
 
 
 

University of Bergen 
Department of Physics and Technology 

 
 
 

 
 
 

Master degree thesis in  
measurement science and instrumentation 

 
 

Instrumentation of swim tunnels and  
conductivity measurement of fish 

 
 
 
 

By 
 

Endre Grimsbø 
 
 
 



   
 

MSc thesis Endre Grimsbø 2 

I. Foreword 
 
This thesis is the final work for fulfillment of the Master of Science degree at the 
Department of Physic and Technology, University of Bergen,. The master degree project 
presented in this thesis is collaboration between Christian Michelsen Research AS, 
Department of Biology and Department of Physics and Technology, University of Bergen. 
The work has been performed from September 2005 – February 2007. 

The master project includes two main parts: instrumentation of swim tunnels and 
measurement of electrical conductivity in fish. The instrumentation includes two swim 
tunnels located at the Department of Biology. A new instrumentation concept for swim 
tunnels was developed based on embedded real time controllers. The instrumentation 
concept allows the user to remotely control the swim tunnels through Internet. Dedicated 
software applications have been developed in LabVIEW as a part of the control system. 
Initial work on a tracing control application using image analysis is also included in the 
thesis. A sensor for electrical conductivity measurements on live fish is developed in the 
project, and several different measurement setups have been tested. Unfortunately the 
conductivity measurement results contain noise and are therefore not useful. 

 

Acknowledgements 
I would like to thank my supervisor associate professor Bjørn Tore Hjertaker and co-
supervisor professor Ole Brix for guiding me through the project. I would also like to thank 
Camilla Gjerstad, Solveig Thorkilsen, Anders By, and Frank Midtøy for assistance at the 
work at the laboratory.     

 
.     

 

 



   
 

MSc thesis Endre Grimsbø 3 

II. Contents 
 
I. Foreword ......................................................................................................................... 2 
II. Contents........................................................................................................................... 3 
III. List of figures .............................................................................................................. 5 
IV. List of tables ................................................................................................................ 9 
V. Vocabulary .................................................................................................................... 10 
1 Introduction ................................................................................................................... 11 

1.1 Conductivity measurements .................................................................................. 11 
1.1.1 Relation between multiphase hydrocarbon flow and measurement of 
electrical conductivity in fish ........................................................................................ 13 
1.1.2 The Fish Flow Meter ..................................................................................... 14 
1.1.3 Method for measurement of electrical conductivity in fish developed by 
CMR 15 
1.1.4 Conductivity in living fish............................................................................. 19 

1.2 Swim tunnel as respirometer ................................................................................. 20 
1.2.1 Closed system respirometer........................................................................... 21 
1.2.2 The open respirometer................................................................................... 22 
1.2.3 Stop-flow respirometer.................................................................................. 23 

1.3 Principle of instrumentation .................................................................................. 24 
1.3.1 Compact FieldPoint ....................................................................................... 25 
1.3.2 Compact Vision and IEEE 1394 FireWire cameras ...................................... 25 
1.3.3 Tracing control and image analyses .............................................................. 25 

2 Fish as measurement object........................................................................................... 27 
2.1 Physical measurements at living fish. ................................................................... 30 

2.1.1 Measurements of length, width, height, weight and volume......................... 30 
2.1.2 Blood samples ............................................................................................... 33 

3 Instrumentation and control system of swim tunnel ..................................................... 35 
3.1 Swim tunnels ......................................................................................................... 35 
3.2 Flow regime........................................................................................................... 38 
3.3 Oxygen and temperature meters and sensors ........................................................ 42 
3.4 Control system....................................................................................................... 44 

3.4.1 Control system Swim tunnel 32 .................................................................... 45 
3.4.2 Control system swim tunnel 90 ..................................................................... 47 

3.5 Video and monitoring equipment.......................................................................... 49 
3.5.1 Compact Vision controllers........................................................................... 49 
3.5.2 IEEE 1394 FireWire cameras........................................................................ 50 
3.5.3 Optical filters ................................................................................................. 50 

3.6 Electrical installation ............................................................................................. 51 
3.7 Data acquisition and control software ................................................................... 52 

3.7.1 Video software applications .......................................................................... 53 
3.7.2 Control software applications........................................................................ 58 

3.8 Equipment used for electrical conductivity measurements ................................... 71 
3.8.1 Phantoms ....................................................................................................... 72 
3.8.2 Wiring, electrodes and saline water............................................................... 72 
3.8.3 Reduced salinity ............................................................................................ 75 

4 Experimental results ...................................................................................................... 77 
4.1 Conductivity measurements .................................................................................. 77 

4.1.1 Reduced salinity and blood samples ............................................................. 81 



   
 

MSc thesis Endre Grimsbø 4 

4.2 Image analysis ....................................................................................................... 82 
4.2.1 Seen from above............................................................................................ 82 
4.2.2 Unfiltered side view ...................................................................................... 83 
4.2.3 Side view filtered with red filters .................................................................. 86 
4.2.4 Side view filtered whit blue filter.................................................................. 89 

5 Discussion and conclusions........................................................................................... 92 
5.1 Instrumentation...................................................................................................... 92 
5.2 Electrical conductivity measurements................................................................... 92 

5.2.1 Fencing effect ................................................................................................ 94 
5.2.2 The noise problem ......................................................................................... 94 
5.2.3 Contribution to the electrical conductivity measurement.............................. 95 

5.3 Tracing system and image analysis ....................................................................... 96 
5.4 Conclusion............................................................................................................. 96 

6 Future work ................................................................................................................... 97 
6.1 Reducing the noise ................................................................................................ 97 

6.1.1 Building a synchronous measurement system............................................... 97 
6.2 Software................................................................................................................. 97 
6.3 Multiplexed measurement and tracking system .................................................... 98 

7 References ..................................................................................................................... 99 
8 Appendix ..................................................................................................................... 100 
 



   
 

MSc thesis Endre Grimsbø 5 

III. List of figures 
Figure 1.1 Cross section of pipeline filled with two component flow consisting of oil and 

saline water. .................................................................................................................. 12 
Figure 1.2 Flow of water with gas bubbles in a pipeline ...................................................... 13 
Figure 1.3 Cross sectional area of a pipeline with a fish...................................................... 14 
Figure 1.4  CMR’s Fish Flow Meter (with courtesy of Dr. Andrew Baker, CMR) ............... 14 
Figure 1.5 CMR’s Fish Flow Meter in use at a fishing boat (with courtesy of Dr. Andrew 

Baker, CMR).................................................................................................................. 15 
Figure 1.6 Experimental design for determining conductivity of fish at CMR.( modified whit 

courtesy of Dr.Andrew Baker, CMR) ............................................................................ 16 
Figure 1.7 The fish area fraction is given by dividing the gap between the electrodes and 

volume, h1 –h0, in sensor region occupied by the fish.( whit courtesy of Dr..Andrew 
Baker, CMR).................................................................................................................. 18 

Figure 1.8 Principle of the conductivity measurement .......................................................... 19 
Figure 1.9 Time versus PO2 pressure in closed system respirometer. (Whit courtesy of Prof. 

Brix) ............................................................................................................................... 21 
Figure 1.10 The different types of metabolism in relation to environmental oxygen  partial 

pressure. (Whit courtesy of Prof. Brix) ......................................................................... 22 
Figure 1.11 The open respirometer(Whit courtesy of Prof. Brix) ......................................... 22 
Figure 1.12 Stop-flow respiriometer ..................................................................................... 23 
Figure 1.13 Oxygen partial pressure when running the respiromerer. ................................ 23 
Figure 1.14 Instrumentation concept of the Swim tunnels. ................................................... 24 
Figure 1.15 The fundamental steps of image analyses (Gonzales and Woods, 1992). ......... 25 
Figure 1.16 Analyses of 8 bit grayscale example pictures, T represent a threshold value 

(Stien, 2006) .................................................................................................................. 26 
Figure 1.17 A picture where the fish area is clearly defended. ............................................. 26 
Figure 2.1 Picture from conductivity measurement at CMR. (whit courtesy of Prof. Ole 

Brix) ............................................................................................................................... 27 
Figure 2.2 Fish is placed on a plastic box, middle of picture, in the MR-scanner. .............. 28 
Figure 2.3 MR-scanned image of herring. (whit courtesy of Prof. Brix and Dr.Güner)...... 28 
Figure 2.4  Response of MR-scan, y-axis represent the amount of response from H-atoms 

and x-axis represents response from different tissue. (whit courtesy of Dr.Güner) ..... 29 
Figure 2.5 MR-scan of mackerel, red color is fat distribution. (whit courtesy of Prof.Ole 

Brix and Dr.Güner) ...................................................................................................... 29 
Figure 2.6 Measurements fish length. ................................................................................... 30 
Figure 2.7 The two different length measurements  used...................................................... 31 
Figure 2.8 Measurements height........................................................................................... 31 
Figure 2.9 Height and width are measured at the fishes maximum dims i.e. maximum height.

....................................................................................................................................... 32 
Figure 2.10 Volume measurements using Archimedes’s principle........................................ 33 
Figure 2.11 Picture at left shows an unused and used i-STAT test cartridge EC8+. Right 

picture show cartridge inserted in the i-STAT instrument. ........................................... 34 
Figure 3.1 Basic configuration of ST32 as respirometer. ..................................................... 36 
Figure 3.2 Inner chamber ST90 has an equal construction as Swim tunnel 32 except the 

propeller, engine and frequency converter are replaced with a thruster (with courtesy 
of Loligo Systems). ........................................................................................................ 37 

Figure 3.3 ST32 seen from above  with all the equipment installed, including the electrodes 
for conductivity measurement........................................................................................ 37 

Figure 3.4 Flow probe, note marks on shaft for direction and positioning. ......................... 38 



   
 

MSc thesis Endre Grimsbø 6 

Figure 3.5 Flow measurement grid for ST32 in millimeter. .................................................. 39 
Figure 3.6 Flow measurement grid for ST90 in millimeter. .................................................. 39 
Figure 3.7 Use of distance piece for positioning the flow probe. Note the special lid 

arrangement. ................................................................................................................. 40 
Figure 3.8 The circle indicates an ideal location of the fish in the camber or test section... 41 
Figure 3.9 Plates made of Plexiglas for adjustment of flow differences in the chamber. ..... 41 
Figure 3.10 Microx TX 3 oxygen and temperature meter.. ................................................... 42 
Figure 3.11 Fibrox 3 oxygen and temperature meter............................................................ 42 
Figure 3.12 Fiber optic sensor for Microx TX 3(Whit courtesy of PreSens) ........................ 43 
Figure 3.13 Sensor tip Fibrox 3. (with courtesy of PreSens) ................................................ 43 
Figure 3.14 A cFP with controller and I/O modules mounted on a backplane. (with courtesy 

of  NI)............................................................................................................................. 44 
Figure 3.15 Schematic dawning of Nitrogen and Oxygen/air valve...................................... 45 
Figure 3.16 Manual control panel for ST32.......................................................................... 45 
Figure 3.17 cFP configuration for ST32 ............................................................................... 46 
Figure 3.18 Manual control panel ST90, display shows admission in %.............................. 47 
Figure 3.19 Resistor network, measured voltage will be displayed as 0-100%. ................... 47 
Figure 3.20 cFP configuration ST90. .................................................................................... 48 
Figure 3.21 Camera positions ............................................................................................... 49 
Figure 3.22 Wiring CVS and IEEE 1934 FireWire cameras. ............................................... 49 
Figure 3.23 Colored filter used in experiment....................................................................... 50 
Figure 3.24 Control cabinet ST 32. ....................................................................................... 51 
Figure 3.25 Control cabinet ST 90........................................................................................ 52 
Figure 3.26 LabVIEW source code for the  video application used in respirometry. ........... 53 
Figure 3.27 Application developed for visual control of fish when ST 90 is used as 

respirometer .................................................................................................................. 54 
Figure 3.28 Software application developed for visual control of fish when ST32 is used for 

conductivity measurements............................................................................................ 55 
Figure 3.29 Block diagram for ST 32’s video controller application for electrical 

conductivity measurement. ............................................................................................ 56 
Figure 3.30  SubVI’s icons with connectors for the subVI ConfigCOM and SnapCVS32 .... 56 
Figure 3.31 Block diagram  for subVI  ConfigCOM. ............................................................ 57 
Figure 3.32 Block diagram of  subVI SnapCVS32. ............................................................... 57 
Figure 3.33 Front panel of the control application for electrical conductivity measurements 

on the ST 32. .................................................................................................................. 58 
Figure 3.34 Part of start up procedure and handshake with CVS controller. ...................... 60 
Figure 3.35  Sequential structure with temperature control placed inside a while loop 

structure......................................................................................................................... 60 
Figure 3.36 Block diagram for TempReg.vi .......................................................................... 61 
Figure 3.37 Block diagram for driver Microx TX3, false condition of case structure above.

....................................................................................................................................... 62 
Figure 3.38  Connector panel and block diagram for sorting.vi........................................... 62 
Figure 3.39. Measurement sequence in the control application for electrical conductivity 

measurements ................................................................................................................ 64 
Figure 3.40 Sequence for increase or decrease of waters salinity. ....................................... 65 
Figure 3.41 The application developed for respirometry in ST90 ........................................ 66 
Figure 3.42 The FlowFishLenght.vi block diagram. ............................................................. 67 
Figure 3.43 The wait sequence used before applications measurements phase starts.......... 68 
Figure 3.44 Block diagram of  the SafeValues.vi - all actuators are set to safe positions. .... 68 
Figure 3.45 Stop routine for the Fibrox3.vi........................................................................... 68 



   
 

MSc thesis Endre Grimsbø 7 

Figure 3.46 Part of Fibrox3.vi which calculates the PO2 value............................................ 69 
Figure 3.47 Block diagram of the O2_ml_kg_hr.vi ............................................................... 71 
Figure 3.48 Measurement principle of the HiOKI LCR meter,. (From HiOKI LCR testers 

manual).......................................................................................................................... 71 
Figure 3.49 Fish phantoms used to characterize the system. ................................................ 72 
Figure 3.50 Phantom holders in Plexiglas used in the chamber to position the phantoms. . 72 
Figure 3.51 Screened copper cable soldered to copper tape electrodes. .............................. 72 
Figure 3.52 Measurement setup with copper tape electrodes. .............................................. 73 
Figure 3.53 Plexiglas frame with three stainless steel electrodes placed in the ST.............. 73 
Figure 3.54 Electrodes placed in chamber with  broken wire because of corrosion from 

saline water. .................................................................................................................. 74 
Figure 3.55 Fencing effect in the measurement tube at CMR. .............................................. 74 
Figure 3.56 Voltage sensing (measurement)electrodes  and current electrodes placed in the 

chamber. ........................................................................................................................ 74 
Figure 3.57 Picture of the voltage sensing (measurement) electrodes placed in both end of 

the chamber. The picture to the right shows that it is also possible to see current 
electrode behind the voltage sensing electrode............................................................. 75 

Figure 3.58 Relay box used to multiplex conductivity measurement inner chamber (fish and 
water) and reference measurements of conductivity in water outer chamber. ............. 76 

Figure 3.59 Sensor outer chamber ........................................................................................ 76 
Figure 3.60 Salinity versus conductivity................................................................................ 76 
Figure 4.1 Measurements taken with a phantom in center position, 50-100 measurements in 

each series. .................................................................................................................... 77 
Figure 4.2  Impedance versus flow velocity at 8,4°C with an aluminum phantom in the ST, 

100 measurements in each series. ................................................................................. 78 
Figure 4.3 Fencing effect tested with aluminum phantom at 7,7°C, 50 measurements in each 

series.............................................................................................................................. 78 
Figure 4.4 Fencing effect tested with a PVC phantom at 10°C, 50 measurements in each 

series.............................................................................................................................. 79 
Figure 4.5 Fish nr. 5242, measurement taken with  the same water in the ST during 

experiment. Temperature 10°C. .................................................................................... 79 
Figure 4.6 Fish nr.18-20, measurements results with contentious waster supply at 9,1°C. . 80 
Figure 4.7 Measurements of the fish impedance with normal and decreased salinity.......... 81 
Figure 4.8 Rectangle indicates selected area called “fish and background”. ...................... 82 
Figure 4.9 Rectangle indicates area called “background”. ................................................. 82 
Figure 4.10 Rectangle indicate area called “fish dark area”............................................... 82 
Figure 4.11 Distribution of pixels in the image and parts of the image. ............................... 83 
Figure 4.12 Rectangle indicates test area called “background” and this is used as a 

brightness reference area .............................................................................................. 83 
Figure 4.13 Selection of area called “fish” which includes the white and dark area of the 

fish. ................................................................................................................................ 84 
Figure 4.14 Selection called “fish dark area” which primarily includes a darker area with 

reddish scumming. ......................................................................................................... 84 
Figure 4.15 Selection called “fish and background”............................................................ 84 
Figure 4.16 Distribution of pixels in an unfiltered image. .................................................... 84 
Figure 4.17 Pixels in the  fish eye is located in the tail to the distribution and partly 

separated from the other pixels in the picture of fish and background......................... 85 
Figure 4.18 The analyzed area around the fish eye. Pupil analyze is a selected square in 

middle of pupil............................................................................................................... 85 



   
 

MSc thesis Endre Grimsbø 8 

Figure 4.19 Transmission characteristics of red filters 25A used which corresponds to 090 
(B&W filter handbook). ................................................................................................. 86 

Figure 4.20 Distribution of pixels in image filtered with red filter 25A................................ 86 
Figure 4.21 Pixels in fish eye are more clearly separated from pixels in the  fish eye 

compared to previous analysis. ..................................................................................... 87 
Figure 4.22 Picture filtered with two red filters, reddish part of the fish are now almost 

equal to the background. Rectangle indicate the test area. .......................................... 87 
Figure 4.23 Distribution of pixels in picture filtered with two red filters. It is no longer 

possible two detect a clear difference between the fish and the background................ 88 
Figure 4.24 The pixels in fisheye are now almost completely separated from the pixels in 

rest of the picture........................................................................................................... 88 
Figure 4.25 Picture filtered with blue filter KB15 (80A), reddish part of the fish is now 

darker. ........................................................................................................................... 89 
Figure 4.26 Filter KB15 (80A) .............................................................................................. 89 
Figure 4.27 Filtered with KB15 (80A), the pixels in fish eye is no longer clearly separated 

from the pixels in the other part of the image. .............................................................. 90 
Figure 4.28 Transmission characteristics of conversion filter KB15 (80A), (B&W filter 

handbook) . .................................................................................................................... 90 
Figure 4.29 Different pictures filtered with 80A and an unfiltered reference image. ........... 91 
Figure 5.1 The fish placed in the test section, also called camber ........................................ 92 
Figure 5.2 3 the total resistance in the measurement chamber regarded as a network of 

resistors. ........................................................................................................................ 93 
Figure 5.4 Conductivity in fish and saline water................................................................... 93 
Figure 5.5 Conductivity chamber and reference in outer chamber. ..................................... 93 
Figure 5.6 Electrical conductivity of skin, yellow color indicates insulating fat layer.. ....... 95 
Figure 5.7 Electrical conductivity gill, blood and entrails, red color indicates contribution 

to total conductivity. ...................................................................................................... 95 
Figure 6.1 I/O stage modified whit a transformer................................................................. 97 
Figure 6.2 Front panel of the Alarm application. ................................................................. 97 
Figure 6.3 Possible solution for multiplexed measurements. ................................................ 98 
 



   
 

