
I. INTRODUCTION

ull-scale performance assessments of tidal instream
turbines have been carried out for seabed mounted [1]
as well as floating tidal turbines [2] [3]. Test guidelines 

and test methodologies are set out by the International 
Electrical Commission (IEC) in IEC62600-200, the technical 
specification for Tidal Energy Converter (TEC) power per-
formance assessment [4]. 

Fouling poses a performance risk for instream turbine 
deployments, as for any long-term marine application 
where performance depends on boundary layer effects e.g. 
vessel drag). Any surface that is immersed in the sea un-
dergoes a colonization process by which marine organisms 
can accumulate on the surface over time. Therefore, the hy-
drodynamic performance of an instream turbine blade, 
and hence its efficiency, is under the threat of marine foul-
ing. The effect of fouling on the performance of instream 
turbines is hard to quantify.  

So far only theoretical studies as well as model scale ex-
periments have been published in the literature in order to 
show the effect of fouling on the performance of instream 
turbines. Mainly the relative surface roughness (k/c) has 
been used to quantify the fouling. The relative roughness 
is defined as the ratio of the roughness height k, to the 
chord length, c.  

Investigations on the impact of fouling on a 1:5 scale 
cross-flow turbine with a model diameter of 172 mm 
showed that the impact of fouling on power output is sub-
stantial and, for the most severe cases, corresponding to 
k/c = 0.035, a 100% power reduction was found, while only 
a minimal reduction in thrust was measured [5]. Walker et 
al. investigated the effect of fouling on a 800mm horizontal 
axis turbine (at 1:25 scale), using model scale testing, as 
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well as predicting the turbines performance using a blade 

element momentum model (BEM) informed by wind tun-

nel experiments. The wind tunnel testing showed that both 

lift and drag coefficients are affected by fouling. A perfor-

mance reduction of approx. 20% is reported for the rotor 

performance for both the BEM prediction and the experi-

mental results. However the surface roughness for both 

cases was different, as k/c = 0.002 was used for the airfoil 

wind tunnel tests, whereas k/c = 0.014 was used for the 

model scale test of the rotor itself [6]. A detailed numerical 

study using computational fluid dynamics (CFD) was con-

ducted by Song et al. to predict the fouling penalty of a 

20m diameter horizontal axis instream turbine [7]. The sur-

face roughness due to fouling was approximated by mod-

ifying the wall-function within the CFD model. Besides a 

decrease in power coefficient (~13%) a narrower optimum 

operating range, as well as a shift of the optimum tip speed 

ratio and a reduced thrust coefficient was found when an-

alysing barnacle heights of 5mm, covering 20% of the 

blade surface. 

This paper focuses on a field study, investigating the ef-

fect of fouling on the performance and downstream wake 

of instream turbines, with full scale field measurements 

carried out on Sustainable Marine Energy’s multi-turbine 

platform PLAT-I 4.63, as deployed in Grand Passage 

(Nova Scotia, Canada). Furthermore a parametric study 

using an in-house BEM model is used to quantify the effect 

of increased drag on the respective hydrofoils. 

The overall objectives of this work are: 

 Compare the power and thrust performance of

“clean” and “fouled” turbine rotors

 Evaluate the effect of the downstream wake for

clean” and “fouled” turbine rotors

 Evaluate the effect of increased drag and re-

duced lift on the respective hydrofoils using an

in-house BEM model

 Compare the predicted and measured turbine

characteristics (power & thrust) for “clean” and

“fouled” turbine rotors.

II. INSHORE FLOATING TIDAL ENERGY PLATFORM

SCHOTTEL HYDRO together with Sustainable Marine 

Energy have developed their current SCHOTTEL Instream 

Turbines (SIT), on the surface floating inshore platform 

PLAT-I. The system has undergone sea testing using the 

4m rotors between November 2017 and June 2018 in the 

UK and was deployed in Nova Scotia (Canada) from Sep-

tember 2018 to February 2021 with 6.3m rotors [8]. 

A. Overall Platform System

PLAT-I 4.63 is Sustainable Marine’s first-generation 

floating platform, rated at 280 kW (i.e. four times 70 kW). 

