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Report Summary

The Archimedes hydraulic screw turbine installed on tiverRDart in Devon is the first
of this type operating in the UK. These turbines are rgdigeghought to be fish friendly,
having a slow rotational speed, and no significant sheaedoor pressure changes.
Several studies have concluded that they are safe foarid will generally allow fish to
pass unharmed.

In view of this, the Environment Agency (EA) has permndittéhe turbine to run
unscreened for 12 months while monitoring is undertaken.

A monitoring plan was developed in consultation withE#eand subsequently members
of the Fish Pass Panel were present during some tdgtieg on site.

Fish passage through the turbine was assessed using brdwairrow trout across a
broad spectrum of sizes (10g- 44009, 8cm to 63cm) and turbine speeds

Over 1000 fish passages through the turbine were recorded, ahéimym captured on
film with underwater cameras.

No damage was caused by passage through the turbine andfatuwvdgo be fish safe
across the full range of operating speeds of up to 31 rpm.

Smolts naturally passing through the device on the seamigrdtion were monitored by
underwater camera and trapped at the outflow to assessotfuition. Limited and
recoverable scale loss occurred in 1.4% of the fish.

The smolts were wild fish, passing through the device alyuand were not assessed
before entering. It is highly probable that some may leneady had pre-existing scale
loss before entering the screw and therefore it idylitkeat fewer than 1.4% were affected
by the turbine, possibly none at all.

Smolt monitoring highlighted the issue of the pinch poaiised by the leading edge of
the helical screw overhanging the trough. This appearebet@n anomaly on this
installation. After consultation with the EA it wdgcided to modify the leading edge to
remove the pinch point. Evaluation of the modified irgdedge proved that the pinch
point had been removed and it could no longer trap snshll Rubber extrusions were
fitted to protect the leading edge from stone damage arieéfurhprove the fish safety.
Turbulence within the screw and the effect on fish beha were assessed with cameras
inside the chamber of the turbine. It was found that tartme levels were very low and
within the range normally experienced by salmonids and piplmaost riverine species.
The fish were not disorientated and therefore unlikelye any more prone to predation.
The behaviour of salmon and sea trout at the bottorheofurbine was monitored with
underwater cameras. While some fish were attractecetoutflow channel, they did not
try and ascend the turbine and none were observed jumipihg and of the screw. The
average residence time in the outflow region wasivelgtshort at just under 8 minutes
and would not have any significant effect in terms ddylag upsteam migration.

In conclusion, this investigation has demonstrated tleaAtichimedes Screw turbine is
extremely fish friendly, causing very limited if any damagealmonids.
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1 Introduction

A hydro electric device (Archimedean screw turbine) has lrestalled by Mann Power
Consulting Ltd. on the River Dart at the Dart Courark near Ashburton in Devon.
Grid ref SX735712.

The site has an existing abstraction licence for 118sliper second. An older Kaplan
turbine has recently been replaced by the Archimedeaw ssupplied by Mann Power
Consulting Ltd.

Section 14 of the Salmon and Freshwater Fisheries(®€EA), requires that hydro
electric turbines need to be screened to prevent the@ntmgrating salmonids, unless it
can be shown that fish can pass through unharmed. TheoBmént Agency has
therefore allowed abstraction without screens for 12 thspnwhile monitoring is
undertaken to assess the impact on fish.

1.1 Archimedean Turbines

This type of Hydraulic screw turbine is generally con®deto be very fish friendly,
having a slow rotational speed of 28-30 rpm and no rapid predsamnges or hydraulic
shear forces. After passing the leading edge, fish remainei same chamber of water
until released at the outflow.

The Archimedean screw installed on the Dart at Ashbust@2m in diameter and 11m
long with a head of 4.5m. ltis inclined at an angl@®f

Water from a weir upstream is diverted from the maingtear via a leat approx. 500m
long. Water flow is regulated by a sluice gate at tipeaithe leat and a second sluice at
the intake to the turbine.

A diagram of a turbine is shown in figure 1. Water en&trthe top and drives the screw
as it moves down the trough towards river level at apptax/s'. A gearbox steps up
the speed and drives a generator producing electricity.eThabines are typically
between 1.5-3.5m in diameter and are particularly wakkduo low head sites of up to
8m. The length of the screw is determined by the headhtheig

Fishtek Consulting Ltd. Unit 3D Betton Way, Moretonhatepd, Devon. TQ13 8NA
Tel. 01647441020, Fax. 01647441040. Email. info@fishtek-consulting.co.uk
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Figure 1. Diagram of Archimedes hydraulic turbine

1.2 Fishery Assessments

The first assessment of fish passage through Archintedeises was conducted by Dr.
Hartmut Spah of Bielefeld, Germany in 2001 (Spah, 2001). 158 fismefspecies were
electro fished from the river, passed through the turbmeretted at the outflow. 4.4%
of the fish suffered limited damage, mainly scale kbsd was deemed to be minor and
probably recoverable. Chub and roach were the only specmsdfer any damage; eels
that traditionally experience problems passing through turlsinéésred no damage at all.
Dr. Spah concluded that the damage was most likely dile tieading edge of the screw
that had become sharpened by stones after prolongedioperat
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Figure 2. Results from Dr. Spah study showing species, number and nuetbwith damage.

A more recent study conducted by VisAdvies (Merkx and ¥rig007), netted fish
naturally passing through an Archimedean screw at HooidoihkHeon the River
Dommel in Holland. A total of 289 fish, mainly small bre passed through the screw.
None of the fish suffered any damage at all and it wasladed that the turbine was safe
for fish passage. The average size of fish passingughravas 5.6cm, compared to
11.2cm for fish passing over the fish pass. It was thouingltsome of the larger fish able
to resist the water velocity at the intake, tended tacethe screw.

Species, size range and number netted at Hooidonkse Mslhaven in figure 3.

