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SUMMARY OF CONTENTS

The construction of new hydropower plants and the refurbishment of old plants 
are forcing the market to develop turbines with higher efficiency. Site efficiency 
tests are a common practice to verify the improvements, e.g. for guarantee reasons 
etc. A key feature of many methods regarding efficiency tests is flow rate 
measurements and there are several methods that are commonly used for this task 
such as current meter, Gibson’s method and ultrasonic. These methods can give 
trustworthy results but common to most of them is the difficulty to obtain a 
satisfactory accuracy for low head machines. Gibson’s method, also known as the 
pressure time technique, is a rather economical method and is easily installed at 
site. However, it has some limitations which make it difficult to apply on low 
head turbines due to short water passages. 

The main scope of this licentiate thesis is to extend Gibson’s method for use 
outside these limitations, i.e. outside the criteria stated in IEC 411. This is made 
with both numerical simulations and laboratory experiments. In the simulations 
the effect of the connecting tubing (the tubing that connects the differential 
pressure sensor to the conduit) is investigated with a one-dimensional finite 
volume method. The experiments are performed at NTNU2 and focused on 
determining the uncertainty when measuring outside the limitations. Both the 
numerical and experimental results show that the effect of the connecting tubing is 
small and that it is possible to achieve a satisfactory accuracy outside the criteria 
stated in the IEC 41 standard for a simple geometry: straight pipe. 

The second part of this thesis is aimed at determining how anisotropically 
textured surfaces can be used for flow control and how it can be implemented in 
hydropower applications. Considerable work has over the years been aimed at 
decreasing energy losses in various flow systems and with the increasing demand 
for efficient energy systems it can be expected that flow losses will be of 
continued concern. Whereas pressure (form) drag is essentially reduced by proper 
streamlining or flow guidance, frictional drag can be reduced both by affecting the 
fluid and the surface texture. Polymer additives in liquids can reduce skin friction 
considerably, a method effectively used in oil pipe lines, but also longitudinal 
grooves (riblets) can reduce friction with some percents. Both methods have been 
developed over the eons in Nature (fish mucus and shark skin). The shark skin is 

1IEC., 1991, International Standard – Field acceptance tests to determine the hydraulic 
performance of hydraulic turbines, storage pumps and pump-turbines, volume 41, third edition, 
pp. 146-160, Geneva, Switzerland. 

2Norwegian University of Science and Technology in Trondheim, Norway. 



of particular interest here since it exhibits both a riblet structure and a streamwise 
asymmetry which leads to higher upstream friction. This increased friction could 
affect the flow and prohibit the occurrence of separation. For this purpose, wind 
tunnel experiments have been carried out on a shark skin (spiny dogfish, Squalus
acanthias) mounted on the suction side on a NACA0012 airfoil. Besides the shark 
skin an artificially manufactured surface consisting of overlaying metal sheets is 
also investigated. The measurements are made at a Reynolds number of 190000 
where lift and drag of a smooth wing are compared to the airfoils with modified 
surface. The artificial surface gave separation at a slightly higher angle of attack 
compared to the other surfaces which indicates that the metal sheets may work as 
“movable flaps”. This shows the possibility by surface modifications of guide 
vanes, stay vanes etc. to decrease flow losses and flow disturbances in turbines 
and in other hydropower applications. 
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PAPER ABSTRACTS

Paper A 

Numerical Investigation of the Gibson’s Method – Effects of Connecting Tubing. 

In order to calculate the efficiency of a hydro power plant some quantities needs 
to be measured. One of them is the flow rate, which can be difficult to measure 
with good accuracy. There are several methods for that task. Gibson’s method is 
one of them and has the advantage to be economical and easily installed at the 
site. In order to achieve accurate results with this method, some criterions must be 
fulfilled. Two of these criterions are the measuring length must be larger than 10 
m and the mean initial velocity times the measuring length should be larger than 
50 m2/s. These criterions are rarely fulfilled in low head hydro power plants. This 
paper presents a numerical analysis of the effects of the connecting tubing 
between the pressure taps at the conduit and the differential pressure sensor. A 
one dimensional code programmed in Matlab is used for the numerical 
simulations where the governing equations, continuity and equation of motion, are 
discretizised with a second order Godunov-type scheme. The simulations are 
made for different initial flow rates and different valve closures. The result shows 
that the tubing has an overall small influence on the calculated flow rate error. A 
positive bias error appears in all tested cases and has a maximum (1.2 to 1.3% 
depending on the test case) at the smallest Reynolds number. 

Paper B

Experimental Investigation of the Gibson’s Method outside Standards. 

Gibson’s method, also known as pressure time method, is used to measure the 
discharge in hydropower plants. It is an accurate and economical method which is 
suitable for site efficiency tests. However, it has some limitations. The present 
paper presents an experimental survey of Gibson’s method used outside these 
limitations, i.e. with a measuring length and an initial flow velocity that are below 
the criterions stated by the IEC 41.

In the experiments pressure is measured with two types of sensors; absolute 
pressure sensors and differential pressure sensors, to see the influence of the 
connecting tubing. The measurements are compared to an accurate reference flow 



meter and also to calculations from 1-D water hammer simulations. The results 
show, for both types of sensors, a positive bias error of the discharge which 
increases with decreasing initial velocity. The uncertainty for most of the 
measurements lies within ±1.5% at a 95% confidence level. The absolute sensors 
give a slightly larger random error than the differential. The numerical result 
shows a similar pattern as the experiments but with a smaller magnitude of the 
error.

Paper C 

Anisotropic Friction used for Flow Control. 

The present work is aimed at determining how anisotropically textured surfaces 
affect friction drag and separation and suggests how they can be used in hydro 
power applications. For this purpose, wind tunnel experiments were first carried 
out on a shark skin (spiny dogfish, Squalus acanthias) mounted on a NACA0012 
airfoil. The measurements are made at a Reynolds number of 190000 where lift 
and drag are compared to that of a smooth wing, with shark skin mounted either at 
the leading edge of the wing or on the whole suction side. The results show no 
difference in lift with the shark skin compared to the smooth wing. The drag is 
also essentially equal which indicates that the shark skin has no measurable 
friction reduction properties and can not be treated just like a rough surface. An 
artificially manufactured surface with anisotropic structure has also been 
investigated. This consisted of overlaying metal sheets joined together by laser 
soldering. This configuration gave flow separation at a slightly larger angle of 
attack compared to the other surfaces investigated. 



