness
elements that are characteristic for TBM tunnels while the roughness of pipes 1 and
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6 move in and out of the average pipe surface. Hákonardóttir et al. (2011) used a
laser scanner to measure the physical roughness of the pipes. The laser scanner had
a scanning accuracy of 0.1 mm and a point spacing of less then 0.25 mm. For each
pipe four scanned roughness profiles were obtained. Figure 2.19 shows the scanned
surface of all pipes 1 - 6.

Figure 2.19: One of four scanned roughness profiles for each of pipes 1 - 6
(Hákonardóttir et al., 2011).
Pipes 2 - 5 all have regular spacing between the grooves but in pipe 5 there are secondary grooves, with longer distance between them, overlapping the regular primary
grooves. The depth of the grooves in pipe 5 is also more irregular than the depth
of the grooves in pipes 2 - 4. Pipes 2, 4 and 5 all have similar amount of projection
roughness elements but the surface of pipe 3 is considered rougher. Figure 2.20
shows a close up of the scanned surface of pipes 2 - 5.
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Figure 2.20: Close up of pipes 2 -5. Based on a figure in Hákonardóttir et al. (2011).
Hákonardóttir et al. (2011) used five different methods, described in Section 2.1.2,
to connect physical roughness to hydraulic roughness.
Method
Method
Method
Method
Method

1:
2:
3:
4:
5:

Heerman’s equation,
ks = hσ ,
ks = 2hσ ,
ks = hλ ,
ks = 2hλ .

The methods stated above were used to calculate the Darcy-Weisbach friction factor,
according to Equation (2.4). Hákonardóttir et al. (2011) compared the DarcyWeisbach friction factor thus gained to the Darcy-Weisbach friction factor backcalculated from measured head loss in the six pipes. They found that the best
fitting method for connecting the physical roughness to hydraulic roughness for
pipes 1 and 6 was method 3, and for pipes 2 - 5 methods 1 and 4, which give similar
results. The decision on which method was the best fit for each pipe was taken after
comparing the friction factor calculated with methods 1 - 5 to the friction factor
back-calculated from measured head loss in the pipe.
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Methods 1, Heerman’s equation, and methods 2 and 3 all use the standard deviation
of the roughness data to connect the physical roughness data of the tunnel to the
hydraulic roughness, Nikuradse’s equivalent sandgrain roughness. Methods 4 and
5 use the mean range for this purpose. The difference between these methods is
further discussed in Section 3.4. According to Hákonardóttir et al. (2011) method
3 gives the highest value of the friction factor while method 4 and method 1 give
the lowest value of the friction factor. That is, the method that is the best fit for
pipes 1 and 6 gives the highest value of the friction factor while the methods which
are the best fit for pipes 2 - 5 give the lowest value of the friction factor.

Contribution of this study
The conclusion made by Hákonardóttir et al. (2011) that the best fitting method for
connecting measured physical roughness to hydraulic roughness for pipes 1 and 6 is
method 3 but methods 1 and 4 for pipes 2 - 5 gives rise to questions about the reason
for this difference. An answer was sought to this question, based on the difference
between eddy formation connected to projections on one hand, and connected to
grooves on the other hand.
If method 3 is used to calculate the friction factor for pipes 2 - 5, the friction factor
is overestimated compared to the friction factor calculated from measured head loss.
This study attempts to decrease the depth of the grooves in pipes 2 - 5 until method
3 is the best fitting method for these pipes. A description of these calculations
follows below.
The friction factor for each of the pipes 2 - 5 was calculated in R, which is a programming language used for statistical data manipulation, calculations and displaying graphics (Vienna university of economics and business, 2012). The program was
originally written for the study by Hákonardóttir et al. (2011) and modified for the
purposes of this study, the program code is shown in Appendix A. For each pipe four
profiles where scanned with the laser scanner. The program reads data profiles from
the laser scanner and calculates hσ and hλ for each profile using Equations (2.10)
and (2.11). Methods 2 - 5 are used to convert the roughness heights hσ and hλ to
Nikuradses’s equivalent sandgrain roughness. The friction factor is then calculated
with Equation (2.4). The standard deviation of the roughness profile, σ is also
calculated and the friction factor for method 1 is calculated with Equation (2.12).
Note that each pipe has four scanned profiles. The friction factor is calculated with
all methods 1 - 5 for each profile. For each pipe, the final friction factor for each
method is the average friction factor found for each of the four profiles.
The first step was to calculate the friction factor with all five methods for each of
the pipes, all four profiles, without changing the depth of the grooves. That is, in
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the first round of calculations the grooves were in their original state as measured
by the laser scanner. Next the depth of the grooves was systematically decreased
and the friction factor recalculated. For each pipe the reduction of the depth of the
grooves was continued until the average friction factor calculated with method 3, for
all the four profiles, was as close as possible to the friction factor calculated from
measured head loss in the pipe. The results for each pipe was compared to clarify
the relationship between the decrease of depth of the pipes and other characteristics
of the pipes.

2.3.2. Reservoir water level
In this part of the study a location will be found for a pressure meter in the Ilulissat
HEP headrace tunnel and the reservoir water level will be calculated for Sisimiut
HEP.
The purpose of locating a pressure meter in Ilulissat HEP is to be able to calculate
the reservoir water level based on pressure measurements, discharge measurements
and calculated tunnel roughness. However, the reservoir water level will not be
calculated in this study because pressure mesurements and discharge measurements
are not available. Placing a pressure meter in the headrace tunnel will make these
calculations possible when data has been gathered. In Sisimiut HEP a pressure meter
is already present in the headrace tunnel. The reservoir water level will be found
using calculated tunnel roughness together with available pressure measurements
and discharge measurements.

Ilulissat: Placement of the pressure meter in the Ilulissat headrace tunnel
The intake and the beginning of the headrace tunnel at Ilulissat HEP is shown in
Figure 2.21. Water from the reservoir enters the intake at point 1. A short tunnel
connects the reservoir to the rock chamber. The rock chamber is marked as point 2.
Downstream of the rock chamber the water flows into a tunnel, marked as point 3,
which is around 26 m long and ends with a gate, marked as point 4. A short tunnel
follows downstream of the gate which leeds to a 90 degrees bend, marked as point
5. From point 6 the headrace tunnel continues on towards the turbines.
The pressure meter in the Ilulissat HEP is to be located as close to the intake
as possible to make it easier to determine the water level in the reservoir from the
pressure and discharge measurements in the tunnel. The most convenient placement
for the pressure meter would be in the reservoir itself. In the reservoir the water
can be considered to be still or having very small velocity and the water level can
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Figure 2.21: An illustration of the intake in the Ilulissat HEP (Ístak & Verkís, 2010).
be calculated with pressure measurements and Equation (2.22). However, the
concerned parties have decided that the pressure meter is to be places in the headrace
tunnel. It is preferable to have the pressure meter as close as possible to the intake
because before calculating the water level in the reservoir the tunnel roughness
needs to be calculated. The tunnel roughness is defined here as all the singular
and frictional losses from the intake to the location of the pressure meter. These
calculations are easier if the pressure meter is as close as possible to the intake.
In the tunnel the best location for the pressure meter is where the flow is fully
developed, because the pressure drops linearly as discussed in Section 2.1.4. The
pressure meter should also be located away from unstable flow where eddy formation
and separation zones are likely to occur. Pressure fluctuations caused by unstable
flow and eddies affects pressure readings.
In the rock chamber the only possible location for the pressure meter is in it’s ceiling.
Because the upper corner at the entrance to the rock chamber is approximately 52
degrees wide, separation is likely to occur at the entrance to the rock chamber, which
will cause eddy formations and unstable flow. The volume and how far down the
tunnel this unstable flow will persist is not certain. Another uncertain factor is the
distribution of rock on the tunnel floor after the breakthrough.
An alternative location for the pressure meter is in the tunnel downstream of the
rock chamber, marked as point 3. The length of this tunnel is approximately 26
meters. Some separation is also likely to occur downstream of the contraction from
the rock chamber into the tunnel. For the design discharge of Sisimuit HEP it takes
around 50 m until the flow is fully developed, calculated with Equation (2.20),
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and only a few meters less for a discharge of 10 m3 s−1 . The flow will therefore not
be fully developed at the location of the pressure meter but flow separation is not
expected, except close to the entrance to the tunnel. The pressure meter should
therefore not be located close to the entrance of the tunnel, marked with point 3.
Neither should it be located directly next to the gate because the gate contraction
will create turbulence upstream of the gate.