MSc thesis Endre Grimsbø 9 

IV. List of tables 
Table 1.1 Conductivity and permittivity (Halliday et.al.1992, Johansen et.al.1996, Linde 

1995,Weast 1974, Wilhelmsen  et.al1977) .................................................................... 12 
Table 2.1 Ranges for test cartridge EC8+ ............................................................................ 34 
Table 3.1  Flow measurement series ST32. *) Max-min estimated st.dev. ............................ 40 
Table 3.2  Flow measurement series ST32 whit plastic disc. *) Max-min estimated st.dev. . 42 
Table 3.3 Icons and names of subVIs used in the application for electrical conductivity 

measurement.................................................................................................................. 59 
Table 3.4 Icons and name of VIs developed for ST90 and used in the respirometry 

application..................................................................................................................... 67 
Table 3.5 PO2 controllers function........................................................................................ 70 
Table 3.6 HiOKI LCR HiTESTER calibration results electrodes ......................................... 75 
Table 4.1 Change in impedance when the aluminum phantom touches the Plexiglas  versus 

center position at 10°C and 50 measurements . ............................................................ 79 
Table 4.2 Impedance measurements, ref water are measurements whit empty tunnel. ........ 80 
Table 4.3 Measured parameters of the fishes........................................................................ 80 
Table 4.4 Blood values measured.......................................................................................... 81 
Table 4.5 Results of image analysis of the image taken from the top of the fish................... 83 
Table 4.6 Results of pixel analysis of the unfiltered image. .................................................. 85 
Table 4.7 Results of analysis of pixels in picture filtered with two red filters ...................... 88 
Table 4.8 Results of analysis of pixels in image  filtered with KB15 (80A) filter. ................ 90 
Table 4.9 Results of analysis of pixels in image  filtered with KB15 (80A) filters and 

unfiltered images. .......................................................................................................... 91 
 



   
 

MSc thesis Endre Grimsbø 10 

V. Vocabulary 
2D  Two Dimensional 
3D   Three Dimensional  
AC  Alternating Current 
CAD   Computer Aided Design  
DC  Direct Current 
DCS   Distributed Control System  
cFP  Compact FieldPoint  
Cl  Chlorine 
CMR  Christian Michelsen Research AS 
CVS   Compact Vision 
CVS32  ST32’s Compact Vision controller  
FFM   Fish Flow Meter. 
GUI   Graphical User Interface  
ftp   file transfer protocol 
H   Hydrogen 
HIB   Høyteknologisenteret in Bergen  
HMI   Human Machine Interface 
I/O  In/Out 
IP  Internet Protocol  
M&AE  Measurement & Automation Explorer  
MR-scanner Magnetic Resonance Scanner 
MRI   Magnetic Resonance Imaging 
MS-222tm Metakain 
Na  Natrium  
NI  National Instruments  
NARA  National Animal Research Authority 
NEK144 Norsk Elektronisk Komité norm nr.144 
NMR   Nuclear Magnetic Resonance 
NRAE   Norwegian Regulation on Animal Experimentation 
N-wire  Neutral wire  
PAC  Programmable Automation Controller 
PLC   Programmable Logic Controller  
PLS   Programmerbar Logisk Styring 
PC  Personal Computer 
P-controller Proportional Controller. 
PI-controller  Proportional Integral Controller. 
PID-controller Proportional Integral Derivate Controller. 
Re   Reynolds number 
ROV   Remotely Operated Underwater Vehicles  
RT   Real-Time  
RTC   Real-Time Controller 
ST  Swim Tunnel 
ST32  Swim Tunnel 32 
ST90  Swim Tunnel 90 
VI   Virtual Instrument 



   
 

MSc thesis Endre Grimsbø 11 

1 Introduction 
The present master degree thesis consists of two complementary sub-projects: 

(i) Instrumentation of a swim tunnel. 
(ii) Measurements of conductivity in living fish.  

The instrumentation of the swim tunnel is implemented with the intention of measuring 
conductivity in fish, in addition to making efficient use of the tunnel as a respirometer 
metabolic studies of active swimming fish under controlled conditions. The experimental 
results of the electrical conductivity measurements will be used to improve the accuracy of 
biomass determination of the ‘Fish Flow Meter’ developed by Christian Michelsen Research 
AS (CMR). The model for conductivity measurements we have developed in the present 
study is expected to be used in future experiments on conductivity measurements of live fish 
planned at the Department of Biology, University of Bergen.  
The basic principle of CMR’s fish catch meter is to use electrical conductivity 
measurements (σ) to calculate the volume flow of fish passing through a pipeline. Knowing 
the density of fish in the pipeline the biomass or weight of the fish can be estimated. A 
conductivity measurement is a well-developed measurement principle within multiphase 
hydrocarbon flow, consisting of oil, gas and water. The measuring principle will be outlined 
in the following section. 

1.1 Conductivity measurements 
Since the use of conductivity measurements for estimating fish weight is based on 
technology transfer from the oil and gas industry. In order to better understand the 
background of this technology, an outlining of the measuring principles for a pipeline 
containing hydrocarbons and saline water is useful as a starting point.  

First of all we have to consider whether the electrodes in the pipe will be in contact with 
each other through the saline water or not risking short-circuiting the electrodes. Therefore, 
it is important to know the distribution and behavior of each component in the measurement 
volume. An issue when monitoring multiphase flow in a pipeline is consequently to 
determine which of the different phases is continuous. It is only possible to use the 
capacitance measuring principle on hydrocarbon flow when oil or gas is the continuous 
phase (Figure 1.1). In water continuous flow the electrodes will be short-circuited due to the 
ions present in the water component. Therefore, measurements based on electrical 
conductivity instead of electrical capacitance have to be used when the multiphase flow is 
water continuous like the one in Figure 1.2. 
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Figure 1.1 Cross section of pipeline filled with two component flow consisting of oil and saline water. 

The two components (oil and water) are separated, and the measurement principle shown is 
based on measurement of electrical capacitance to determine the electrical permittivity � of 
the flow. The electrical permittivity relates to a material's ability to transmit (or "permit") an 
electric field. 
In order to classify multiphase hydrocarbon flow consisting of oil, gas and water, it is 
common practice to use the following symbols: 

� - The oil volume fraction of the total flow 
    � - The water volume fraction of the total flow 
� - The gas volume fraction of the total flow 

Assuming the total volume of measurement volume is unity and that the flow only consists 
of oil, water and gas, the following applies: 

1=++ γβα  (1-1) 

Oil and gas have low conductivity, compared to water, especially saline water which has 
relatively high conductivity. The respectively values for conductivity and permittivity �r are. 

Table 1.1 Conductivity and permittivity (Halliday et.al.1992, Johansen et.al.1996, Linde 1995,Weast 1974, 
Wilhelmsen  et.al1977) 

 Conductivity � Permitivity �r 

Saline water 5 S/m 71 

Oil �0 S/m 2,5 

Gas 1 S/m 0 

 
Figure 1.2 shows two phase flow measurements based on electrical conductivity instead of 
electrical capacitance when the flow is water continuous.   



   
 

MSc thesis Endre Grimsbø 13 

 
Figure 1.2 Flow of water with gas bubbles in a pipeline 

In order to calculate the mixture permittivity and mixture conductivity of a well mixed 
oil/water flow, expressions has been developed by e.g. Maxwell(1873), Bruggeman(1935) 
and Hammer(1983). These formulae assume that the two different components are 
homogeneously mixed. Since water has a relatively high conductivity, a commonly used 
model was developed by Beek(1967), Ramu and Rao(1973).  
The basis for Ramu and Rao’s equations are that �1 << �2 and �1 << �2, which is true for a 
two component flow containing water and oil/gas. In this relation σ1 is the electrical 
conductivity of component 1, σ2 is the electrical conductivity of component 2, �1 is the 
electrical permittivity of component 1 and �2 is the electrical permittivity of component 2. 
When this parameter relation is present, and the continuous phase consists of component 
one, the Ramo and Rao(1973) equations are as follow: 

β
βεε

−
+=

1
21

1m  (1-2) 

β
βσσ

−
+=

1
21

1m    (1-3) 

In the equation �m and �m is the total the conductivity and permittivity respectively of the 
mixture, and β is the water volume fraction often called water-cut. 
When the continuous phase consists of component two, the following equation is used: 

β
βεε

−
=

3
2

2m  (1-4) 

β
βσσ

−
=

3
2

2m   (1-5) 

The subscript used for � and � indicates that this is the total the conductivity and 
permittivity mixture, where the continuous phase consists of the second component and β is 
discontinuous.  

1.1.1 Relation between multiphase hydrocarbon flow and measurement 
of electrical conductivity in fish 

The purpose for measuring conductivity of fish in the project was the need to refine the 
volume flow models in the ‘Fish Flow Meter’ to increase precision in determining the 
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weight of fish when pumped onboard the vessels. Figure 1.3 shows a cross section of a 
pipeline with a two component flow – water and fish, where the fish behaves like a gas or 
oil bubble in the water continuous flow. 

 
Figure 1.3 Cross sectional area of a pipeline with a fish 

By measuring the cross sectional area of the fish, it is possible to describe the total 
conductivity σtot (unit: S/m), of the two components, as follows: 

fishwatertot σσσ +=            (1-6) 

It is obvious that a flow of fish and water resembles a multiphase flow of water and oil. 

1.1.2 The Fish Flow Meter 
By combining the measured conductivity and velocity of the flow of fish and water in a 
pipeline, the Fish Flow Meter (FFM) determine the mass flow rate of fish and thus calculate 
the weight of fish knowing the density of the fish. The figure above shows the principle of 
the FFM sensor setup. It is the same measurement principle as in Figure 1.2. The basic 
principle of CMR’s fish catch meter, shown in Figure 1.4. 

 
Figure 1.4  CMR’s Fish Flow Meter (with courtesy of Dr. Andrew Baker, CMR) 

The estimated capacity of the Fish FFM is >500 tons/hr with an uncertainty of typically +/- 
3% at present. The reference data of conductivity and density for the FFM measurements 
has so far been based on laboratory measurements on dead fish. In order to decrease the 
uncertainty of the ‘Fish Flow Meter’, it is required to perform reference measurements on 
live fish. Conductivity measurements of live fish have to our knowledge not been carried 
out previously. A significant part of this master project has therefore been to develop a 
suitable method for conductivity measurement of a living organism. The experimental 
results of the conductivity measurements will be used in the on-going development of the 
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Fish Flow Meter by CMR, as well as become a platform for  future projects in this field at 
the Department of Biology, University of Bergen.  
Figure 1.5 show the FFM mounted as a part of a pipeline on board the ‘Liafjell’. All the 
fishes taken from the sea goes through the pipeline and is then measured of the meter. 

 
Figure 1.5 CMR’s Fish Flow Meter in use at a fishing boat (with courtesy of Dr. Andrew Baker, CMR) 

CMR has also developed an onshore version of the FFM for use when discharging fish from 
the ship using a vacuum pump. It is to the benefit of all parts if the fishing boats have the 
opportunity to give an exact report of haul eminently after it is taken. The FFM is useful not 
only in fiscal measurements but also for resource management.            

1.1.3 Method for measurement of electrical conductivity in fish 
developed by CMR 

Reference measurements are essential for the ‘Fish Flow Meter’ since the conductivity of 
the fish must be known. To find the actual conductivity of the fish, CMR has developed a 
experimental setup based on a Perspex tube mounted with two sets of electrodes, Figure 1.6, 
one set for applying an alternating current of 10 mA 10kHz. and one for determining 
conductivity from cross sectional measurements of voltage (V) (Baker et al.,2003). 
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Figure 1.6 Experimental design for determining conductivity of fish at CMR.( modified whit courtesy of 

Dr.Andrew Baker, CMR) 

The first measurements of conductivity using this experimental design were carried out by 
Perez (2001), an exchange student from Spain. Until then such values were none existing.  

The conductivity of fish is related to conductive properties of the fish such as ion 
distribution in intra and extracellular compartments as well as insulation by fat and other 
non conductive tissues. In live fish a balance is maintained through energy input in relation 
to physical and chemical properties in the environment. When the fish dies this balance is 
changed and simple diffusive and osmoregulatory forces rule.  For optimizing the fish 
conductivity models for the FFM it is needed to perform measurements both on dead and 
live (active) fish. The salt concentration in seawater fish is slightly lower than seawater. It is 
therefore easier to get good measurements in water with reduced salinity compared to 
seawater. If the saline water used is based on common salt compared to sea water there is no 
side effects of contamination which could interfere with our measurements. The saltwater 
solution used in the measurement setup at CMR is based on tap water and common food 
quality salt. 

Several modifications have been applied to the experimental design at CMR since Perez’ 
first measurement. In the first design Perez used a two-terminal setup where the current 
electrodes also were used for measuring the voltage. The major problem by using a two-
terminal setup for measurement conductive liquids such as saline water is related to the 
contact potential created at the interface current supply electrodes (Schwan 1963). In the 
present version of the equipment a four-terminals two for applying current and two for 
measuring the voltage where used (Figure 1.6, the HIOKI meter reads the resistance from 
these measurements). The pipe diameter used by Perez was 200mm, which for mackerel and 
herring results in a relatively small fish fraction compared to the total sectional area of the 
pipe and thus a greater uncertainty of measurements. Now there is used a 80 mm tube, 
which increasing the accuracy in the measurements.  
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In the previous version the conductivity was measured across the entire chamber. In the 
present version we measure where the fish is thickest. The resistance, R, is related to the 
conductivity by the following equation:Figure 1.6 shows the concept, which includes 
current electrodes at both ends of the tube and measurement electrodes in the middle of the 
measurement section.   

( )A
l

R
σ

=   (1-7) 

R = Resistance 
σ = Conductivity 
l   = Length conductor 
A = Cross sectional area 

It is possible to express the fish area fraction in terms of the measured conductivity as 
follows (Spilde 2001): 
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=          (1-8) 

FAF = Fish area fraction 
Mσ = Conductivity when the fish is within the sensor volume 

Wσ = Conductivity of the water 

Fσ = Conductivity of the fish 

By rearranging this expression it is possible to find the fish conductivity as follows: 
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The measurement of displacement of volume in the sensor area is illustrated in Figure 1.7 
(see also Figure 1.6 for the experimental design). 

 
Figure 1.7 The fish area fraction is given by dividing the gap between the electrodes and volume, h1 –h0, in 

sensor region occupied by the fish.( whit courtesy of Dr..Andrew Baker, CMR) 

01 hh
L
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=       (1-10) 

L = Distance between measurement electrodes i.e. height of sensor volume 
01 hhh −=∆ = The displacement of water i.e. volume the fish occupying the sensor region. 

d =Diameter of measurement tube. 

To express the conductivity in the cross section the following formula is used: 
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R = Measured resistance. 

By putting equation 1.11 in to equation 1.9 it is possible to express the conductivity of the 
fish as: 
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MR = Measured resistance fish and water 

WR =Measured resistance water 
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Rearranging of equation 1.12 gives: 
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It is important to notice that the measurement is done with alternating current (AC) - not 
with direct current (DC). The frequency used is 10 kHz. Other frequencies have also been 
tested without observing significant changes in the measured values (Baker et al., 2003). 
The temperature must be kept constant during experiments. At CMR the measurement series 
are normally conducted at 10˚C.        

1.1.4 Conductivity in living fish 
Conductivity measurements of living fish have not been carried out previously, only 
measurements of dead fish. Therefore, a significant part of this master degree project has 
been focused towards finding a suitable experimental design for conductivity measurement 
of a fish swimming in a refined space such as a swim tunnel. Figure 1.8 shows how the 
electrodes were placed in the swim tunnel.   

 
Figure 1.8 Principle of the conductivity measurement 

The conductivity measurement principle is named a “four-terminal conductivity meter”. A 
voltage is applied to the system through the ‘current electrodes’ which gives rise to an 
electrical current through the water. The drop in voltage is then measured over the ‘voltage 
electrodes’.   From the voltage drop it is possible to calculate the conductivity from the 
algorithms described above. It should be noted that we in this experimental design measure 
the entire volume and not only a cross sectional area as we did on the dead fish.. For the 
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calculations we need  two measurements; one with fish and one without fish. Knowing the 
volume of the fish the conductivity of the fish is calculated from the difference between the 
measurements. Therefore, it is also necessary to apply a suitable method to calculate the 
volume of the live fish, see section 2.1.1. 

The salinity of the seawater delivered from the department supply system in the laboratory 
is assumed to be stable. The salt water delivered by the supply system is taken from the 
fjord outside the laboratory. The conductivity in normal seawater (35 ppm) is about 5 S/m 
and decreases at lower salinity (Nødseth, 2005). The conductivity further dependens on 
temperature (Dyrøy 2005). It is therefore important that the temperature is stable under the 
entire experiment, and an efficient temperature control system is needed. Temperature is 
regulated from the flow tunnel control unit and a cooling/heating system. The 
cooling/heating system consists of a circulation pump which circulates water in a loop 
between the flow tunnel and a water bath which is cooled or heated to the appropriate 
temperature.  

The control unit used in this experiment includes a control algorithm for stabilizing the 
temperature in the water, which is based on a simple proportional controller (P-controller). 
If the temperature stabilization is insufficient with the P-controller, more advanced 
controllers can be used like proportional integral controller (PI-controller) or proportional 
integral derivate controller (PID-controllers). The control algorithm is implemented using a 
Compact FieldPoint (cFP) unit The programming tool used for configuration of the unit is 
called LabVIEW and is a graphical programming language from National Instruments (NI) 
(www.ni.com).    

1.2 Swim tunnel as respirometer 
To get a better understanding of the function of a respiriomer, is it is useful to take a look at 
gas exchange in fish in general. Fish live in a dense and a relatively viscous environment, 
which for a terrestrial animal would appear to be almost depleted of oxygen (O2). At best, 
one volume of water contains approximately 4% of the amount of O2 present in the same 
volume of air. In air the solubility of a gas would roughly be 1000 mL/101.3 kPa = 9.87 mL 
Gas.L-1.kPa-1 (at 15°C). In practice we treat the respiratory gases as ideal gases, which 
mean that O2 and CO2 would dissolve more or less equally in air. In water, however, the 
solubility of gases depends on:  

o The nature of the gas 
o The pressure of the gas in the gas phase 
o The temperature 
o The presence of other solutes 

Thus, while the solubility of O2 in water is only about 1/30 the solubility in air, the 
solubility of CO2 is more or less the same in air and water depending on temperature 
(similar at about 15°C). For calculating gas fluxes we use a concept which gives the 
following three fundamental gas equations: 

( ){ }
22 COiemCO PPVM −=

••
β      (1-14) 

( ){ }
22 OeimmO PPVM −=

••
β      (1-15) 

gasM
•

 is the volume of gas taken up (O2) or produced/released (CO2). mV
•

is the flow of 
medium over the gills. �m is the capacitance coefficient (solubility) of the gas in the 



   
 

MSc thesis Endre Grimsbø 21 

medium. P is the partial pressure of gas (i: before gills; e: after gills). From these 
expressions, we may calculate:  
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•

2

2  (1-16) 

RQ is the respiratory quotient (R for exchange ratio is used when examining isolated parts 
of the fish). Rearranging the formulas and ignoring Pi we get: 

( )
( ) ( )

2

2

2

2 Oei
COm

Om
e PPP

CO
−⋅=

β
β

     (1-17) 

If the fish extracts all the O2 in the water (Pi ≅ 21 kPa, Pe = 0 kPa), the CO2 partial pressure 
can, at a maximum, be about 0.7 kPa in the exhalent water. This means the maximum partial 
pressure in the arterial (post branchial) blood will not exceed this value, which is almost a 
factor 10 lower than for air breathing animals. This low O2 availability has undoubtedly 
contributed to the evolutionary development of: 

• Large gill surface areas for extremely efficient gas exchange. 
• Developments of air breathing organs and the necessary circulatory arrangements. 
• Acid-base regulation depending more on ion than ventilatory exchanges. 