Species Size range Number Naoen of fish with damage
Bitterling 4cm-5cm 5 0
Bleak 4cm-5cm 2 0
Bream 3cm-7cm 239 0
Carp 7cm-19cm 11 0
Crucian carp 9cm-14cm 2 0
Gudgeon 1llcm-11cm 1 0
Orfe 8cm-14cm 2 0
Pike 39cm-39cm 1 0
Roach 5cm-12cm 9 0
Rudd 4cm-11cm 2 0
Stickleback lcm-5cm 5 0
Stone Loach 1lcm-11cm 3 0
Tench 4cm-20cm 7 0

Figure 3. Results from Vis Advies study showing fish species, sizege and number.
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Archimedes screws are also used as fish lifts or pumpsatwsfér fish between
waterways. An extensive study by McNabb et al (2003), enSacramento River in
California, involved passing 7000 fish through an Archimedesitifivas found to be
very fish friendly and damage levels were extremely deross 27 riverine species.

1.3 Site Characteristics

The River Dart is a fast flowing upland river, rising Dartmoor as the East and West
Dart and merging at Dartmeet. The catchment area upsoééme site is 187.1 ki
with average rainfall of 1800mm per annum.

It is primarily a salmonid river, although other species @so present as shown in the
table below.

Mean flow at Ashburton is 8.4%t. Q95 flow is 1.13 fs*, Q10 is 18.5 fis™* .

The river rises rapidly after heavy rainfall and caaoréase from Q90 to well above
average daily flow and drop back again, within a few days.

Fish Species Migration Migration period

Salmon Galmo salar) Anadramous

Spring fish ascending spring

Grilse ascending summer

Kelts descending winigirly-spring
Smolts descending spring.

Sea trout Galmo trutta) Anadromous

Upstream ascending summer

Post spawned descending winter

Brown trout Salmo trutta)

Eel Anguilla anguilla) Catadromous

Adults descending mainly aortn

Juveniles ascending spring-sunmme

River lamprey (Lampetrafluviatilis)  Anadromous (ascending) spring and autumn
Transformers  (macrophthalmia) desicgnd late winter-early summer
Sea Lamprey (Petromyzon marinus) Anadromous (ascending) spring-early summer
Tranformers (macrophthalmia) desaandi autumn-winter
Minnow (Phoxinus phoxinus)

Stoneloach (Barbatula barbatulus)

Bullhead (Cottus gobio)

Figure 4. Fish species present with life stages and times of migration
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1.4 Scope of Investigation

This study is designed to assess the impact of the rAedes turbine on salmonids and
eels. It has been split into two sections, phase 1 arfia2h report has a DVD showing
footage of fish behaviour captured by the underwater cameras

The monitoring plan was developed in consultation with Em@ironment Agency to
ensure it was rigorous and would provide a thorough evaluatitre potential fisheries
impacts. It was amended several times until it was deeaoeeptable.

A number of EA staff, in particular Kelvin Broad, ChilLawson and Alan Butterworth
were present during some of the on site monitoring.

Phase 1:
e Trials with brown and rainbow trout passing throughstrew.
* Modification and assessment of the leading edge.
* Levels of turbulence within the screw and the effecisinbehaviour.
» Passage of smolts through the turbine as they migratesti@am.
* Monitoring numbers and behaviour of salmon and sea ttahe autflow.

Phase 1 report DVD.
* Leading edge
* Smolts
» Passage through turbine
*  Outflow monitoring

Phase 2:
* Assessing the effect on eels of passage through thedurbin
* Monitoring kelt behaviour at the intake and conditionrghi@ssing through.

Phase 2 report DVD.
* Kelts
* Eels

Fishtek Consulting Ltd. Unit 3D Betton Way, Moretonhatepd, Devon. TQ13 8NA
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2 Method

Brown trout were sourced from Torr Fish Farm on Exmddese were reared in water
with similar pH to the River Dart. Fish were keptamde 1000 litre tanks (see fig 5), with
water pumped through continuously from the leat at theofad® litres per minute. Two
pumps were used to ensue that in the event of one faihegfigh would still receive
enough water.

Most studies on the effects of turbine passage and shearhfave all used farmed fish.
One issue resulting from the use of farmed fish, howestems from the fact that the
conditions in which they are raised can lead to a degfréia damage, characterized by
rounded fins and tails. It is easily distinguishable fr@zent damage such as scale loss
and haematoma that can be caused by turbines. Howevensuce ghat any damage
caused by the screw could easily be assessed, eachasphetographed on both sides
before passing through and photographed again afterwards.

Length and weight measurements were recorded and retatedch photo ID. This
enabled fish netted at the outflow to be matched vhghsame fish at the intake. The
condition was assessed on a 4 point scale (see appdrelel 1 representing the most
extreme damage and level 4 no damage. The photographscovepared before and
after to double check there was no pre existing damageughhfish with obvious scale
loss were not used in the investigation.

Screens were secured to the sides of the forebay tanlevenprfish from swimming
back up the leat (see fig 6).

Fish were placed in the intake, a meter above tlirigaedge, one at a time, in batches
of 8 -12. It took up to 5 minutes for them to pass througlsyeeem and to be netted at
the outflow. After passing through the screw, fish wereght in the cod end holding box
of a large Fyke net as shown in Figure 7.

A secure frame of 20mm steel box section was constiuct hold the net in place and
prevent any fish escaping around the edges of the netit Ausining down the edge of
the frame allowed the net to be lowered into place asdyeremoved for cleaning.

After each passage through the screw, fish were plac&d0@ litre resting tanks for 48
hours. They were observed for any delayed effects sudisteg, poor swimming,
remaining on the bottom and infection.

Fish were used again after a rest period of at leasibdB& hAny with scale loss were
excluded. Fish were used up to several times, although titie tesults were recorded to
ensure there was no effect from multiple use.