Fig. 1 shows the platform in operation at Grand Passage, 

Nova Scotia. It is a three-hulled tidal energy platform that 

hosts four SIT 250 turbines. The platform self-aligns to in-

coming flow via a mooring turret, which is connected to a 

geostationary mooring spread. The turbines are sus-

pended from the cross-deck, via lifting support structures 

called SIT Deployment Modules (SDMs). During normal 

operation, or when parked, the turbines are in the down 

configuration, but they can be lifted clear of the water for 

maintenance. The scheduled maintenance plan provides 

for a visual inspection of the turbines every six months, in-

cluding but not limited to e.g. blades, housing, bolts and 

anodes. Fig. 2 shows the platform during blade installation 

in Grand Passage with two rotors in maintenance mode. 

So far no significant biofouling on the rotors has been 

found during testing, neither in Scotland nor in Canada. 

However during pre-longed times of non-operation rotors 

had been lifted clear of the water into the maintenance 

mode.   

B. Instream Turbine

The SIT 250 is a horizontal axis instream turbine. The 

first generation SIT 250 was presented by SCHOTTEL in 

2012. It is designed as a modular turbine system utilizing 

one drivetrain for two rotor diameters, 4m and 6.3m, 

which can be selected based upon the varying velocity fre-

quency distributions of different deployment sites.  

Fig. 1  PLAT-I 4.63 in operation as deployed in Grand Passage, 

Nova Scotia 

Fig. 2  Blade installation (6.3m rotors) in Grand Passage 

The larger rotor diameter is suited to lower flow speed 

sites, whereas the smaller rotor diameter is suited for 
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higher resource sites. The SIT 250 drive train is rated at the 
mechanical shaft, so rated power and grid-ready electrical 
power are Prated = 85kW and Pel = 70kW respectively. Both 
three-bladed rotor versions are manufactured from com-
posite material to provide passive-adaptive pitch behav-
iour. The blades are fitted onto a standardized hub with a 
diameter of 0.36 m. A rotor hub, slow speed shaft, plane-
tary gearbox and asynchronous generator complete the 
drive train; the system is cooled by ambient water. 

The full-scale turbine was extensively tested on Sustain-
able Marine’s surface floating PLAT-I 4.40 platform (the 
same platform but using 4m rotors) and showed good 
agreement with semi-empirical power and thrust predic-
tions using BEM [3]. On PLAT-I 4.63 the turbines operate 
in both clockwise and counter-clockwise direction (look-
ing upstream), as shown in Fig. 3. The turbines are named 
SIT1 to SIT4 from Port to Starboard, Fig. 3. The hub deploy-
ment depth is 4.7m, whereas the horizontal spacing be-
tween the turbine hubs is 6.8m. 

Fig. 3  Schematic SIT 250 configuration on PLAT-I 

Table I summarizes the properties of the SIT 250 turbine 
system.  

III. EXPERIMENTAL SETUP

For the purpose of this study, full-scale field testing us-
ing the PLAT-I 4.63 platform was carried out at Grand Pas-
sage in Nova Scotia (Canada). All experimental results pre-
sented in this study are based on SIT 4, see Fig. 3. All ex-
periments were carried out between October 13th and 19th 
2020. 

A. Test Site
The platform was deployed in Grand Passage at the 

southern tip of Digby Neck in September 2018. Digby Neck 
is a strip of land located at the mouth of the Bay of Fundy 
in Nova Scotia, Canada. Three channels – Grand Passage, 
Petit Passage and Digby Gut – cut through the Neck and 
have been deemed suitable for tidal power extraction [9]. 
Grand Passage is the westernmost of the three passages. It 
separates Brier Island to the west from Long Island to the 
east. The flood tide runs south to north through Grand Pas-
sage. In the middle of the channel there is only a small di-
rectional asymmetry in the flow and the current magni-
tudes on the flood and ebb tides are nearly symmetric [9]. 
Grand Passage provides for a very sheltered location with 
very moderate sea states, hence the effect of waves on the 
results reported hereafter is deemed to be negligible. A 
number of detailed site investigations including numerical 
and experimental work have been carried out to character-
ize the site conditions in Grand Passage [10][11][12]. 