Sisimuit: Friction factor and reservoir water level
For the purpose of calculating the reservoir water level for Sisimiut HEP, the energy
equation was rewritten as Equation (2.23).

Hs = Hm + ksisimuit (Q1 + Q2 )2 ,

(2.23)

where Hs is the reservoir water level in m.a.s.l., Hm is the pressure measured by the
pressure meter in the tunnel in m.a.s.l., ksisimuit is the calculated head loss factor
specific for the case of Sisimiut HEP and has the unit s2 m−5 , Q1 is the flow through
the first turbine in m3 s−1 and Q2 is the flow through the second turbine in m3 s−1 .
The head loss factor ksisimuit accounts for friction losses and singular losses in the
tunnel, together with the velocity head.
Equation (2.23) is derived from Equation (2.21), as shown bellow.
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where Q = (Q1 + Q2 ) and ksisimuit is defined as stated by Equation (2.24).

34

2.3. Calculation approach
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where g is the gravitational acceleration, f is the friction factor, k is the factor that
accounts for singular losses in the tunnel, D is the diameter of relevant section of
the tunnel, L is the length of the relevant section of the tunnel and A is the area
of the relevant section of the tunnel. The pressure meter is located upstream of the
turbines, shown in Figure 2.22.

Figure 2.22: The placement of the pressure meter in the Sisimuit HEP headrace
tunnel (Ístak & Verkfræðistofa Sigurðar Thoroddsen hf., 2007).
The head loss factor ksisimuit is not the same factor as Nikuradse’s equivalent sandgrain roughness, ks , but it is connected to the friction factor f and the factor k that
accounts for singular losses. To be able to calculate the reservoir water level with
Equation (2.23) the head loss factor ksisimiut had to be calculated, this was done
with Equation (2.24). Frictional losses and singular losses from the intake to the
location of the pressure meter where added up using updated design values for f
and k. The original design values were calculated by Leifsson (2007). The tunnel
diameter and cross section were updated according to as-built drawings from scans
of the waterways (Istak Grønland, 2008). Corrected lengths of shotcreted and unlined tunnel sections were also used. Those where based on as-built tunnel sections
(Istak Grønland, 2009).
For Reynolds number of the flow in the turbulent region the friction factor, f , is
constant and therefore ksisimuit is also a constant. The relative roughness, kDs of
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the Sisimiut headrace tunnel is approximately 0.04, or higher. For this value of
relative roughness the flow in the tunnel is turbulent for Reynolds number higher
than 3×104 . Even though the relative roughness is higher in some locations in the
tunnel, the flow will also be turbulent at these locations according to Figure 2.6.
For Reynolds number of 3×104 the discharge in the tunnel is 0.3 m3 s−1 . According
to discharge measurements through the turbines the normal flow in the tunnel, in
the month of October, is approximately 10 m3 s−1 . The design discharge is 23 m3 s−1 .
When the head loss factor ksisimiut had been calculated the reservoir water level
could be found with pressure measurements measured by the pressure meter located
in the headrace tunnel, measurements of discharge through the two turbines and
Equation (2.23). Two sets of measured pressure and discharge data was used to
find the reservoir water level, obtained from Landsvirkjun (n.d.b) and Landsvirkjun
(n.d.c). The first set contained hourly data from the 1st of October 2010 to the 1st
of November 2010 and the second set hourly data from 1st of October 2011 to the
1st of November 2011. Figure 2.23 shows the measured pressure as a function of
time and Figure 2.24 shows the measured discharge as a function of time, for the
two data sets.

Figure 2.23: The pressure in the headrace tunnel as a function of time, for the
two data sets from October 2010 and 2011 (Landsvirkjun, n.d.b & Landsvirkjun,
n.d.c).
In Section 2.3.3 the friction factor for the headrace tunnel will be recalculated with
the IBA-method, described in Section 2.1.3. The results of these calculations are
presented in Section 3.3. The head loss factor ksisimiut will be recalculated with the
IBA-method friction factor and compared to the value for ksisimiut calculated in this
section.
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Figure 2.24: The discharge through the turbines as a function of time, for the
two data sets from October 2010 and 2011 (Landsvirkjun, n.d.b & Landsvirkjun,
n.d.c).

2.3.3. Drill and blast tunnels
During the design phase of Kárahnjúkar HEP, Sisimuit HEP and Sultartangi HEP
design estimates where made regarding the friction factor and head loss, for each
power plant. The design estimates are calculated with expected values. The friction
factor and head loss were also calculated with the IBA-method for Kárahnjúkar
HEP and Sultartangi HEP. The IBA-method was performed for Sisimuit HEP in
this study. In the design estimates calculations expected values are used for the
tunnel hydraulic roughness, ks . The diameter used is usually the design diameter
plus some expected increase in diameter because of overbreak. The IBA-method
uses the tunnel roughness and diameter found by measurements from the tunnel.
The friction factors and frictional head losses found with these two methods will
be compared to the frictional head loss found from measured total head loss, and
the back-calculated friction factor calculated from the frictional head loss. Below
the calculation approach for each of the three hydroelectric power plants will be
described.

Káranjúkar HEP
When the design friction factors and head losses were calculated for the Káranjúkar
HEP drill and blast tunnels, the tunnels were divided into sections and each section
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was given an excavation class according to the roughness of that section. Because
the different sections have different roughness the friction factors and head losses
varies for each section. After construction of the waterways the friction factors and
head losses was recalculated using the IBA-method for the drill and blast sections
(Káranjúkar Engineering Joint Venture [KEJV], 2009).
The Jökulsár tunnel connects the Ufsarlón pond to the joint headrace tunnel and
was excavated using the drill and blast method. It has a design discharge of 90
m3 s−1 . In this part of the study the section between the intake and the Jökulsár
surge tunnel was investigated.

Figure 2.25: An illustration of the Jökulsár tunnel, from the intake to the surge
tunnel. Based on drawings by Káranjúkar Engineering Joint Venture [KEJV].
(2005).
Table 2.1 shows the design estimates for the friction factor and head loss for each
excavation class, for Jökulsár tunnel. The Jökulsár tunnel has a design diameter of
6 m. Excavation class 1 is the roughest and class 5 is the smoothest.
Table 2.1: Design estimates for Jökulsár tunnel, at design discharge of 90 m3 s−1
Excavation class
1
2
3
4
5
Friction factor, f
0.0536 0.0520 0.0491 0.0227 0.0227
−1
3.07
3.07
3.18
2.14
2.14
Specific head loss [mkm ]
Percentage of tunnel in each class [%]
9.9
24.9
52.8
12.3
0
Table 2.1 gives an weighted average friction factor of 0.047 and weighted average
specific head loss of 3.01 mkm−1 . Using the IBA-method, described in Section 2.1.3,
the weighted average friction factor was calculated to be 0.054 and the weighted
average specific head loss to be 2.70 mkm−1 (Káranjúkar Engineering Joint Venture
[KEJV], 2009). The specific head losses refer only to the friction losses, not the
singular losses.
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To find the measured head loss and back-calculated friction factor from measured
head loss in the drill and blast section of the Jökulsár tunnel pressure measurements
from two pressure meters were used. One of the pressure meters is located in the
reservoir and the other in the Jökulsár surge tunnel. Between these two pressure
meters the tunnel was excavated with the drill and blast method. The total head
loss in this section was found by Leifsson (n.d.) at Verkís consulting engineers. To
find the head loss due to friction in the tunnel the head loss due to singular losses
was subtracted from the total head loss. The singular losses in this tunnel include
loss at the entrance to the tunnel and three bends. Head loss due to friction in a
small section next to the entrance to the tunnel was also subtracted due to the fact
that this section was concrete lined. The velocity head was added to the pressure
head measured by the pressure meter located in the surge tunnel, to get the correct
head loss. The diameter used for the calculations was the measured diameter also
used for the IBA-method calculations. When the head loss due to the frictional
losses had been found the friction factor was back-calculated from the head loss.