To measure the gas exchange in fish it is common to use a respirometer. There are several 
different types of respirometers based on different principles or systems.  

1.2.1 Closed system respirometer 
A closed system respirometer is shown in Figure 1.9. The construction of such a system 
may vary depending on the material used. Either a continuous registration of O2 partial 
pressure by an internal sensor is conducted, or in the simpler method, water may be sampled 
(and replaced) for O2 external analysis. 

      
Figure 1.9 Time versus PO2 pressure in closed system respirometer. (Whit courtesy of Prof. Brix) 
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It is important that the sensor is kept at the same temperature as the fish. If the fish is 
sluggish, or we measure the consumption of fish eggs O2 gradients around the fish, or eggs 
may build up, and we need to stir the water either by a magnetic stirrer or a small pump (the 
latter can be combined with an external sensor). There is also the need to optimize the size 
of the chamber to prevent long experimental runs with building up of organic waist products 
from the fish. This may influence the metabolic rate (i.e. carbon dioxide). For measuring the 
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metabolism gas tight glass syringes have often been used. The closed principle is also used 
in activity studies in the so called tunnel respirometer. 
Due to the measuring principle in the closed system we will never be able to measure the O2 
consumption at a constant O2 partial pressure. In order to obtain a proper precision of 
measurement we need a decrease in O2 partial pressure of minimum 0.7 kPa. However, this 
technique is very useful to obtain the critical O2 tension, Pc, at which the fish is no longer 
able to regulate its O2 consumption in relation to the decrease in ambient O2 partial pressure 
(see Figure 1.10). 
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Figure 1.10 The different types of metabolism in relation to environmental oxygen  partial pressure. (Whit 

courtesy of Prof. Brix) 

The method is very simple and the precision of measurement is very high. At the same time 
the response time can be reduced to a minimum. In addition to the problems regarding 
accumulation of organic waist products, the metabolic state of the fish also has to be taken 
into account, since the measurements starts immediately after transferring the fish to the 
respirometer. We will thus never obtain the so called standard metabolism but rather a more 
active metabolism which we call the routine metabolism. 

1.2.2 The open respirometer 
The open or flow through system, shown in Figure 1.11, is been preferred by many because 
it is easy to control the water quality of the system. This feature also allows for 
acclimatisation of the fish prior to conducting the measurements. 

������$$ ������$$

 
Figure 1.11 The open respirometer(Whit courtesy of Prof. Brix) 
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This will allow for the fish to calm down. As for the closed system, the respirometer 
consists of a gas tight Perspex housing. There is a hole in both ends, which allows for a 
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constant flow of water through the respirometer. The flow is either controlled by a leveling 
system or by a pump. The only draw back of this system is the lack of time response caused 
by a combination of flow, chamber size, metabolism, and O2 gradients in the system. As a 
result a 100% registration of all changes in metabolism at any time will not be obtained. On 
the other hand, it is possible to do long term runs without accumulating waste products and 
with full control of physical parameters in the water.  

For both systems it is important to use a homogeneous material that has been acclimated to 
the proper condition without feeding 24 hr prior to experiment. Furthermore, any 
disturbances of the fish should be avoided during experiment. 

1.2.3 Stop-flow respirometer 
Finally, the principle used in this experiment is called the stop-flow system, as shown in 
Figure 1.12. This system is a combination of the open flow system and the closed flow 
system. 

 
Figure 1.12 Stop-flow respiriometer 

As shown in the Figure 1.12 there is an inner camber, where the fish is swimming, and an 
outer chamber or reservoir. In the outer chamber there is a pump, also called the flush pump, 
which pumps water into inner chamber. At the inner chamber there is an overflow which 
allows the overflowing water to flow back into the outer chamber. All supply of water and 
air/O2 to the system, is injected to the system in the outer chamber. 

When the pump is running, i.e. flushing the inner chamber, the Stop-flow respiromerer acts 
like an open – or flow through system, as shown in Figure 1.11. When the pump stops, the 
inner chamber is disconnected from the outer chamber and is therefore a closed system, as 
shown in Figure 1.9. The operating procedure, shown in Figure 1.13, of the system is to 
stop the flush pump from running and then measure the decreasing content of O2 in the 
inner cambers water. 

 
Figure 1.13 Oxygen partial pressure when running the respiromerer. 
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The O2 level will increase when the flush pump starts and flushes the system with water 
from the reservoir (ascending curve). The flush pump will then stop i.e. being switched to a 
closed system, and wait to brake down O2 gradients. Then a descending straight line will 
emerge, showing the decrease in O2 partial pressure as a result of the O2 consumption of the 
fish measured. The fish O2 consumption of the fish is characterized by the gradient of slope. 

1.3 Principle of instrumentation 
The instrumentation system implemented on the two swim tunnels is based on real-time 
controllers and a standard personal computer (PC) as user interface, providing a distributed 
control system. Each swim tunnel has two real-time controllers, one called compact cFP and 
one called Compact Vision(CVS). Both types of controllers runs real-time operating 
systems. The PC and the controllers are connected to the computer network at UiB. This 
provides remote access to the controllers from anywhere through the Internet. This is a new 
instrumentation concept for swim tunnels, and has never been demonstrated before. 
Compared to other remote control experiments, these experiments include live fish, which is 
challenging from an ethical point view. The restriction given by the public authority also 
gives strict rules for use of living animal in experimental setups.  

All the actuators, i.e. the pumps, engines and valves, are controlled by the cFP unit. Sensors 
or dedicated measurement instruments for temperature, oxygen and conductivity 
measurements are also connected to the cFP. 

The measurement of oxygen is based on a measurement instrument that use of a fiber optic 
sensor. This instrument is also measuring the temperature with using a standard thermo 
element. The instrument used for measuring conductivity is called HiOKI LCR, and is of 
the same type as used at CMR. 

The cameras used are based on FireWire communication and are connected to the CVS 
controller. The cameras have grey-level resolution. Figure 1.14 gives an overview of the 
network, bus structure, and connections between the different units.   

 
Figure 1.14 Instrumentation concept of the Swim tunnels.  
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1.3.1 Compact FieldPoint 
The main control device of the swim tunnels are cFP units and are manufactured by NI. The 
cFP is described by the producer as a programmable automation controller (PAC). A PAC is 
a combination of a personal computer (PC) and a programmable logic controller (PLC). The 
commonly used Norwegian term of PLC is “programmerbar logisk styring” (PLS).  
The cFP looks like and acts similar to a module based PLC with controller and I/O modules 
mounted on its back plane. 

1.3.2 Compact Vision and IEEE 1394 FireWire cameras 
A CVS controller is also similar in functionality to a PAC. It is however only intended for 
acquisition and analysis of images. It is possible to configure the CVS controller to receive 
en send I/O and trigger signal to other units like the cFP, but this option is not used in the 
swim tunnel instrumentation. The communication between the CVS and cFP is easily 
controlled  using a simple handshake protocol based on RS232.  

The IEEE 1394 FireWire cameras are needed in order to observe the fish during the 
experiments. During the conductivity experiments it is important to know exactly where the 
fish is located compared to the placement of the electrodes. It is also an option to conduct 
automatic image recognition of the fish in order to characterize its behavior.  

1.3.3 Tracing control and image analyses  
The actual position of the fish in the measurement chamber is important when running the 
swim tunnels both as a respirometer and when using it to perform conductivity 
measurements. Since the image acquisition system is build using the CVS real-time 
controller, tracing control software can be executed on the controller. The objective of 
conducting image tracing control in this application is to obtain image parameters of the live 
fish swimming in the tunnel. In this work only preliminary studies of image analysis and 
tracing control of swimming fish has been conducted. The work and results related to image 
analyses presented in this master thesis are focused on image acquisition, see Figure 1.15.  

 
Figure 1.15 The fundamental steps of image analyses (Gonzales and Woods, 1992). 

The discussion of the results is a contribution to a future research work towards developing 
an efficient live fish tracing control system. 

The FireWire cameras used in this project has high resolution (1024x768) but its output is 
only in grey levels. The resolution of the cameras describes the number of pixels in their 
sensor array. For grey level cameras the pixel depth is 8 bit, which means 28 or 256 values. 
The camera sends the grey level value of each pixel to the controller. This information then 
makes it possible for the controller to build a digitalized picture of the image.    
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A starting point for a picture analysis is to count the number of pixels of each grayscale 
value and present them graphically. Figure 1.15 below shows an example of image analysis 
of grayscale images, where the pixels are counted and it is possible to see the distribution of 
pixels in the picture. 

a) b) c)

  
Figure 1.16 Analyses of 8 bit grayscale example pictures, T represent a threshold value (Stien, 2006) 

Figure 1.17 a) is an example of an image with two different objects in it. In this image the 
two objects are clearly defined and it is easy to define a threshold value which separates 
them. A fish and the background in a swim tunnel is an example of two objects in an image. 
To create an efficient tracing control it is therefore important to define a threshold value 
which will separate the fish from the background. In Figure 1.17 b) the two objects are not 
clearly separated from each other, and there is an area where they fade into each other. In 
these situations it is not possible to define a threshold value which will separate the two 
objects. It is crucial in tracing control to be able to determine a valid image threshold value.  
The situation in Figure 1.17 c) is even more complex since only one object is clearly defined 
whereas the other one is more unclear. If the peak around grey level value 50 is for instance 
a fish, it is relatively easy deal with the situation because everything else then is of no 
interest and a clear threshold value is easy to define. If the situation is opposite, i.e. the fish 
is represented by the peak at 255, a challenge arises. The peak at grey level value 255 is 
easy to deal with but there is also a tail going all the way down to the next peak: It is 
therefore not easy to define a precise threshold value. 

An ideal situation for a tracing control system is when an image of the fish is clearly 
separated from everything else. This situation can be described mathematically as follows: 
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Where α represents the array of pixels in the image and T is the threshold value. In a picture 
where all the pixels that represent the fish is smaller than the threshold value, and all other 
pixels has an value equal too or bigger than the threshold value, the fish will be 1 and 
everything else 0. Figure 1.17shows a 1-bit picture where the fish is defined as white and 
background as black. 

 
Figure 1.17 A picture where the fish area is clearly defended.  

Whit the concept as described in equation 1.20, it is possible to transform an 8 bit image 
into a 1 bit image where the fish is clearly defined like in the figure above. It is then simple 
for a tracking control system to detect the position to the fish. 



   
 

MSc thesis Endre Grimsbø 27 

2 Fish as measurement object 
 
The measurements conducted on live fish were exclusively done using Atlantic cod (Gadus 
Morhua). All experiments conducted on living species have to be in accordance with the 
Norwegian Regulation on Animal Experimentation (NRAE). In Norwegian this regulation is 
called “Forskrift om forsøk med dyr”. The NRAE was proclaimed by the Ministry of 
Agriculture January 15, 1996, and is in accordance with the Norwegian Animal Welfare Act 
of December 12, 1974. The NRAE states that a laboratory unit used in animal experiments 
has to be approved by the National Animal Research Authority (NARA). The use of the 
Swim tunnels to experiments on living fish is therefore accepted of NARA.  

The experiments of measuring conductivity in dead fish conducted at CMR, as described in 
the previous chapter, are based on herring and mackerel. To get a better understanding of 
related ongoing experimental work on fish, it was necessary to participate in the 
experiments at CMR. The picture in Figure 2.1 shows the measurements setup used at 
CMR. The experimental equipment consists of a PC, the HiOKI CLR instrument and the 
test tube into which the student is putting a fish.. 

 
Figure 2.1 Picture from conductivity measurement at CMR. (whit courtesy of Prof. Ole Brix) 

The results from the measurements on dead mackerel at CMR showed an average electrical 
conductance � = 0,3228 S/m, with a standard deviation of 0,027 S/m. It is important to 
notice that the CMR measurements of fish are conducted at different times of the year and 
with fish from different locations. A significant variation in the fish conductivity during the 
year has been discovered. There is also a variation in the conductivity related to the location 
where the fish was caught.  

To determine the different part of the measured mackerels and herrings they were scanned 
in a MR-scanner at Haukeland university hospital. There by a three dimensional (3D) cross 
sectional analysis of the fishes was made. The scanner used in these experiments is the same 
used for MR-scanning of patients in the hospital.  
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Figure 2.2 shows the MR-scanner used in the experiments. The scanned object is placed 
inside the tunnel during the scanning procedure. 

 
Figure 2.2 Fish is placed on a plastic box, middle of picture, in the MR-scanner. 

The tunnel contains a 3 Tesla magnet, which is based on superconductors. The magnetic 
field in the scanner is called the B-field.  The intention of MR-scanning of the fish is, among 
other things, to determine the fraction of fat within the fish. The principle of an MR-scanner 
is the so-called nuclear magnetic resonance (NMR), also called magnetic resonance imaging 
(MRI). The MR-scanner is doing measurements based on the hydrogen (H) proton and its 
spin and magnetic dipole moment. What’s really happened is that the B-field aligns the 
hydrogen’s protons, to the object is placed in the MR-scanner, in the same direction. 
Without the magnetic B-field the proton spin will be of random orientation. By sending a 
electromagnetic wave at resonance fervency the hydrogen proton changes energy level. For 
the hydrogen proton the two possible energy levels are described as � and � state. Where � 
is the low energy state and � representing the high energy state caused by the 
electromagnetic resonance wave. When the proton change energy state they absorb the 
energy in the resonance wave and go from �-state to �-state. This means that the protons 
within the measurement object absorb photons from the electromagnetic wave. After a 
relatively short time the protons will go back to their low energy level �. At the same time 
they will release the earlier absorbed photons. These photons are detected by the MR-
scanner and is used to calculate a 3D-image of the measurement object, i.e. the fish. A 2D-
image of the fish is shown in Figure 2.3. 

   
Figure 2.3 MR-scanned image of herring. (whit courtesy of Prof. Brix and Dr.Güner) 

The release of photons are dependent on the substance the hydrogen atoms environment, 
which means different behavior in different part of the objects body and there by build up a 
3D-image. This means that it is possible to detect the fat fraction of the fish, which is of 
interest in this project.  
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Recalling the knowledge about image analysis from the previous chapter, especially Figure 
1.14, it is possible to see the similarities between Figure 1.14 and Figure 2.5. 

 
Figure 2.4  Response of MR-scan, y-axis represent the amount of response from H-atoms and x-axis 

represents response from different tissue. (whit courtesy of Dr.Güner) 

The figure above shows two peaks similar to those shown in Figure 1.16 regarding image 
analysis in chapter 1. In stead of two different surfaces the peaks indicates now fat fraction 
and the rest of the fish. The small peak represents the fat in the fish, big peak the other parts. 
It is now possible to isolate a picture of the fish’s fat fraction, shown in Figure 2.5.. 
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Figure 2.5 MR-scan of mackerel, red color is fat distribution. (whit courtesy of Prof.Ole Brix and Dr.Güner) 

From the Figure 2.5 it is possible to see the variation in fat fraction in the fish during a year. 
The fat fraction is likely to be an important part of the total conductivity of the fish, and it is 
therefore important to know its distribution. It is important to notice the fat layer under the 
fishes skin at the picture from 17th June in Figure 2.5. 
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2.1 Physical measurements at living fish.  
To keep the fish in a fixed position during measurements some form of anesthesia has to be 
used. The anesthetic used is called Metakain (MS-222tm) which is commonly used in 
experiments including fish.  

For both the conductivity measurements and the respirometri, it is important to know the 
length of the fish. When doing conductivity measurement it is not of importance to know 
the size of the fish prior to starting the experiments. The measurement of length, width, 
height and volume are done after the conductivity measurement. Thereby the fish needs no 
time to recover from the anesthetic before the conductivity measurements starts. It does, 
however, seem like the fish needs some time for acclimatization inside the tunnel before it 
will swim in an appropriate manner.  

When the swim tunnels are used as respirometer, information of fish length is needed in 
order for the control application to give the fish correct water flow. When running the 
control application the flow velocity is given in fish length. The measurement of length is 
essential for the initial value of the control applications, and will therefore be done prior to 
placing the fish in the tunnel.  

The fish need a time to recover from the anesthetic.  and do not  The fish therefore need 
longer time to get acclimatized to the swim tunnels environment, compare to what’s needed 
in measurements of electrically conductivity. The acclimatization time for each individual 
fish varies a lot. Therefore, dealing with  living organisms is an important aspect in 
experiments done in the swim tunnels. Even if measurements are done at the same fish but 
at different times, the swim behavior of the fish can be different.    

2.1.1 Measurements of length, width, height, weight and volume. 
A measurement board especially designed for fish as shown in Figure 2.6, is used for fish 
length measurements. 

 
Figure 2.6 Measurements fish length. 

In length measurements of fish, it is common to round off to the nearest integer values. This 
principle is also used in this project. After anaesthetization is given, it is relatively easy to 
do the length measurement.  
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A important issue is to decide on the length definition to be used, since there is different 
definitions of the fish length. Figure 2.7 shows two different length definitions of fish, there 
is also a third called fork length.    

 
Figure 2.7 The two different length measurements  used. 

When running the Swim tunnels as respirometers, it is the total length of the fish that is 
used. This is because the flow is described as fish length pr. second. The intension of 
describing the flow in fish length pr. second is the fact that the given flow also is the fish’s 
actual swimming velocity.    
In conductivity measurements it is assumed that the standard length is more important then 
the total length. This assumption is made from the expectations hypothesis that the fish tail 
gives little or no contribution to the total conductivity. However, the total length is also 
registered together with the standard length of the fish used in conductivity measurements.   
The height and width measurements are only recorded when the fish is used in conductivity 
measurements. Basically the same measurement method as for length measurement is also 
used for height and width measurements. The only difference compare with the length 
measurements is that the measurement board used has a more comminute scale, as shown in 
Figure 2.8. The challenge with this measurement is that the fish is deformed when it pressed 
against the measurement board. Some compensation to the deformation has to be done when 
taking the measurements. This issue made the measurement very dependent on the visual 
estimate of the person doing the measurement. 

 
Figure 2.8 Measurements height. 
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The height measurement is done using the maximum height of the fish, as seen in Figure 
2.9. The width measurement is done at approximately the same place as the measured 
maximum height on the fish. 

 
Figure 2.9 Height and width are measured at the fishes maximum dims i.e. maximum height.  

The measurements of height and width are recorded even though the measurement quality is 
not too high. It is not easy to see an alternative method for measurements of height and 
width that has a better accuracy.  

The measurement of weight was done by placing the fish in an empty bucket on a digital 
weight. This measurement was done when the fish was dazed by the anesthetics and thereby 
did not disturb the measurements. The digital weight was adjusted for the empty bucket 
prior to conducting the measurements.   

The volume measurements were done by placing the fish in a water filled tube and 
measuring the volume difference with and without fish. 

waterfishwaterfish VVV −= +     (2-1) 

This is the same measurements principle as used by CMR, but instead of measuring only a 
part of the fish, the whole volume of the fish was measured.  