Paper A 

NUMERICAL INVESTIGATION OF THE GIBSON’S
METHOD – EFFECTS OF CONNECTING TUBING
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ABSTRACT 
In order to calculate the efficiency of a hydro 

power plant some quantities needs to be measured. 
One of them is the flow rate, which can be difficult 
to measure with good accuracy. There are several 
methods for that task. Gibson’s method is one of 
them and has the advantage to be economical and 
easily installed at the site. 
 In order to achieve accurate results with this method, 
some criterions must be fulfilled. Two of these criteri-
ons are the measuring length must be larger than 10 m 
and the mean initial velocity times the measuring 
length should be larger than 50 m2/s. These criterions 
are rarely fulfilled in low head hydro power plants. 
 This paper presents a numerical analysis of the 
effects of the connecting tubing between the pressure 
taps at the conduit and the differential pressure sen-
sor. A one dimensional code programmed in Matlab 
is used for the numerical simulations where the gov-
erning equations, continuity and equation of motion, 
are discretizised with a second order Godunov-type 
scheme. The simulations are made for different 
initial flow rates and different valve closures. 
 The result shows that the tubing has an overall 
small influence on the calculated flow rate error. 
A positive bias error appears in all tested cases and 
has a maximum (1.2 to 1.3 % depending on the test 
case) at the smallest Reynolds number.  

INTRODUCTION
Most of the hydropower plants in Sweden were 

built before the 70’ies and many of them are in need 
of renovation. In this processes many improvements 
of the plants are made. In order to verify those im-

provements the efficiency needs to be measured. To 
achieve a reliable value of the efficiency the flow 
rate must be measured with good accuracy. This can 
be a rather difficult task and there are a couple of 
different methods that can give a trustworthy result. 
The most common methods for site efficiency tests 
are thermodynamic, ultrasonic, current meter and 
Gibson’s method. The Gibson’s method, also known 
as the pressure-time method, has the advantages to 
be easily installed at the site and is economical. It is 
derived from Newton’s law and uses the relation 
between the decelerated flow and the pressure that 
forms when the guide vanes are closed rapidly. The
flow rate is calculated with the following relation: 

t

qdtp
L

AQ
0

.  (1) 

The disadvantage of the method is that some crite-
rions have to be fulfilled in order to achieve an accu-
rate result, see IEC 41 [1]. A major criterion is the 
length between the pressure measuring sections (L), 
which should be at least 10 m. Furthermore, the mean 
velocity times the distance between the pressure meas-
uring sections (UL) should be larger than 50 m2/s. 
These criterions are rarely fulfilled in Swedish hydro 
power stations, due to low head machines. It is shown 
by Almquist et al. [2] and Lövgren et al. [3] that the 
error of the discharge can be as large as 20 % when 
measured outside these criterions, see Fig. 1. 

The error is increasing as both the measuring 
length and the discharge is decreasing. This discrep-
ancy has not yet been explained. Some of the factors 
that may cause this are the pressure sensors, the 
system that connects the pressure conduit to the 
measuring device or/and the evaluation method. 

mailto:jonsson@ltu.se
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Figure 1. Flow rate error for Gibson’s measure-
ments from Lövgren et al. [3]. 

 The way to model the pressure loss in the pipe 
during the closing sequence may not be valid for a 
small L and U. The pressure sensors and acquisition 
system may also be affected by some phenomenon 
that appears when measuring at a low L and U, i.e. 
the equipment may not be suitable at this condition 
due to response time etc. When the flow rate in a 
pipe system is reduced, by a valve or similar device, 
a pressure wave occurs and will travel up and down 
in the pipe until it has been damped out. The pres-
sure wave will also have the same behavior in the 
system that connects the pipe to the measuring sys-
tem, which can cause unreliable measurements. 
 This paper presents a numerical analysis which 
evaluates the effects of the connecting tubing between 
the taps on the conduit and the pressure gauge. To 
understand the behavior, numerical simulations of 
the water hammer are made at different Reynolds 
numbers and with different pipe configurations, i.e. 
various lengths between the pressure taps. Simula-
tions with and without the tubing are compared with 
experimental results from Lövgren et al. [3]. 

NUMERICAL METHOD 
Theory 

A water hammer occurs in a system where the 
flow is decreasing or increasing rapidly. In this kind 
of transients the fluid is treated as compressible and 
due to its elasticity a pressure wave propagates trough 
the system at the speed of sound. The wave travels 
up and down in the pipe until it has been damped 
out due to friction. Momentum and continuity are 
the governing equations in water hammer applica-
tions. In a piping system where the flow expects to 
only have an axial direction, such as in the experi-
ment of Lövgren et al. [3], it can be treated as one 
dimensional. These equations can be expressed in 
one dimensional form as follows (for detailed deri-
vation see Wylie and Streeter [4]): 

0
2

1
d
ufu

x
p

x
uu

t
u ,  (2) 

02

x
ua

x
pu

t
p .  (3) 

The propagation speed of the wave is governed by 
the characteristics of the fluid, the pipe dimensions and 
material properties. It is given by the following equation: 

EedK
Ka

1
12 .  (4) 

The friction factor f is delicate to model. It has 
received much attention and still a lot of research is 
going on. Ghidaoui et al. [5] presents a review of 
water hammer theory which includes different ways 
to treat the friction. Bergant et al. [6] showed that 
Brunone’s model agree well with experiments.  
In this paper Brunone’s model with the Vitkovsky 
formulation is used, 

x
uusigna

t
u

uu
kdff q )( .  (5) 

Numerical scheme 
These equations are difficult to solve analytically. 

There are a couple of different numerical methods to 
solve such system of equations. In this study a scheme 
called MUSCL-Hancock is used. It is of a second 
order Godunov-type and is based on the finite volume 
method (FV). Equation (2) and (3) are made non-
dimensional and discretized, see appendix. The bound-
ary condition used for the inlet is constant pressure. 
For the outlet, at the valve, both a closing function 
derived from experiments made by Lövgren et al. [3] 
and a linear closure which can be seen in Fig. 2 are 
used as boundary condition. The time scale is arbi-
trary on the figure for comparison. In the following, 
they referrers as closure 1 and closure 2. 