There are several advantages of using fish more thea. dirstly, fewer need to be
obtained and stored and therefore less holding tanks adedeSecondly, if a river has
several Hydrodynamic screw turbines, a fish migrating rdidkgam may pass through
more than one within a relatively short period. If npkét passage had caused a problem
for the fish, this would have been evident in the ba¢shilts.

To determine that using fish more than once was not imflag the results, a Kruskall-
Wallis test was used to assess if there were anyrdiifes between batches. The non
normal distribution of data required the use of a nonmarac test.

Fishtek Consulting Ltd. Unit 3D Betton Way, Moretonhatepd, Devon. TQ13 8NA
Tel. 01647441020, Fax. 01647441040. Email. info@fishtek-consulting.co.uk
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Fgure 5. 1000 litre fish holding tanks.
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Figure 6. Intake with fish screens |
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Figure 7. Fyke net at outflow

Fish were monitored using infra red sensitive under waterecas, as shown in figure 8
and 9 below. These record in colour during the day andistatblack and white at night.
Infra red LED’s built into the cameras provide a lightuice for night viewing, although
this was boosted with additional underwater IR lights.
Cameras were installed in different positions forw&gous monitoring regimes.
» Before the intake and looking directly onto the lead#dge to view fish passing
into the first chamber.
* Within the screw to assess if fish are exposed to higéldeof turbulence that
may cause disorientation.
* In the outflow box to monitor fish behaviour as theg msued from the bottom of
the turbine.
* In the outflow channel and outflow box to monitor seaut and salmon as they
approach the turbine from the outflow channel.

Fishtek Consulting Ltd. Unit 3D Betton Way, Moretonhatepd, Devon. TQ13 8NA
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Figure 8

3 Assessing the Effect of the Net

The outflow channel is shallow, averaging 40cm in depth withgh water velocity. It
was not possible to easily baffle the net to creataraa of reduced flow in the holding
box. Even if some degree of baffling had been possibieould not prevent fish being
forced through the Fyke sections as they passed dowrethmview of this and results
from preliminary tests that indicated small fish wbeeeng pushed against the netting in
the fast water, it was important to assess any backdriewel of damage that may have
been caused by the net.

3.1 Method

100 fish varying in size between 8cm and 20cm, were photograpitedlaced into the
outflow box at the end of the screw in batches of 1@t1& time. They passed through
the net having by passed the turbine and were removed frotmottimg box after 15
minutes and the condition assessed.

3.2 _Results

The length distribution is shown in Fig 10.

All the fish were healthy after 48 hours in the holdiagkss.

Three fish had limited scale loss of less than 10%egoay 3). They were 12, 15 and
19cm.

This gave a background level of 3% net damage. If the édvedt damage had been high
(>20%) it is possible it would have obscured a componenhyflamage caused by the
turbine. A high element of net damage, combined with a dewponent of turbine
damage, would make the results difficult to analyse. Hewe3% would have a
negligible masking effect. Across sufficient numbefdish (100), any turbine damage
would be statistically discernable above the backgroundamponent.

Fishtek Consulting Ltd. Unit 3D Betton Way, Moretonhatepd, Devon. TQ13 8NA
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Fish length distribution. Net evaluation
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Figure 10.

4 Passaqge of Trout through the Turbine

4.1 Method

Fish were photographed on both sides and introduced inesatdh8-12 at a time as
outlined in the general methodology. The turbine speedezasded for each batch. The
fish were netted at the outflow, photographed again hadcondition assessed. They
were placed in holding tanks and monitored for 48 hourb. Wése tested across a wide
spectrum of turbine speeds, representing the full range oftome conditions. The
speeds were grouped into 3 bands, slow, medium and fast.

Speed Turbine revolutions per minute (rpm)
Slow 20-23

Medium 25-26

Fast 29-31

Fishtek Consulting Ltd. Unit 3D Betton Way, Moretonhatepd, Devon. TQ13 8NA
Tel. 01647441020, Fax. 01647441040. Email. info@fishtek-consulting.co.uk
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4.2 Results

4.21 Slow speed

132 fish passed through the device at this speed. The weheragth distributions are

shown in figure 11 and 12. Four fish suffered limited stzde of 5-10% (category 3).

These were 17cm, 19cm, 22cm and 24 cm. The number of fielseale loss was very
low and almost the same as the net component, imtjc#hat passage through the
turbine caused no damage.

Distribution of fish weights. Turbine speed 20-23 rpm
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Distribution of fish length. Turbine speed 20-23 rpm
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4.22 Medium Speed

120 fish passed through at this speed. The weight and lengtbudiens are shown in
figures 13 and 14. Three fish suffered limited scale loss-b®% (category 3), 2.5%
overall. They were 23cm, 23cm and 25 cm. Again the pergentas within the net
damage component and therefore it was unlikely any scedenlas caused by the turbine.

Distribution of fish weight. Turbine speed 25-26 rpm
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Figure 13

Distribution of fish length. Turbine speed 25-26 rpm.
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4.23 High Speed

125 fish passed through the turbine. The weight and lengthbditions are shown in
figures 15 and 16. Four fish suffered minor scale loss1#% (category 3). These were
18cm, 20 cm, 22 cm and 25 cifhis gave an overall value of 3.02% and was almost
within the net component.

Distribution of fish weights. Turbine speed 29-31 rpm
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Figure 15.

Distribution of fish length. Turbine speed 29-31 rpm
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4.24 48 hour Tank Test

All the fish were alive and appeared healthy after 48 houtke holding tanks. None
displayed any behaviour such as listing to one side, tgth@ar remaining motionless on
the bottom for long periods that might indicate a delagfect.

A Kruskall-Wallis test was used to compare the results feach turbine speed.
(H=0.22, df=1, p=0.895). The high P value showed that there neasignificant
difference between slow, medium and high speed.