Fig. 4  Digby Neck region (Nova Scotia, Canada) [9] 

B. Blade Conditions
All field testing carried out in this study was conducted 

for three blade conditions, being “clean”, “fouled” and 
“cleaned PS”. The “fouled” condition was achieved by 
keeping the rotor in the water without operating it for ap-
prox. four weeks. Fig. 5 shows the “clean” condition, 
whereas Fig. 6 shows the “fouled” configuration. The third 
condition “cleaned PS” was also tested, as the cleaning was 
carried out in two steps and as a first step only the pressure 
side (PS) was cleaned. Easy off-shore access to the turbine 
is one of PLAT-I’s key features and cleaning of the rotors 
as carried out during this study is shown in Fig. 7.  

TABLE I 
SIT 250 TURBINE SYSTEM 

Prated rated power (mechanical)  85 kW 

Pel rated power (grid ready) 70 kW 

- pitch control none (fixed-pitch) 

- variable speed control yes 

dhub hub diameter 0.36 m 

dtip rotor diameter  6.3 m 

dequ 
equivalent rotor diameter 
for PLAT-I turbine config-
uration according to [4] 

12.3 m 

hdepth hub deployment depth 4.7 m 

hspacing 
horizontal spacing be-
tween turbine hubs 

6.8 m 

D design tip speed ratio 6 

U0,rated rated velocity 2.7 m/s 

Ucutout cut out velocity 5 m/s 

CP(D) 
power coefficient at the 
design point (rigid blade) 

0.46 

CT(D) 
thrust coefficient at the de-
sign point (rigid blade) 

0.75 
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An underlying biofilm was found on the “fouled” 

blades. Furthermore two dominant macro-fouling species 

of algae had been identified with a length of up to 10 cm. 

At 75% span of the blade the roughness height k was esti-

mated to be between 2 mm - 10mm depending on the spe-

cies as well as the density of the macro-fouling. This results 

in k/c ≈ 0.006-0.03, providing a very wide range in terms of 

relative roughness. Therefore a realistic quantification of 

the non-dimensional roughness for the “fouled” rotor as 

investigated in this study is extremely difficult. Further-

more the characterization of drag solely based on k/c might 

be too simplistic, as the additional drag cause by fouling 

isn`t only effected by the roughness but also by the drag of 

the species themselves. 

Fig. 5  SIT turbine rotors with “clean” blades 

Fig. 6  SIT 4 rotor with “fouled” blades 

Fig. 7  SIT 4 rotor during on site cleaning 

C. Performance Testing

Instruments were mounted on the platform to measure 

the current velocity, turbine performance and reaction 

force at the SDM (due to rotor thrust and SDM drag). 

These are detailed in [8] and Fig. 8. The rotor thrust T was

derived by resolving the forces acting on the SDM, 

including SDM drag, SDM and SIT masses, and rotor 

thrust, see [3] for more details.  

The IEC standard [4] defines a bed mounted acoustic 

doppler current profiler (ADCP) as the preferred 

current velocity measurement device, as well its position

relative to the energy extraction plane. However, since 

the platform swings with the flow direction, in this 

work an onboard Valeport Electromagentic Current 

Meter (ECM) close to the water surface is used. The 

ECM only provides a single measurement point, rather 

than a power-weighted aver-age of the flow at hub 

height as derived from a flow profile as per IEC 

recommendation. Though this does not comply with IEC 

recommendation the ECM is a more robust in-strument 

and was therefore selected for long term flow ve-locity 

measurement on the platform. The IEC method will be 

followed where possible to validate performance.  

 Wave heights haven`t been measured throughout this 

study, however given the sheltered deployment location 

the authors do not consider an significant effect of waves 

on the performance results detailed in the below. 

D. Downstream Wake Measurements

Measurements to characterize the turbine wake were 

conducted downstream of PLAT-I 4.63 using two stream-

following surface drifters. Each drifter was equipped with 

a down-looking ADCP and a GPS tracker. Two Nortek Sig-

nature ADCPs, one 1000 kHz unit and one 500 kHz unit to 

avoid acoustic interference, recorded vertical profiles of 

along-beam velocities at 8 Hz and 4 Hz sampling fre-

quency respectively. The GPS trackers recorded surface  

TABLE II 

TEST INSTRUMENTATION  

Parame-

ter  
Instrument Location Label 

Power 
S120 SIEMENS 

Inverter 

Control Con-

tainer 

3 

Torque 
S120 SIEMENS 

Inverter 

Control Con-

tainer 

3 

Rot. 