At the initial phase of the experiment the CMR method of volume measurement, i.e. 
measurement setup shown in Figure 1.6, was implemented in one of the swim tunnels. One 
of the challenges with this method was the that measuring the fishes volume between the 
electrodes was impossible to do in the tunnel itself. It is not an good situation to do the 
measurements outside the tunnel. It is rather difficult to measuring exact the volume of the 
fish between the voltage sensing electrodes when the fish is no longer in the Swim tunnel. 
The person doing the experiment need to visually observe where the fish was placed 
between the electrodes in the chamber and use this observation later for volume 
measurements. This method for calculating the volume of the fish is too dependent on visual 
estimate and the ability to remember the position of the fish between the measurement 
electrodes.  

A measurement method where the volume of whole fish is measured is more accurate and 
less dependent on visual estimate than the method based on measurement of only a part of 
the fish.  
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There was improvised a measurement tube were it was possible to determine the difference 
in volume with and without fish, shown at Figure 2.10. 

 
Figure 2.10 Volume measurements using Archimedes’s principle. 

2.1.2 Blood samples 
To determine the possible influence of the fish blood to the total electrical conductivity, it 
was decided to perform blood analysis. Especially in the part of the experiment including 
use of reduced salinity in water it was of interest to know the fish’s blood parameter. 

The blood samples were taken from the fish with a small syringe before and after 
conductivity measurements. When taking the blood samples, the fish of cause must be 
anaesthetized. The blood samples were taken from the fish tail and an instrument called i-
STAT was used to perform the blood analysis. The i-STAT is a portable clinical analyzer 
and is quite small compare to all the possibilities of this instrument.  

An important part of the analysis is a disposable cartridge which contains chemicals and 
electronics. This small cartridge is like a small laboratory where all the analysis is 
performed. The blood sample from the fish is inserted into the cartridge with the syringe.  
Dependent on which analyses needed, different cartridges are used. The type used in this 
experiment was EC8+. A used and unused EC8+ cartridges is shown in Figure 2.11, notice 
the blood clot at the right in the used one. The volume of blood needed in the cartridges is 
only 65�l..      
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Figure 2.11 Picture at left shows an unused and used i-STAT test cartridge EC8+. Right picture show 

cartridge inserted in the i-STAT instrument.  

After the blood is added, the cartridge is inserted into the test instrument, as shown in Figure 
2.11. All the chemicals in the cartridge are now activated and after all the analysis is done 
the result will appear at the instruments display. 
The instruments measurement range is dependent on cartridge used. The range for cartridge 
EC8+ is presented in Feil! Fant ikke referansekilden.. 

Table 2.1 Ranges for test cartridge EC8+ 

Parameter Range 

Glucose 1,1 - 38,8 mmol/l 

Urea 1 - 50 mmol/l 

Na 100 - 180 mmol/l 

K 2,0 - 9,0 mmol/l 

Cl 65 -140 mmol/l 

TCO2 (total) 1 -85 mmol/l 

AnGap (aniongap) (-10) - (+99) mmol/l 

Hct (hematocrit) 10 - 75% 

Hb (hemoglobin) 3,4 - 25,5 g/dl 

pH 6,5-8,0 

PCO2 5,0 -130,0 mmHg 

HCO3 1,0 - 85,0 mmol/l 

Beecf (extracellular fluid) (-30) - (+30) mmol/l 

It is assumed that Na and Cl is the important blood component for the electrical conductivity 
in fish. The challenge with this instrument is that Cl values for fish blood seems to be out of 
the instrument measurement range.  
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3 Instrumentation and control system of swim tunnel 
The swim tunnels are located in one of the laboratories of the Department of Biology at 
Høyteknologisenteret in Bergen (HIB). This is a laboratory which specially intended for 
water based experiments on live fish and it has supplies of both saline and fresh water at 
three different temperatures. 

The assembly of the swim tunnels was conducted with help from a department laboratory 
engineer, professor Ole Brix and other master students.  

A new swim tunnel laboratory with a new instrumentation concept is now available. The 
instrumentation is not only suitable for respirometry and electrical conductivity 
measurements, but has also the potential for additional future experiments. The basis of the 
instrumentation concept has been provide possibility of simple and fast reconfiguration of 
the existing instrumentation to facilitate new experiments in the future. The instrumentation 
design and implementation is done as a part of the master degree thesis, including all the 
practical installation work   

3.1 Swim tunnels 
The swim tunnel (ST) used is, as mentioned in chapter 1.2.3, of the so called stop-flow type. 
The stop-flow system is a combination of a open flow system and a closed flow system. The 
swim tunnels were purchased from the Danish company Loligo Systems. This company 
produces swim tunnels to fit fish of different size. The model name of the tunnels used in 
this project are Model 32 and Model 90. These are later in the report  named swim tunnel 32 
ST32) and swim tunnel 90 (ST90). The number presented in model name describes the 
volume of the swim tunnel, which will later be described as the inner chamber.  

The tunnel or inner chamber is a closed circulatory system with a propeller which stirs the 
water. The fish is placed in a chamber and the flow caused by the propeller provides a 
certain flow velocity. An electric motor rotates the propeller which is powered by an 
adjustable frequency AC drive. The AC drive is controlled by the main controller unit of the 
swim tunnel.  

When running the swim tunnel as a respirometer, the O2 level of the water in the inner 
chamber is measured and thereby makes it possible to determine the O2 consumption. The 
principle for this setup is earlier described in Figure 1.12. 

An overview of swim tunnel 32 and the setup for respirometry is shown in Figure 3.1. 
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Figure 3.1 Basic configuration of ST32 as respirometer. 

The closed circulatory system, or inner chamber, consists of a flow tunnel and a chamber 
where the fish can swim, as shown in position 2 and 3 in Figure 3.1. An optode sensor for 
O2 measurement and a temperature sensor is mounted in flow tunnel and connected to a data 
acquisition  instrument which communicates with the main controller unit.  

Position 1 in Figure 3.1 is the outer chamber or reservoir, also called the ambient tank. The 
water supply is connected to the outer chamber, where the water quality and physical 
parameters of the water are also controlled. The partial pressure of the water O2 is controlled 
by feedback control using magnetic valves connected to an air compressor/O2 tank and a 
nitrogen tank.  

When the flush pump is running, water from the reservoir is pumped into the inner chamber. 
Water from inner chamber is thereafter flushed out of the chamber and replaced with O2-
rich water. In Figure 3.1 the temperature controlled pump for heating/cooling of the 
circulating water is also shown.  

All the actuators, i.e. pumps, electric motor and magnetic valves are controlled by the main 
controlling unit.  

Except for its physical size, ST90 has pretty mush the same construction as ST90. Main 
difference is that ST90 is equipped with a thruster for stirring the water, as shown in Figure 
3.2. The thruster is of the same type as those used in remotely operated underwater vehicles 
(ROVs).  
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Figure 3.2 Inner chamber ST90 has an equal construction as Swim tunnel 32 except the propeller, engine and 

frequency converter are replaced with a thruster (with courtesy of Loligo Systems).      

A challenge with the construction of ST32, i.e. its propeller and motor with frequency 
converter, is a common leakage between the housing and the propellers haft. Especially in 
experiments where the water supply of the swim tunnel is shut off, the leakage causes 
problems. On the other hand, the ST32 eqipped with a propeller does not heat the water in 
the tunnel because the electrical engine is placed outside the tunnel. A stabile water 
temperature is crucial both in electrical conductivity measurements and in respiromety. The 
ST90 equipped with a thruster to stir the water causes a slightly higher heating of the swim 
tunnel water compared to that of ST32 with the propeller system.  

In order to  perform electrical conductivity measurements, electrodes are installed in the 
chamber, as shown in position 3 of Figure 3.3. Recall also the measurement setup as 
described in Figure 1.8.      

 
Figure 3.3 ST32 seen from above  with all the equipment installed, including the electrodes for conductivity 

measurement 
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The position of the electrodes as shown in Figure 3.3 is the initial electrode configuration 
used in the project. Later the electrode setup was done so that they measured the 
conductivity across the whole chamber. 

In some parts of the project two additional pumps were used to connected to each tunnel to 
the supply of saline and fresh water. Consequently it was possible to control the water 
supply to tunnels by the cFP unit. By measuring the capacity of the pumps it was possible to  
calculate the response time of waters salinity control. It is important to notice that the small 
pumps used had a limited lifting height. Their characteristics were also strongly dependent 
of the lifting height. This means that if there is any change in height between pumps and 
tunnel, new measurements and calculations has to be performed. 

3.2 Flow regime 
The flow characteristics of the ST is vital for the respirometry and it is also indirectly 
important for measurements of electrical conductivity. For improvement of flow 
characteristics, both swim tunnels has mounted vanes and honeycomb, as shown in Figure 
3.2. The honeycomb is actually a converter which reduces turbulence in addition to 
smoothening the flow. The honeycomb or converter is build up of small pipes. When 
sending the flow through the honeycomb, the flow becomes more laminar. The small pipes 
will reduce the inertial forces of the flow compare to the situation upstream the honeycomb. 
As is well known, the definition of laminar and turbulent flow based on Reynolds number 
(Re). Since Re is defended as inertial forces versus viscous forces, a reduced pipe diameter 
gives a more laminar flow. The flow will be laminar when it leaves the honeycomb.    

When running the swim tunnels as respirometers it is especially important to know the 
actual flow related to the reference value given to electrical motor or thruster. The 
instrument used to measure the flow velocity is shown in Figure 3.4. 

   
Figure 3.4 Flow probe, note marks on shaft for direction and positioning. 

The procedure for measurement of flow velocity in the STs is called flow calibration. When 
doing flow calibration, the lid covering the chamber, as shown in position 3 in Figure 3.1 
and Figure 3.3 or described as test section in Figure 3.2, has to be  replaced with an special 
calibration lid. By using this calibration lid it is possible to insert the flow probe shown in 
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Figure 3.4. The measurement strategy is to split-up the test sections cross sectional area into 
four equal areas (Olsen 1994). By defining a measurement point in each of these four cross 
sectional areas, see Figure 3.5 and Figure 3.6, it is possible to calculate the average flow in 
the test section.   

 
Figure 3.5 Flow measurement grid for ST32 in millimeter. 

Due to the size difference between the two swim tunnels it was necessary to have two 
different measurements grids, one for each tunnel.   

 
Figure 3.6 Flow measurement grid for ST90 in millimeter. 
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In order to be able to measure at the four measurements point in a proper way, it was 
decided to mark the height and direction on the shaft of the flow probe, as shown in  Figure 
3.4. To find the horizontal position of flow probes, a distance piece was made, as shown in 
Figure 3.7 

 
Figure 3.7 Use of distance piece for positioning the flow probe. Note the special lid arrangement.  

By following this procedure and performing flow measurements at different velocities, it is 
possible to find the characteristics of the flow in test section. It is important to note that 
every time a swim tunnel has been disassembled it is necessary to do flow calibration before 
running it as a respriometer. A typical flow measurement series for flow calibration is 
shown in Table 3.1 

Table 3.1  Flow measurement series ST32. *) Max-min estimated st.dev.  

Hz m/sec m/sec m/sec m/sec m/sec St.dev. 
  UL DL DR UR average (estimated)* 
3 0,08 0,08 0,1 0,1 0,09 0,010 
5 0,15 0,15 0,17 0,17 0,16 0,010 
7 0,22 0,21 0,24 0,25 0,23 0,020 
10 0,32 0,31 0,35 0,38 0,34 0,035 
13 0,42 0,4 0,45 0,49 0,44 0,045 
15 0,5 0,47 0,53 0,54 0,51 0,035 
20 0,67 0,61 0,71 0,75 0,69 0,070 

The average value, vav, is calculated for each flow velocity measurement using the following 
equation, which gives the arithmetic value. 

( )DRDLURULav vvvvv +++=
4
1

       (3-1) 

Where vUL is velocity upper left, vUR is velocity upper right, vDL is velocity down left, and 
vDR is velocity down right in the flow grids.(Figure 3.5 and Figure 3.6). The estimated 
standard deviation is calculated according to a “max-min” method (Erdal 1999) as follows: 

N

WN=σ  (3-2) 

Where � is the estimated standard deviation, WN is the difference between maximum and 
minimum and N is the number of samples. It is important to note that the estimated standard 
deviation increase with increased velocity. It’s also important to note that the flow velocity 
difference between left and right side in the test section is increasing. The flow velocity 
difference between the left and right side is also the main contribution to the actual standard 
deviation. The flow velocity difference between the left and right side is probably casued by 
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the flow resistance in the adjustable vanes, as shown in Figure 3.2. The differences are not 
significant at low velocities but become important for calculation of flow at higher 
velocities.  

In respirometry it is important to know how fast the fish is swimming, which is equal to the 
flow velocity. The position of the fish in the chamber is not crucial, but the fish has to swim. 
When doing electrical conductivity measurements the position of the fish in the chamber is 
very important because of the electrical fields symmetry.  

An ideal cross sectional position for the fish will therefore be in the middle of the chamber, 
indicated by the circle in Figure 3.8. 

 
Figure 3.8 The circle indicates an ideal location of the fish in the camber or test section.   

During experiments it has been interesting to observe the behaviour of the fish in relation to 
the earlier mentioned velocity difference between the left and right side of the chamber. At 
high velocity the fish searched toward the area in the chamber with lowest flow velocity, i.e. 
the left side. When the flow velocity was low the fish had a tendency to search to the right 
side of the chamber. This is obviously not an ideal situation for conducting electrical 
conductivity measurement, and the challenge is how to manage to keep the fish in an ideal 
position throughout the electrical conductivity measurements?  

An possible solution is to slow down the flow velocity in the middle of cross sectional area, 
i.e. the circle in Figure 3.8. Hopefully the fish then will choose to swim in the area with 
lower flow velocity. Therefore some plastic plates with holes of different sizes were made, 
as shown in Figure 3.9. Only one plate was used at a time, and it was placed in front of the 
honeycomb in ST32. 

 
Figure 3.9 Plates made of Plexiglas for adjustment of flow differences in the chamber. 

It turns out that the fish will not choose the middle of cross sectional area with the reduced 
flow velocity. The fish seems to prefer an area just outside the cross sectional area with 
reduced flow velocity. This is probably because the plastic plate is a bluff body in the flow 
which will create vortices in the flow. The fish will try to avoid these vortices.  

To establish a flow regime ideal for electrical conductivity measurements in the swim 
tunnel, the behavior of the fish was used as an indicator. Different plastic plates were tried 
in different positions and the behavior of the fish was observed – a time consuming process. 
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In the end a 28mm plastic plate was placed asymmetrically before the honeycomb was 
chosen. The plate was placed just after the outer adjustable vanes and below the horizontal 
center line. The fish now had an almost ideal behavior in the swim tunnel.  

After the insertion of the plastic plates, a new flow calibration was performed, as shown in 
Table 3.2. At low flow velocity it is now a small difference between left and right side.  

Table 3.2  Flow measurement series ST32 whit plastic disc. *) Max-min estimated st.dev. 

Hz m/sec m/sec m/sec m/sec m/sec St.dev. 
  UL DL DR UR average (estimated)* 

4,5 0,11 0,11 0,1 0,11 0,11 0,005 
9 0,22 0,22 0,21 0,25 0,23 0,020 

13,5 0,34 0,35 0,34 0,46 0,37 0,060 
18 0,46 0,46 0,43 0,52 0,47 0,045 

22,5 0,6 0,59 0,52 0,66 0,59 0,070 
27 0,7 0,67 0,64 0,78 0,70 0,070 
45 1,1 1,12 1,09 1,28 1,15 0,095 

The electrical conductivity measurements are done at lower flow velocities. The interesting 
part of Table 3.2 is therefore the flow velocity at 4,5 and 9 Hz.  

As conclusion on the matter of flow regime, it appears that a fish is a good “instrument” for 
flow measurements.    

3.3 Oxygen and temperature meters and sensors 
Two different meters for O2 and temperature measurements are used. Both are produced by 
PreSens and the sensor for O2 measurements is based on fiber optic. Both instruments also 
use a PT100 element for temperature measurements, and are interfaced to the cFP controller 
via the standard RS232 protocol.   

The meter connected to ST32 is called Microx TX 3 and is shown in Figure 3.10 

 
Figure 3.10 Microx TX 3 oxygen and temperature meter.. 

In ST90 an instrument called Fibrox 3, shown in Figure 3.11, is used. 

 
Figure 3.11 Fibrox 3 oxygen and temperature meter. 

Like Microx TX 3 the Fibrox 3 also has a diode in front which is respectively green and red 
when measuring or not measuring. If the diode light is orange it indicates for both 
instruments a stand-by condition. The operation of the meters including sensor connection 
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and communication interface are much the same. The difference between the two meters is 
mainly the O2 sensors.  

The O2 sensor used in the Microx TX 3 is based on a relatively thin optical fiber. At the end 
of the optical fiber there is a sensor tip which is placed in a small T-connector, see Figure 
3.12.   

 
Figure 3.12 Fiber optic sensor for Microx TX 3(Whit courtesy of PreSens) 

Silicone plastic tubes have to be connected in the two other ends of the T-connector. One of 
these tubes has to be connected to a pedestrian pump. The ends of the two tubes must be 
placed so that water from the swim tunnel is pumped through the T-connector and back to 
the tunnel. The sensor tip will measure its O2 level when the water is passing through the T-
connector. The trouble with this method is that it is easy to get air bubbles in the tubes. 
When an air bubble is passing through the T-connector, the sensor tip will measure the 
content of O2 in the air - not in the water.  

The Fibrox 3 O2 sensor is also based on an optical fiber, but it is a thicker fiber than the one 
used in the Microx TX 3 sensor. The Fibrox 3 O2 sensor also has a better encapsulation  
which provides a better mechanical wear resistance compared to the Microx TX 3 O2 
sensor. Therefore, it is possible to place the Fibrox 3 O2 sensor directly into the swim tunnel 
through the probe port, as shown in Figure 3.2.  

The measurement principles for both the O2 sensors is quenching of luminescence. This is 
caused by luminescent dye molecules in an exited state and O2 molecules which collides. 
Figure 3.13 shows the working principle of the Fibrox 3 O2 sensor with optical fiber and 
sensor tip.    

 
Figure 3.13 Sensor tip Fibrox 3. (with courtesy of PreSens)   



   
 

MSc thesis Endre Grimsbø 44 

3.4 Control system   
The control systems for both STs are based on the cFP real-time controllers from NI, shown 
in Figure 3.14.  

 
Figure 3.14 A cFP with controller and I/O modules mounted on a backplane. (with courtesy of  NI) 

The most important part of a cFP setup is the controller interface. Both the I/O modules and 
the controller are placed on a back plane which connects them together. There is a 
significant difference between a regular PLC and a cFP. In fact the controller unit on a cFP 
is a small PC with a built-in web server including support for file transfer protocol (ftp). The 
cFP communicates over a regular Ethernet network and consequently connects to the 
network at UiB with its own IP-address. The network properties make the cFP a suitable 
device in so called distributed control system (DCS), i.e. a control system with several 
control devices communicating over a network. A special real-time operating system is 
running the controller and not a common PC operating system like Windows or Linux. 
Because of the characteristics of the cFPs operating system, the device is also called a real-
time controller (RTC). The programming of cFP is done using the LabVIEW development 
tool by NI and a dedicated real-time (RT) software module. 

The I/O modules which are used to control the swim tunnels are a relay module, an analog 
I/O module and a digital I/O module. The two swim tunnels have different module 
configuration, i.e. the types of I/O modules used are different. This is done due to the 
expected ability for reconfiguration of the ST.  