Figure 2. Valve closure functions, the solid line  
represent an experimental derived function and 

 the dashed line a linear closure. 
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Scheme order and mesh effect 
When using FV it is important that the Courant 

number Cr does not exceed 1, i.e. the pressure wave 
should not travel more than 1 cell for each time step. 
Furthermore it should be close to 1 to prevent numeri-
cal dissipation. The exact solution is reproduced when 
it is equal to 1. But since the wave speed differs in a 
system with various pipe sizes and materials, it is 
impossible to hold it equal to one. The numerical 
dissipation is minimized by using a higher order 
scheme. Figure 3 shows an example of the difference 
in numerical dissipation between first and second 
order Godunov-type schemes. The test is made for 
Cr = 0.5 in a pipe without any physical friction and 
with an instantaneous valve closure. The figure shows 
how the pressure trace for Cr = 0.5 is dissipated 
compared to the exact solution (Cr = 1.0). 

Figure 3. Pressure traces at the valve (outlet).  
Number of cells is 40. The exact solutions 

 is represented for Cr = 1.0. The 1st and 2nd

order simulations are made for Cr = 0.5. 

It is commonly known that a smaller grid size gives 
a more accurate result but with the cost of more nu-
merical operations which results in a high requirement 
on computer performance. Different sizes of the grid 
are compared to achieve a mesh independent solution 
that needs minimum computer performance. 

Code validation with experiments  
and simulations

The numerical code is tested with a rapid closure, 
0.009 seconds, to validate it with experiments and 
simulations from Bergant et al. [6]. The comparison 
is made with the same grid size and pipe properties. 
The results show good agreement for the pressure 
trace at both the valve and at the midsection of the 
pipe. Figure 4 shows pressure trace at the midsection 
of the pipe. For comparison see Bergant et al. [6]. 

Figure 4. Pressure head at midsection of the pipe 
following Bergant et al. [6]. 

RESULTS
The numerical results are compared to laboratory 

experiments made by Lövgren et al. [3]. The experi-
ments show an increasing error on the flow rate for 
both a decreasing U and L. The simulations are made 
with the same pipe configurations as in the experiments. 
The pressure conduit is 10.63 meter long and is made 
of a 2 inch (51 mm) copper pipe with a wall thickness 
of 1.5 mm. The connecting tubing is made of 4 mm 
nylon (Polyamide) tube with a wall thickness of 1 mm. 
The tubing on each side of the differential pressure 
gauge has a length of half the measuring length plus 
0.1 m. Simulations for five different initial mean ve-
locities U0 = 1.1, 1.9, 3, 3.8 and 5 m/s (which corre-
sponds to Reynolds number from 55 000 to 250 000) 
are made. Both the valve closure 1 and 2 are tested, 
cf. Fig. 2. 

Tube effect and influence on Gibson’s method 
– closure 1 

Lövgren et al. [3] showed that closure 1 had the 
best agreement with experiments at an initial mean 
velocity of 1.1 m/s. A comparison between an ex-
perimental and a numerical (with the tubing) derived 
differential pressure wave is shown in Fig. 5. The pres-
sure amplitude and the period, except for a few periods 
after the peak, have good agreement. But the damp-
ing is higher in the experiments. A closer view just 
after the peak is shown in Fig. 6. There are notches in 
almost every wave peak. This is caused by interfer-
ence between the waves in the pipe and in the tubing. 
It appears in both the experiments and the numerical 
simulation. Except for the inequality of the frequency 
just after the peak and the difference in the damping, 
a similar behavior can be seen. 

From the simulated differential pressure the flow 
rate is calculated with Gibson’s method and com-
pared to the actual flow rate. 
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Figure 5. Comparison between experimental  
(Lövgren et al [3]) and numerical differential 
 pressure waves. U0 = 1.1 m/s and L = 5.5 m. 

Figure 6. Closer view of Fig. 5 just after  
the pressure peak. 

When the pressure is obtained from the pipe with-
out the tubing, there is a positive bias error for all 
tested Reynolds number, see Fig. 7. One can notice a 
small error increase for an increased measuring length. 
The error decreases as the Reynolds number is in-
creases. The minimum error is achieved at the shortest 
measuring distance and at the highest Reynolds num-
ber. Since the valve closing time has an uncertainly 
of ±0.18 s in the experiments, the valve closing time 
dependency is tested at three different times in that 
interval. The flow error has a similar behavior in all 
three cases. 

Figure 8 shows the flow rate error from the pres-
sure obtained with the tubing. One can see that the 
positive bias error, that is increasing as the measuring 
length is increasing, also appears in this case. The error 
is decreasing as the Reynolds number is increasing but 
it seems to converge for higher Reynolds number. 
Except at L = 3.5 m where the error instead has a 
larger spreading. 

Figure 7: Calculated flow error for different lengths 
and Reynolds numbers. The pressure is obtained 

directly at the pipe wall without tubing. 

Figure 8. Calculated flow error for different lengths and 
Reynolds number. The pressure is obtained with tubing. 

Tube effect and influence on Gibson’s method 
– closure 2 

The closing function used in the above comparison 
has a large gradient and most of the flow is reduced in 
a short time, this gives quite large pressures. A linear 
reduction, see closure 2 in Fig. 2, of the flow is now 
tested (closing time of 3 seconds) to see the influence 
of valve closure on the flow rate error. This kind of 
closure is more similar to a quick stop in a real hydro 
power plant. In Fig. 9, it can be seen that a positive bias 
error also appears with this closure without tubing. 
The major difference is that it has an overall larger 
error than closure 1 but with the advantage of almost 
having a measuring length independent result. It can be 
noticed that the error is slightly decreasing as the meas-
uring length and the Reynolds number are increasing. 
 When calculating the flow rate for the differential 
pressure obtained with the tubing the result shows 
similar behavior, cf. Fig 10, but with a fluctuating value 
of the error at different L for higher Reynolds number. 
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Figure 9: Calculated flow error for different lengths and 
Reynolds numbers for a linear closure. The pressure 
is obtained directly at the pipe wall without tubing. 

Figure 10: Calculated flow error for different 
lengths and Reynolds numbers for a linear closure. 

The pressure is obtained with tubing. 