Sisimiut HEP
The design friction factor and head loss in the Sisimuit HEP waterways was calculated by Leifsson (2007) at Verkís consulting engineers. Table 2.2 shows the
weighted average design friction factor and the head loss, connected to the frictional
losses, for the headrace tunnel. The design discharge of the tunnel is 23 m3 s−1 .
Table 2.2: Design estimates for Sisimuit HEP headrace tunnel, at design discharge
of 23 m3 s−1
Weighted average friction factor
0.0785
Weighted average design head loss [mkm−1 ] 0.955
In this study the friction factor and head loss was calculated with the IBA-method.
When using this method a few set of rules should be followed, also described in
Section 2.1.3. Three of these rules are that a fixed distance of 0.25 - 0.5 m should be
between measurement locations in the tunnel for the wall roughness calculations, 0.5
- 1.0 m between measurement locations for the cross section roughness calculations
and the method requires a minimum of 50 measurement locations for both wall
roughness and cross section roughness. However, the only available measurements
from the Sisimuit HEP headrace tunnel had an irregular distance of 1 - 5 m between
measurement locations for each section and a total of 358 measurement locations.
They do not include those measurement locations where abrupt increase in cross
section took place, such as turnarounds. These locations were considered singular
losses and therefore were not included in calculations for frictional losses. The IBAmethod was performed with the available data and the rules of the method followed
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as closely as possible. Two sets of calculations were performed and will be referred
to as IBA1 and IBA2 .
IBA1 : The IBA-method was performed with all the 358 measurement locations, 3
longitudinal sections and all the data was considered to be in one tunnel section. The
distance between the measurement places was very irregular for these calculations.
IBA2 : The IBA-method was performed only with tunnel sections where a fixed
distance of 2 m was between the measurement places. The number of measurement locations was 218. The number of tunnel sections were 11 and the number of
longitudinal sections 3.
IBA2 fits better into the set of rules for the IBA-method then IBA1 and the only
deviation from the rules, for IBA2 , is the fact that the fixed distance between the
measurements is larger then recommended. The reason why IBA1 was also calculated, which deviates from the rules both with larger distance between measurement
places and irregular spacing, was to be able to use all the available measurements
and to investigate the difference between the results for IBA2 and IBA1 . By performing the calculations for the IBA-method with so many measurement locations,
note that only 50 measurement locations are needed, hopefully some compensation
can be achieved for the increased distance between measurements.
No information was available on measured head loss in Sisimiut HEP. The measured
head loss and back-calculated friction factor in the headrace tunnel was therefore
found by using Equation (2.23), presented in Section 2.3.2. The head loss in the
tunnel is the difference between the water level in the reservoir, Hs , and the pressure
measured by the pressure meter in the tunnel, Hm , plus the velocity head. According
to Equation (2.23) this difference is the part ksisimiut (Q1 + Q2 )2 , minus the part for
the velocity head. The discharge Q = Q1 + Q2 is here the design discharge of the
tunnel, 23 m3 s−1 , and the head loss factor ksisimuit was recalculated for frictional
losses only, using the friction factor found from IBA-method calculations. The
equation for ksisimiut then takes the form of Equation (2.25), when both the singular
losses and velocity head have been subtracted from the equation.

ksisimuit =

L
1 X
(
f
)
2g
DA2

(2.25)

When the head loss factor, corresponding to frictional losses, had been found the
head loss was calculated as ksisimiut Q2 and the friction factor was back-calculated
from the head loss. The measured head loss for Sisimiut HEP was in fact not
measure but calculated, not found directly as the difference between two pressure
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measurements as is the case for Káranjúkar HEP. The results are therefore not as
reliable as for Káranjúkar HEP. The purpose of performing these calculations was
to be able to compare the values from the IBA - method calculations and design
estimates with the most correct value for the head loss possible to find with the
available information.

Sultartangi HEP
For Sultartangi HEP both design calculations and IBA-method calculations were
available. The design calculations were extended in this study to also include the
friction factor and head loss for the design discharge of 320 m3 s−1 . Furthermore, the
head loss due to singular losses had to be subtracted from the total head loss in the
design calculations to find the head loss due to only frictional losses. Information
about the measured head loss for the headrace tunnel was available and again the
head loss due to singular losses had to be subtracted. The value for singular losses
stated in the IBA-method calculations was used for this purpose. The friction factor
was back-calculated from the measured head loss.
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3.1. TBM tunnels
Figures 3.1 to 3.4 show the friction factor calculated from measured head loss
for each pipe 2 - 5 and the calculated friction factors for all methods 1 - 5. There
are two types of calculated friction factors shown in Figures 3.1 to 3.4, those
labeled as original depth of grooves refer to the fiction factors calculated directly
from the measured tunnel profiles, scanned by the laser scanner and the friction
factors labeled as a percentage of the original depth of grooves refer to the friction
factors that where calculated after the depth of the grooves had been decreased, to
change the best fitting method for converting measured physical tunnel roughness
to hydraulic roughness. For the calculated friction factors, labeled as percentages
of the original depth, method 3 is as close as possible to the line representing the
friction factor calculated from measured head loss. The grooves in each pipe were
decreased by different percentages. For pipe 2 the decreased depth of the grooves
was 14% of the original depth of the grooves, for pipe 3 this percentage was 36%,
for pipe 4 the percentage was 14% and for pipe 5 it was 10%.
Figures 3.1 to 3.4 show that method 3, which is the best fitting method for pipes
1 and 6, overestimates the friction factor for pipes 2 - 5 when the grooves are in
their original state, this was also concluded by Hákonardóttir et al. (2011). Recall
that the characteristic roughness of pipes 1 and 6 moves in and out of the average
pipe surface. The reason for the overestimation of method 3, for pipes 2 - 5, is most
likely that less eddy volume is created when grooves deepen than when the hight
of projections increases, discussed in Section 2.1.7. Comparing the eddy volume
created because of a typical groove roughness element as shown in Figure 2.13 to the
eddy volume created because of a typical projection roughness element as shown in
Figure 2.10 shows that projection roughness elements have the possibility to create
more eddy volume then groove roughness elements. The turbulence is more confined
within the groove roughness element. Also, the whole projection roughness element,
that sticks out from the viscous sublayer, contributes to eddy formation. For grooves
the results support the statement that turbulence is only created in the top part,
and that the water below this limit can be considered almost still or having a very
small velocity, as shown in Figure 2.13. The whole groove roughness element does
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Figure 3.1: The calculated friction factors for the original depth of the grooves and
the decreased depth of the grooves, as a function of methods 1-5 for pipe 2, compared to the friction factor back-calculated from measured head loss.

Figure 3.2: The calculated friction factors for the original depth of the grooves and
the decreased depth of the grooves, as a function of methods 1-5 for pipe 3, compared to the friction factor back-calculated from measured head loss.
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Figure 3.3: The calculated friction factors for the original depth of the grooves and
the decreased depth of the grooves, as a function of methods 1-5 for pipe 4, compared to the friction factor back-calculated from measured head loss.

Figure 3.4: The calculated friction factors for the original depth of the grooves and
the decreased depth of the grooves, as a function of methods 1-5 for pipe 5, compared to the friction factor back-calculated from measured head loss.
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not contribute to eddy formation and the whole depth of the groove can therefore
not be used when connecting measured physical roughness to hydraulic roughness,
if the same method is to be used for tunnels with different characteristic roughness.
Table 3.1 show the main characteristics of the pipes. The uncertainty connected to
the results for the depth of the grooves is estimated to 0.15 mm, 0.05 mm result from
an approximation used in the R program and 0.10 mm results from the measurement
accuracy of the laser scanner. The uncertainty of the width of the grooves and the
length between grooves is 0.5 mm.
Table 3.1: Characteristics of pipes 2 - 5
Pipe number
2
3
4
5
Average depth of grooves, AD [mm]
1.2
1.3
1.2
0.9
Groove width (at top), W [mm]
3
3
3
3
11
11
4
11
Length between grooves, L [mm]
Decreased depth of grooves, SD [mm]
0.17
0.47
0.17
0.09
0.08
0.08
0.08
0.08
Viscous sublayer thickness, V [mm]
0.0378 0.0462 0.0378 0.0301
Measured hydraulic friction factor
The friction factor back-calculated from measured head loss is largest for pipe 3 and
smallest for pipe 5. Pipe 3 also has the deepest grooves and pipe 5 the shortest,
both in their original state and after the depth of the grooves has been decreased.
Pipes 2 and 4 have the same friction factor back-calculated from measured head
loss and the same depth of grooves, both of which fall in between the values for
pipe 3 and pipe 5. Most likely the depth of the grooves effects the friction factor
back-calculated from measured head loss and the extent of decrease of the grooves
but because the grooves in pipes 2 - 5 are of similar depths, within the limit of
uncertainty, this statement cannot be confirmed.
Another factor is also likely to effect the friction factor back-calculated from measured head loss and the extent of decrease of the grooves. This is the surface roughness of the pipes, the roughness elements which stand out from the average pipe
surface. Figures 2.19 and 2.20 show scanned profiles of the pipes. By comparing
the surface roughness of pipe 3 with pipes 2, 4 and 5 it can be seen that the surface
roughness of pipe 3 is noticeable larger, that is pipe 3 has a larger amount of surface
roughness elements. Pipes 2, 4 and 5 have similar surface roughness. More surface
roughness causes more eddy formation and increases the head loss in the pipe.
The spacing between grooves, measured from where one groove ends to where the
next groove begins, is 11 mm for pipe 2 and only 4 mm for pipe 4. The friction
factor back-calculated from measured head loss is the same in these two pipes,
but the head loss was measured as 0.479 m for pipe 2 and 0.460 m for pipe 4
(Hákonardóttir, n.d.). The spacing effects the energy loss and the flow in the pipes
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behaves as isolated roughness flow, see Figure 2.14. In isolated roughness flow the
frequency at which eddies are shed depends on the longitudinal spacing between the
roughness elements. Because the effect that longitudinal spacing has on the eddy
formation is not taken into account in methods 1 - 5, only roughness height, the fact
that isolated roughness flow is present in the pipes must cause some inaccuracy. The
amount of this inaccuracy is not known but considered minor, Section 3.4 provides
further discussions about methods 1 - 5.
Figure 3.5 shows the main characteristics of the pipes and Figure 3.6 shows the
ratios between the main characteristics of each pipe.