Speed 

S120 SIEMENS 

Inverter 

Control Con-

tainer 

3 

Velocity 

Valeport Elec-

tromagnetic 

Current Meter 

GP - Upstream 

from SIT3, 

6.1m, 27cm be-

low water  

2 

Reaction 

force at 

pins 

(Thrust) 

LCM Load Pin 

Lower connec-

tion point be-

tween SDM 

and crossdeck 

structure 

1 
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Fig. 8  PLAT-I with instrumentation locations (side and top view) 

drifting velocity and drifter position along each drifter tra-
jectory [13]. Drifters were hand-released from a small ves-
sel just downstream of PLAT-I 4.63 at different locations 
parallel to the platform’s cross-deck. Each drift lasted at 
least 90 s with distance covered ranging from 130 m to 
490 m depending on tidal stage (20 dtip to 78 dtip, or 10 dequ to 
40 dequ). Data were collected along 390 drifts at different 
phases of the tide. 

IV. DATA PROCESSING

A. Post-Processing Performance
Various sampling rates were used during the data col-

lection for different instruments and test objectives, how-
ever all data in this work was aligned to 1Hz. All data was 
recorded synchronously and no filtering was applied to 
the data sets. All post-processing was applied to the data 
as per IEC [4]. Further detail and equations can be found 
in the reference document, though key equations will be 
presented here. The IEC suggests using an averaging pe-
riod between 2 and 10 min; the data presented here has 
been 2 minute averaged. In general, the following steps are 
performed using the bin methodology: 

1. Initially, the collected data is divided into time spans
of t = 120 s. Subsequently, the data within a distinct
time span is n averaged. The arithmetic (linear) mean
is used for power and thrust whereas the cubic mean
(“power weighting”) is applied for the inflow speed
U0:

𝑈0,𝑛 = [
1

𝑁𝑡

∑ 𝑈0,𝑗
3

𝑁𝑡

𝑗=1

]

1
3⁄

(1) 

𝑃̅𝑒𝑙,𝑛 =
1

𝑁𝑡

∑ 𝑃𝑒𝑙,𝑗

𝑁𝑡

𝑗=1

(2) 

𝑇̅𝑛 =
1

𝑁𝑡

∑ 𝑇𝑗

𝑁𝑡

𝑗=1

(3) 

Nt is the number of data samples within the the n-th 
time span (j = 1,…,Nt) 

2. Each data set of a time span n, here 𝑈0,𝑛, 𝑃𝑒𝑙,𝑛 and 𝑇𝑛,
is then assigned to the corresponding flow velocity bin
i of a U0 = 0.1 m/s width.

3. Finally, the arithmetic mean of the values sorted into
the i-th velocity bin is calculated for inflow speed,
power and thrust:

𝑈0,𝑖 =
1

𝑁𝑖

∑ 𝑈0,𝑖,𝑛

𝑁𝑖

𝑛=1

(4) 

𝑃̅𝑒𝑙,𝑖 =  
1

𝑁𝑖

∑ 𝑃̅𝑒𝑙,𝑖,𝑛

𝑁𝑖

𝑛=1

(5) 

𝑇̅𝑖 =  
1

𝑁𝑖

∑ 𝑇̅𝑖,𝑛

𝑁𝑖

𝑛=1

(6) 

Ni is the number of samples sorted into the i-th bin. The 
uncertainties are determined following the DIN 1319-3 
[14].

B. Post-Processing Wake
Data collected by the drifting ADCPs were quality con-

trolled to remove values with low amplitudes and correla-
tions following the manufacturer’s recommendation. The 
velocities were corrected for buoy motion using accel-
erometer data from the Signatures' integrated Attitude 
Heading Reference System (AHRS). The cleaned and mo-
tion-corrected along-beam velocities were then converted 
to Earth coordinates velocities and combined with the GPS 
measured drift velocities to obtain vertical profiles of Eu-
lerian velocities along the drift trajectory. Additional de-
tails of data processing can be found in [15]. The processed 
data set consists of multiple vertical profiles of Eulerian ve-
locities, each collected at a specific tidal phase (time) and 
location (recorded by the GPS tracker). 