CONCLUSIONS
The experimental and numerical work made by 

Almquist et al. [2] and Lövgren et al. [3] states that 
the error for the discharge measured with Gibson’s 
method for small U and L can be as high as 20 %. This 
numerical analysis shows that the flow rate can be 
measured with errors below 1.5 % for all tested cases. 
The results show that the tubing has just a small influ-
ence on the error. It only makes some small fluctua-
tions at various measuring lengths. This is probably 
caused by the integration limits which are difficult 
to determine due to the notches in the pressure peaks. 
 Closure 1 shows good agreement for the differ-
ential pressure at a low initial velocity and a small L. 
The losses caused by the taps between pipe/tubing are 
neglected and can be an explanation of the difference 
in frequency and damping. 
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NOMENCLATURE
A pipe cross-section area [m2]
A coefficient matrix 
Cr = a t/ x Courant number [-] 
E Young’s modulus [Pa] 
F flux terms 
K bulk modulus of the fluid [Pa] 
L measuring length [m] 
L0 pipe length [m] 
Q discharge [m3/s] 
Re = U0d/  Reynolds number [-] 
U0 mean initial velocity [m/s] 
a speed of the pressure wave [m/s] 
d pipe diameter [m] 
e pipe-wall thickness [m] 
f friction factor [-] 
fq quasi steady friction factor [-] 
i index for x 
n index for t 
p pressure [Pa] 
q leakage flow  [m3/s] 
S source terms 
t time [s] 
u mean velocity [m/s] 
x axial coordinate [m] 

 fluid density [kg/m3]
 kinematic viscosity [m2/s] 
p differential pressure [Pa] 
t time step [s] 
x cell size [m] 
 friction losses [Pa] 

* denotes a normalized variable 

APPENDIX
Momentum and continuity are the main equations 

in water hammer analysis and can be expressed in one 
dimensional form, see Eq. (2) and (3). By introducing 
the following dimensionless variables, 

0U
uu   (6a) 

aU
pp

0

  (6b) 

0L
tat   (6c) 

0L
xx ,  (6d) 

Equation (2) and (3) can be rewritten in non-
dimensional form as follows: 
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Since a >> u* in water hammer applications, the 
convective term in Eq. (7) and (8) can be neglected. 
By using conservation laws, Eq. (7) and (8) can be 
written in conservative form (see Toro [7]), 
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Integrating Eq. (9) with respect to x* from cell 
interface i-1/2 to i+1/2 gives 
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Let Ui = average value of U in the interval [i-1/2, 
i+1/2], Eq. (10) becomes: 
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Riemann problem 
The flux 2/1iF  in Eq. (11) is obtained by solving 

the following Riemann problem; 
0)( ** xt UFU   (12) 

and
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An approximation of UL and UR is obtained by 
the following steps (Toro [7]). 
First step: Data reconstruction. 
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where i is a slope limiter, see Zhao and Ghidaoui [8]. 
Second step: Evolution. 
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Let
R
iL UU and

L
iR 1UU , the ordinary Riemann 

problem with Rankine-Hugoniot condition gives the 
following solution for all internal nodes, see Zhao 
and Ghidaoui [8]: 
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where subscripts L and R denotes the value to the 
left and right of cell interface i+1/2 respectively. 
The boundary at the inlet is 
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and at the outlet 
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Time integration
The time step is obtained with a second order 

Runge-Kutta solution from Zhao and Ghidaoui [8]. 
First update without the source term, i.e. integration 
from t* = n to t* = n+1: 
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Update with the source term by t*/2:
111

2
n
i

n
i

n
i

t USUU .  (21) 

Re-update with the source term by t*/2: 
111

n
i

n
i

n
i t USUU .  (22) 
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ABSTRACT
Gibson’s method, also known as pressure time method, is used to measure the discharge in 
hydropower plants. It is an accurate and economical method which is suitable for site 
efficiency tests. However, it has some limitations. The present paper presents an experimental 
survey of Gibson’s method used outside these limitations, i.e. with a measuring length and an 
initial flow velocity that are below the criterions stated by the IEC 41. 

In the experiments pressure is measured with two types of sensors; absolute pressure 
sensors and differential pressure sensors, to see the influence of the connecting tubing. The 
measurements are compared to an accurate reference flow meter and also to calculations from 
1-D water hammer simulations. The results show, for both types of sensors, a positive bias 
error of the discharge which increases with decreasing initial velocity. The uncertainty for 
most of the measurements lies within ±1.5% at a 95% confidence level. The absolute sensors 
give a slightly larger random error than the differential. The numerical result shows a similar 
pattern as the experiments but with a smaller magnitude of the error. 

KEY WORDS: Gibson’s method, pressure time, flow measurements, discharge, hydropower, 
efficiency.
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INTRODUCTION
Hydropower has been in use for more than 100 years. It is an environmentally friendly energy 
resource and has a high efficiency. There are many new hydro power projects in progress as 
well as many old hydro power plants are being refurbished. In either case there is an interest, 
for both the plant owner and the contractor, to verify the turbine efficiency. There are a couple 
of commonly used methods for this task, e.g. thermo-dynamic, current meter, Gibson’s and 
ultra sonic. A common issue for most of the methods is to achieve satisfactory accuracy for 
low head turbines due to the short and inhomogeneous water passages. 

Gibson’s method, also known as pressure time method, is an indirect method that 
measures the discharge through the turbine. The method is derived from Newton’s second 
law, and uses the pressure force that occurs in the penstock during a rapid deceleration of 
water flow. To achieve this it is common to perform a rapid closure of the guide vanes. The 
flow rate is calculated with following relation: 

t

qdtP
L

AQ
0

)( ,                    (1) 

where Q is the discharge, A the cross section area, L the length between the measuring 
sections,  the water density, P the differential pressure rise during the guide vanes closure, 
 the pressure loss due to friction and q the leakage flow after the closure. The recovery line, 

i.e. remaining pressure loss during the closure, is assumed to be quadratic. The Gibson’s 
method has the advantage to be rather economical and easily installed at the site. The 
drawback of this method is that a couple of criterions have to be fulfilled in order to provide 
accurate results. A major criterion is that the length (L) for which pressure is measured over 
should be at least 10 m. Furthermore, the mean velocity times the measuring length (UL) 
should be larger than 50 m2/s, see IEC 41 [1]. 

Former research such as Lévesque and Néron [2] and Dahlhaug et al. [3] shows that it is 
possible to achieve good accuracy, with Gibson’s method when measuring on low head 
turbines within the uncertainty limit stated in IEC 41 [1]. 