Figure 3.5: The main characteristics of pipes 2 - 5.
The purpose of comparing the results for the pipes is to identify a connection, if there
is one, between the decreased depth of the grooves, SD, and other factors. Ideally
one would like to be able to predict the decreased depth of the grooves and know
how much of the groove depth should be used to calculate the roughness height,
when using method 3, without knowing the measured head loss.
Figure 3.5 shows that the decreased depth of the grooves, SD, and the friction
factor back-calculated from measured head loss follow the same pattern. When
the friction factor increases, from one pipe to another, the decreased depth of the
groove increases. The increase in the decreased depth of the groove is greater than
the increase for the friction factor. However, this connection between SD and the
friction factor back-calculated from measured head loss does not provide a method
of predicting the decreased depth of the grooves. In Figure 3.6 no clear connection
can be identified, other then the values for all the pipes follow the same pattern.
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Figure 3.6: The ratios between the characteristics of pipes 2 - 5.
The friction factors back-calculated from the measured head loss in the pipes are
shown on the Moody diagram in Figure 3.7. This figure shows that all the values
for the friction factors back-calculated from measured head loss are not completely
in the fully turbulent zone and this could be the cause of some decrease in accuracy.
The inaccuracy is considered minor because of how close the values are to the fully
turbulent zone.

Figure 3.7: The back-calculated friction factor from measured head loss for pipes 1
- 6 and for Kárahnjúkar headrace tunnel, as a function of the Reynolds number,
Re (Hákonardóttir et al., 2011).
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In the Kárahnjúkar HEP, the headrace tunnel is mostly excavated through basaltic
rock. The characteristic roughness of TBM tunnels in volcanic rock, like basalt, are
periodic grooves, irregular projections, pockets intruding into the rock and larger
scale crack systems. The roughness of pipes 2 - 5 was designed to simulate this kind
of roughness and the results of the experiments and calculations performed with
pipes 2 -5 therefore apply to TBM tunnels in volcanic rock.
The results presented in this section show that it is possible to decrease the depth of
the grooves in tunnels where groove roughness elements are dominating and use the
same method for connecting physical measured roughness to hydraulic roughness for
these tunnels and tunnels where the roughness moves in and out of the average tunnel
surface. This offers two possibilities for connecting measured physical roughness to
hydraulic roughness in tunnels with different types of characteristic roughness. The
choice of method can be based on the characteristic roughness of the tunnel and
different methods then used for different tunnel roughness or the same method can
be used and the depth of the grooves decreased before calculations are performed.
However, because the decreased depth of the grooves cannot be predicted using the
same method could be complicated.

3.2. Reservoir water level
Ilulissat: Placement of the pressure meter in the Ilulissat headrace tunnel.
Based on discussions in Section 2.3.2 it is concluded that the most secure location
for the pressure meter is in the tunnel marked as point 3 on Figure 2.21, around 20
m downstream of the entrance to the tunnel.
No matter where the pressure meter is located, placing an object in the flow of a
conduit will cause head loss, see Equation (2.1). Depending on the Reynolds number
the flow around the pressure meter could have adverse effects on the pressure meter.
This is of concern if vortices are likely to be formed. The Reynolds number for the
design flow in the rock chamber and the tunnel downstream is of the scale 106 and
is therefore on the verge of being in the vortex shedding zone, see Figure 2.9. For
discharges lower than the design discharge the flow is in the vortex shedding zone
and this will have to be taken into account when fastening the meter to the tunnel.
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Sisimuit: Friction factor and reservoir water level
The head loss factor, ksisimuit , found with up-dated design calculations, was calculated to be 0.00958 s2 m5 . Using this value for ksisimuit the water level in the
reservoir, Hs , was found for each discharge and pressure measurement in the two
data sets, using Equation (2.23). The head loss in the tunnel is the same as the
difference between the water level in the reservoir, Hs , and the pressure measured by
the pressure meter in the tunnel, Hm , plus the velocity head. The average head loss
in the headrace tunnel is 1.18 meters for the 2010 data set but 1.35 meters for the
2011 data set. The increased head loss in the tunnel could for example be caused by
rockfall. The calculated water level in the reservoir is shown as a function of time in
Figure 3.8 and as a function of measured discharge through the turbines in Figure
3.9.

Figure 3.8: The calculated water level, Hs , as a function of time, for the month of
October 2010 and 2011.
According to Section 3.3 the friction factors calculated with the IBA-method are
higher than the design estimates. Recalculating the head loss factor ksisimiut with
the friction factors for IBA1 and IBA2 gives values of 0.01050 s2 m5 and 0.01075
s2 m5 . A higher value of ksisimiut results in a higher value for the reservoir water level
according to Equation (2.23), and greater head loss in the tunnel. The average head
loss for the 2010 data set is 1.29 m for IBA1 and 1.32 m for IBA2 . For the 2011
data set the head loss is 1.47 m for IBA1 and 1.51 m for IBA2 . The IBA-method
calculations are based on measurements of the tunnel and considered more reliable
than the design calculations. Of the two IBA-method calculation sets IBA2 is
considered more reliable, further discussed in Section 3.3, and the most reliable
result for ksisimiut is therefore 0.01075 s2 m5 .
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Figure 3.9: The calculated water level, Hs , as a function of the measured discharge
through the turbines, for the month of October 2010 and 2011.
Using the calculated head loss factor, ksisimuit , the reservoir water level can be
calculated at any given time, with the relevant pressure and discharge data. Knowing
the reservoir water level is important for the running of all hydroelectric power
plants.

3.3. Drill and blast tunnels
In the following three sections the results for Káranjúkar HEP, Sisimiut HEP and
Sultartangi HEP will be presented. The results will then be compared in the fourth
and last section.

Káranjúkar HEP
The head loss, found from the pressure measurements, in the drill and blast section
of the Jökulsár tunnel was found to be 2.65 mkm−1 . The head loss was used to
back-calulate the friction factor, which was found to be 0.053. Table 3.2 shows
the friction factor and frictional head loss calculated with the design estimated, the
IBA-method and from measured head loss in the tunnel.
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Table 3.2: Friction factors and frictional head losses for Káranjúkar HEP
Design estimates IBA-method From measured head loss
Friction factor
0.047
0.054
0.053
Head loss [mkm−1 ]
3.01
2.7
2.65

Sisimiut HEP
Table (3.3) shows the hydraulic roughness, friction factor and frictional head loss
calculated with both IBA1 and IBA2 .
Table 3.3: IBA-method results for Sisimiut HEP.
IBA1 IBA2
Hydraulic roughness, ks 0.367 0.382
Friction factor
0.0866 0.0885
1.06
1.08
Head loss [mkm−1 ]
The results for IBA1 and IBA2 are very similar although the spacing between the
measurement places is larger for IBA1 then for IBA2 . The total roughness for IBA2
is larger than for IBA1 and it is therefore expected that if the distance between the
measurement places is decreased further, to the correct spacing, the total roughness
would increase slightly. Because of this and the fact that IBA2 follows the rules of
the IBA-method closer then IBA1 , IBA2 is considered to give more reliable results.
Table 3.4 shows the friction factor and frictional head losses calculated with the
design estimates, the IBA-method and from measured head loss in the tunnel.
Table 3.4: Friction factors and frictional head losses for Sisimiut HEP.
Design estimates IBA-method From measured head loss
Friction factor
0.0727
0.0866/0.0885
0.0960
−1
Head loss [mkm ]
0.955
1.06/1.08
1.15
The head loss factor ksisimuit recalculated with only friction losses, using the friction
factor from IBA2 , was found to be 0.01050 s2 m−5. The head loss, for the friction
losses, was calculated as 1.15 mkm−1 and the back-calculated friction factor 0.0960.