A local coordinate system centred at PLAT-I 4.63’s nom-
inal location and aligned with the principal direction of the 
flow at this location (-18.8° from true north, flood positive 

3 1 2 
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northward) is defined for data organization purposes. Col-
lected velocity profiles are first organized by tidal phase 
(ebb and flood) and by inflow velocity. Data correspond-
ing to each tidal phase are then allocated to 5 x 5 m2 hori-
zontal grid cells within the local coordinate system using 
their GPS location. Data within each grid-cell are used to 
obtain ensembled-averaged vertical profiles of Eulerian 
velocities. The final products are maps of Eulerian veloci-
ties downstream of PLAT-I 4.63 for several stages of the 
tide. Data collected when blades were “fouled” and when 
blades were “clean” were processed separately.  

V. PERFORMANCE PREDICTION USING A BEM
MODEL 

An enhanced in-house BEM method for the prediction 
of the performance of a given turbine is used in this study. 
A detailed description of the model as well as a validation 
based on model scale and full-scale test data is given in 
[17]. In spanwise direction the turbine blade is segmented 
into a number of blade elements (BE). For every BE, the 
local power and thrust coefficients are derived based on 
momentum conservation (CP,M and CT,M) and the dynamic 
forces on a quasi 2D hydrofoil (CP,DF and CT,DF). Equating 
CP,M = CP,DF and CT,M = CT,DF yields two nonlinear equations 
for the unknown local axial and tangential velocity com-
ponents and eventually the BEs' CP and CT. The overall tur-
bine performance at a specific tip speed ratio then results 
from a summation over all BEs. 

The hydrodynamic forces (lift and drag) for all BEs are 
needed to determine CP,DF and CT,DF. Since lift and drag of 
the hydrofoil sections are functions of the Reynolds num-
ber Re and angle of attack  they are calculated in advance 
and stored in a database. These polar data are obtained uti-
lizing the public domain code XFOIL [16].  

Simplifying assumptions, such as a flow field that is 
purely 2D, are limiting the precision of the basic BEM the-
ory. In order to increase the accuracy of the method, vari-
ous sub-models are applied [18], [19], [20] and [21].  

In order to evalute the effect of fouling on the lift and 
drag forces of the respective hydrofoils used, a parametric 
study is carried out. Therefore, a wide range of different 
percent adjustments are applied to the original polar data 
and the corresponding turbine performance is predicted 
using the in-house BEM model. As suggested in [6] both 
an increased drag as well as a decreased lift is investigated. 
A suitable combination of lift and drag changes are found 
for each blade condition in order to match the model per-
formance prediction with the experimental results. The 
same changes are applied to all hydrofoils used within the 
blade design. The changes are applied to a base case polar 
set derived from XFOIL  

VI. RESULTS

A. Prediction of Fouling using BEM
Normalized drag and lift coefficients against the angle

of attack are shown in Fig. 9 and Fig. 10 for a hydrofoil lo-
cated at 75% of the span. The drag coefficient is increased 
by 350% for “clean PS” and by 700% for “fouled” com-
pared to the “clean” base case, Fig. 9. The lift coefficient, 
however, was reduced by 20% for the “clean PS” and by 
40% for the “fouled” condition, based on  = 5 deg, Fig. 10. 
These changes are significantly higher for drag when com-
pared to wind tunnel findings as reported in [6], where the 
drag coefficient was only increased by 159%, whereas 
changes in lift are in the same order of magnitude. This is 
also reflected in the relative roughness, which is an order 
of magnitude different when comparing the wind tunnel 
testing in [6] (k/c = 0.002), with the estimate for the 
“fouled” full-scale rotor (k/c ≈ 0.006-0.03).  

The modified polar data as described above is used 
within the in-house BEM model to predict non-dimen-
sional power and thrust characteristics as function of the 
tip speed ratio for the three blade conditions: “clean”, 
“cleaned PS” and “fouled”. Fig. 11 shows the effect of foul-
ing on the power coefficient as predicted by the BEM 
model. It is clear, that the performance of an instream tur-
bine is very sensitive to fouling as the maximum power co-
efficient drops by 49%. Furthermore, the optimum operat-
ing range is significantly narrowed and the maximum 
power coefficient is shifted towards lower tip speed ratios. 

Fig. 12 compares the thrust characteristics for the differ-
ent fouling conditions. At the operating tip speed ratio, the 
thrust coefficient is reduced by 22%.  