Laboratory experiments performed by Lövgren et al. [4] shows that this method can 
generate large bias errors when measuring outside the IEC 41 [1] standard, i.e. UL below 50 
m2/s and L below 10 m. The flow rate error was found to be as high as 15 – 20% for UL<10 
m2/s. The test rig used for those experiments was a pipe with a diameter of 0.05 m and the 
maximum Reynolds number was 1.9x105. Numerical simulations by Jonsson et al. [5] showed 
that it is possible to obtain results with error below 1.5% for systems with L<10 m and UL<50 
m2/s. It was also shown that the connecting tubing between the pipe and the sensors only have 
a small effect on the error and could therefore be neglected. The discrepancy between the 
numerical and experimental results was not clear due to uncertainty concerning the 
experiments. In order to validate the simulations and further investigate the method outside 
the standard, more accurate experiments are needed. 

The scope of the present paper is, with accurate experiments, to investigate the Gibson’s 
method with L<10 m and UL<50 m2/s and to validate the numerical result obtained in 
Jonsson et al. [5]. Present paper also investigates the effect of connecting tubing by 
comparing results obtained from both absolute pressure sensors and differential pressure 
sensors. The laboratory experiments were carried out at the Waterpower Laboratory at NTNU 
in Trondheim, Norway. 
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METHODOLOGY
Experimental setup 
A test rig was constructed to examine the uncertainty of the Gibson’s method outside the IEC 
41 standard, i.e. with L<10 m and UL<50 m2/s. A schematic of the rig is presented in figure 1.

Head tank 

Sliding valve 

Scale 

Downstream throttle 

Reference flowmeter 
Pressure taps 

Overshot from 
head tank

OutletBypass valve 

Figure 1: Schematic of the experimental rig. Four pressure taps are mounted around the circumference 
every 90° of the pipe at each cross section. Each section is positioned with 1 m spacing and the first 
one is located 3.7 m upstream the valve. 

The rig is an open system, gravity driven with a constant head of 9.75 m and a maximum 
discharge of 0.408 m3/s. The measuring section is 26.67 m and consists of a stainless steel 
pipe with a diameter of 0.3 m. The bend before the pipe is equipped with guide vanes to 
minimize flow disturbances, principally secondary flow. 

The closure is made by a sliding valve driven by a hydraulic piston. The hydraulic 
pressure for the piston can be set manually for each measuring case and is constant during the 
closure. The valve closure time is for these measurements about 4 to 5 s and is repeatable 
within ± 0.23 s, at 95% confidence level. The characteristics of the valve closure is presented 
in figure 2 for the three discharges initially used. 
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Figure 2: Normalized valve characteristics for each initial discharge. The data is obtained from steady 
measurements.  
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Four pressure taps are mounted with 90° interval around the circumference of the pipe at 
each cross section. The first section is located 3.7 m upstream the valve and the 10 remaining 
sections with 1 m interval. The initial discharge is adjusted with a throttle located downstream 
the valve. It can reduce the discharge down to about 170 l/s without causing any major 
disturbances and fluctuations in the flow. The reference flow was measured with a magnetic 
flowmeter, IFS 4000 from Krohne which has an accuracy of ±0.3 %. The flowmeter was 
calibrated by the Waterpower Laboratory’s weighing-time system which has an accuracy of 
±0.051%.

The differential pressures were measured with FP2000/FDW sensors from Honeyvell. 
They have an accuracy of ±0.25%, a measuring range of ±0.5 bar and can handle an 
overpressure up to 3 times the range. A sensor was mounted for each position around the 
circumference of the pipe, i.e. four sensors were used for each measurement. The sensors 
were connected to the pipe with plastic tubing (8 mm outer diameter, 6 mm inner diameter) 
with equal length of 5 m on both sides. The length of the tubing was equal for all 
measurements. 

The absolute pressures were measured with PTX 1830 sensors from Druck. They have an 
accuracy of ±0.1 %, a measuring range of 0 – 5 bar and can handle an over pressure of 5 times 
the range. One sensor was used at each cross section. The sensors were connected to 
manifolds which collected the pressures from the cross section with four 0.7 m long plastic 
tubes.

A data acquisition system from National Instruments was used in the experiments. It 
consists of a 16 bit acquisition card (NI-6221) connected to a PCI chassis capable of logging 
both voltage and current inputs. A sampling frequency of 2 kHz without filtering was used. 
All data was analyzed with Matlab from Mathworks. 

Measurements
The measurements were made for three different measuring lengths, L=3, 6 and 9 m. The 
flow rate used was Q=0.408, 0.314 and 0.169 m3/s, which correspond to Reynolds number of 
about 7.2x105, 1.3x106 and 1.7x106, respectively. This makes it possible to vary UL from 
about 7 to just above 50 m2/s. Every case was repeated three times at two different hydraulic 
pressures for the valve closure, i.e. 6 repetitions for each discharge/length. 

Numerical method 
Numerical simulations are made for the same flow rates as the experiments. The method used 
is a 1-dimensional finite volume scheme called MUSCL-Hancock, see Toro [6]. It is a 
Godunov type scheme and is of second order. The Brunone’s model with Vitkovsky 
formulation is used for the friction, see Bergant et al. [7]. The effects of the connecting tubing 
are neglected in the simulations. For further details of the method, see Jonsson et al. [5]. 

The water passage from the valve to the upper reservoir in the experimental rig consists 
of different pipe dimensions and a couple of bends. The numerical model is simplified with a 
straight stainless steel pipe with a diameter of 0.3 m and a length of 40 m. The valve 
characteristics obtained from steady measurements, figure 2, are used as boundary condition. 

The discharge is calculated according to the procedure stated in IEC 41 [1], similarly to 
the experiments. The remaining friction losses are assumed to be quadratic. The calculated 
discharge is compared with the reference flow rate with: 

refref QQQe /)( ,                      (2) 

where e is the discharge error and Qref is the reference flow rate. 
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RESULTS
Valve closure 
The effect of the valve closure time was first investigated. It was performed at full discharge, 
Qref=0.408 m3/s with a measuring length of 6 m. The tested closure times were between 4 and 
6.5 s. A closure time below 4 s was not adequate due to the high pressure peaks appearing, 
which may exceed the pressure sensor range. In figure 3 the error is presented. It is randomly 
distributed and lies for all measurements within ±1%. 
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Figure 3: Discharge error for different closure times, L=6 m and Q=0.408 m3/s.