The relay module controls the actuators connected to 240V AC, like the pumps, nitrogen 
and air/O2 valves connected to the swim tunnel. Connections of devices to the relay module 
implement a fail to safe condition, i.e. the flush pump is running and the air/O2 valve is 
open. The fail to safe condition is implemented little different in the two ST control system. 
In ST32 the fail to safe condition is implemented in hardware by physical connecting 
electrical wires. In ST90 the fail to safe condition is implemented by configuration of 
hardware in the setup software. Both relay and digital modules have only the ability to set 
on/off signals as describe in the following expression:  

�
�
�

=
0
1

)(tu   (3-3) 

In this case u(t) represents the value given to the actuator, i.e. pump or valve.  To only 
trouble with only to switch on/off is that it gives limited opportunity for advanced control 
engineering. 

For the analog modules it will be different since these are basically used for controlling the 
flow velocity. For swim tunnel 32 the analog output module is intended to control the 
adjustable frequency AC. In that chase u(t) is a DC signal from 0 to 10V. In swim tunnel 90 
the analog module controls the thruster. The control of the thruster is an DC signal u(t) from 
0 to 5V. 
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Measurements of O2 and temperature are done by, as previously mentioned, O2 meters. 
These are connected to cFP and communicates through the RS232 communication protocol. 
The instrument for measuring electrical conductivity in fish, the HiOKI 3522-50 LCR 
HiTESTER is also connected to the cFP controllers through the RS232 protocol.   

As an option both STs have a software configurable switch. The idea of this switch is to 
have the opportunity to make control software where it possible to give the switch a special 
function. It is possible in the future that the swim tunnels will be used in the field where it is 
difficult to have PC as human machine interface (HMI).  In a situation where a regular HMI 
can’t be used, it is possible to use the configurable switch as a part of a reduced HMI.  

To control the supply of nitrogen (N2) and air, i.e. O2 supply, pneumatic valves are used. 
These are the same type of valves as used for controlling all N2 and air/O2 supply. The 
valves are operated by a 240V AC signal and have two positions. Figure 3.15 shows a 
principle drawing of the valve. 

 
Figure 3.15 Schematic dawning of Nitrogen and Oxygen/air valve. 

The supply side of the valve, i.e. the input, is position one and position two is output. The 
valve has two positions (states): open and blocked. To control the N2 supply in a sensitive 
manner is difficult because the valve only gives the opportunity on or completely of.  

3.4.1 Control system Swim tunnel 32 
The control system originally supplied by Loligo systems was the starting point for the 
instrumentation of the swim tunnel. The original control system contains a frequency 
converter mounted in a control cabinet. The HMI was based on manual switches mounted in 
the front of the control cabinet. All this equipment was moved to a new control cabinet. All 
the manual switches was mounted at the new control cabinets at the opposite side of the 
swim tunnel to avoid possible splash of saline water. Figure 3.16 shows the new control 
panel with  a configurable switch and the “old” control switches. 

 
Figure 3.16 Manual control panel for ST32. 

At ST32’s new control cabinet it is possible to see all the electrical components inside the 
cabinet through a window. All the diodes at cFP CVS and relay together with the manual 
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control panel and display at frequency converter will therefore be the reduced HMI. The full 
HMI is a control application running at a PC with network connection. It is this special 
developed application which will controls the cFP unit via the network connection. The cFP 
is connected to all the sensors and actuators. Figure 3.17 presents a schematic of the 
configuration. 

 
Figure 3.17 cFP configuration for ST32 

The control algorithm of all the actuators have to be implemented in cFP’s control 
application. During all RS232 communication, the cFP sends and receives messages from 
the connected unit. The RS232 interface between cFP and CVS is a handshake connection 
so far only used when doing electrical conductivity measurements. This handshake is also of 
importance for communication between cFP and CVS when running a future tracing 
control.   

In the initial phase of the project a four channels relay module was installed. This relay 
module provided the opportunity for fail to safe configuration without use of software. Due 
to redefinition of the system functionality , two additional relays for control of fresh and 
saline water were added later in the project. These relays are controlled by 24V DC signals 
from the digital module. The relay which switch between manual and automatic mode is 
also controlled with a 24V DC signal from the digital module. This relay’s function is to 
decide if it is the manual control panel or the cFP unit who shall control the frequency 
converter and there by also the ST.    
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3.4.2 Control system swim tunnel 90 
This ST was supplied by Loligio system without a manual control. Only a potentiometer for 
control of the tunnel ROV thruster was included. It was possible to buy a manual control 
unit to the ST but it was considered insufficient for use in this project. Most importantly, the 
original control unit did not have a built-in display showing the actual flow velocity. Since 
the cFP unit is an important part of the ST’s instrumentation, it is also desirable to have a 
manual control unit which communicates with it. The solution was to build a manual control 
box as shown in Figure 3.18. 

 
Figure 3.18 Manual control panel ST90, display shows admission in %. 

Like for the original control unit the manual control box has a switch for flow direction and 
an adjusting knob for flow velocity. The configurable switch communicates with the cFP 
digital I/O-module and is therefore configure in the control software. In addition there is a 
display showing the input given to the thruster (in %). To control the flow velocity and the 
direction of the thruster, an input from 0-(±5V) is given. Inside the control box a small 
network of resistors and a potentiometer is set up. This network is connected in parallel with 
the flow velocity control.  This display measures a voltage drop over a resistor from 0-
100mV DC and thereby gives out a value from 0-100%. By adjusting a potentiometer it is 
possible to adjusting the voltage drop to maximum 100mV DC when maximum voltage is 
input to the thruster.  

The trouble with the thruster is that it needs 1,3V DC as control voltage before it starts 
rotating. The consequence of this is that the display shows a delay before the thruster 
actually starts rotating. The logical manner of operation is obviously that the display only 
shows values larger than zero when the thruster rotates. Due to security reasons, it is 
preferred to show the voltage input given. By placing a diode in the network, the delay is 
will be reduced with 0,7V. Figure 3.19 shows the resistor network with components. 

ΩM1

Voltage measurment
0 - 100mV DCV

Ωk10

Ωk20

 
Figure 3.19 Resistor network, measured voltage will be displayed as 0-100%. 
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The cFP unit is mounted in a control cabinet with a window that makes it possible to 
observe the control diodes from the outside. It is important to notice that the CVS controller 
of ST90 is mounted in a separate control cabinet. The idea with ST90 is that it shall have the 
ability to be used in field experiments. Therefore the different parts of the the control and 
video system are placed in separate control cabinets.  

The essential device in the control system of ST90 is the cFP controller. As shown in the 
drawing in Figure 3.20 all the actuators and sensors are connected to cFP controller.  

 
Figure 3.20 cFP configuration ST90. 

The only relay used in this cFP configuration is the one controlling the switch between 
manual and automatic mode. Automatic mode means that the cFP is controlling the swim 
tunnel. The relay module used in this swim tunnel has 8 channels, and does not have the 
same possibility for fail to safe configuration as the relay module used in swim tunnel 32. 
There is an external connection for control of external relay or equipments with 24V DC 
control signals.  

For the swim tunnel 90 all the devices that use RS232 connections are located outside the 
cFP’s control cabinet. The instrument for measurement of electrical conductivity and the 
CVS controller are located outside the room where the swim tunnel is located. The RS232 
cables are therefore relatively long, but the length is still acceptable.  
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3.5 Video and monitoring equipment 
For both respirometry and electrical conductivity measurements it is important to know the 
position of the fish. Because of the fish is a wild animal it does not tolerate that people in 
present in its vicinity without getting stressed. Especially in respiromety it is important that 
the fish not are stressed but behaves as natural as possible. If the fish is stressed it will 
influence on the O2 consumption and the measurement will be erroneous. For the electrical 
conductivity measurements it is ideal that the fish has a calm and steady behavior. A 
stressed fish will not have a behavior in the test section ideal for electrical conductivity 
measurements. The conclusion is therefore that a system is needed that will make it possible 
to observe the fish without disturbing unnecessary. The ideal situation is to have the ability 
to observe the fish from both top and side wives with a camera, as shown in Figure 3.21. 

 
Figure 3.21 Camera positions 

The first cameras installed in ST32 were two AXIS 204 web camera with network 
connection and built-in web server. Due to low resolution these web cameras it was decided 
to use IEEE 1394 FireWire cameras connected to a CVS controller. Later the same 
configuration was used fro ST90. 

3.5.1 Compact Vision controllers 
The two CVS controllers CVS-1454 and CVS-1456 are practically equal, except for the 
amount of memory available. The CVS controller of ST32 has 32MB memory and the CVS 
controller of ST90 has 256MB memory. The FireWire cameras are connected to the CVS 
controllers and also get its power supply from through the controllers. Figure 3.22 shows the 
hardware configuration of the CVS controller.        

 
Figure 3.22 Wiring CVS and IEEE 1934 FireWire cameras.  
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3.5.2 IEEE 1394 FireWire cameras 
The FireWire cameras used are SONY XCD-X710. The same camera is used in both swim 
tunnels - two camera for each tunnel. The cameras have high image resolution (1024x768) 
but provides only grey scale images (black and white). Since this is BW cameras the color 
coding supported is mono16 or mono8. Mono8 is sufficient for use with the swim tunnels 
and a frame rate of 30 frames pr. sec. (fps) is sufficient.    

The lenses used is 6mm Yamano ½” and has focus and aperture of manual type. The lenses 
has an maximum aperture or iris at 1,4.  

For each camera there was also purchased robust camera housing. The cameras did not fit 
exactly the housing and some adjustments were needed.  

3.5.3 Optical filters  
Because of reflection from the Plexiglas material and the water surface, it was decided to 
use polarizing filters on the camera lenses. The reflection from these non-metallic surfaces 
will consist approximately of polarized light. By using polarizing filters, it is possible to 
block or at least reduce the reflection. Since lenses used are of manual focus type, it is 
possible to use linear instead of circular polarizing filter. In a setup like this circular 
polarizing filter is less efficient compare to linear. The filters were ordered but unfortunately 
they did not arrive in time for the experiments.  

As a part of the work leading to this master degree thesis it was of interest to do some 
preparation for a future tracing control application. It was presumed to be interesting to see 
the effects of color filter mounted on the BW cameras. Figure 3.23 shows the all the filter 
used. 

 
Figure 3.23 Colored filter used in experiment.  

The red, yellow and green filters are intended for use on BW cameras for increasing of 
contrast. Since this filters are standard filter and commonly used it was possible to find 
technical information about them.  

The blue filters are originally intended for use with color cameras for correction of color 
temperature. These filters adjust the color temperature from about 3400 Kelvin (K) to 
5600K which is day light. The color temperature refers to the temperature of a black body.   

The orange and brownish filter was used but since it was impossible to find their technical 
data the results are not presented. 

An important thing to notice with both polarizing and color filters is the filter factor. This 
parameter describes how mush light the filter absorbs. When putting on a filter it must be 
possible to compensate for the absorbed light or else the picture will turn out very dark.      
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3.6 Electrical installation 
The laboratory building has a 400V alternating current (AC) power supply, and all the 
rooms in the laboratory are supplied with 240V grounded AC with a neutral wire (N-wire).  
Planning and practical work with the electrical installation has been done by the candidate 
whereas verification and acceptance has been done by an authorized electrician company. 
Drawings showing the electrical installation in details are placed in appendix.  The 
Norwegian standard NEK144, which is based in an IEC standard, is the basis for the 
drawings. All the drawings are made with use of MS-Visio software, which is limited 
compare to professional computer-aided design (CAD) tools as AutoCAD.  

It is important to notice that for ST32 both compact cFP and CVS (CVS32) controllers are 
placed in the same control cabinet. By disconnecting the control cabinets power supply both 
controllers will shutdown.  
The frequency converter is the one that controls the flow velocity in the tunnel by changing 
propeller motors speed. The display of the frequency converters front shows the actual 
frequency given to the electrical propeller motor. The frequency converter was delivered, in 
a smaller control cabinet, together with the swim tunnel. This smaller control cabinet was 
the original manual control of the swim tunnel. The frequency converter and manual control 
switches was disassembled from the old small control cabinet and rebuilt in to the new 
cabinet showed in Figure 3.24.    

 
Figure 3.24 Control cabinet ST 32. 

Because of the control cabinet’s size, it was also possible to place the instrument for 
electrical conductivity measurement in it. The relay module and relays are protected with 
fuses. Also the low voltage DC signal channels are protected with fuses.  

Both control cabinets for the swim tunnels are, for safety reasons, connected to the buildings 
electrical system through an earth-leakage circuit-breaker.  
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ST90 was ordered with a control cabinet big enough for the cFP controller. Control cabinet 
was also delivered with a 150V DC power supply for the thruster. The cabinet was also 
provided with a smaller DC power supply with 10, 5 and -5V DC for control signals for the 
thruster. Figure 3.25 shows the whole control cabinet whit cFP controller. 

 
Figure 3.25 Control cabinet ST 90. 

3.7 Data acquisition and control software 
The LabVIEW software development tool from National Instruments has been used to 
program the RTC. In addition dedicated software drivers are required for each of the 
different controllers. Using LabVIEW it is possible to write software applications for both 
the cFP and CVS controllers. Configuration of the RTC controllers is performed using the 
Measurement & Automation Explorer (M&AE) software from National Instruments. The 
M&AE software is supplied with LabVIEW and is required in order to configure hardware 
components like I/O-modules and cameras connected to the controllers. A software tool 
called Vision Assistant 7.1 developed by National Instruments was used to perform image 
analysis.  

Several software editions of the RTC control applications has been developed throughout 
the project, providing increased functionality and application quality. For respirometry the 
final application developed is the controls application for the cFP and CVC controllers of 
ST90. Application software for measurement of electrical conductivity in ST90 has not been 
developed. The latest software version for measuring electrical conductivity is the one 
developed for ST32. 

A software sequence in LabVIEW is called a Virtual Instrument (VI). The idea is that the 
graphical user interface (GUI) of the application, which also is called the front panel, 
represents an instrument. When using the swim tunnel to measure the O2 consumption of the 
fish, the tunnel is a respirometer and the control application represents a virtual instrument. 
Usually a LabVIEW application is developed using a set of sub programs or sub routines 
called sub VIs.         
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3.7.1 Video software applications 
The simplest software application is the control application used when running the swim 
tunnels as respirometers. The software program is quite small, which makes it easy to 
understand. The LabVIEW source code is presented in a separate window to the front panel, 
called the block diagram. Figure 3.26 shows the block diagram for the video application 
with comments in the software code. 

While  loopInitializing
camera  and
acquisition
sequence

Acquire  and
present

the image

Close
acquisition
sequence

Stop  condition
while  loop

 
Figure 3.26 LabVIEW source code for the  video application used in respirometry. 

The software program initializes and executes two parallel data acquisition sequences. 
When the initialization is finished the program enters into a while loop structure. In the 
while loop the images are acquired from the cameras and subsequently displayed on the PC 
screen. The while loop will execute until the stop condition becomes logical true. Three 
possible conditions exist for the while loop to reach a logical true stop condition. If the 
program stop button is pushed the while loop will enter a logical true stop condition. The 
while loop also reach a stop condition if an error occurs in one of the two cameras. An error 
in one of the two cameras will involve a true condition on the error status indicator and 
following terminating the while loop. Whenever the while loop is terminated, the data 
acquisition sequence will be closed down and the cameras and the controller resources will 
be released from the software application.       

The concept used in embedded  LabVIEW applications is that the program code will be 
downloaded to the controller when it is started on the PC. The first time the application is 
initiated it takes some time to download it to the controller. The controller subsequently 
executes the software code, and the only thing for the PC to execute is changes to GUI 
generated by input to the software program. The PC operates like a client and the controller 
is a server. The concept is much the same as thin thin client - terminal server concept. As is 
well known, the thin client and terminal server does not need a high network speed if there 
is only small changes in GUI. For a thin client performing executing of  video signals there 
are big changes on the screen and a lot of network traffic is generated. Compared with the 
cFP and CVS controllers a higher bandwidth is needed due to the difference in the amount 
of network traffic generated. It is important to be aware of the network capacity requirement 
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when running the video applications. In fact, some part of the computer network at the 
Department of biology is quite old and does not have sufficient capacity for video 
transmission. The video software applications will work even with on a network with low 
performance parameters, but the video quality will be low. A sufficient network capacity is 
100Mbps and at least category 5 cables (Cat.5) are needed. 

When the capacity of the network is adequate, the video applications will provide good 
video quality. Figure 3.27 shows a single camera image with good image quality.  

 
Figure 3.27 Application developed for visual control of fish when ST 90 is used as respirometer 

For picture analysis it is important that the image quality and the traditional video system 
does not have the same single image quality as CVS.  

Figure 3.27 shows the LabVIEW front panel of the ST90 video application for respirometry. 
In LabVIEW, the part of the GUI part of the application is called the front panel. When an 
application is compiled into an executable file, only the front panel is presented to the user.  

The only requirement set on respirometry video applications is to present an image of the 
fish in such a manner that the user knows whether or not it is swimming. During electrical 
conductivity measurements the position of the fish is also important. It is necessary to 
establish whether or not the fish was in an acceptable position when the electrical 
conductivity measurement was done. In order to verify the position of the fish, a video 
controller with extended functionality is needed. The concept of the video control 
application developed for electrical conductivity measurements is to capture an image of the 
fish before and after the measurement is taken. It is assumed that the time needed for 
conducting the measurements are small. After the measurement is performed and the images 
captures, the user has to verify visually whether or not the fish is in an acceptable position. 
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The measurements will only be saved to disk if the fish was in a correct position. A software 
video application, as shown in Figure 3.28, with this functionality has been developed. The 
two large size images shows the fish prior to the electrical conductivity measurements, 
whereas the two small picture frames shows the fish after the measurements is taken.   

 
Figure 3.28 Software application developed for visual control of fish when ST32 is used for conductivity 

measurements.  

After both of the cFP and CVS software applications for electrical conductivity 
measurement are started, they will communicate through the RS232 protocol. The RS232 
handshake cable is shown in Figure 3.17.  

The cFP control application will transmit the name of the measurement series, e.g. the 
number of fish, over the RS232 protocol. The name of the measurement series will then 
appear on the front panel of the video controller. After a logical start signal is received from 
the cFP, the video sequence starts. Two separate videos will appear inside the two large 
image frames within the front panel of the video application, as shown in Figure 3.28. When 
the fish is in a suitable position for electrical conductivity measurements to be conducted, 
the user push the “take measurement” button at the front panel. This will initiate a control 
signal to be transmitted to the cFP controller, and the video controlling application will wait 
until cFP sends a measurement start signal. The video image stream will then stop, and the 
last image will remain in the image frames at the front panel as single images. When a 
electrical conductivity measurement has been performed, a control signal is received from 
the cFP controller, and two images will appear within the small image frames at the front 
panel, as shown in Figure 3.28.  

The user of the application now has to decide whether of not the position of the fish is 
acceptable. The result of this decision is sent to cFP controller. If measurement is accepted it 
is saved, if not it will be discarded.   



The source code or block diagram for the video controller application as shown in Figure 3.28, is relatively large. The entire block diagram for the video 
control application is shown in Figure 3.29 
 

 
Figure 3.29 Block diagram for ST 32’s video controller application for electrical conductivity measurement. 

It is important to notice the use of subVIs in the video control application. The two subVIs named ConfigCOM and SnapCVS32 are developed for this 
project in order to simplify the software code. The subVI icons used are as shown in Figure 3.30. 