Average proportion of fish with no scale loss at three turbine
speeds

0.99

\Q

0.97 ~

\§

0.95 ~

0.93 1

0.91 ~

0.89

0.87 A

Proportion of fish with no scale loss

0.85 -

Slow Speed Medium Speed High Speed

Figure 17.

The results from trials at 3 speeds are compared in figubove. The error bars are +/-
one standard error of the mean.

Evaluating the batch results using a Kruskall-Wallacke ¢ese a very high p value (H=0,
df=1, p=0.953), showing that there was no difference iredoak between batches and
that using fish more than once did not effect theltesli also showed that fish can pass
through a number of times without increasing the ristashage.
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4.25 Comparing results with the net test

Figure 18 compares the number of fish that sustainedetinstale loss (category 3)
across the 3 different speeds with the number in catyom the net test. It is evident
from this that any scale loss sustained is within tee damage component and that
passage through the screw caused no damage at all.

Total number of fish for each speed and number with limited scale loss
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Figure 18.
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An example of a fish before and after passing throughaws in Figure 19 below.
A fish showing minor scale loss, typical of thoseategory 3 is shown in Fig. 20.

Figure 19. The same fish before and after it has passed through the time.
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5 Passage of Smolts through the Turbine

5.1 Method

Smolts were monitored on the 24 and 25 April, 2007 and agaimec® May.

From mid April smolts began to accumulate in the |eak farebay tank. Rainfall on the
22 and 23 April increased river levels by 15-20 cm. Increasirey tevels after a dry
period, is one factor that can stimulate the seawar@framolts and it was considered to
be a good time to begin monitoring.

The depth of water at the intake was 850mm, with total flo the river estimated at
5000 I/s*and proportional take about 20% . The rotational speedecgdtew was 22-24
rom. Monitoring began at 5pm and continued through to 4am.

The behaviour of fish as they entered the device wasded using an infra red sensitive
underwater camera. Fish were removed from the holding dio the Fyke net,
photographed and the condition assessed.

5.2 _Results

Smolts were trapped throughout the evening and night, howeheemajority of fish
passed through between 2 am and 4 am as shown in Figure1 bel

To reduce the stress caused by handling and time out ofvdter, fish were only
photographed; they were not measured or weighed. A felwedfitger and smaller fish
were measured to give an indication of the size rahge.smallest were 8cm and the
largest 19cm.
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Numbers of smolts netted between 5 pm and 4 am
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Figure 21

The fish holding box at the cod end of the net was exhiourly. After a number of fish

had been through it was apparent that being left inehén an hour was too long, as the
fish were being forced against the netting by the curredtsaffering stress and scale
loss.

Figure 22 shows diagonal stripes and scale loss acrofiartkef the fish, corresponding

to the net pattern. This was caused by the pressuretef Wacing the fish against the

netting.

Figure 22. Smolt with net damage

For the rest of the study, the box was emptied everyitbtas to reduce this effect.
In total 18 fish were trapped during the period in which theveas emptied hourly.
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Of these, 3 suffered scale loss at the categoryed (@v15%) and 1 at category 2 (above
15%). Overall 4 fish out of 18, or 22% suffered some damage.

After the procedural change, the level of scale lossedsed significantly. In total 249
fish were trapped after the procedure was changed to emgphg box every 15 minutes.
11 suffered minor scale loss of between 5 and 15%. (@3t&). Overall 4.4%, (1.4 %
after adjustment for the net component). The dramadkiction in scale loss after
changing the procedure, suggests that the net was comgibatiish damage.

A Chi Squared comparison of the results from the firsttbaf fish compared to the
second supports this.

Chi Sqg. value 20.2, 2 df, p<0.001.

Other variables such as the turbine speed and river lehatlsnay have influenced the
result remained the same throughout the monitoring period.

Figure 23 shows the total number of smolts trapped, the nuritheut any damage and
the number with limited scale loss after correctingtifie net component.

Total number of smolts trapped + number unaffected by turbine and number
with limited scale loss

300

N

S

O
N
N
1

250 1

200 +

150 +

number

100 +

50 1

0 - e
smolt number trapped 249 number unaffected by number with limited scale
turbine 245 loss after correction for net

component 4

Figure 23

Pictures typical of the vast majority of fish thatspad through the screw without any
damage (category 4) are shown in Figure 24.
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Figure 24. Smolts netted after passing through the turbine

Overall 1.4% of the smolts suffered limited and recoveracale loss of less than 10%.
It is generally considered that fish usually recovemifrecale loss of below 20%.

(Kostecki, 1987). If more than 20% are lost, the fish snprto bacterial and fungal

infection that may reduce long term survival.

While 1.4% is very low, it is probable that the actual fegis even lower, as the fish
were not checked before hand and it is likely that soexealready lost scales during the
passage downstream.

Most of the fish assessed at Hooidonkse Mill were shralhm of between 4 and 7 cm
that would have been prone to scale loss if forcechagaetting or rough surfaces. Tim
Vries, the lead investigator for the study, confirmed #eath fish was carefully checked
for any sign of damage including limited scale loss, buteneas found. (pers comm.)

Unlike the River Dart site, the outflow channel fed dileinto a large still basin and fish

were not subjected to high water velocities in the néis Ts probably why no net

damage was observed by VisAdvies.
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5.21 Start Up Procedure

During maintenance, the turbine is shut down and reestdsy an automatic start up
procedure. The turbine is powered up and spins to about 15 rpre ble¢ sluice gate is
opened, allowing water to rush in.

Smolts accumulating at the end of the leat are suckedhe turbulent water when the
gate opens.

An automatic start up was conducted on the 3 May, witbraber of smolts evident in
the forebay tank at the end of the leat. 12 fish passeddh the screw and were netted
at the outflow. One sustained bruising that could onlehaeen caused by the pinching
action of the leading edge. The fish suffered categodarhage and was unlikely to
survive beyond 24 hours. The others were not harmed. The siagaged fish is shown
below.