Sultartangi HEP
Based on calculations performed by Tómasson (1998), the design friction factor was
calculated as 0.0443 and the design head loss for frictional losses 0.712 mkm−1 ,
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for the design discharge of 320 m3 s−1 . According to Tómasson (n.d.), the results
from the IBA-method calculations gave a friction factor of 0.0474 and head loss of
0.531 mkm−1 . Using results from Tómasson (2000), the measured head loss in the
headrace tunnel for the friction losses was 0.594 mkm−1 when the singular losses
had been subtracted. Back-calculation using the measured head loss in the tunnel
and other values from the IBA-method calculations gave a friction factor of 0.0516.
Table 3.5 shows all these results together in one table.
Tafla 3.5: Friction factors and frictional head losses for Sultartangi HEP.
Design estimates IBA-method From measured head loss
Friction factor
0.0443
0.0474
0.0480
−1
0.712
0.531
0.540
Head loss [mkm ]

Summary
In Table 3.6 the friction factors and head losses found from design values, the IBAmethod and from measured head loss are shown for the three power plants. The
percentages following the values for the design estimates and values calculated with
the IBA-methods are comparisons between these values and the measured head loss
or back-calculated friction factor, whichever is relevant. The measured head loss and
back-calculated friction factor for Sisimiut HEP is not as reliable as for the other
two HEP. Recall that for Sisimiut HEP these values were found with calculations.
Table 3.6: Comparison of friction factors
Káranjúkar
%
Sisimiut
Friction factor
Design
0.047
88.7
0.073
IBA-method
0.054
101.9 0.087/
0.089
Back-calculated
0.053
0.096
Head loss [mkm−1 ]
Design
3.01
113.6
0.955
IBA-method
2.70
101.9
1.06/
1.08
Measured
2.65
1.15

and head losses
%
Sultartangi

%

75.8
90.2/
92.2
-

0.044
0.047

92.3
98.8

0.048

-

83.0
92.2/
93.9
-

0.71
0.53

131.9
98.3

0.54

-

In Table 3.6 there are two values for friction factor and head loss calculated with
the IBA-method for Sisimiut HEP. The first value refers to IBA1 and the second to
IBA2 . The IBA-method was expected to give better estimations of the measured
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head loss and back-calculated friction factor then the design estimates. The IBAmethod is calculated from measurements of the tunnel while the design estimates
are calculated from expected values. The results shown in Table 3.6 confirms
this, for all HEP the friction factor and head loss calculated with the IBA- method
is closer to the measured head loss and back - calculated friction factor than the
design estimates. The difference between the IBA-method results and the measured
head loss and back - calculated friction factor is considered reasonable and for three
power plants the IBA-method gives good estimations. Table 3.7 shows comparison
between friction factors calculated with the IBA-method and friction factors found
from measured head loss in six Norwegian tunnels. The results shown in Table
3.7 are comparable to the results for Káranjúkar HEP and Sultartangi HEP, shown
in Table 3.6. The comparison for Sisimiut HEP shows that the friction factor
calculated with the IBA-method is further away from the correct value. Most likely
part of the reason for this is that the results for Sisimiut HEP are more uncertain
then the other values.
Table 3.7: Comparison between friction factors in Norwegian tunnels (Rønn, 1997).
Power plant nr.
1
2
3
4
5
6
Percentage [%] 99.7 101.4 97.7 105.0 97.0 100.0
For Kárahnjúkar HEP and Sultartangi HEP the head loss calculated with the IBAmethod is lower than the design estimates even though the friction factor is higher for
the IBA-method than the design estimates. The reason for this is that the measured
diameter used in the IBA-method calculations is larger than the diameter used in the
design estimates. Larger diameter, and tunnel area, causes the velocity to decrease.
Both these factors cause the head loss to decrease, according to Equation (2.1). The
increase in head loss caused by an increased friction factor is not enough, in these
cases, to counteract the decrease in head loss caused by the larger diameter and
smaller velocity. For Sisimiut HEP on the other hand both the friction factor and
head loss calculated with the IBA-method is higher than the design estimates. In
this case the increase in the friction factor is large enough to counteract the decrease
in head loss caused by a larger diameter and smaller velocity. The increase in friction
factor from the design estimates to the IBA-method calculations, for Sisimiut HEP,
is also caused by the fact that ks was estimated as 0.2 - 0.3 mm in the design
calculations but ks calculated with the IBA - method is 0.4 mm. The difference
for Kárahnjúkar HEP and Sultartangi HEP is less (Kárahnjúkar Engineering Joint
Venture [KEJV]., 2009; Leifsson, 2007; Tómasson, 1998; Tómasson, n.d.).
Increasing the diameter used in the design estimates is likely to increase the reliability of the design estimates. Table 3.8 shows a comparison of the tunnel area used
in design calculations and measured area used in the IBA-method calculations. The
area is shown instead of the diameter because the tunnels have different forms.
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Design area
Measured area

Table 3.8: Design area and measured area
Káranjúkar
%
Sisimiut % Sultartangi
31.2
85.5-91.0
21.1
98.1
164.2
34.3-36.5
21.5
177.7-177.9

%
92.3-92.4
-

The Kárahnjúkar tunnel and the Sultartangi tunnel are both drilled through basalt
while the Sisimiut tunnel is drilled through granit. Table 3.8 shows that the difference between the measured area and the area used in the design estimates is
smallest for Sisimiut HEP. The different characteristic of basalt compared to granit
could possible be part of the reason for this.