      
Figure 3.30  SubVI’s icons with connectors for the subVI ConfigCOM and SnapCVS32  



The intention of the subVI is to execute smaller procedures for the main program. The task 
of the ComfigCOM subVI is to configure the RS232 connection. The block diagram for this 
subVI is shown in Figure 3.31. 

 
Figure 3.31 Block diagram  for subVI  ConfigCOM. 

The subVI contains all the parameters needed for configuration of the RS232 connection, i.e 
the handshake protocol to the cFP. By using a subVI for this procedure the software code in 
the main VI is simplified. 

The subVI SnapCVS32 initializes a camera connection and captures one image. The block 
diagram of SnapCVS32 is as presented in Figure 3.32.  

 
Figure 3.32 Block diagram of  subVI SnapCVS32. 

When the SnapCVS32 subVI has captured an image it close the camera connection. Finally 
the subVI sends the image to the main VI, i.e. the video controller application. The picture 
will subsequently be presented in one of the image frames at the front panel of the video 
controller.   
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3.7.2 Control software applications 
A control program with necessary functionality, i.e. to measure electrical conductivity and 
run the swim tunnel 32 as a respirometer, has been developed. Figure 3.33 shows the front 
panel of the control application for execution of electrical conductivity measurements.   

 
Figure 3.33 Front panel of the control application for electrical conductivity measurements on the ST 32. 

The control application gives the user access to adjustment of the flow velocity. With the 
front panel “forward/backward” button it is possible to change the direction of the flow, 
which is necessary if the fish does not swim in a proper manner. Before starting the software 
program the file name of the measurement has to be entered in the field with that tag. It 
furthermore important to set the temperature set point prior to starting the program. The 
MR0 Set and MR1 Set is the configuration of the HiOKI LRC HiTESTER instrument. The 
number of measurements series (Nr. of series) must also be set before program starts. 
Number of measurement in each series is set to one as default value. Measurements series 
bigger than one is normally only used if increase or decrease of salinity is used. The systems 
manner of operation with increase or decrease of salinity, is that for each measurement 
series the saline or fresh water pump runs a short time. Number of measurements each series 
then defines the number of measurements for each change in salinity. The small unmarked 
window between the increase and decrease button defines the duration the saline or fresh 
water pump should run and thereby the duration of change in salinity for each measurement 
series. In experiments with increase or decrease in salinity, the saline and fresh water pump 
must be off. In experiments using cod or other salt-water fish without increase or decrease 
in salinity, the saline fresh water pump must be switched off. In cases where the 
measurement setup requires a continuous replacement of water in the swim tunnel, the 
saline pump button must be on.  
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The measurement results will be presented as impedance, conductance and admittance, and  
will be saved in log files. The log files will be named with measurement name and unit. 
After the application has perfomed all the measurements of a test section, a reference 
measurement will be taken. The purpose of the reference measurement is to detect water 
conductivity variations.   

The control software application is more complex than the video software applications, and 
it is built up of numerous subVIs. Table 3.3 shows the names and icons of the subVIs used 
to create the control software application.      

Table 3.3 Icons and names of subVIs used in the application for electrical conductivity measurement.  

Icon VI name and description Icon VI name and description 

 
CondFISH.vi 
Main VI. 
 

 
Pump_temp_reg.vi 
Starts and stops the temperature regulation 
pump.  

 
ConfigCOM1.vi  
Configurations of RS232 connection for 
Microx TX3. 

 
Freq_conv.vi 
Controls the flow velocity and direction  

 
ConfigCOM2.vi 
Configurations of RS232 handshake 
connection CVS. 

 
Saline_water_pump.vi 
Switches on and off saline water pump  

 
ConfigCOM3.vi 
Configurations of RS232 connection for 
HiOKI LCR HiTESTER. 

 
Fresh_water_pump.vi 
Switches on and of the fresh water pump 

 
Auto_manual.vi 
Switches between manual and automatic 
mode.  

 
TempReg.vi 
Controls the waters temperature 

 
Flush_pump.vi 
Starts and stops the flush pump. 
 

 
Microx_TX3.vi 
Communicates whit the Microx TX3 
instrument  

 
Oxygen_valve.vi 
Open and close the air/oxygen valve.  

sorting.vi 
Sorting and converts the text string 
received from Microx TX3  

 
multiplexer.vi 
Switches between the two sensors in test 
section and reference measurements.  

  

When the application starts the initial values are already set. This is because it is important 
to make sure that all the actuators are in the correct state. The application will during the 
start up procedure switche from manual to automatic mode. This means that the application 
will take control over the swim tunnel resources and it will not be possible to use the manual 
control panel. All the RS232 connections will also be initialized during the start up 
procedure, as shown in Figure 3.34.  
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Figure 3.34 Part of start up procedure and handshake with CVS controller. 

The source code for all the ConfigCOM subVIs in this control application is much the  same 
as for the ConfigCOM subVI shown in Figure 3.31.  

Figure 3.34 shows a part of the handshake procedure between the cFP and CVS controller. 
It is important to notice that the ready signal is sent every time a measurement is completed 
and the application is ready to perform a new one.  

When the ready signal is sent to CVS controller, the application enters into a while loop 
structure with a sequential structure shown in Figure 3.35. 

 
Figure 3.35  Sequential structure with temperature control placed inside a while loop structure. 

A sequential programming structure means that every part of the program code in a frame 
will be executed before the code in next frame. This is a way to secure that different parts of 
the program code is executed in a particular order. For the electrical conductivity 
measurements it is important that the water temperature is controlled before the actual 
measurement is performed. In the sequential structure in Figure 3.35 the subVI for 
temperature control is placed in the first frame due to the importance of temperature control. 
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When the temperature control is done, the application waits for the control signal from the 
CVS controller to perform a measurement. If the measurement control signal is sent from 
the CVS controller, the while loop is terminated and the application continues to 
measurements sequence. The update of flow velocity and flow direction does not 
necessarily have to be a part of the sequential structure. The update of flow velocity and 
flow direction reads the values entered by the user via the buttons on front panel and sends 
them to Freq_conv.vi, which executes an updates of the flow. The stop sequence is also 
placed several places in the program code. The intension with the stop sequence is to 
terminate the program in a proper way. The stop sequence consists of a case structure that is 
controlled by a local variable connected to the stop button on the front panel. If the stop 
button is not pushed, the case structure will execute the false condition and nothing will 
happen. If the stop button is logical true the case structure will go to true condition and 
execute a stacked sequence. In this stacked sequence the flow will be set into a default state 
before the subVI auto_manual will switch the control system of tunnels back to manual 
mode. The swim tunnel is now in a safe state and the application will terminate. The most 
important and complicated part of the while loop in Figure 3.36 is the subVI for temperature 
control. The principle for this VI is a feedback loop with a P-controller. The process is the 
water temperature in the swim tunnel. Figure 3.36 shows the block diagram for the 
temperature control VI. 

 
Figure 3.36 Block diagram for TempReg.vi 

With a measured temperature equal to the set point value, the while loop executes only one 
time and the VI terminates. If the temperature differs from set point, the while loop will run 
until 10 subsequent measurement readings is equal to the set point due to of the shift register 
implemented. Because of the shift register the temperature control VI is not only a P-
controller but also have PI-controller characteristics. If the temperature is higher then the set 
point, the temperature control pump will be switched on and the water in the tunnel will be 
cooled down. In case the temperature is lower than the set point, the control VI will wait 
until heat from the flush pump has heated the water.   Because it is possible to run the VI as 
a separate application only for temperature control of the tunnel, the while loop is placed 
inside a sequence structure. The sequence structure ends in a frame where the temperature 
control pump is set to safe position i.e. turned off. The temperature control VI get the actual 
temperature by calling the Microx_TX3 subVI, as shown in Figure 3.37. 
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Figure 3.37 Block diagram for driver Microx TX3, false condition of case structure above. 

The Microx_TX3 subVI communicates with the oxygen and temperature meter. Measured 
values for oxygen and temperature are received by sending a request to the meter. 
Sometimes an error occurs in this process, and therefore an error handler is needed for the 
VI to work properly. By using a case structure it is possible to “catch” the error and 
reinitialize the connection and sending a new request for measurements. 

The measurement results which comes from the oxygen and temperature meter is a string 
that contains, among other things, both the oxygen and the temperature values. Since this VI 
also is used to conduct respirometry, it is necessary to extract the values for oxygen and 
temperature from the ascII string received from the instrument. For use in calculations the 
measurements must also be converted from string to numerical values. Figure 3.38 shows 
the special subVI made for extracting data from the string and converting the results from 
asII to to numerical values.        

 

 
Figure 3.38  Connector panel and block diagram for sorting.vi  

The connector panel, upper right corner of Figure 3.38, shows the input value “String in” 
and all the other connections represent different output values. The output value “Error 
code” is used in the Microx_TX3 subVI as a verification of a valid string received from the 
oxygen temperature meter.   
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When the temperature is equal to the set point, and the signal for measurement execution is 
received from CVS controller, the application will exit the while loop in Figure 3.35. The 
measurement sequence, as showed in Figure 3.39, will now initiate. A signal will be sent to 
the CVS controller to indicate that a measurement sequence is started, as shown in the first 
frame in the sequence structure in Figure 3.39. Due to the possible presence of 
electromagnetic noise, all the pumps will be switched off. The application now waits for one 
second to make sure the pumps are really stopped and thereby does not have influence on 
measurement results.  

The admittance, impedance and conductance measurementa are now performed, as shown in 
the second frame of the sequence in Figure 3.39. An error handling routine for occurrence of 
illegal values, i.e. when the admittance value is outside the range between 0 and 100, is also 
implemented. Furthermore a timestamp function is implemented which creates a time stamp 
for each measurement. The time stamp function logs the time interval between the time of 
the actual measurement and when when the application was initialized.  

After the measurements are performed, the control application continues to the third frame 
in the Figure 3.39 sequence. A new signal is sent to CVS controller and the multiplexer.vi 
will switch to a reference sensor for reference measurements. When reaching the fourth 
frame in the sequence, the application waits in a half second to make sure that the relay 
controlled by the multiplexer.vi has actually switched. Reference measurements for water in 
the outer chamber is then taken.    



 
Figure 3.39. Measurement sequence in the control application for electrical conductivity measurements  
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When the reference measurement is done the application will set the pump back to the 
actual on/off position it had prior to starting the measurements, as shown in frame five in the 
sequence in Figure 3.39. The multiplexer.vi will also switch such that the sensor in the test 
section is connected to HiOKI LCR HiTESTER.  

If the measurement is rejected, the while loop will start over with a new ready signal, as 
shown in Figure 3.34. Then the entire procedure starts all over again with the while-loop in 
Figure 3.35 and the measurement sequence in Figure 3.39.  

When a measurement is accepted the application enters into a for-loop. This loop is 
controlled by the number “Measurements each series” given in the front panel, as shown in 
Figure 3.33. The measurements conducted within the for loop will be sent to the auto-
indexed tunnel of the loop. The measurements are temporary saved in the auto-indexed 
tunnels until the for-loop is finished. Then the measurement results are written to several 
.txt-files. After the measurements are temporary saved in in auto-indexed tunnel, the for-
loop starts the while-loop and the entire sequence starts again with the ready control signal. 
The only difference in the procedure between a rejected and an accepted measurement is 
that the measurement is temporarily saved in the auto-indexed tunnel of the for-loop. The 
for-loop will terminate when the desired number of measurements in the series are reached.  

After the number of measurements in the series are reached and the for-loop has terminated, 
the application enters the decrease/increase of salinity sequence, as shown in Figure 3.40.  

 
Figure 3.40 Sequence for increase or decrease of waters salinity.   

If the decrease or increase button are logical on for fresh or saline water respectively, the 
pump will start. The application will then wait until the pump has been activated for a 
preselected number  of seconds. Subsequently the pump will be switched off and the 
application will wait for stirring of thewater. After several practical experiments it turns out 
that 7 minutes is the minimum recommended time to wait before the water has a 
homogeneous consistency.         

When the sequence as described in Figure 3.40 is executed, the entire procedure starts all 
over again with the ready signal and so forth. If the chosen number of series are reached 
after the increase/decrease sequence, the program will terminate and measurement are 
completed. 
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The final application developed for respirometry is made for the ST90. The application 
represent the HMI for the control system which operates the ST as a stop-flow respirometer.  
The application front panel is presented in Figure 3.41, and the stop-flow resirometer 
concept is described in section 1.2.3 

 
Figure 3.41 The application developed for respirometry in ST90 

Together with the CVS90 video controller, as shown in Figure 3.27, the HMI for the ST90 
is used in respirometry experiments. Unlike the HMI for ST32 used for electrical 
conductivity measurement, the CVS90 application and the ST90 resirometry application are 
independent of each other. Thus, there is no communication between the two applications 
like the handshake used in the conductivity measurement HMI for the ST32.      

As in the ST32 application for electrical conductivity measurements, the ST90 respirometry 
application is also built up of several subVIs.  The different subVIs used in the respirometry 
application are shown in Table 3.4. 
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Table 3.4 Icons and name of VIs developed for ST90 and used in the respirometry application. 

Icon VI name and description  Icon VI name and description 

 
SwimTunnel90.vi 
Main VI. 
 

 
FlowFishLength.vi 
Calculate flow in fish length  

 
Config_COM3.vi 
Configurations of RS232 connection 
for Fibrox3. 

 
SafeValues.vi 
Set actuators in steady state i.e. safe 
values 

 
oxygen90.vi 
Open and close air/oxygen valve 
 

 
Fibox3.vi 
Communicates with the Fibrox3 
instrument 

 
Nitrogen.vi 
Open and close nitrogen valve  

filename.vi 
Generate file name based on actual day 
and time.  

 
Flush_pump90.vi 
Starts and stops the flush pump. 
 

 
Sort.vi 
Sorting and converts the text string 
received from Fibrox3 

 
Saline_water_pump90.vi 
Switches on and off saline water 
pump 

 
O2_ml_kg_hr.vi 
Calculates oxygen consumption 

 
Pump_cooling.vi 
Starts and stops the temperature 
control pump. 

 
Flow.vi 
Controls the flow velocity and 
direction 

 
Manuel_Automatic.vi 
Switches between manual and 
automatic mode. 

  

 
Before executing this software application it is necessary to perform a flow calibration 
procedure, as described in section 3.2. After executing a regression analysis on the flow 
calibration measurement results, the parameter values for slope and intercept are used as 
initialization values in the software application. Prior to placing the fish in the ST, 
measurements of length and weight, as described in section 2.1.1, has to be carried out. The 
initial slope value, slope intercept and fish length is subsequently input to the application 
and used in the FlowFishLength.vi subVI. This VI calculates the flow in fish length units pr. 
sec. A block diagram of the subVI is shown in Figure 3.42.       

 
Figure 3.42 The FlowFishLenght.vi block diagram.  

To avoid unwanted stress situations for the fish,  a limitation of five fish length units pr. sec. 
is set in the FlowFishLength.vi algorithm. There is also a limitation on the minimum input 
in volt given as input to the Flow subVI. The minimum input value is given because the 
ROV thruster needs a minimum voltage before it starts to rotate.   

The initial values of the water salinity and actual barometer pressure (BP) in millimeter 
mercury (mmHg) are needed. All the initial measurement values are plotted in their 
respective fields in the front panel, as can be seen in Figure 3.41. When all the initial 
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process parameters are available and the fish is placed inside the tunnel, the software 
application is started. Initialization of all the actuators and sensor communication is done 
during the applications startup procedure. When the initialization and measurement startup 
procedure is performed the application software enters into a wait state sequence which 
controls the water temperature. It also updates flow velocity and direction. Measurements of 
oxygen and temperature are performed and presented both numerically and graphically in 
the front panel. In Figure 3.43 the block diagram for the described sequence is presented. 

 
Figure 3.43 The wait sequence used before applications measurements phase starts. 

In the first frame of this sequence a default (safe) value for the oxygen valve is set, i.e. the 
valve is open. The stop sequence is also used in the third frame of the sequence in addition 
to several other places in the application software code. The stop sequence used in the 
application is more advanced than the one used in the ST32 control application for electrical 
conductivity measurements. The main difference is the use of a separate subVI made to 
ensure that the actuators are set in steady state. Figure 3.44 shows the block diagram of this 
subVI 

 
Figure 3.44 Block diagram of  the SafeValues.vi - all actuators are set to safe positions. 

A trouble with previous software application was that the subVIs did not terminate until the 
program code was finished. For the sequence in Figure 3.43 that meant that when the 
Fibrox3 subVI was written in a traditional way, it had to finish its program code before the 
main VI would continue. If the stop button was switched to off position when the subVI was 
executing, the main VI would not terminate until the subVI was finished. This is indeed an 
unwanted situation. In order to circumvent this problem, the Fibrox3 subVI was modified 
with a VI server with reference to a local variable called STOP. Inside the Fibrox3 subVI 
there a for-loop is placed, where the VI server reference is connected and where the subVI 
will terminate if the stop button is switched to off position, as shown in  Figure 3.45. 

 
Figure 3.45 Stop routine for the Fibrox3.vi.  
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The Fibrox3.vi has almost the same LabVIEW source code as the Microx_TX3.vi used in 
the ST32 control application, as shown in Figure 3.37. The principle for error handling in 
the source code of Microx_TX3 is also implemented in the Fibrox3 code. Except the routine 
that gives the main VI access to terminate the subVI, the subVI Fibrox3.vi has also a built-
in algorithm for calculating the PO2 in mmHg. Figure 3.46 shows the part of the block 
diagram of Fibrox3.vi where equations for calculating PO2 are implemented.. 

 
Figure 3.46 Part of Fibrox3.vi which calculates the PO2 value. 

The subVI Sort.vi has the same source code as the subVI shown in Figure 3.38. The 
equation in the left frame of Figure 3.46 calculates the vapor pressure (vp). The only input 
to this equation is the measured water temperature. The vp value is subsequently used in the 
calculation of PO2, which is shown in the right frame of Figure 3.46. The input O2 in the 
equation for calculating PO2 is the measured oxygen value given in %. In this calculation 
the initial value of BP is also used. The output of the Fibrox3.vi is the measured oxygen 
level presented as PO2, there the measurement results are given both as string and numeric 
values. 

The measured temperature and the calculated PO2 values are presented on the front panel in 
both numerical and graphical form, as shown in Figure 3.41. Following, the measured 
temperature and latest water temperature measurement are entered into an algorithm, as 
shown in the second frame of the sequence shown in Figure 3.43. Since only an average 
value of the two temperature measurements are used, the temperature control algorithm will 
approximately behave like a P-controller (Proportional).  