Figure 4 shows the differential pressure for both the absolute (difference between 2 
sensors) and the differential (average of 4 sensors) sensors. To reduce noise and make the 
curves clearer they are smoothed with a 5 points moving average. The curves show good 
agreement during closure. The major difference is the pressure peaks after closure; they are 
much higher for the differential sensors. Interference between pressure waves in the pipe and 
tubing could be one of the reasons of the high peaks for the differential sensors. The small 
fluctuations that occur for the absolute sensor are instead damped out due to the long tubing. 
The phase shift between both curves is explained by the different tubing, which is longer for 
the differential sensors and delay the time for the pressure wave to reach the sensors. 
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Figure 4: (a) Pressure trace during and after the valve closure for L=9 m and Q=0.408 m3/s with 
differential and absolute pressure sensors and (b) a closer view of the five peaks after closure.
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Influence of UL 
In order to achieve good accuracy, the IEC 41 [1] standard states that the measuring length 
times the initial velocity should not be below 50 m2/s. Figure 5 shows the discharge error for 
UL below this limit. The measuring lengths are L=3, 6 and 9 m and the initial velocities are 
U=2.4, 4.4 and 5.8 m/s. The result shows a positive bias, increasing as UL decreases. The 
behavior is similar to earlier work but with a much lower magnitude of the error compared to 
Lövgren et al. [4]. The error increases for both the absolute and the differential sensors as UL 
decreases. The maximum error is around 2.5% and 1.3%, respectively. One explanation of the 
larger error for the absolute sensors, at UL between 7 and 12 m2/s, is the difficulty to find the 
end point in the integration due to the small fluctuations, see figure 4(b), which become 
relatively large at small UL. 

0 10 20 30 40 50
−3

−2

−1

0

1

2

3

4

D
is

ch
ar

ge
 e

rr
or

 [%
]

UL [m2/s]
(a) Absolute sensors. 

0 10 20 30 40 50
−3

−2

−1

0

1

2

3

4

D
is

ch
ar

ge
 e

rr
or

 [%
]

UL [m2/s]
(b) Differential sensors. 

Figure 5: Discharge error for different UL. 

The uncertainty of the discharge 
The errors on the flow rate obtained numerically and experimentally are presented in figures 6 
to 8, the corresponding length over which the pressure is measured is L=9, 6 and 3 m, 
respectively. The uncertainties for the measurements are calculated at the 95% confidence 
level, i.e. 1.96 standard deviations, and relative to the reference flow rate, see equation 2. The 
bars represent the uncertainty and the circles the mean. The errors calculated from the 
simulations are almost zero with U0 greater than 4 m/s for all lengths. At U0 2.4 m/s, the error 
is approximately 0.4%. The measurements also show a positive systematic error which 
increases with decreasing U0.

In figure 6 for L=9 m, the mean error agree well between the absolute and the differential 
sensors. The highest U0 gives an error almost equal to the numerical value. The error is 
slightly higher for lower U0. The random error is rather small and lies within ±0.5%. The 
maximum uncertainty is ±1 % and occurs for the lowest U0.

When decreasing the measuring length down to 6 m, figure 7, the mean error for the 
differential sensors is the same as with L=9 m. The error becomes slightly larger for the 
absolute sensors. The random error has increased. However, the uncertainty is anyway within 
±1.3 %. 
The measurements made with L=3 m shows a discrepancy between both types of sensors; see 
figure 8. The differential sensors still have a similar error, while the absolute sensor has an 
error larger than 1 %. Moreover, the random error has increased for both sensors and is 
around ±1 %. The large increase in mean and random error for the absolute sensors can be 
explained by the difficulty to find the end point in the integration due to the small 
fluctuations, see figure 4(b), that become large relative to the small differential pressure. The 
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differential pressure increases linearly with L, so other sources of error gets relatively large as 
the measuring length is shortened. For L=3 m, there was also a larger discrepancy in the 
stationary pressure loss between the different positions around the circumference, but the 
mean of all sensors showed good agreement with theory, see table 1. This could be due to 
asymmetry in the flow profile caused by the downstream bend or by a badly drilled pressure 
tap. However, the uncertainty is within ±2 % for the differential and ±3 % for the absolute 
sensors.

Table 1: Stationary pressure loss for Q=0.408 m3/s. Positions 1 to 4 correspond to pressure from each 
differential sensor around the circumference. The theoretical values are calculated for a smooth pipe. 

Length [m] 3 6 9
Position 1 [Pa] 2230 5470 5150
Position 2 [Pa] 2370 3740 6360
Position 3 [Pa] 240 3220 5300
Position 4 [Pa] 2000 4110 5640
Mean [Pa] 1710 4140 5610
Theoretical [Pa] 1780 3570 5350
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Figure 6: Discharge error for 3 different initial velocities at a measuring length of 9 m. The bars 
represent the uncertainty at the 95 % confidence level. 
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Figure 7: Discharge error for 3 different initial velocities at a measuring length of 6 m. The bars 
represent the uncertainty at the 95 % confidence level.
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Figure 8: Discharge error for three different initial velocities at a measuring length of 3 m. The bars 
represent the uncertainty at the 95% confidence level. 

CONCLUSIONS 
The IEC 41 [1] standard states that an uncertainty of 1.5 % to 2 % can be expected when 
L>10 m and UL>50 m2/s. Present laboratory experiment for L<10 m and UL<50 m2/s show 
that similar accuracy can be achieved both with differential and absolute pressure sensors. 

The random error in the measurements is found to increase as the measuring length 
decreases. An explanation for both absolute and differential sensor may be that the error gets 
relatively larger, as the measured differential pressure decreases as the length decreases. 
Furthermore, the end point for the integration is more difficult to find precisely, especially for 
the absolute pressure sensors. 

Both types of sensors show comparable results with the sole difference for the 
measurements at L=3 m. At this length the absolute sensors give a larger error than the 
differential sensors. But it is not straight forward to find the end point for the integration for 
the absolute sensors. The reason for this can be that the fluctuations in the following pressure 
peaks are relatively large. 