Fig. 9  Variation of the hydrofoil condition (clean, cleaned PS, 
fouled) and its effect on the normalized drag coefficient as function 
of the angle of attack 
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Fig. 10  Variation of the hydrofoil condition (clean, cleaned PS, 
fouled) and its effect on the normalized lift as function of the angle 
of attack 

Fig. 11  Power coefficient as function of the tip speed ratio (BEM 
prediction of the different blade conditions) 

B. Effect of Fouling on Turbine Performance in the Field
The power curves, obtained following the IEC

procedure, are compared to the BEM prediction for the 
three different fouling scenarios in Fig. 13. The agreement 
between prediction and “clean” experimental data is 
highly satisfactory. Since the lift and drag properties had 
been selected in order for the BEM prediction to match the 
“cleaned PS” and “fouled” experimental results, the good 
agreement with the experimental data is rather expected. 
A performance reduction of 43% can be reported between 

the “clean” and “fouled” condition for inflow speeds 
greater then 1.6 m/s. 

The thrust curves based on the load pin measurements 
at the SDMs are presented in Fig. 14. Above 1.6 m/s inflow 
speed the operational thrust is reduced by approx. 25% 
due to fouling. 

Fig. 12  Thrust coefficient as function of the tip speed ratio (BEM 
prediction of the different blade conditions) 

Fig. 13  Effect of fouling on the measured and BEM predicted 
turbine power as function of the inflow velocity  

C. Effect of Fouling on Turbine Wake
Fig. 15 shows ensemble-averaged vertical profiles of

along-channel velocity for both “clean” and “fouled” blade 
conditions at 5 dequ (~63 m) downstream of the rotor plane. 
A region of reduced velocities (the wake) is observed at 
depths spanned by the turbine rotors. The velocity deficit  

STARZMANN et al.: EFFECT OF FOULING ON THE PERFORMANCE OF AN INSTREAM TURBINE 235 



Fig. 14  Effect of fouling on the measured and BEM predicted 
turbine thrust as function of the inflow velocity  

in the wake of “fouled” rotors is less than “cleaned” tur-
bines case, with a 0.3 m/s additional velocity decrease 
when turbines are fouled when the inflow velocity is about 
2 m/s. This result is consistent with Fig. 14 and Fig. 15 as 
“fouled” rotors extract less energy from the flow hence a 
weaker wake would be expected. 

Fig. 15  Ensemble-averaged profiles of along-channel velocity for 
“clean” and “fouled” conditions during ebb tide at 2 m/s inflow con-
ditions, five effective diameters downstream of the turbine. Error 
bars denote cross-wake variability (1 standard deviation). Grey 
dashed line denotes turbine hub-depth. Horizontal black line is the 
bottom. The horizontal red line indicates the depth at which side-
lobe contamination from the bottom return begins to contaminate the 
velocities. 

VII. CONCLUSION

The objective of the study was to present the effect of 
fouling on the full-scale in field performance characteristic 
of instream turbines. Three different fouling scenarios are 
considered: “clean”, clean PS” and “fouled”. The turbine 
was deployed from the surface floating platform PLAT-I 
by Sustainable Marine Energy and tested at Grand Pas-
sage, Nova Scotia. Post processing according to IEC 62600-
200 has been used to evaluate the turbine performance. 
Measurements to characterize the turbine’s wake were 
conducted downstream of PLAT-I 4.63 using stream-fol-
lowing surface drifters. A parametric study using an in-
house BEM model was used to identify the change in terms 
of lift and drag of the respective hydrofoils. Non-dimen-
sional as well as dimensional turbine characteristics are 
predicted and compared with the measured data.  

The comparison of the results shows that fouling im-
poses a significant risk to the performance of instream tur-
bines. A power drop of up to 47% and a thrust reduction 
of 28% was recognized during full scale testing for the 
“fouled” condition. This reflects an increase of the 
hydrofoil’s drag coefficient by 700% and a reduction of its 
lift coefficients by 40%. The reduced performance is also 
visible in a weaker wake as the rotors extract less energy 
from the flow. 

The presented results represent important steps to-
wards the understanding on how fouling impacts the per-
formance of full-scale instream turbines. The results, show 
the benefit of easy access to the turbines for regular inspec-
tions (including the cleaning of the rotors) to ensure high 
efficiency of rotors deployed on PLAT-I throughout their 
lifetime.  
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