The software application will repeat the sequence shown in Figure 3.43 until the 
measurement button is switched to ON. The application will then enter into the 
measurement phase. The first stage of the measurement procedure consists of a while loop 
where both oxygen and temperature are controlled. It is important to notice the maxPO2 and 
minPO2 on the front panel as shown in Figure 3.41. These values sets the range of the 
measurements series start and stop values. This implies that the measurements do not start 
until the water in the swim tunnel has an oxygen level equal to maxPO2. The maxPO2 value 
is therefore the set point for the oxygen control. If the oxygen level is lower than maxPO2, 
the saline water pump will be ON and the oxygen valve will open. The oxygen level will 
now increase until the maxPO2 value is reached. If the waters oxygen level is higher the 
maxPO2, the saline water pump will be OFF and the oxygen valve closed. The control 
application now wait until the oxygen consumption of the fish has decreased the waters 
oxygen level to be equal to the maxPO2 value. To use the fish itself for control of oxygen 
level is time consuming. Therefore it is possible to connect a nitrogen supply to the ST 
which will be controlled by a separate nitrogen valve. If a nitrogen supply is connected and 
the situation where the oxygen level is substantial larger than maxPO2 occurs, the nitrogen 
valve will open and rapidly decrease the oxygen level in the water. When nitrogen is added 
into the water, the oxygen level decreases rapidly. The challenge concerning 
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implementation of the nitrogen valve into the control system of the ST is that it has only two 
positions, open and closed. Because of the rapid decrease of oxygen in the water when using 
nitrogen, and the lack of control possibilities for the valve, it is difficult to avoid undershoot 
in the oxygen level. An ad-hoc control algorithm is implemented in order to ensure that the 
nitrogen valve is closed before the oxygen level is equal to the maxPO2 value. This means 
that in situations where the difference between the oxygen level and the maxPO2 value is 
small, the nitrogen will not be used. 

Table 3.5 PO2 controllers function  

Condition Action Results 

PO2  <  maxPO2 Air/oxygen valve opens and 
saline water switches pump on. 

PO2 level 
increase 

PO2  >  maxPO2 The oxygen consumption of the 
fish controls the PO2 level. 

PO2 level slowly 
decrease 

PO2 >> maxPO2 Nitrogen valve opens PO2 level rapidly 
decrease 

PO2  �  maxPO2 Application goes to 
measurement sequence 

Measurement 
starts 

The algorithm for control of the temperature is based on a averaging of the ten latest 
measurements. This implies that the algorithm is no longer a P-controller, but has PI-
controller characteristics. A challenge concerning the control of ST90 water temperature is 
the heat emerging from the ROV thruster. To compensate for this disturbance it is necessary 
to cool the water before the measurements starts. Programmatically this is solved by 
initializing the shift-register used for averaging the measured temperature with a relatively 
high sample number. This will force the cooling pump to run for a time at least the duration 
of the first ten measurements.     

When the measured oxygen and temperature values are both equal to set point values, the 
application will initiate the measurement phase. The flush pump is at this time stopped, and 
the tunnel is a closed system, as explained in chapter 1.2.1. A short wait sequence will 
execute, as shown in Figure 1.13, before the measurements starts.   

When the measurement starts, the PO2 and temperature values are saved to a log file. A 
special subVI generates a name for the log file based on the date and time of day at which 
the measurement series was initiated. At the front panel of the application, as shown in 
Figure 3.41, the number of measurements can be entered. In this case a measurement is 
defined as the results from a calculation of the fish’s oxygen consumption in a series of PO2 
measurements. In Figure 3.41 two measurement series are presented graphically at the front 
panel. The measurement series starts at maxPO2 level and terminates when the PO2 level is 
equal to minPO2. The recorded decrease in PO2 represents a measurement series and the 
slope is the fish’s oxygen consumption. Since the tunnel when performing measurements as 
a closed system respirometer, the calculation of the oxygen consumption of the fish is based 
on equation 1-18. For the measurements saved in the log file are raw data, i.e. no 
calculations are executed on the data. The software application will produce one data log 
file for each measurement series, and it is subsequently possible to calculate the oxygen 
consumption at a later stage by using equation 1-18.   

In addition to the possibility of calculating the oxygen consumption of the fish from data in 
the log file, the application also calculates and presents the measured values on the front 
panel. In order to execute the calculations a subVI called O2_ml_kg_hr.vi is developed 
implementing equation 1-18. The block diagram for this VI is shown in Figure 3.47. The 
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PO2 gradient is found by using a subVI included in LabVIEW which returns the slope of the 
time and measurements arrays. The other inputs to the calculation performed in Figure 3.47 
are salinity, temperature and fish weight. In order to calculate the 

2Oα  in equation 1-18, 
named solO2 in Figure 3.47, the Brix model is used. This model is based on a simplification 
of a previously developed model (Green et. al. 1967) by using a polynomial approximation. 
Details of this model is , enclosed on the CD-ROM in the appendix. After performing the 
calculation, the calculated values are shown on the front panel of the main VI, as shown in 
Figure 3.41. The front panel presents two values for O2,mL/kg/hr. The first shows the value 
over a longer slope interval whereas the second is just a smaller part.  

 
Figure 3.47 Block diagram of the O2_ml_kg_hr.vi 

 

3.8 Equipment used for electrical conductivity measurements  
The starting point for the electrical conductivity measurements on live fish was the 
previously conducted measurements on dead fish performed at CMR. The measurement 
setup for dead fish was therefore implemented in ST32. The instrument for measuring 
electrical conductivity is the same type as the one used in the experiments at CMR, i.e. a 
HiOKI LCR HiTESTER. Figure 3.48 shows the measurement principle for the HiOKI 
instrument 

 
Figure 3.48 Measurement principle of the HiOKI LCR meter,. (From HiOKI LCR testers manual).  

The measurement principle is based on the principle that a small electrical current is sent 
through the measurement object and at the same time the voltage drop is measured across 
the measurement object. From the measured voltage drop, the impedance, conductance and 
admittance can be calculated. The instrument is not designed for measurements of objects 
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like saline water and fish, and the cables and equipments therefore has had to be modified 
before starting the experiments. It is important to notice that there is only one output from 
the instrument which gives an alternating current. The connections Hcur, Lcur, Hpot, and 
Lpot are all connected to separate electrodes in the experiment. The test fixture in Figure 
3.48 corresponds to the test section in the ST.   

3.8.1 Phantoms  
In order to be able to characterize the measurement system, two static phantoms have been 
designed. Phantom 1 is made of aluminum, whereas the other is made of PVC filled with 
sand. Figure 3.49 shows a picture of the two phantoms.   

 
Figure 3.49 Fish phantoms used to characterize the system. 

For positioning of the phantoms within the ST,  thin Plexiglas as shown in Figure 3.50 was 
designed. 

 
Figure 3.50 Phantom holders in Plexiglas used in the chamber to position the phantoms.  

Since the volume and size of the phantom holders are small, it is assumed that they will not 
significantly influence the measurements.   

3.8.2 Wiring, electrodes and saline water 
The idea behind the measurement scenario was to implement the CMR measurement model 
used on dead fish on live fish. Therefore a measurement setup like the one in Figure 1.8 was 
expected to work. A Plexiglas frame fitting into the ST’s test section was made, as shown in 
Figure 3.51.  

 
Figure 3.51 Screened copper cable soldered to copper tape electrodes.  
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On the Plexiglas frame thin copper tape was mounted as measurement electrodes, and the 
electrodes were soldered to the copper wires for connection to the measurement instrument, 
as shown in Figure 3.51. The cable was screened with two pairs of cables inside the same 
screen. Two grids of stainless steel was used as current electrodes and placed in each end of 
the ST test section. The measurement setup with the electrodes mounted are shown in 
Figure 3.52. 

 
Figure 3.52 Measurement setup with copper tape electrodes. 

Initially three measurement electrodes were implemented, as shown in Figure 3.52. This 
was done in order to easily change the electrode distance.  

It turns out that the copper tape electrodes were very difficult to use since they disrupted 
during the procedure when putting fish in and out of the ST. The copper tape electrodes 
were therefore replaced with electrodes of stainless steel, as shown in Figure 3.53. Copper 
wires were still used for connection between the electrodes and the instrument. 

 
Figure 3.53 Plexiglas frame with three stainless steel electrodes placed in the ST. 

The measurement setup was now mechanically acceptable, but it was still not possible to 
obtain measurement repeatability. Compared to measurement setup at CMR the most 
obvious difference was the smaller fish fraction. Also, the CMR measurement scenario 
includes a measurement tube with a relatively small diameter since the measured fish was 
dead and therefore obviously does not need space to swim in. In this measurement setup the 
fish are live and need space to swim in.  

Instead of measuring only a part of the fish, it was decided to try to measure the entire fish, 
i.e. measure the along the entire ST chamber. The measurement electrodes were moved to 
each end of the chamber, and the current electrodes were still placed at the same place as 
shown in Figure 3.52. The measurement and current electrodes were now placed close 
together, like Figure 3.54 shows.  
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Figure 3.54 Electrodes placed in chamber with  broken wire because of corrosion from saline water. 

Two problems occurred:  

The copper wires did not have proper durability in saline water, even when the ends and 
junction points were sealed with varnish. The problem with the copper wire connections 
was solved by using an insulated stainless steel wire.  

The other problem with the measurement setup was that the electrodes were placed too 
close to each other. In a measurement setup like this  there is a certain fencing effect. If an 
object gets too close to the measurement electrodes, it will influence on the measurements. 
For the model at CMR the fencing effect is as shown in Figure 3.55. 

 
Figure 3.55 Fencing effect in the measurement tube at CMR. 

To avoid the fencing effect of the current electrode on the measurement electrode, a new 
measurement setup was investigated. Figure 3.56 show the new measurement setup, where 
the electrodes are separated. 

 
Figure 3.56 Voltage sensing (measurement)electrodes  and current electrodes placed in the chamber. 
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Instead of the old stainless steel electrodes new measurement electrodes were installed. The 
new electrodes were made of a stainless steel grid, as shown in Figure 3.57. 

           
Figure 3.57 Picture of the voltage sensing (measurement) electrodes placed in both end of the chamber. The 

picture to the right shows that it is also possible to see current electrode behind the voltage sensing electrode. 

An important detail is to notice is that every time changes are done to either the sensors or 
the cables, it is very important to recalibrate the instrument.  

The instrument used for the conductivity measurements has a built-in procedure for 
calibration so that the sensor and the wiring contribution to the measurement are 
compensated. It is important to execute this calibration procedure every time changes has 
been made to the measurement equipment i.e. both cables and sensors. The calibration 
procedure contains of two steps, i.e open and closed circuit calibration. The open calibration 
is done with an empty ST, so that the electrodes is completely disconnected from each other. 
The closed calibration is done by short-circuiting the electrodes. The instrument shows the 
test results for each test sequence and gives a good indication on the cables and sensors 
quality. Some of the test results are presented in Table 3.6. 

Table 3.6 HiOKI LCR HiTESTER calibration results electrodes 

  Z � 
Open calibration 10,196k� 154,53° First 

electrodes Closed calibration 292,18m� -148,55° 

Open  calibration 538.05k� -86,33° Newest 
electrodes Closed calibration 864,35m� 1,65° 

With the latest sensor and cables it is possible to obtain calibration values indicating 
components with little or no contribution to the phase shift compare to the components 
initially used in the experiments. The increasing resistance values are probably due to the 
use of stainless steel instead of copper wires.      

3.8.3 Reduced salinity  
It is interesting determine whether salinity in the water has influence on the conductivity in 
the fish. It is also of interest to be able to measure variations in the water conductivity 
during the experiment. If the water conductivity change when the fish is being measured, 
the measured conductivity will varies. Therefore it is of interest to be able to document the 
conductivity of the water when the measurement of conductivity in live fish and water is 
taken.  

The solution for a measurement setup for reduced salinity and reference measurements is to 
have two sensors and a relay that switching between them. Therefore a relay box is made 
which is operated using a 24V DC signal from the cFP, described as external connection in 
Figure 3.17. The relay box is shown in Figure 3.58. 
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Figure 3.58 Relay box used to multiplex conductivity measurement inner chamber (fish and water) and 

reference measurements of conductivity in water outer chamber.   

The relay box is connected to the HiOKI LCR instrument and the sensors are connected to 
the relay box. The switching between the sensors are performed in the control application, 
as shown in Figure 3.39.   

The second sensor is placed in the outer chamber or reservoir of the ST. A separate sensor is 
made for this purpose, as  shown in Figure 3.59.    

 
Figure 3.59 Sensor outer chamber 

By combining the sensor in the outer chamber, the relay and the software sequence as 
shown in Figure 3.40 it is possible to have a controlled decrease of salinity in the ST water. 
It is important to notice that the fish only tolerates a slow decrease in salinity. Figure 3.60 
shows a example where the water salinity decreases stepwise using the sequence in Figure 
3.40 and measurement of conductivity. There was no fish in the ST during the experiment.  
Equation 3-4 shows the relationship between conductivity and number of iterations (x) in 
the software sequence. 

( )xeCtyConductivi −⋅=     (3-4) 
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Figure 3.60 Salinity versus conductivity 
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4 Experimental results 
The results presented is only a part of all experimental measurements performed. Especially 
the development work concerning wires and electrodes, as described in section 3.8.2, 
included a significant number of experimental measurements. These measurement results 
are however not presented in this report since they were only useful for verifying possible 
improvements to the system. This is also the case with some of the measurement results 
from other parts of the instrumentation system development. A typical measurement related 
to respirometry will for instance be like the one shown at the front panel graphical window 
in Figure 3.41.  

4.1 Conductivity measurements 
The results presented in this section are from measurement done using the lastest developed 
sensor equipment as described in section 3.8. The software used is described in section 3.7.2 
for ST32.  

The measurement of the electrical conductivity of fish turned out to be more complicated 
than initially expected, and for some unclarified reason there is a lot of noise in the 
measurements. The noise trouble is actually more significant then any other uncertainty 
contributions to the measurement system. Figure 4.1 shows a plot of the measurements done 
with one of the phantoms placed inside the test section of ST32.  .   
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Figure 4.1 Measurements taken with a phantom in center position, 50-100 measurements in each series. 

Typical for the noise problems is that one measurement series has an acceptable 
characteristic, whereas the next measurement series taken in the same measurement 
environment and setup also turns out to be acceptable, but has a different mean value. The 
three measurements at 7,7°C, as shown in Figure 4.1, are typical examples of the noise 
problems. Even with the same flow velocity, position of phantom, water temperature and 
water salinity, the mean value of the measurements are different in each measurement 
series. The noise problems are not yet solved, and it affects the measurements presented.  

Several control measurements have been done to clarify why the variations in electrical 
conductivity occurs. As described in section 3.8.2, the electrodes and the wires are a 
possible reason. A suspicion is that the flow regime may have an influence on the 
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measurement results. Therefore, a measurement series was taken without fish in the ST. The 
measurement series is shown in Figure 4.2. 
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Figure 4.2  Impedance versus flow velocity at 8,4°C with an aluminum phantom in the ST, 100 measurements 

in each series.  

The normal flow velocity used when fish is present in the ST, is from 1 to 3 volts given as 
control signal to the frequency converter. Control voltages over 4 volts are never used since 
that gives a flow velocity higher than the fish can tolerate.  

In order to determine the characteristics of the measurement system it is important to clarify 
the fencing effect. Figure 4.3 shows the measurements done to characterize the fencing 
effect. 
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Figure 4.3 Fencing effect tested with aluminum phantom at 7,7°C, 50 measurements in each series.   
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A characterization of the fencing effect of the measurement system was also done with the 
phantom made of PVC. This measurement is shown in Figure 4.4. 
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Figure 4.4 Fencing effect tested with a PVC phantom at 10°C, 50 measurements in each series. 

A series of measurement when the aluminum phantom was placed in the middle between 
the measurement electrodes but displaced sideways were also taken. The measurement 
results are presented in Table 4.1 together with a reference measurement series where the 
phantom has an center position. 

Table 4.1 Change in impedance when the aluminum phantom touches the Plexiglas 
 versus center position at 10°C and 50 measurements . 

 
Touching the 

Plexiglas Center 
Mean 1,195 1,119 
Median 1,195 1,119 
Std.Dev. 0,003 0,002 
Min 1,188 1,116 
Max 1,199 1,125 

The measured conductivity is also dependent on the water quality during the experiments. 
Figure 4.5 shows how fish contamination of the water influences the measurements. 
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Figure 4.5 Fish nr. 5242, measurement taken with  the same water in the ST during experiment. Temperature 

10°C. 
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A constant flow of water through the system solves the pollution problems. Figure 4.6 
shows a measurement series where the water supply is flooding the tunnel during the 
experiments.  
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Figure 4.6 Fish nr.18-20, measurements results with contentious waster supply at 9,1°C.  

The statistical analysis of the two measurement series shown in Figure 4.5 and Figure 4.6 
are presented in Figure 4.2. 

Table 4.2 Impedance measurements, ref water are measurements whit empty tunnel.  

Fish nr. 5242 Ref. water 18-20 Ref. water 
Mean 4,236 3,915 3,882 3,754 
Median 4,233 3,916 3,882 3,753 
Std.Dev. 0,016 0,005 0,003 0,003 
95% Conf 0,003 0,001 0,001 0,001 
99% Conf 0,004 0,002 0,001 0,001 
Size 100 61 101 100 
Min 4,213 3,902 3,872 3,748 
Max 4,293 3,925 3,890 3,766 

The statistical analysis of the two measurement series shown in Figure 4.5 and Figure 4.6 
are presented in Figure 4.2. 

Table 4.3 Measured parameters of the fishes.   

Fish nr. 5242 18-20 
Wheight 930,34g 322,56g 
Standard length 40cm 30,5cm 
Total length 43cm 33cm 
height 9,5cm 6,5cm 
width 6,5cm 4,5cm 
Volume 910mL 311mL 

The measurement methods for the measurement results in The statistical analysis of the two 
measurement series shown in Figure 4.5 and Figure 4.6 are presented in Figure 4.2. 

Table 4.3 are presented in section 2.1.1. 
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4.1.1 Reduced salinity and blood samples 
Measurement of the fish blood were conducted in order to see whether there was variations 
in blood composistion related to reduced water salinity. At the same time measurement of 
electrical conductivity was done to see if it was possible to detect variations related to 
changes in blood content. Figure 4.7 shows the impedance of the fish. 
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Figure 4.7 Measurements of the fish impedance with normal and decreased salinity. 

In Figure 4.7 the measured reference value empty ST, i.e. only saline water, is subtracted 
from the measured value of fish and water. Table 4.4 presents the measured blood values 
before decreasing salinity and the values when the experiment was finished. 

Table 4.4 Blood values measured  

Fish number : 5242  
Parameter Start Values: End Values: 
Glucose 6,5 6,4 
Urea 2,9 *** 
Natrium 159 150 
K 3,3 3 
Cl >140 *** 
TCO2 (total) 6 8 
AnGap (aniongap) <> *** 
Hct (hematocrit) 0,22 0,16 
Hb (hemoglobin) 7,5 5,4 
pH 7,058 7,151 
PCO2 19,4 21,5 
HCO3 5,5 7,5 
Beecf (extracellular fluid) -25 -21 

The initial water salinity for the experiment was 32,9 ppm, and this was decreased to 
25,6ppm. The length of the experiment was 48 hours after the salinity was decreased.   
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4.2 Image analysis  
In this section of the report different optical filters were used at the ST32 cameras. 

4.2.1 Seen from above  
In this position it was easy to obtain an image which clearly separates the fish from the 
background. Figure 4.8 shows the picture segment of fish and background used in the image 
analysis. Figure 4.9 and Figure 4.10 shows the segment used for separate image analysis of 
fish and background. No optical filters are used in these images. 

 
Figure 4.8 Rectangle indicates selected area called “fish and background”. 

 

 
Figure 4.9 Rectangle indicates area called “background”. 

 

 
Figure 4.10 Rectangle indicate area called “fish dark area”. 
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The results from the image analysis are shown in Figure 4.11. 
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Figure 4.11 Distribution of pixels in the image and parts of the image. 

In this case it is easy to define a threshold value that separates the fish from the background. 
The statistical image analysis related to Figure 4.11 are presented in Table 4.5.    

Table 4.5 Results of image analysis of the image taken from the top of the fish. 