Figure 25 clearly shows
the diagonal mark
across the flank of the
fish, corresponding to
the width of the leading
edge.

Figure 25

Figure 26 shows the
scale loss resulting
from the fish being
scraped along the base
of the turbine.

Figure 26

A statistical comparison of the start up data (1 of rbpged) and normal operating
conditions (0 of 249 trapped), gav€hi Sq. value of 22.34, 1df. Prob. <0.001.

This proves that conditions particular to the startigpiicantly increased the chance of
fish being trapped by the pinch point of the leading edge.

The pinch point, shown in figure 27 is the only areahef $crew that is likely to trap
small fish and eels, especially if they enter swingnnear the concrete base of the
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forebay tank. A small number of eels were used in thisystteyealing that they were
susceptible to the pinching action.

B J ~ | W

Figure 27. Pinch point created by overhanging leading ege and b.veI

After consultation with the Environment Agency, it wadeacided to modify the leading
edge to remove the pinch point.

5.22 Analysis of camera footage

The footage shows that larger fish are able to swinvelgtiagainst the flow and
generally pass into the device after a few minutes of svimg. The largest fish (over
40cm) resisted entering for long periods and on occasioiohael “encouraged” into the
screw.

The fact that some fish swam against the flow and chaveay from the leading edge
indicates that larger fish moving downstream would natraatically pass into the screw,
but would have the option of turning around and swimming away the fast flowing
water at the intake.

It was evident from monitoring the smolts that theyeesd fairly quickly, generally
delaying for less than a minute before descending. This weasrdeed by estimating the
number of smolts in the forebay tank every 15 minutes angparing this to numbers
trapped in the outflow net. There were never more thaozen or so in the intake area,
while up to 30 or more were often found in the net after Jsutes. Had they been
delaying by more than a few minutes, significant numberdduoave been evident in the
forebay tank. This is not surprising, considering the stuangg smolts would have to
migrate downstream.

Smolts entered the screw in a similar way to brownttrgenerally within 10 cm of the
base and often drifting back tail first or passing throughd H@at. There was one
noticeable difference, however, in that smolts wemetimes seen to drift towards the
screw tail first then turn at the last second andrdmad first.

Smaller brown trout (<25cm) generally passed into thewsawithin a few minutes,
however, they were often less keen to do so thantsmol

The study at Hooikdonkse Mill, found that larger fish tehtieavoid the screw, possibly
due to the low thumping noise produced. Water velocitiékeaintake are about 1ris
The burst swimming speed of fish, generally around 5-10 tboey length depending
on species would determine the size range of entrainedDisring the winter | would

Fishtek Consulting Ltd. Unit 3D Betton Way, Moretonhatepd, Devon. TQ13 8NA
Tel. 01647441020, Fax. 01647441040. Email. info@fishtek-consulting.co.uk



FISHTEK consulting Archimedes Turbine Phase I 27

expect larger fish to pass through as they are lessabdsist the flow in cold water due
to reduced swimming speeds.

The response of fish to the intake has a number didatjpns for hydro sites.

Firstly, on salmonid rivers such as the R. Dart madt moving down the leat/intake
would be migratory smolts, kelts and possibly eels. Numbérdsrown trout moving
towards the intake would be minimal, therefore as londfiss actively migrating
downstream readily enter the screw, it is unlikelyehgould be a build up of fish in the
forebay tank and probably no need for a bywash channel.

(Note: the behaviour of kelts and eels at the intake ilevaluated in phase 2 of this
study).

Secondly, Rivers with large populations of coarse digécies that have long unscreened
intake channels/leats may need a bywash channel or fshtpgprovide an alternative
route for larger fish that will not readily enter teerew. If no alternative is available
some fish may enter the screw, while others would prgbsallm back up the intake
channel, especially if it is relatively short. The nmxm length of channel that fish of a
particular size and species could ascend, would be a faradtiwater velocity, maximum
sustained swimming speed, and water temperature.
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6 Modification and Evaluation of Leading Edge

6.1 Modification of the Leading Edge

The leading edge overhangs the beginning of the trough by aggthown. The bevel on
the blade end creates a potential trapping action for dishlland eels as the blade
sweeps around. This appears to be an anomaly on thisatistalwhich is probably why
other studies have never encountered this problem. A cauopawsith other Archimedes
turbines revealed that the screw should not overhangaheh at all.

To rectify the problem, the leading edge was cut back by 5@mnt was within the
trough and the bevel removed to create a straight eratidiion a rubber extrusion (see
figure 28) was fitted along the entire length of the legdedge to soften any direct
impact with fish, particularly large fish such as keitsh more mass and inertia. By
spreading the impact over a larger area it is unlikelgause bruising or scale loss. Dr.
Spah concluded that the limited damage observed in his staglynost likely caused by
the leading edge becoming sharpened by stones after prolopgestion. The rubber
extrusion protects the leading edge from stone damage.

The modified edge is shown in figure 28. The pinch poimemoved and the extrusion
(fish bumper) brushes within a few mm of the troughy@néing fish from being trapped.

Figu 28. Mdifiedleading edge removing the biﬁch point. '
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6.2 Evaluating the modified leading edge

6.21 Method

To determine if the modifications to the leading edge hmaselved the pinching action,
cameras were installed to record fish as they approabkestigye and as they passed into
the first chamber. It was important to ensure thatttbet entered near the base of the
intake, in the same way as smolts.

The trout were introduced via a 110mm diameter pipe witbseape window cut into the
bottom. They emerged from the window within a few cntlef base and entered the
screw naturally. The pipe was set 1 meter back fronfetiding edge to allow the fish to
orientate before moving out into the flow.

Instead of using the Fyke net, fish were trapped in titoav box by a frame of 10mm
welded steel mesh. After each trial, the sluice gate @osed and the fish netted out of
the outflow box and examined. This meant fish were oated through the net and any
issue of net damage was avoided.