The simulations and the measurements show similar behavior, with an increasing 
systematic error with a decreasing U0, but with a difference in magnitude. This systematic 
error may occur due to how the remaining pressure loss is treated during the closure, and may 
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be compensated for by empirically determining the exponential factor in the pressure loss 
expression. Both types of sensors give, for all measurements at the highest initial velocity, a 
mean error close to zero, which is according to the simulated value. 
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ABSTRACT 
The present work is aimed at determining how anisotropically textured surfaces affect friction 
drag and separation and suggests how they can be used in hydro power applications. For this 
purpose, wind tunnel experiments were first carried out on a shark skin (spiny dogfish, 
Squalus acanthias) mounted on a NACA0012 airfoil. The measurements are made at a 
Reynolds number of 190000 where lift and drag are compared to that of a smooth wing, with 
shark skin mounted either at the leading edge of the wing or on the whole suction side. The 
results show no difference in lift with the shark skin compared to the smooth wing. The drag 
is also essentially equal which indicates that the shark skin has no measurable friction 
reduction properties and can not be treated just like a rough surface. An artificially 
manufactured surface with anisotropic structure has also been investigated. This consisted of 
overlaying metal sheets joined together by laser soldering. This configuration gave flow 
separation at a slightly larger angle of attack compared to the other surfaces investigated. 

KEY WORDS: Wings, shark skin, hydropower, wind tunnel, NACA0012, guide vanes, 
separation.
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INTRODUCTION
Numerous research efforts over the years have been focused on decreasing energy losses in 
various flow systems. The losses of a certain flow are normally divided into two parts; 
pressure (form) drag and frictional drag. For a streamlined body, such as an airplane, the 
frictional drag can constitute up to 50% of the total drag; Thibert et al. [1] and Sellin and 
Moses [2]. 

Several methods exist to decrease frictional drag. Oil industry uses polymer additives in 
pipe line transport, and drag reducing mucus (polysaccharides) can also be found on the skin 
of marine animals, especially many species of fish. Another way of decreasing the frictional 
drag is to use modified surface structures. Longitudinal grooves (riblets) are known from 
experiments to be able to decrease drag on the order of a few percent; Bechert et al. [3]. 
Again, real life examples exist in the marine ecology; sharks have complicated surface 
structures consisting of many aligned scales. A microscope image of the surface of a Spiny 
Dogfish is shown in figure 1(b). As seen, each scale has a similar geometry. This geometry 
varies between the different species of shark but the inter keel distance follows consistently a 
wall scaling; Reif [4]. 

Whether the surface structure of the shark is able to decrease friction drag has been the 
target of a number of experiments, of which the most recent and thorough by Bechert et al.
[5] uses a shark skin model set up in an oil-tunnel. The angle of attack of the scales is 
adjustable but drag decrease is only obtained as the scales are aligned with the boundary 
surface, which means that the model recreates the geometry of riblets instead of a typical 
shark skin. Bechert et al. [5] propose that the scales might rather serve as vortex generators, 
and as such help avoiding separation at the skin surface. They also introduced the idea that the 
reverse flow of separation might experience a large drag increase, which would then inhibit 
separation.

The fact that the shark skin reduces the drag by just a few percent raises the question 
whether it has evolved not primarily to reduce drag in forward swimming but to increase it in 
the reverse flow direction. The anisotropic friction properties of a shark skin against solid 
materials are easily testified by rubbing the skin with a finger. In fact, shark skin is frequently 
used as sand paper in some Asian countries. It may be suspected that this property could be 
beneficial in the propulsion phase of the fish movement as it would offer better ‘grip’ to the 
flow. Also, anisotropic friction should be of use in areas of the shark skin where separation of 
the flow may occur. Technically, this would be useful e.g. to improve the performance of a 
lifting surface such as an airfoil. Generally, lift increases with the angle of attack but at a 
certain angle the wing rapidly loses lift, and drag is increased. The effect is due to flow 
separation and the present work aims at investigating whether a surface with anisotropic 
friction can delay separation. This was tested in a wind tunnel where the suction side on an 
airfoil was modified. The modifications were a shark skin (Spiny Dogfish, Squalus acanthias)
and a fabricated surface with anisotropic friction. 
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        (a)                (b) 
Figure 1: The skin of a Spiny Dogfish seen with (a) a standard compact camera and (b) through a microscope at 
40 times magnification. 

METHODOLOGY
To test the idea that shark skin may delay separation, shark skin was tested on a NACA0012 
airfoil. The NACA0012 airfoil is a symmetric wing where the thickest part is 12% of the cord 
length. The cord length (c) is 150 mm and the span 200 mm. The wing was tested in a TQ 
Education and Training Ltd wind tunnel model AFA100, with a contraction ratio of 9:1. The 
test section has a cross section area of 305 × 305 mm and a length of 600 mm. At the inlet a 
honey comb of 27000 straws and three different metal nets help to structure the flow into the 
test section. The maximum speed is 36 m/s. The wind tunnel has an open circulation system 
and to get stable conditions in the measuring section the wind tunnel was placed in a large 
corridor during measurements.  

Both lift and drag measurements were conducted on a smooth reference wing and a wing 
with modified surface. The modifications were: shark skin (Spiny Dogfish, Squalus
acanthias) and an artificial surface with anisotropic friction. The different surface 
modifications were applied on the suction side of the airfoil, where separation occurs. A 
picture of the shark skin is shown in figure 1(a) and a microscope image of the skin at 40 
times magnification is shown in figure 1(b). The shark skin was prepared by tanning and 
softening. To apply the skin to the airfoil double plaster tape was used. As all modifications to 
the airfoil surface would lead to a small change in the shape of the wing, a second wing was 
produced with a cavity for the modification on the upper part. The first modification tested 
was a shark skin covering 0.08c-0.95c of the upper surface of the wing. The second 
modification was shark skin covering the leading edge of the wing, 0.08c-0.15c. The third 
modification was the artificially made surface consisting of 0.03 mm thick metal sheets 
overlapping each other creating a smooth surface with the flow and a rough surface in the 
other direction. The artificial surface covered 0.05c-0.66c of the upper part of the wing; see 
figure 2. 

Figure 2: Side view of the NACA0012 airfoil with the artificially modified surface. 
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Figure 3: Three part wing. The measuring wing is covered with shark skin. The side wings (black) prevent end 
effects and wall boundary layers to interfere with the force measurements. 