3.4. Comparison of the methods
For TBM tunnels Heerman’s equation and four different methods suggested by Pegram and Pennington (1996) were used to convert the measured physical roughness
to hydraulic roughness, discussed in Section 2.1.2. For drill and blast tunnels the
IBA-method was used for this purpose, discussed in Section 2.1.3. There is a clear
difference between the methods used for TBM tunnels and drill and blast tunnels.
Only the wall roughness is taken into account for TBM bored tunnels but both wall
roughness and cross section roughness is calculated for drill and blast tunnels. This
can be understood based on the fact that the changes in cross section are much
larger and more frequent for drill and blast tunnels than for TBM tunnels.
Two of the methods suggested by Pegram and Pennington, hλ and 2hλ , also deviate
from the other two methods suggested by Pegram and Pennington, hσ and 2hσ ,
the IBA-method and Heerman’s equation. The difference is best described if the
roughness data is represented by the equivalent sinusoid. The two methods using hλ
and 2hλ describe the roughness height using mean range. With these methods the
roughness height is the average length from the minimum point of the equivalent
sinusoid to the maximum point. The IBA-method, Heerman’s equation and the two
methods using hσ and 2hσ use the standard deviation to describe the roughness
height. These methods use less than half of the length from the minimum point
of the equivalent sinusoid to the maximum point. They make up for this by using
constants and the IBA-method also adds together the wall roughness and cross
section roughness.
The methods suggested by Pegram and Pennington (1996) and Heerman’s equation
do not take the cross section roughness into account and should therefore not be
used for drill and blast tunnels. The IBA-method could possible be used for TBM
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tunnels. In this case the cross section roughness would not need to be measured
and the spacing between measurement points would have to be smaller, because the
scale of the roughness elements in TBM tunnels is smaller then in drill and blast
tunnels. Also, more accurate measurement equipment would have to be used for
TBM tunnels then is necessary for drill and blast tunnels.
All these methods describe the roughness as function of only the height of the
roughness elements and not the spacing between the elements. The methods therefore assume that wake interference flow is present in all tunnels were these methods
are used. Pennington (1998) indicates that not accounting for the effect that the
longitudinal spacing between roughness elements have on the eddy formations does
not cause significant inaccuracy in the results.
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4.1. TBM tunnels
This part of the study was based on a study by Hákonardóttir et al. (2011). They
performed laboratory experiments with six pipes to investigate the connection between measured physical roughness of tunnels and hydraulic roughness. In pipes 1
and 6 the roughness moved in and out of the average pipe surface, and method 3
was the best fit for the connection between measured physical roughness and hydraulic roughness. In pipes 2 - 5 groove roughness elements were the characteristic
roughness and methods 1 and 4 were the best fit. In this study, attempts were made
to decrease the depth of the grooves in pipes 2 - 5 to change the best fitting method
from methods 1 and 4 to method 3. The purpose of this was to investigate if the
same method could be used for tunnels characterized by grooves, and tunnels where
the roughness moves in and out of the surface. Further, to examine how much of
the groove depth should be used in calculations as the roughness height when using
method 3, to connect measured physical roughness to hydraulic roughness.
The grooves of pipes 2 - 5 were decreased by 10 - 36 % of the original depth,
depending on the pipe, to change the best fitting method for converting measured
physical roughness to hydraulic roughness from methods 1 and 4 to method 3.
Methods 1 and 4, which are the best fit for pipes 2 - 5 when the grooves are in their
original state, give a lower value of the friction factor than method 3, which is the
best fit for pipes 1 and 6. That is, method 3 overestimates the friction factor for
pipes 2 - 5 if the depth of the grooves is not decreased.
These results support the statement that groove roughness elements contribute less
to head loss than projection roughness elements. The whole groove roughness element does not contribute to eddy formation and the whole depth of the groove can
therefore not be used when connecting measured physical roughness to hydraulic
roughness, if the same method is to be used for tunnels with different characteristic
roughness. The last statement produces two possibilities for connecting measured
physical roughness to hydraulic roughness. The same method, method 3, can be
used for all tunnels, no matter the characteristic roughness of the tunnel, and the
groove roughness elements decreased before the calculations are performed. The
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other possibility is to use different methods depending on the characteristic roughness of the tunnel, methods 1 and 4 for tunnels with dominating groove roughness
elements and method 3 for roughness that moves in and out of the average pipe
surface. If the same method is to be used it would be convenient if the decreased
depth of the grooves could be predicted.
Attempts were made to connect the decreased depth of the grooves in pipes 2 - 5 to
other characteristics of the pipes, to look into if the decreased depth of the grooves
could be predicted from other factors. The only conclusion that can be drawn from
these investigations is that an increase in the friction factor back-calculated from
measured head loss causes an increase in the decreased depth. That is, the grooves of
the pipes were the friction factor back-calculated from measured head loss is larger
were not decreased as much, and therefore deeper then for pipes were the friction
factor is smaller. Most likely the original depth of the grooves, before any changes
were made to the depth, affects the decreased depth of the grooves in the same way
as the friction factor back-calculated from measured head loss. However, this could
not be confirmed because the original depth of grooves are of similar depths, within
the limit of uncertainty.
For these pipes it is not possible to predict the decreased depth of the grooves.
Further experiments are needed to determine if there is a connection between the
decreased depth and other characteristics of the pipes, and identify this connection.
However, this study has shown that it is possible to decrease groove roughness
elements in tunnels, and if this is done before calculating the friction factor and
head loss, the same method can be used for tunnels with different types of roughness
elements.

4.2. Reservoir water level
In this part of the study two hydroelectric power plants where discussed, Ilulissat
HEP and Sisimiut HEP. The joint objective for the two HEP was to be able to
calculate the reservoir water level. Knowing the reservoir water level is important
for the operation and running of all HEP.
For Ilulissat HEP a location was found for a pressure meter in the headrace tunnel.
The purpose of the pressure meter is to gather data and make future calculations of
the water level in the reservoir possible. The headrace tunnel at Ilulissat HEP starts
with a short tunnel which connects the reservoir to a rock chamber. Downstream
of the rock chamber is a 26 m long tunnel which ends with a gate. The most secure
location for the pressure meter is in this tunnel. The suggested location is 6 m
upstream of the gate and 20 m downstream of the entrance to the tunnel, from the
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rock chamber, see Figure 2.21. Attention should be paid to the fact that the flow
around the pressure meter will be in the vortex shedding zone, which could have
adverse effect on the pressure meter because of oscillating forces.
For Sisimiut HEP the reservoir water level was calculated with measured discharge,
measured pressure and calculated tunnel roughness, data concerning discharge and
pressure were already available. A pressure meter is located upstream of the turbines
and the discharge is measured through the turbines. To be able to calculate the
water level, the tunnel roughness had to be found. An equation was derived for
the head loss factor, ksisimuit , which is specific for the case of Sisimiut HEP, and
represents the roughness of the tunnel. The head loss factor, ksisimuit , is constant
for Reynolds numbers of the flow in the turbulent region. The head loss factor
was calculated using up-dated design calculation results and recalculated using a
friction factor calculated with the IBA-method. The up-dated design calculations
gave a value of 0.00958 s2 m−5 for ksisimuit . The reservoir water level was calculated
with two pressure and discharge data sets, from the month of October 2010 and
2011. The average head loss in the tunnel for the 2010 data set was 1.18 meters
while the average head loss was 1.35 meters for the 2011 data set. This suggests
that something has happened in the tunnel that causes the increased head loss. One
such possible cause could for example be rockfall.
Recalculating the head loss factor ksisimuit with results of the friction factor from
IBA-method calculations performed for Sisimiut HEP, results in a higher value of
ksisimuit . Consequently the reservoir water level increases and the head loss is greater.
The IBA-method calculations for Sisimiut HEP were performed in two sets, IBA1
and IBA2 . Of these two IBA2 is considered to give more reliable results. The head
loss factor ksisimuit found with IBA2 was calculated as 0.01075 s2 m−5. The head
loss for the 2010 date set was calculated as 1.32 m and 1.51 m for the 2011 data set.
The value for ksisimuit calculated with the IBA-method friction factor is considered
more reliable than ksisimuit calculated from up-dated design calculations. Knowing
the head loss factor, the reservoir water level can be calculated together with any
known pressure and discharge measurements.

4.3. Drill and blast tunnels
The objective for the drill and blast part was to compare friction factors and head
losses found from design estimates, calculated with the IBA-method and found with
measured head loss, for Káranjúkar HEP, Sisimiut HEP and Sultartangi HEP. Design estimates were available for all power plants but IBA-method calculations and
measured head loss only for Káranjúkar HEP and Sultartangi HEP. In this study
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IBA-method calculations were performed for Sisimiut HEP and measured head loss
estimated with calculations, with the purpose of obtaining a value to compare to
the results of the design estimations and the IBA-method.
Comparison between the friction factors and head losses calculated with the IBAmethod and the measured head losses and back-calculated friction factors, for three
power plants, led to the conclusion that the IBA-method is considered to give a
good and reliable estimate of the head loss and friction factor. For all power plants,
the diameter used in the design estimations is smaller then the diameter measured
for the IBA-method calculations. It is therefore suggested that the diameter used
in design calculations be slightly increased, and in that way increase the reliability
of the design estimates.

4.4. Future work
In the TBM bored tunnels part of this study pipes 2-5 all had similar depth of
grooves and nothing could be concluded about how the original depth of the grooves
affects the shortened depth of the grooves. However, it is considered likely that the
original depth of the grooves affects the shortened depth of the grooves. Repeating
the experiments and calculations described in Section 2.3.1 with pipes which have
a more varied depth could elucidate the relationship between the original depth of
the grooves and the shortened depth of the grooves.
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A. The R program
This program was originally written by Kristín Martha Hákonardóttir during work
on Hákonardóttir et. al. (2011). To be able to use it for calculations in this project,
the author was given permission to change and add to the software. Although the
entire code is shown here, it should be noted that some parts were not used during
this project.
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library(graphics)
################
#Set work directory:
################
#Using the laptop:
setwd("/Users/BunnyBonita/Desktop/Meistaraverkefni/R-folder/Input data")
#Using the K:/:
#setwd("K:/2001.03/14/hydraulic/Falltop/Roughness_Measurements/Laser_Surface
_Measurement/Data_analysis")
initial.dir<-getwd()
################
#Run script:
################
#source("081107read_data_test.R")
################
#File name:
###############
datafile<-"03_P1-4_short.txt"
outfile<-"03_P1-4_short_LOKA.out"
#pdffile<-"03_P1-1_short_TILRAUN.pdf"
################
#Read the data from the scanner into raw_data:
################
#Using the laptop:
#setwd("../Sections/HRT01")
raw_data<-read.table(datafile, header=TRUE)
setwd(initial.dir)
x_r<-raw_data[[1]]
z_r<-raw_data[[3]]
#Using the K:/:
#setwd("../Faro_Laser_Scanner/Measurements/Sections/HRT01")
#raw_data<-read.table(datafile, header=TRUE)
#setwd(initial.dir)
#x_r<-raw_data[[1]]
#z_r<-raw_data[[3]]
#A.Testing the code:
#setwd("../../TBM_Hydraulic_Tunnel_Inspections/Data_Scan/Test")
#raw_data<-read.table(datafile, header=TRUE)
#setwd(initial.dir)
#x_r<-raw_data[[1]]
#z_r<-raw_data[[3]]