6.22 Results

220 brown trout between 12 cm and 28 cm were recorded pdbsitgading edge and
into the screw. Fish passed through at turbine speedsveddie 25-30 rpm.

Analysis of video footage revealed that over 85% of thle passed straight into the
screw without swimming back towards the screen. Fishslvam against the flow and
remained in the intake area behind the screens, were pettadter the sluice gate was
closed and the water drained. Fish remaining in the inda&a as the turbine is shut
down are sometimes drawn into the screw with the rabidater. It was noted that small
fish (<12cm) are occasionally drawn into the small gapvben the helix edge and the
trough, resulting in scale loss. This is only likely twor during trials and would be very
unlikely to happen in normal operation. In this respectpreésents an insignificant risk
to fish, as firstly the turbine is only shut down cgioaally for maintenance and secondly
it would be rare that small fish would be in the fagbank at the moment of shut down.
93% passed the leading edge within 10cm of the base, thentestd higher than this.
The orientation of fish as they entered the screshawvn in figure 29. 49% drifted back
and entered tall first, 45% head first. 6% moved towaredstlye head first and turned to
face upstream before entering tail first. The vastonigj seemed to avoid the leading
edge, only 4% were touched by the rubber extrusion as thenedn

None of the fish suffered any damage at all and theye vedir alive and behaving
normally after 48 hours in the holding tanks.

This confirmed that the modifications to the leading eldaee removed the pinch point
for small fish. It is likely that eels can also p#ilss modified edge safely, although this
will be fully evaluated in phase 2 of this report.

Trapping the fish by screening the outflow box was mofeceve than using the Fyke
net. There were adequate areas of reduced flow fordishelter and they were easily
netted out when the turbine was shut down.
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Orientation of fish as they pass leading edge
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Figure 29.

7 Fish Passage and Disorientation

Disorientation of fish can occur in highly turbulenttesa if they are rotated, tumbled and
generally buffeted by the irregular flow patterns. Higvels of disorientation for
prolonged periods can affect the fishes ability to respomtedators, the so called startle
response time (SRT).

Smaller age - 0 fish are usually more prone to behaviounghirment such as
disorientation as they have a smaller mass and sairsustger accelerations. They are
often less prone to physical injuries for the sameorgasg they sustain smaller forces as
they have less mass and inertia. (Guench et al, 200R)thisoreason, it was deemed
important to include a range of fish sizes in the study.

The ability to cope with a degree of turbulence and sbk&ass (fluids moving at
different rates) is important for fish, especiallyetine species. It has been estimated that
brown trout rushing into fast flowing water to grab foodnge experience rate of strain
exposure of up to 5 m/s/m. (Hayes and Jowett, 1994). Thisrisasure of the exposure
of fish to shear stress and turbulence. Fast flowiveys can have near bed shear stresses
of up to 30 N/rfi (Statzner and Muller, 1989).
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An extensive study into the effects of turbulence @omntation by Odeh et al (2002),
involved subjecting a range of fish species including juvenilnéic salmon and
rainbow trout to jets of water of 3.2r/s8.3m/s" and 10m/3. The fish were monitored
by camera and the effect on startle response timssexbdy comparison with control
fish. They calculated that a jet of 3.2thisreated a shear stress of 30K/eguivalent to
levels in fast flowing rivers, but well below turbulentevels during flood conditions.
They found that 3.2mfshad no effect on the startle response time of jugefilantic
salmon and rainbow trout compared to control fish. Higlevels of turbulence
corresponding to shear stresses of 50Ndmd above did begin to influence the SRT. It
was noted that after exposure to high turbulence ldikely to cause disorientation, fish
usually swam to the bottom and rested, often exhibitingqhdisbehaviour with bodies
tilted by up to 38 from vertical.

7.1 Method

To assess the degree of turbulence experienced by fiebyamove down the screw and
the likely disorientation, fish were introduced at tbe and monitored by underwater
camera as they moved down. The orientation of fish stdhviour as they descended
was analysed in terms of the criteria listed below.

» Rotated about the dorso-ventral axis.

* Rotated about the head-tail axis.

» Forced against the rotating edge or trough

* Swimming normally and in the correct orientation.

In addition, the behaviour in the outflow box, afteeytthad passed through was also
assessed in terms of signs indicative of disorientaticch as abnormal swimming, listing
from vertical, and resting for long periods.

7.2 Results
80 brown trout were filmed passing down the screw. Thgtledistribution is shown in
figure 30.
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length distribution of fish monitored passing down the screw
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Figure 30

The behaviour of fish in camera view was analysed ubag©G feature on the recorder.
This allows the image to be moved forward one frametiatea(0.08 sec.).

A camera with wide angle lense was used, however, gt stil only possible to see
approximately 50% of the chamber at any one time. Fishdadrift into and out of view,
so data from fish that remained in view for one secanchare was analysed, avoiding
the difficulty of assessing fish that were not in fudw.

Over 200 units of footage of more than 1 second were recondesbne of them were
fish either rotated dorso-ventrally or head to tailfanced against the trough or screw.
The fish swam normally and easily held position wititie chamber. It was evident from
the footage that levels of turbulence within the screwev@wv and very unlikely to cause
disorientation that would affect the SRT. (see DVD)

Furthermore the footage of fish released at the endheofstrew show them to leave
swimming normally and in the correct orientation. Treigd not exhibit any of the
symptoms indicative of disorientation.

| would conclude from the analysis that the turbulendgiwieach chamber of the screw
is very low indeed and well within the range experiencedrally by salmonids and
probably most riverine species.(see calculations inrapye

While it was not possible to remove fish fast enougmftbe end of the screw to make a
SRT test worth while (the 5-10 minutes recovery timehia outflow chamber would
have invalidated the test), | would conclude that it i/ wetikely the SRT would have
been affected. Comparison with video footage of fish mothingugh turbulent water in
a Denil fish pass, suggests that fish are exposed to saymtify lower levels of turbulence
within the screw.
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8 Monitoring the Qutflow

8.1 Method

Water velocity at the outflow is high, averaging 2.5m/Bo reduce the attractiveness of
the tailrace to ascending fish, it is recommended tutloav velocities should be below
0.5 m/s. (Turnpenny et al, 2005). To determine if significant numhsrdish are
attracted to the outflow, how long they remain in thetflow region and if they try and
jump at the end of the turbine, the area was monitdrddferent flow regimes.

