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Abstract
While biofouling is known to degrade the performance of marine energy conversion systems, prior experimental work 
has not explored this topic for cross-flow turbines. Here, we present experiments that investigate the impact of biofoul-
ing on turbine power output and structural loads. Using additive manufacturing, a three-dimensional scan of a barnacle 
was patterned onto the surface of turbine blades at three sizes and number densities, representing the progression from 
initial colonization to maturity. The impact of barnacles on turbine power output was found to be substantial and, for 
the most severe cases of fouling, the turbine does not produce power at any rotation rate. Conversely, barnacle fouling 
was found to have minimal impact on structural loading. To maintain generation capacity over extended periods, these 
results highlight the importance of antifouling coatings and proactive blade cleaning.
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1 Introduction

Current turbines convert the kinetic energy of moving 
water, such as rivers or tidal currents, to mechanical power. 
These turbines have the potential to generate renewable 
electricity at scales ranging from distributed sensing to 
grid-scale electricity [1, 2]. While the working fluid varies 
between wind and water, the fundamental fluid dynamics 
behind the conversion processes are the same. For these 
reasons, current turbines have borrowed heavily from 
developments in the more mature wind energy sector, 
though some considerations, such as cavitation and bio-
fouling, are unique to current turbines [3].

Two main types of current turbines are being devel-
oped for commercial applications: axial-flow turbines have 
an axis of rotation parallel to the direction of fluid flow, 
while cross-flow turbines have an axis perpendicular to 
the flow. While axial-flow turbines have achieved greater 

commercialization in the wind industry, recent efforts have 
demonstrated improvements to cross-flow turbine indi-
vidual device efficiency [4] and array efficiency [5]. Further, 
cross-flow turbines have a number of desirable attributes 
such as vertical orientation, which allows generator place-
ment at ground level and obviates the need for a yaw drive 
[6]. In water, their rectangular cross-section allows them to 
achieve higher blockage in confined flows, thus boosting 
overall efficiency [7]. For these reasons, the present work 
focuses primarily on cross-flow turbines.

Biofouling poses a performance risk for current turbine 
deployments, as for any long-term marine application 
where performance depends on boundary layer hydrody-
namics (e.g., vessel drag). Any surface that is submersed in 
the ocean undergoes this colonization process by which 
marine organisms can accumulate substantially on the 
surface over time [8].
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While significant biofouling has been observed on long-
term marine turbine deployments (e.g., Fig. 1), there has 
been limited quantification of performance consequences, 
particularly for cross-flow turbines. It is well-known that 
antifouling coatings can be used to minimize biofouling, 
but trade-offs in cost, effectiveness, and toxicity mean 
that not all turbines or surfaces are likely to be treated, 
and presently available solutions may be sub-optimal for 
marine current turbine applications [9]. To quantify the 
cost–benefit trade-off of antifouling measures, further 
knowledge of turbine performance and load changes as 
a consequence of biofouling, and better quantification 
of fouling growth rates and species composition would 
be beneficial (this is an active area of research [10]). This 
is particularly relevant for long-term and autonomous 
deployments [1] where some degree of biofouling is prob-
able between maintenance interventions. 

For the purposes of this study, we consider representa-
tive biofouling for a hypothetical current turbine deployed 
in Puget Sound, an estuary with multiple sites suitable for 
tidal energy development [11, 12]. Biofouling in Puget 
Sound is dominated by barnacles, algae, and mussels, 
with species composition and abundance varying across 
water depth, location, and season. Barnacles, such as Bal-
anus crenatus, are found over a wide range of depths (e.g., 
6–15 m [13, 14], and 55–75 m [15]). Evidence of barnacle 
fouling at depths suited to tidal current generation, com-
bined with their relatively large mature size and growth 
rate [16], suggest that barnacles have the potential to sig-
nificantly impact turbine operation. Barnacle settlement 
is most probable when water temperatures exceed 10 °C 
[13] and the primary barnacle settlement period in the 
Pacific Northwest is from April to November [14] with peak 
growth occurring in summer and early fall [16].

Relatively few studies have quantified current turbine 
power degradation due to fouling and most of those 
have focused on axial-flow current turbines. Orme et al. 
[17] experimentally investigated the effect of fouling 
on the lift and drag of an airfoil at constant angles of 
attack using extruded plastic cones to resemble bar-
nacles. Significant declines in the peak lift to drag ratio 
were observed for both an increase in fouling height 
and density. Using blade element momentum theory, 
these changes in airfoil performance were estimated to 
reduce the maximum power coefficient (Eq. 2) between 
20 and 70%. Another experimental study by Walker et al. 
[18] investigated the effect of increased blade surface 
roughness on axial-flow turbine performance by apply-
ing contact cement to the blades as a proxy for calcare-
ous fouling. This reduced turbine power and thrust by 
20%. Concurrent numerical investigations also revealed 
that roughness along the leading 10% of the blade chord 
had a similar effect on lift and drag as roughness across 
the entire chord.

The most similar prior work to our study is a numerical 
investigation of cross-flow turbine fouling performed by 
Rivier et al. [19]. Two-dimensional simulations showed that 
barnacle colonization of the blades significantly altered 
the vorticity field, with attendant implications for perfor-
mance. As for Walker et al., the proximity of fouling to the 
leading edge of the foil was shown to be significant. Both 
a realistic and a triangular barnacle profile were consid-
ered, with each profile producing different velocity fields 
around the blades. This suggests that the roughness pro-
file is important, and a realistic fouling shape should be 
used for accurate experimental testing. Rivier et al. also 
noted the need for higher fidelity modeling at a lower 
computational cost, as results were sensitive to the choice 
of turbulence model and three-dimensional simulations 
were unsatisfactory due to the coarse mesh required for 
tractable computation. Little could be concluded regard-
ing sensitivity to three-dimensional effects and no estima-
tions of turbine power or thrust coefficients were made. 
Rivier et al. highlights the difficulty of accurately modeling 
cross-flow turbine response to biofouling and motivates 
our experimental study.