Measurements of lift and drag on wings should ideally be made with infinite span in 
order to neglect end effects. This is not possible in a real scenario where the wing must be of a 
finite length. To minimize the end effects, splitter plates or endplates are often used. 
Unfortunately, the boundary layer developing on the end plates affects the lift and drag 
measurements; Pelletier and Mueller [6]. To avoid end effects on the measurements, a three-
part wing was used. This consists of a measuring wing with small wings placed between the 
measuring wing and the wall of the test section; see figure 3. The measuring wing is placed in 
the middle of the test section and is via a rod at the quarter cord length connected to the force 
measurement. The small side wings have the same shape as the measuring wing and are 
positioned at the same angle of attack. The gap between the measuring wing or test section 
wall and the side wing is at most 1 mm. 

The velocity in the wind tunnel was measured with a pitot-static tube, with the tip of the 
tube 99 mm in front of the leading edge of the airfoil and in the middle of the test section 90 
mm above the bottom of the test section floor. The differential pressure in the pitot-static tube 
was measured using Druck LPM9381 differential pressure sensor, with a measuring range of 
0 to 1000 Pa. During lift and drag measurements on the airfoil the pitot-static tube was 
removed. The velocity should be chosen so the length between the shark scale riblets 
expressed in wall coordinates was s+ = 16, where

2
fCsUs .                       (1) 

Here, s is the spacing between the riblets, U is the free stream velocity,  is the kinematic 
viscosity and Cf = 0.074Re-1/5 is the skin friction coefficient; Raschi and Musick [7]. Raschi 
and Musick [7] show that when sharks swim at burst speed (hunting speed) the distance 
between the riblets is s+  16. Bechert et al. [3] showed that this is an optimum distance 
between the riblets on the shark scale to attain the lowest drag. On the Spiny Dogfish the 
mean distance between riblets is 250 m and when the medium is air this gives an optimum 
velocity of 17 m/s. Unfortunately the wind tunnel and the airfoil undergo self-oscillation at 
this velocity. To avoid these disturbances the velocity is therefore increased to around 19 m/s, 
which corresponds to a Reynolds number of 190000, based on the cord length. The increased 
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velocity gives an increased riblet spacing, expressed in wall coordinates, of s+ = 18. However, 
this should not affect the result since s+ still lies in the drag reduction region; Bechert et al.
[3].
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Figure 4: Lift and drag coefficient as function of angle of attack on a NACA0012 airfoil. CL=L/(1/2 U2A) and 
CD=D/(1/2 U2A).

The free stream velocity is required when calculating the lift and drag coefficients. 
However, the velocity measured close to the airfoil is affected by the airfoil. In the present 
work the method from Giguère and Selig [8] was used to correct the measured velocity. The 
method is iterative and uses the circulation to calculate the free stream velocity from the 
measured velocity. The lift and drag on the wings were measured at angles of attack between 
0° and 14°. The measurements were conducted in random order to prevent any systematic 
error. Both pressure and force were measured during 20 s at each angle, with a sampling 
frequency of 200 Hz. During each test the temperature varied at most ± 0.2°C and the air 
pressure with ± 50 Pa. The air density was calculated in all measurements with respect to the 
temperature and air pressure and used to calculate the velocity from the pitot-static tube. 

RESULTS AND DISCUSSION 
The results from the lift and drag measurements on the NACA0012 airfoil are shown in figure 
4. The results show that the reference, the shark skin on the leading edge and the large shark 
skin surface experience the same lift coefficient and all lose lift at about 11°. The airfoil with 
the artificial surface does not lose lift until 12°. The increase in drag occurs also at a greater 
angle (at about 12°) than the rest of the airfoils. 

The delay in stall shows that the leading edge separation occurs at higher angle of attack 
and may be a result of the anisotropic friction of the artificial surface. The metal sheets may 
operate as “movable flaps” which pops up with greater angles of attack and prevents the 
separation to travel forward along the wing; Thibert et al. [10]. This can also be seen in 
Nature on a bird’s wing. The feathers on the trailing edge surface of the wing are popping up 
during landing and prevent separation in the same way as movable flaps.  

The lift and drag curves are individually presented in figure 5; the bars represent one 
standard deviation. The curves of the reference airfoil and both with the shark skin have a 
similar shape, with small variations in the lift and drag at small angles of attack and larger 
variations after the airfoil stalls. The airfoil with the artificial surface has the same behaviour 
but with smaller magnitude of the variations. However, the (electronic) damping in the system 
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may have changed during reassembling of the wind tunnel setup so the relevant comparison 
of variations should only be done for each setup individually. 
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(a) Reference airfoil 
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(c) Airfoil with shark skin 0.08c-0.15c 
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(b) Airfoil with shark skin 0.08c-0.95c 
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(d) Airfoil with artificial surface 0.05c-0.66

Figure 5: Lift and drag on a NACA0012 airfoil with bars representing ± one standard deviation. 

FINAL CONSIDERATIONS 
Shark skin modifications have been tested on a NACA0012 airfoil. The results show that the 
shark skin does not have any significant effect on the lift, i.e. both the leading edge and 
trailing edge separation appear to be unchanged compared to the smooth surface. The drag is 
likewise also unchanged indicating no increased frictional force so even though the skin has 
an apparently rough surface it may be considered as hydrodynamically smooth. The artificial 
surface delays the stall angle with about one degree. This behavior may be an effect of the 
metal sheets operating as movable flaps. A more detailed quantification of the effects is 
difficult in the present work and further investigations (involving e.g. flow visualizations) 
needs to be made in order to determine the exact origin of this behavior. 

Manipulation of the boundary layer either by anisotropic surface textured, or by other 
means, may find direct application within hydropower engineering. The separation regions at 
off design are prime candidates, pertinent to guide vanes, runner cone and draft tube, and the 
reduction of which would give efficiency increase or structural benefits. E.g., the idea of self-
activated movable flaps (Thibert et al. [10]) could be applied on guide vanes when operated at 
high angle of attack to decrease losses and minimize the flow disturbances to the runner. 
Attention should however be made to the large Reynolds number and fluctuations on 
prototypes, which certainly signify the presence of turbulent boundary layers and smaller 
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scales. Therefore, results found at a laboratory scale should carefully be scaled-up before 
implementation. Furthermore, the manipulation of the boundary layer on a bluff body may 
induce a new trailing edge vortex dynamics, which may have harmful structural implication 
by the excitation of natural structure frequencies. 
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