 Background Fish dark area 
Fish and 
background 

Minimum Value 108 29 21 
Maximum Value 255 105 255 
Mean Value 193 65 157 
Standard  Deviation 22 9 72 
Area (pixels) 18204 20296 235803 

 

4.2.2  Unfiltered side view 
The rectangles in Figure 4.12, Figure 4.13,  Figure 4.14 and Figure 4.15 indicates the part of 
the images used in the image analysis. 

 
Figure 4.12 Rectangle indicates test area called “background” and this is used as a brightness reference area 
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Figure 4.13 Selection of area called “fish” which includes the white and dark area of the fish. 

 

 
Figure 4.14 Selection called “fish dark area” which primarily includes a darker area with reddish scumming. 

 

 
Figure 4.15 Selection called “fish and background”. 

The results of the image analysis of the unfiltered images are presented in Figure 4.16.   
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Figure 4.16 Distribution of pixels in an unfiltered image. 
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Compared to the top view, the image it is now more difficult to define an threshold value 
that will separate the fish from the background. A part of the fish has a equal grey scale 
value as the background.  

By analyzing the darkest pixels in the image it is possible to recognize the fish eye, see 
Figure 4.17. 
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Figure 4.17 Pixels in the  fish eye is located in the tail to the distribution and partly separated from the other 
pixels in the picture of fish and background. 

 
Due to the availale features of the image analysis software tool it was difficult to perform 
image analysis of circular images, rectangular segments of the eye and the papilla/pupil are 
used, as shown in Figure 4.18 

 
Figure 4.18 The analyzed area around the fish eye. Pupil analyze is a selected square in middle of pupil. 

The statistical results of the image analysis of the unfiltered side view are shown in Table 
4.6. 

Table 4.6 Results of pixel analysis of the unfiltered image. 

 Background Fish 
Fish 

dark area 
Fish and 

background Pupil 
Minimum Value 80 39 39 28 28 

Maximum Value 142 118 93 139 41 

Mean Value 111 65 58 81 33 

Standard Deviation 11 14 7 24 2 

Area (pixels) 17 673 27 390 25 669 207 932 132 
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4.2.3 Side view filtered with red filters 
The red filters used in this section have characteristics as shown in Figure 4.19. 

 
Figure 4.19 Transmission characteristics of red filters 25A used which corresponds to 090 (B&W filter 

handbook). 

In analysis with only one red filter the same image segmentations as used for the unfiltered 
image in section 4.2.2 are used. In the analysis as shown in Figure 4.20, only one red filter is 
used. 
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Figure 4.20 Distribution of pixels in image filtered with red filter 25A. 

Compared to Figure 4.16 the red filter decreases the difference between the background and 
the fish.  

As Figure 4.21 shows the pixels in the fish eye are now more separated from the other part 
of fish and image background.  
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Figure 4.21 Pixels in fish eye are more clearly separated from pixels in the  fish eye compared to previous 

analysis. 

To increase the effect of the red filter, a double red filter was used. Unfortunately the fish 
moved a little compared to the previous image analysis. Due to the change in the fish 
position, a new image section was used. The analyzed section is shown as a rectangle in 
Figure 4.22. 

 
Figure 4.22 Picture filtered with two red filters, reddish part of the fish are now almost equal to the 

background. Rectangle indicate the test area. 

Like the analysis in Figure 4.23 shows, it is now impossible to separate the pixels of the fish 
in the image from the background with a threshold value.   
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Figure 4.23 Distribution of pixels in picture filtered with two red filters. It is no longer possible two detect a 
clear difference between the fish and the background.   

 The pixels from the fish eye is now clearly separated from the rest of the image, as seen in 
Figure 4.24. 
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Figure 4.24 The pixels in fisheye are now almost completely separated from the pixels in rest of the picture.   

In Table 4.7 the statistical image analysis for the image with two red filters is presented. 
Table 4.7 Results of analysis of pixels in picture filtered with two red filters 

 Background Fish 
Fish dark 

area 
Fish and 

background Pupil 
Minimum Value 93 64 64 30 33 

Maximum Value 217 157 157 217 49 

Mean Value 159 109 105 125 40 

Standard Deviation 21 17 16 30 3 

Area (pixels) 30657 35705 34425 193800 132 
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4.2.4 Side view filtered whit blue filter 
By using a blue filter, the reddish in the fish skin will appear as dark in the picture. It is 
possible to observe this by comparing Figure 4.25 with previous images where red filters are 
used. 

 
Figure 4.25 Picture filtered with blue filter KB15 (80A), reddish part of the fish is now darker. 

The image analysis in Figure 4.26 shows that this filter separates the fish from the 
background compared to the analysis of the unfiltered image in Figure 4.16.    
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Figure 4.26 Filter KB15 (80A) 

In the analysis of the fish eye shown in Figure 4.27 it is no longer possible to separate the 
pupil from the other part of the image.  
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Figure 4.27 Filtered with KB15 (80A), the pixels in fish eye is no longer clearly separated from the pixels in 

the other part of the image.  

In Table 4.8 the results from the statistical analysis are presented.  
 
 

Table 4.8 Results of analysis of pixels in image  filtered with KB15 (80A) filter. 

 
Background Fish Fish dark 

area 
Fish and 

background Pupil 

Minimum Value 55 35 35 26 28 

Maximum Value 128 110 87 129 40 

Mean Value 97 60 53 72 34 

Standard  Deviation 11 13 6 21 2 

Area (pixels) 18886 28730 27608 213213 144 

The characteristics of the blue filter used is shown in Figure 4.28. 

 
Figure 4.28 Transmission characteristics of conversion filter KB15 (80A), (B&W filter handbook) .   
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Several experiments were performed with the blue filter using different adjustment of the 
iris aperture, see Figure 4.29. 
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Figure 4.29 Different pictures filtered with 80A and an unfiltered reference image.      

The image analysis is shown in Table 4.9. 
 
 

Table 4.9 Results of analysis of pixels in image  filtered with KB15 (80A) filters and unfiltered images. 

 Darkest 2. darkest 3. darkest Brightest Unfiltered 
 picture picture picture picture picture 

Mean Value Reference area 93 97 120 131 111 

Minimum Value dark area 32 35 40 33 39 

Maximum Value dark area 77 87 101 116 93 

Mean Value dark area 48,6 53,3 62,7 61,2 58,3 

Standard  Deviation dark area 5,7 5,7 7,5 9,5 6,8 

Area (pixels of dark area) 28560 27608 27876 27200 25669 
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5 Discussion and conclusions 
A wide area of topics has been included in this master degree project. The main challenge of 
the project has been to handle the combination of many different instrumentation issues. It is 
also important to acknowledge the fact that even in biology, measurement of fish parameters 
turn out to be based on pure physics! 

5.1 Instrumentation  
National Instruments hardware and software is the basis of the instrumentation implemented 
for the STs. The control application developed for measurement of electrical conductivity 
and respirometry are focused on user flexibility and a functional HMI. The subVIs 
developed for CVS and cFP, see Table 3.3 and Table 3.4, makes reconfiguration and further 
development of the intrumentation system quite simple.  

Manual control, i.e. a reduced HMI, is important for maintenance and manual testing of the 
STs if no PCs are available. In situations where the STs are used in other locations it is 
important to have an alternative control system. 

5.2 Electrical conductivity measurements 
The model developed for electrical conductivity measurements in this project, i.e. by 
measuring along the entire fish length, is different from the method developed at CMR. The 
measurements conducted in both models must obviously be related to the object in the 
measurement volume. When using the CMR method in the ST it was difficult to implement 
a sufficiently stable measurement method for repeatative volume measurements. Measuring 
the volume of the entire fish is easier and more accurate than performing measurements of 
only a part of the fish.  

When measuring electrical conductivity along the entire test section of the ST, the length L 
in Figure 5.1 is the distance between the electrodes. The width and height of the test section 
is also determined by the size of the measurement electrodes. 

 
Figure 5.1 The fish placed in the test section, also called camber 

When the test section is filled with saline water and a fish is placed in it, the measurement is 
based on the total conductivity between the measurements electrodes. The basis of the 
measurement is that there will be a voltage drop over the test section, similar to that of a 
regular resistor. As an approximation, it is possible to regard at the test section and the fish 
as a network of resistors, as shown in Figure 5.2. 
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Figure 5.2 3 the total resistance in the measurement chamber regarded as a network of resistors. 

The saline water located in front and at the back of the fish can be regarded as two resistors 
in series with the fish and the water surrounding the fish on its sides. The fish and 
surrounding water can subsequently be regarded as two resistors in parallel.  

The easiest method for measurement of the fish was to decrease the salinity in the water 
until electrical conductivity was equal for both fish and water. In the parallel circuit of water 
around the fish, the water fraction can now be seen as a potentiometer that decreases slowly, 
see Figure 5.4. 
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Figure 5.4 Conductivity in fish and saline water. 

Conductivity in fish and saline water. 

The decreasing conductivity plotted in a graph will look something like the one in Figure 
3.60. If reference measurements exist, i.e. with only water in the ST, at one point the 
measured conductivity will be equal for both measurement series. At that point the water 
has the same electrical conductivity as the fish. To determine this point, a reference 
measurement of the water in the tunnel was needed. This is described in section 3.8.3. With 
this reference value available it was possible to compare the two measurement series, i.e 
with and without fish, as shown in Figure 5.5. 
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Figure 5.5 Conductivity chamber and reference in outer chamber. 

It turned out that it was not possible to use this measurement method on cod because water 
with the same conductivity as cod fish will contain an insufficient degree of salt. The fish 
need a minimum content of salt in the water in order to survive. Sparse informastion is 
available on how reduced salinity influence the conductivity in the fish. 

The method finally used was to measure both the fish and the water and thereafter to 
perform reference measurements with water only. The difference between the two 
measurements will subsequently represent the conductivity of the fish. Due to the absence 
of good measurement result caused by noise in the measurement system, no calculation of 
the specific electrical conductivity of fish as been conducted.  
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5.2.1 Fencing effect 
The fencing effect in the CMR measurement tube is described in Figure 3.55. The vertical 
distance from the sensors in front of the phantoms used has an effect on the measurement 
result of about 50mm. Compared to the measurement model developed in this project, the 
fencing effect is improved, as presented in Figure 4.3 and Figure 4.4 For the measurement 
in the ST it is important that the fencing effect is small. If the fencing effect is large, the 
effective length of the test section, i.e. the part that is possible to use for measurement, will 
be reduced.   

For the PVC phantom the fencing effect is almost insignificant. For the aluminum phantom 
the fencing effect is larger, but even so still smaller then that of the CMR sensor. The 
improvement of the sensor is a result of the grid used instead of using open measurements 
electrodes. 

5.2.2 The noise problem 
The major problem issue in this master degree project has been the presence of noise in the 
measurements conducted. Initially it was assumed that the electrodes and the wires caused 
the problems. Therefore focus was directed to the design and location of the electrodes, and 
a lot of work was done in order to improve the quality and ruggedness of the electrodes.  

In order to eliminate the possibility that changes in velocity would have an impact on the 
measurements, a several measurement series at different velocities where performed. These 
measurements series are shown in Figure 4.2. Only very high flow velocities have an 
influence on the measurements. This is probably due to the presence of air bubbles in the 
water. Only flow velocities at low and medium range were therefore used when the 
measurements were done. Therefore the flow can’t be the noise source.  

Figure 4.1 show how this noise emerge, especially for the measurements conducted at 
7,7°C. The measurement series is quite stable when investigated individually, but the noise 
seems to induce an offset voltage on the entire measurement series. It has not been possible 
to locate the noise source so far. The room where the ST is placed is covered with steel 
plates and it is therefore in principle a Faraday cage. It is for instance impossible to use a 
cell phone inside this room because of the electromagnetic shielding. Theoretically this 
room should be the ideal place for sensitive measurements to be conducted.  

There is a lot of electrical equipment inside the room that could generate the noise. To 
reduce the possibility for this influence, all possible actuators are turned off during the 
measurements. The only electrical motor running was that of the flow propeller. There is 
also other equipment that could cause the noise appearance that is impossible to shut down.  

Since the noise seems to act like an offset voltage on entire measurement series, it could be 
caused by some electic current from somewhere in the or around the laboratory. One 
possible source could be the saline water supply. This water supply is the same for the entire 
building and is constructed of plastic water pipes. In different laboratories around the 
building the fish normally is placed in glass fiber tanks. In these tanks there is sometimes 
different electrical equipment installed. If some of this equipment should have an electrical 
current leakage there is a possibility that electrical current could follows the saline water in 
the pipes. Since both the pipes and the tanks isolates the saline water from ground potential, 
it is quite possible for leakage currents to flow through the water supply system over longer 
distances.     
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5.2.3 Contribution to the electrical conductivity measurement 
What does the measurement of the electrical conductivity of the fish represent? Is it a 
measurement of the entire fish, or does only some parts of the fish contribute to the 
measurement result? It is not easy to answer these questions. One possibility is that the 
surface or fish skin gives the main contribution to the electrical conductivity of the fish. The 
fish has a layer of fat under the skin, as shown in Figure 5.6.         

 
Figure 5.6 Electrical conductivity of skin, yellow color indicates insulating fat layer.. 

In Figure 2.5 it was possible to observe this layer of fat usng an MR-scan of mackerel. Even 
at the picture from June 17th when the mackerel had a small fat content, there was still a fat 
layer under the skin. Since fat is a good electrical insulator, it is possible that the skin are 
electrically insulated from the main body of the fish. If the fish skin is the main contributor 
to the electrical conductivity of the fish, it is possible to establish the following expression:           

skinfish σσ =     (5-1) 

It is also possible that other parts of the fish will give a contribution to the measurement 
result of electrical conductivity. The body openings of the fish are an easy path for the 
electrical current to follow into the fish,  as shown in Figure 5.7 

 
Figure 5.7 Electrical conductivity gill, blood and entrails, red color indicates contribution to total 

conductivity. 

A model based on the postulate that the inside of the fish gives the main contribution to the 
total electrical conductivity can be expressed like the following: 

entrailsbloodgrillboddyfish σσσσσ ++==      (5-2) 

If the inside of the fish has a major contribution to the electrical conductivity of the fish, the 
grill and blood is of particular interest. The measured blood values in have been compared 
to the conductivity measurement in Figure 4.7. Unfortunately due to technical problems, 
only one fish was studied with both blood and conductivity measurements.The results 
obtained on one fish has obviously little scientific interest, but it is interesting to observe 
that the value for Natrium is slightly smaller at the end of the experiments. The 
measurements of electrical conductivity are easy to evaluate. The impedance increase 
immediately after the change in salinity. It is possible that this increase in impedance is 
caused by the noise, but it is also possible that the increase is caused by the fact that the 
decrease in salinity is a stress factor for the fish. From an fish physiology point of view, the 
grills of the fish is an interesting measurement object because of the ion balance in the fish 
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body. It is also in the grills that the electrical current probably has the best contact with the 
fish blood.  

It is possible that both the skin and the inside of the fish contributes to the total electrical 
conductivity measurement. A possible description of the total conductivity of the fish is: 

boddyskinfish σσσ +=   (5-3) 
It is possible that both contributions are electrically separated, at least partly, by the fat layer 
under the fish skin. If so, it should be possible to detect changes in conductivity inside the 
fish by placing electrodes around grills and the fish head.     

5.3 Tracing system and image analysis 
The results of the picture analysis is quite interesting, especially when studying the effect of 
the two red filters, where it is possible to locate the fish pupil. For a tracking control system, 
the pupil gives an very precise position. The only problem using only the pupil for tracking 
control is that it is possible for the fish to have different tail positions without moving the 
pupil. The use of two red filters and a white background does not give an opportunity for 
tracking control of the entire fish. Use of the blue filter gives a better chance to establish a 
tracing control system of the entire fish, but this does not give any possibilities for tracing 
the fish eye.  

It is possible to consider the image analysis as a measurement of the fish colors using only a 
BW camera. By using the red filters, the fish got brighter, which means that the fish is red or 
reddish. With the use of the blue filter, the fish turned out almost black. Therefore the fish 
has no or little blue color. A good solution for a tracing control system is to use two red 
filters, which makes the fish bright, and a blue background. This combination gives the fish 
and the background the maximum visual difference and hopefully it is possible to define a 
clear threshold value between them. With the use of two red filters the fish eye will be an 
efficient and well defined tracing point for the fish head. 

5.4 Conclusion 
The main result form of this master project is a new instrumentation concept for 
instrumentation of STs. The instrumentation concept gives possibilities of remote control of 
the STs using the Internet. The use of embedded real-time controllers open the possibility 
for future automated functionality compare with traditional manual control systems for STs. 
The concept is easy reconfigurable for further research and for educational use. Applications 
for conductivity measurement and respirometry are developed. The necessary image 
analysis for a future tracing control are done. A good solution for a tracing control is to use 
two red filters, which makes the fish bright, and a blue background. This combination gives 
the fish and the background the maximum difference and hopefully it is possible to define a 
clear threshold value between them. With use of two red filters, the fish eye will be an 
efficient and exact tracing point for the fish head.     

The developed a sensor for conductivity measurement of living fish has been done. The 
quality of the electrodes and wiring are verified. A reduced fencing effect compare to 
CMR’s measurement model are obtained for the new developed sensor. A system for 
experiments whit reduced salinity is established. A  Unfortunately noise makes it difficult to 
do analyses of the conductivity measurements. Solutions for solving the noise problem will 
be suggested in the section for future works.  
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6 Future work 
The main focus for future work is to improve and further develop the measurement scheme 
for electrical conductivity in fish 

6.1 Reducing the noise  
The most important future work is to solve the noise problem. If the noise is caused by 
electrical leakage current passing through the water supply system, different solutions can 
be used. One solution is to place a grounded steel pipe in the water supply pipeline just 
before the ST. It is also possible to place a similar grounded steel pipe at the outlet of the 
ST.  In addition it is probably necessary to build a filter on the measurement terminal, i.e. 
Lpot and Hpot at HiOKI LCR HiTESTER. The idea here is to make a filter which only 
allows the measurement signal to access the measurement instrument. 

6.1.1 Building a synchronous measurement system 
One of the reasons why the HiOKI instrument so easily picks up noise signal is that there is 
only one generator output, see Figure 3.48. A better measurement setup is to have generator 
output on each of the output current terminals. These generator outputs have to be in anti-
phase. This work has already been performed and a small additional output stage has been 
made on the HiOKI meter, see Figure 6.1. 

 
Figure 6.1 I/O stage modified whit a transformer. 

Due to lack of time this construction has not yet been properly tested. 

6.2 Software 
The developed applications have to be compiled as an program package of executable files, 
i.e. a so called exe-file, so it can be used by others without any knowledge of LabVIEW. A 
special alarm application needs to be developed so the user more easily can look after the 
oxygen and temperature values remotely. For communications between application and cFP 
the TCP/IP protocol is suggested. A small application has already been made for testing of 
the concept, see Figure 6.2. 

 
Figure 6.2 Front panel of the Alarm application.    
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6.3 Multiplexed measurement and tracking system 
To extend the usage and increase the accuracy of the method, a tracing control and a 
multiplexer for conductivity measurements has been developed. There must also be 
developed a tracing control for use when the swim tunnel is used as a respirometer 

 
Figure 6.3 Possible solution for multiplexed measurements. 

To extend the usage and increase the accuracy of the method, a tracing control and a 
multiplexer for conductivity measurements has been developed. There must also be 
developed a tracing control for use when the swim tunnel is used as a respirometer 
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