#B.Testing the code:
#x_r<-seq(0,1000,0.25)
#z_r<200*sin(x_r*0.001*2*pi)+200*sin(x_r*0.01*2*pi)+200*sin(x_r*0.1*2*pi)+400
######################
#Ordering the data:
######################
sorted_data<-sortedXyData(x_r,z_r)
x_s<-sorted_data[[1]]
z_s<-sorted_data[[2]]-mean(sorted_data[[2]])
#####################
#Transforming the data onto a fixed grid, delta:
#####################
N<-2^(12)
delta<-((max(x_s)-min(x_s))/N)
approx_data<-approx(sorted_data,n=N, method="linear")
x_approx<-approx_data$x
z_approx<-approx_data$y-(mean(approx_data$y))
fre<-1/delta*(0:(N-1))/N
lambda<-1/fre
print("min(z_approx)")
print(min(z_approx))
print("min(z_s)")
print(min(z_s))
####################
#Cutting
####################
E<-end(z_s)
for (j in 1:E[1]) {
if (z_s[j] <= -0.26875) {z_s[j]= -0.26875} else{z_s[j] = z_s[j]}}
E<-end(z_approx)
for (j in 1:E[1]) {
if (z_approx[j] <= -0.26875) {z_approx[j]= -0.26875} else{z_approx[j] =
z_approx[j]}}

#print(mean(z_approx_move)-min(z_approx_move))
print("mean-min(z_approx)")
print(mean(z_approx)-min(z_approx))
print("mean-min(z_s)")
print(mean(z_s)-min(z_s))

####################
#Calculating h_sigma:
####################
#Var<-var(z_approx)
Var<-var(z_s)
phi_Nyquist<-1/2/delta
phi_lowest<-1/N/delta
h_sigma=2*sqrt(2*Var)
#########################
#Fourier transforming the data:
#########################
f<-fft(z_approx, inverse=FALSE)
#ft<-fft(z_approx, inverse=TRUE)/N
#Cxx<-Re(ft*f)
Cxx<-abs(f*Conj(f)/N)
###################
#Find centroidal frequency:
###################
M<-2/delta/N
phi_c<-sum(fre[1:(N/2)]*Cxx[1:(N/2)])/2*M/(sum(Cxx[1:(N/2)])*1/2*M)
#phi_c<-sum(((0:(N/2-1))*Cxx[1:(N/2)]))/4*M^(2)/(sum(Cxx[1:(N/2)])*1/2*M)
max_frebil<-as.integer(4*phi_c*N*delta)
####################
#Find mean range, h_lambda, for different wavelengths, lambda:
#####################
lambda_c<-1/phi_c
lambda_bil_c<-as.integer((lambda_c)/(delta))
r<-vector("integer", N-lambda_bil_c)
for (i in 1:(N-(lambda_bil_c))) {
r[i]<-(max(z_approx[i:(i+lambda_bil_c)]))(min(z_approx[i:(i+lambda_bil_c)]))
}
h_lambda_c<-sum(r)/(N-(lambda_bil_c))
print("h_lambda_c")
print(h_lambda_c)
print("h_sigma")
print(h_sigma)
#Defining j_max>=6:
j_max<-0
for (j in 6:8) {
if (lambda_bil_c*(j^(3/2)-6^(3/2)+2) <N) {
j_max<-j}
}

#Calculating h_lambda:
lambda_bil<-vector("integer",j_max)
h_lambda<-vector("integer",j_max)
for (j in 1:5) {
lambda_bil[j]<-as.integer(lambda_bil_c/(5-j+1))
r_lambda<-vector("integer", N-lambda_bil[j])
for (i in 1:(N-lambda_bil[j])) {
r_lambda[i]<-(max(z_approx[i:(i+lambda_bil[j])]))(min(z_approx[i:(i+lambda_bil[j])]))
}
h_lambda[j]<-sum(r_lambda)/(N-(lambda_bil[j]))
}
for (j in 6:(j_max)) {
lambda_bil[j]<-as.integer(lambda_bil_c*(j^(3/2)-6^(3/2)+2))
r_lambda<-vector("integer", N-lambda_bil[j])
for (i in 1:(N-lambda_bil[j])) {
r_lambda[i]<-(max(z_approx[i:(i+lambda_bil[j])]))(min(z_approx[i:(i+lambda_bil[j])]))
}
h_lambda[j]<-sum(r_lambda)/(N-(lambda_bil[j]))
}
#####################
#Plotting
#####################
par(ask=TRUE)
par(mfcol=c(3,1))
par(mai=c(1,1,0.2,1))
sd1_x<-vector("integer",2)
sd1_z<-vector("integer",2)
sd3_z<-vector("integer",2)
sd1_x[1]<-0
sd1_x[2]<-max(x_s)
sd1_z[1]<-mean(z_s)-1/2*h_lambda_c
sd1_z[2]<-mean(z_s)-1/2*h_lambda_c
sd3_z[1]<-mean(z_s)-1/2*h_sigma
sd3_z[2]<-mean(z_s)-1/2*h_sigma
sd2_x<-vector("integer",2)
sd2_z<-vector("integer",2)
sd4_z<-vector("integer",2)
sd2_x[1]<-0
sd2_x[2]<-max(x_s)
sd2_z[1]<-mean(z_s)+1/2*h_lambda_c

sd2_z[2]<-mean(z_s)+1/2*h_lambda_c
sd4_z[1]<-mean(z_s)+1/2*h_sigma
sd4_z[2]<-mean(z_s)+1/2*h_sigma
par(mfg=c(1,1,3,1))
plot(x_s,z_s, main=datafile, xlab="Length [mm]", ylab="Depth [mm]",type="l")
points(x_approx,z_approx)
par(lty=3)
#lines(sd1_x,sd1_z)
#lines(sd2_x,sd2_z)
#par(lty=1)
#lines(sd1_x,sd3_z)
#lines(sd2_x,sd4_z)
#par(lty=1)
#######
#Identify points on the graph by leftclicking the mouse over
#the selected point: To identify outliers:
#par(mfcol=c(1,1))
#plot(x_r,z_r, main="Raw data", xlab="Length [mm]", ylab="Depth
[mm]",type="l")
#plot(x_s,z_s, main="Sorted data", xlab="Length [mm]", ylab="Depth
[mm]",type="l")
#points(x_r,z_r)
#points(x_s,z_s)
#identify(x_r,z_r)
#identify(x_s,z_s)
########
par(mfg=c(2,1,3,1))
plot(fre[1:(max_frebil)], (Cxx[1:(max_frebil)]), main="Power spectrum",
xlab="frequency [mm-1]", ylab="Cxx", type="l")
arrows(phi_c,0,phi_c,max(Cxx)/2, length = 0.1, angle = 30, code = 1)
text(fre[(max_frebil-1)],max(Cxx)/1.15, "Power spectrum --", pos=2)
text(phi_c,max(Cxx)/1.4, "Centroidal frequency", pos=1)
par(mfg=c(3,1,3,1))
plot(lambda_bil*delta,h_lambda, main="Mean range height / Power spectrum",
xlab="Wave length [mm]", ylab="h_lambda [mm]", type="b",
ylim=c(0,max(h_lambda)))
lines(1/fre[2:(N/2-1)], ((Cxx[2:(N/2-1)])/(max(Cxx))*max(h_lambda)))
text(max(lambda_bil)*delta,max(h_lambda)/1.5, "Power spectrum --", pos=2)
text(max(lambda_bil)*delta,max(h_lambda)/1.5-2, "Mean range height -°-",
pos=2)
text(lambda_c,h_lambda_c-5, "Centroid", pos=1)
arrows(lambda_c,h_lambda_c,lambda_c,h_lambda_c-5, length = 0.1, angle = 30,
code = 1)