Four infra red sensitive underwater cameras monitoredhfmlements. One was placed
just below the outflow box to monitor fish passing up andrdthe channel. Another was
placed in the middle of the outflow region, 1.5m beltw &nd of the screw and facing
upstream towards the screw. Two more were positionedeavater and focused on the
portion of the turbine above the waterline to capturefshyattempting to jump.

The area was monitored at different water levels, asgllow water conditions, the leat
takes proportionately more water and so may be moeette to fish.

Monitoring was conducted for 6 days in July with wateels well below average daily
flow and again in August for 6 days when water levelsvadrove average daily flow for
some of the time.

8.2 Results

The results are shown in the figures 31 and 32 and on tl2 that accompanies the
report. A total of 25 fish, mainly sea trout, but includimigleast 3 salmon were seen
throughout the period.

All the fish moved up the channel at night, between 10.30pda30am. Interestingly
fish movements were mainly between 10pm-1am and again 3{am.

The average time spent in the outflow area was 7 mimuneé<$3 seconds. The standard
error was 1 minute and 19 seconds. No fish were seenrjgrapthe end of the turbine.
More fish were seen in the outflow during higher riverels, probably because there
were more moving upstream generally. Salmon and seadreutsually stimulated to
move upstream when river levels are over 40% averagefaiy(ADF). On the R.Dart
this corresponds to 33601/s

Fish would often move into the outflow box and back ewesal times before swimming
down the channel to the main river. They were seen swim close to the end of the
screw for short periods, before heading back down thenehdnead first. This usually
indicated they had left the outflow permanently as thieye not picked up again on the
cameras.
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9 Discussion

Damage caused to fish by turbines is generally either maaily induced or due to
changes in flow characteristics.

Mechanical injuries are caused by direct strikes withlehding edge of runner blades,
stay vanes or wicket gates or by abrasion or grindihg.extent of injury or death due to
strikes is a function of fish length in relation te tleading edge thickness and speed of
impact (Turnpenny et al 1992). Archimedes Screws have arstational speed and only
one significant point of contact, the leading edge efSbrew. The maximum peripheral
speed is 3.8mistowards the tip of the helical blade. This is below4t@m/s' generally
regarded as the threshold speed below which fish are naiggam

Flow induced injuries are caused by velocity gradients pradushear forces. In
conventional Frances and Kaplan turbines, these casigogficant, disrupting swim
bladders and contorting fish. The pressure differentialesa regions of the screw are
negligible and unlikely to cause any problems. As watevsldown the trough at approx.
1m/s?, it flows over a smooth steel surface and is divided éhi@mmbers by the moving
sides of the screw that are also smooth. The vglgecédient occurs over a very short
distance resulting in low levels of shear and turbuleStear forces are approximately
0.32N/m? within 13mm or less of the surface of the helix, ithisrefore impossible for
the turbine to generate highly turbulent water within theews. (see appendix for
mathematical calculations).

While this study has focused on salmonids and found litdenyf damage caused by the
turbine, it is possible that other species are more sulleegiowever, the two previous
studies in Germany and Holland, referred to earlier inréport have found either no
damage at all (Holland) or very minimal injury attribditto a damaged leading edge
(Germany). Table A in the appendix combines results &ththree studies, giving a total
of 1341 fish across 15 species.
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10 Conclusion

This study has shown that trout up to 63cm (4.4kg) can pessgth the turbine safely,
without sustaining any damage. The turbine was safe forafisbss a wide range of
operating speeds, up to 31 rpm. The only damage evident waesdlistéle loss caused
by the outflow net. All of the fish with net induced lecéss were under 25cm long. It
was surprising that none of the larger fish sustained alg kxss as they passed through
the net, considering that over 50% of the fish usedaénttials were above 25cm. The
most likely explanation for this is the high waterogty in the net. Water velocities
were approximately 2.5 mtsat the outflow and through the net. Speeds increasedsin thi
region compared to the intake area because the outflanwnel is shallower, averaging
400mm.

The burst swimming speeds of salmonids is approximately 1&stlody length (Env.
Agency Fish Pass Manual). All of the fish with liedt scale loss were in the 8cm-25cm
range, giving burst swimming speeds of between 0.8 mfsl 2.5 m/$ Flow rates of
2.5m/s" at the outflow would have been too high for smaller fishresist. Unable to
swim against the flow, they were more prone to beingefdragainst the netting when
passing through to the holding box. This was confirmed by waen, as smaller fish
could be seen pressed against the net.

The effect of the net was confirmed by a procedural chahgejnvolved using a screen
to trap fish in the outflow box, instead of the Fyké. r@ut of a total of 220 fish that
passed through and were retrieved from the outflow ame sustained any damage.
Large numbers of smolts were able to pass through theedemharmed; at most 1.4% of
fish sustaining limited and recoverable scale loss. lasagost, because these were wild
fish and may already have sustained some scale log legiftering the screw.

Smolts and eels highlighted the issue of the pinching raafothe leading edge, an
anomaly on this installation, which has since beetifred. The modified leading edge
was evaluated using small trout, introduced in such a hatythey entered the screw in
the same way as smolts (low down near the base)adtfound to be safe and did not
cause any problems. (Note, eels will be evaluated in phasth3 report).