#par(mfg=c(3,1,3,1))
#plot(1/fre[1:(max_frebil)], (Cxx[1:(max_frebil)]), xlab="", ylab="",
type="l", yaxes=FALSE)
#axis(4)
#par(ask=FALSE)
#dev.copy2eps("var.eps", width=8, height=11)
dev.copy2pdf(file="03_P1-4_short_LOKA.pdf", width=8, height=11)
#shoot the graphics device down:
#dev.off()
####################
#Calculating the Nikuradse radius, k, using 5 methods: A, B, C, D and E:
####################
kB<-h_sigma
kC<-2*h_sigma
kD<-h_lambda_c
kE<-2*h_lambda_c
###################
#Calculating the energy loss
###################
print("CORRECT THE TUNNEL DIAMETER, d -IN mm")
d<-69.2
r<-d/2/1000
A<-r^2*pi
g<-9.82
print("CORRECT THE kinematic viscosity, ny depending on temperature")
ny<-1.7622e-06
print("CORRECT THE DISCHARGE, q -IN m3 S-1")
Q<-0.0063
v<-Q/A
Re<-v*2*r/ny
fA<-(1/(4.285*log10(d/(1000*(sqrt(Var)/1000)^1.66))-8.798))^2
fB<-(1/(4*log10(d/kB)+2.28))^2
fC<-(1/(4*log10(d/kC)+2.28))^2
fD<-(1/(4*log10(d/kD)+2.28))^2
fE<-(1/(4*log10(d/kE)+2.28))^2
fA4<-4*fA
fB4<-4*fB

fC4<-4*fC
fD4<-4*fD
fE4<-4*fE
#n0 calculated from Boreo and Doandes empirical polynomial:
Std<-sqrt(Var)
n0<-NA
if (Std < 1.5){
if (Std > 0.5){
n0<-(-7.062*Std^4+25.721*Std^3-32.132*Std^2+16.861*Std-2.054)/100}}
nA<-(d/4000)^(1/6)*sqrt(fA/(2*g))
nB<-(d/4000)^(1/6)*sqrt(fB/(2*g))
nC<-(d/4000)^(1/6)*sqrt(fC/(2*g))
nD<-(d/4000)^(1/6)*sqrt(fD/(2*g))
nE<-(d/4000)^(1/6)*sqrt(fE/(2*g))
###################
#Writing to the console
###################
print("%%%%%%%%%%%%")
print("Section:")
print(outfile)
print(date())
print("%%%%%%%%%%%%")
print("Number of datapoints")
print(length(x_r))
print("Spacing between datapoints, delta [mm]=")
print(delta)
print("N=")
print(N)
print("Reynolds tala=")
print(Re)
print("--------------")
print("Nyquist frequency [mm-1]=")
print(phi_Nyquist)
print("Lowest frequency [mm-1]=")
print(phi_lowest)
print("Centroidal frequency [mm-1]=")
print(phi_c)
print("--------------")
print("Signal variance [mm]=")
print(Var)
print("h_sigma [mm]=2*sqrt(2*Var)")
print(h_sigma)
print("--------------")
print("Centroidal wavelength: lambda_c [mm]")
print(lambda_c)

print("h_lambda_c [mm]=")
print(h_lambda_c)
print("--------------")
print("A: Darcy-Weisbach friction factor, f=")
print(fA)
print("B: Darcy-Weisbach friction factor, f=")
print(fB)
print("C: Darcy-Weisbach friction factor, f=")
print(fC)
print("D: Darcy-Weisbach friction factor, f=")
print(fD)
print("E: Darcy-Weisbach friction factor, f=")
print(fE)
print("A: Darcy-Weisbach friction factor CORRECTED,
print(fA4)
print("B: Darcy-Weisbach friction factor CORRECTED,
print(fB4)
print("C: Darcy-Weisbach friction factor CORRECTED,
print(fC4)
print("D: Darcy-Weisbach friction factor CORRECTED,
print(fD4)
print("E: Darcy-Weisbach friction factor CORRECTED,
print(fE4)
print("--------------")
print("B: Roughness, k=h_sigma [mm]=")
print(kB)
print("C: Roughness, k=2h_sigma [mm]=")
print(kC)
print("D: Roughness, k=h_lambda_c [mm]=")
print(kD)
print("E: Roughness, k=2h_lambda_c [mm]=")
print(kE)
print("--------------")
print("0: Manning number, n")
print(n0)
print("B: Manning number, n")
print(nB)
print("C: Manning number, n")
print(nC)
print("D: Manning number, n")
print(nD)
print("E: Manning number, n")
print(nE)
print("--------------")
print("0: 1/Manning number, M")
print(round(1/n0))
print("A: 1/Manning number, M")
print(round(1/nA))

f=")
f=")
f=")
f=")
f=")

print("B: 1/Manning
print(round(1/nB))
print("C: 1/Manning
print(round(1/nC))
print("D: 1/Manning
print(round(1/nD))
print("E: 1/Manning
print(round(1/nE))

number, M")
number, M")
number, M")
number, M")

#####################
#Writing results into the outfile:
#####################
sink(outfile)
print("%%%%%%%%%%%%")
print("Section:")
print(outfile)
print(date())
print("%%%%%%%%%%%%")
print("Number of datapoints")
print(length(x_r))
print("Spacing of datapoints, delta [mm]=")
print(delta)
print("N=")
print(N)
print("Reynolds tala=")
print(Re)
print("--------------")
print("Nyquist frequency [mm-1]=")
print(phi_Nyquist)
print("Lowest frequency [mm-1]=")
print(phi_lowest)
print("Centroidal frequency [mm-1]=")
print(phi_c)
print("--------------")
print("Signal variance [mm]=")
print(Var)
print("h_sigma [mm]=2*sqrt(2*Var)")
print(h_sigma)
print("--------------")
print("Centroidal wavelength: lambda_c [mm]")
print(lambda_c)
print("h_lambda_c [mm]=")
print(h_lambda_c)
print("--------------")
print("A: Darcy-Weisbach friction factor, f=")
print(fA)
print("B: Darcy-Weisbach friction factor, f=")
print(fB)

print("C: Darcy-Weisbach friction factor, f=")
print(fC)
print("D: Darcy-Weisbach friction factor, f=")
print(fD)
print("E: Darcy-Weisbach friction factor, f=")
print(fE)
print("--------------")
print("min(z_approx) before cut")
print(min(z_approx))
print("min(z_s) before cut")
print(min(z_s))
print("mean-min(z_approx)")
print(mean(z_approx)-min(z_approx))
print("mean-min(z_s_move)")
print(mean(z_s)-min(z_s))
print("h_lambda_c")
print(h_lambda_c)
print("h_sigma")
print(h_sigma)
print("--------------")
print("A: Darcy-Weisbach friction factor CORRECTED,
print(fA4)
print("B: Darcy-Weisbach friction factor CORRECTED,
print(fB4)
print("C: Darcy-Weisbach friction factor CORRECTED,
print(fC4)
print("D: Darcy-Weisbach friction factor CORRECTED,
print(fD4)
print("E: Darcy-Weisbach friction factor CORRECTED,
print(fE4)
print("--------------")
print("B: Roughness, k=h_sigma [mm]=")
print(kB)
print("C: Roughness, k=2h_sigma [mm]=")
print(kC)
print("D: Roughness, k=h_lambda_c [mm]=")
print(kD)
print("E: Roughness, k=2h_lambda_c [mm]=")
print(kE)
print("--------------")
print("0: Manning number, n")
print(n0)
print("A: Manning number, n")
print(nA)
print("B: Manning number, n")
print(nB)
print("C: Manning number, n")
print(nC)

f=")
f=")
f=")
f=")
f=")

print("D: Manning number, n")
print(nD)
print("E: Manning number, n")
print(nE)
print("--------------")
print("0: 1/Manning number, M")
print(round(1/n0))
print("A: 1/Manning number, M")
print(round(1/nA))
print("B: 1/Manning number, M")
print(round(1/nB))
print("C: 1/Manning number, M")
print(round(1/nC))
print("D: 1/Manning number, M")
print(round(1/nD))
print("E: 1/Manning number, M")
print(round(1/nE))
sink()
graphics.off()
#################
#The end
###################
print("tara")