The behaviour of fish as they pass down the screw veassesd with cameras inside the
chamber. Levels of turbulence were very low and eagtlyin the range experienced by
most riverine species. Fish were not buffeted or @istated as they passed down and
displayed normal swimming behaviour after emerging atbthiitom. While the startle
response time was not measured, it is very unlikelygaasing through the screw would
have had any effect on the fishes ability to avoid predato

Monitoring at the outflow indicated that some salmowl gea trout will swim up the
outflow channel and remain there for over 20 minutesyelver, the average residence
time was under 8 minutes and fish did not attempt to juntpeascrew. The delay in
upstream migration is minimal and would not have any saamf effect.

Overall, I would conclude that Archimedes turbines areeextly fish friendly and allow
fish across a range of sizes to pass safely.
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11 Recommendations

While the study has demonstrated that the Archimedean dcrdwe is very fish
friendly indeed, it has also highlighted the problems ragistom the pinching action of
an overhanging leading edge. It is important that the eslgdthin the trough, otherwise
small fish and particularly eels are prone to being trd@sethe blade sweeps around.
A check list for new installations should include.

» Leading edge is at least 10mm within the perimeter of trougbefore rubber
extrusions fitted.

* Rubber extrusions fitted correctly and sweeping within 5rm of trough.

* Removal of bevel on leading edge.

The addition of the rubber extrusion along the engegling edge protects it from stone
damage, preventing it becoming sharpened. The extrusions desre evaluated for

several months and seem very durable, however, it is temgothat they are checked
during routine maintenance and replaced if damaged.

Screens

Intake:

Based on the results of this investigation, | would sugtiedt no intake screening is
necessary. However, | will have to defer my finaloramendations until phase 2 of the
report (kelts and eels) is concluded.

Outflow:

Outflow screens are not needed, as the end of the e¢udnd outflow channel did not
cause any problems for upstream migrants.
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13 Appendix

Damage cateqgories

Damage level Nature of damage
1 Death or serioysiy likely to cause death within 24 hours.
Deep wding exposing internal organs
2 Moderate damageluiting abrasions to skin.
Fin dageaand significant scale loss above 15%
3 Very little damadé@mited if any fin damage.
BetweE¥ and 15% scale loss
4 No damage
Species Maximum Number No. affected Damage
Length sustained
Bitterling (Rhodeus sericius) 5cm 5 0
Bullhead ( Cottus gobio) 1l4cm 5 0
Brown trout (Salmo trutta) 4con 708 0
Bream (Abramis brama) 7cm 239 0
Carp (Cyprinus carpio) doc 2 0
Chub (Leuciscus cephalus) 43cm 63 5 limited scale loss/haenmat
Dace(Leuciscus leuciscus) 21cm 1 0
Eel (Anguilla anguilla) 58cm 22 0
Grayling (Thymallus thymallus) 36cm 3 0
Perch (Perca fluviatilis) 18cm 18 0
Rainbow trout (Oncorhynchus mykiss) 63cm 4 0
Roach (Rutilus rutilus) 21cm 17 2 limited scale loss
Salmon,smolt (Salmo salar) 18cm 249 4 limited scakeslo
3 Spined Stickleback(Gasterostues aculeatus) 5cm 5 0
Stone Loach (Barbatula barbatula) llcm 3 0

Table A. Combining results from all 3 investigations. The River Dart, German$pah, 2001) and
Dutch (Vis Advies, 2007) studies.
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Calculation of Shear force and Turbulence within the srew

Effect of screw blade movement relative to water body

This effect is considered the most significant and guahtd, since it is common
throughout the transit of the body of water throughrtiaehine, and will be the result of
the fastest relative movements within the machinevelfeduce the problem to a two
dimensional situation, where the blade is considerdstta smooth flat plate of unit
width moving parallel to the direction of the oncoming flme are able to quantify
some effects.

The flow Reynolds numbdRe, is defined afe, = u.x/v

Whereu, is relative flow velocity
X is distance along surface
v is fluid kinematic viscosity

For the value ok, we can take the worst case scenario as being clobe tater radius

of the screw, where the relative velocity will de or 3.46 mg at 30 RPM, and given a
2.2m diameterx can be taken to kegain the worst case figure, and since the boundary
layer thickens as the value increases, we will take it to be the maximum possible
This can be considered to be five rotations along thehpmagpapproximatelOzxr,

34.5m. v can be taken as 1.5x1%%s™ at 0°C, again a worst case.

ThusRe= 79.6 x 10° at the bottom of the screw. This will mean thatibandary layer
will be in the turbulent regime, which will limit ithickness, but locally mean that there
are significant shear forces close to the surfacheobtade. Because the velocity within
the boundary layer increases toward main stream velasyimptotically , an arbitrary
convention is made to define the ‘edge’ of this layeis d¢fenerally considered that the
99% point (whereby the flow velocity is 99% of the manmeam velocity) allows for
complete disregard of the viscous stresses, and isatEhgd.

We can use Blasius’ relatioir 0.37(v/uyn)>x**, this being an approximation which can
be taken to be true for turbulent boundary layers Rihvalues of up to 10

Thusé = 0.33m. This is large enough that a fish could be withi® zone, so some
consideration can now be given to the magnitude oftibarsstress in this region. In a
wholly laminar boundary layer, the shear stress i®nofassumed to be constant
throughout the layer, in a turbulent boundary layer tigassstress is concentrated in the
thin viscous sublayer, which is effectively laminar. Thiekness of this can usually be
taken to be0.044, above which the shear stress rapidly reduces towardThis is a
thickness of 0.013m or 13mm. Within this region shearstras be taken to hg= 7=
1(0uldy)y=o, In this casgou/oy)=158.9, and for a worst case of water at QPG2x10°,
thereforer, = 0.32Nn¥ within the 0.013m viscous sublayer, and lower than thisen th
remaining part of the boundary layer up to 0.37m. This isfagntly lower than levels
experienced by riverine fish species.
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