The only experimental investigation of cross-flow tur-
bine surface roughness was by Howell et al. [20] who eval-
uated cross-flow turbine performance at multiple Reyn-
olds numbers for smooth and rough blade surfaces. That 
study revealed that the maximum torque for the rough 
blades was achieved at lower tip-speed ratios than for the 
smooth blades. It was also found that turbine power out-
put was enhanced by the roughened blade surface below 
a critical Reynolds number, but degraded above that value. 
This is indicative of the general sensitivity of cross-flow 
turbine performance to Reynolds number [21, 22].

Fig. 1  Ducted axial-flow tidal current turbine showing substantial 
biofouling after 3 years of deployment in the Race Rocks Ecological 
Reserve, British Columbia Canada. (Note: Photo from: http://www.
racer ocks.ca/tidal -energ y-turbi ne-remov al/. Lester B. Pearson Col-
lege. Garry Fletcher photographer, racerocks.ca)

http://www.racerocks.ca/tidal-energy-turbine-removal/
http://www.racerocks.ca/tidal-energy-turbine-removal/
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Here, we evaluate the changes in turbine power output 
and structural loads as barnacle fouling progresses from 
initial colonization to maturity. Further, we seek to under-
stand when fouling would likely become observable in 
performance data (i.e., for condition health monitoring of 
a turbine) and how these performance changes are related 
to the size and concentration of fouling on blade surfaces. 
Our efforts build on prior computational work by Rivier 
et al. for barnacle fouling and experimental work by How-
ell et al. on uniform surface roughness.

2  Background

2.1  Cross‑flow turbine hydrodynamics

The relative velocity and angle of attack encountered by 
the blades on a cross-flow turbine vary substantially with 
the blade’s azimuthal position. This is in contrast with axial-
flow turbines where these quantities are invariant with azi-
muthal position. Consequently, for a cross-flow turbine, 
instantaneous torque varies periodically, and blades can 
experience deep dynamic stall and interact with their own 
wake [23–25]. As observed by Rivier et al. [19], resolving 
these unsteady boundary layer interactions in simulation 
often comes at high computational cost.

Cross-flow turbine performance is characterized by the 
relationship between rotational speed and non-dimen-
sional power. The tip-speed ratio (λ), represents how fast 
the turbine rotor moves compared to the free stream 
velocity as

where R is the turbine radius, ω is the rotation rate of the 
turbine, and U0 is the free stream velocity. The power coef-
ficient (CP), represents the efficiency with which the tur-
bine converts the kinetic power incident over its projected 
frontal area to mechanical power, as

where Qh is the hydrodynamic torque produced by the 
turbine, ρ is the density of the fluid, and A is the projected 
area of the turbine rotor. Additionally, the non-dimen-
sional thrust coefficient (CT) is given by

where T is the thrust force acting on the turbine.
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2.2  Effects of fouling on blade hydrodynamics

Biofouling of turbine rotor blades increases the surface 
roughness, altering the flow field near the blade surface 
(i.e., the boundary layer). At moderate to high Reyn-
olds numbers, elevated surface roughness decreases 
lift and increases drag [26], which decreases time-aver-
age hydrodynamic torque, Qh. The magnitude of this 
decrease depends on the roughness height, chord-wise 
location, fouling density, and foil shape. Surface rough-
ness increases boundary layer mixing and can lead to 
earlier and longer turbulent transitions along an airfoil 
[27]. Further, as roughness height increases, so does the 
viscous drag due to a higher local velocity shear rate at 
the blade surface [26].

The effect of roughness on airfoil performance 
depends on the roughness height, k, relative to the 
undisturbed boundary layer thickness, δ. Roughness ele-
ments that extend beyond the boundary layer thickness 
(i.e., k/δ > 1), such as a mature barnacle, produce sepa-
rated flow in their wake, which alters the pressure distri-
bution that develops along the blade surface. This local 
separation increases the pressure drag and decreases 
the lift developed by the foil, as well as causing static 
stall at lower angles of attack [27, 28]. Surface roughness 
has also been shown to affect dynamic stall, as demon-
strated by Huebsch and Rothmayer [29] for icing on an 
aircraft wing.

The chord-wise location of roughness elements also 
has a significant effect on airfoil performance, with 
roughness near the leading edge having a larger effect 
than roughness near the trailing edge, though the 
location of maximum performance loss varies with the 
roughness height [28]. This effect is due to reductions 
in peak suction pressure at the leading edge and the 
higher local velocity at this location which elevates drag 
from skin friction. Foil profiles and angles of attack that 
yield relatively large leading edge suction peaks are, 
therefore, more affected by surface roughness. Conse-
quently, wind turbine design emphasizes foil profiles 
less sensitive to leading-edge surface roughness [30]. 
Finally, as the density of roughness elements on an air-
foil increases, performance decreases [17]. This effect is 
coupled to the chordwise location, as the combination 
of these parameters determines the spatial extent of dis-
ruption to the boundary layer.

The effect of biofouling on turbine hydrodynamics 
depends on species composition and maturity. While bio-
films as thin as 0.1 mm have been shown to increase skin 
friction on a flat plate [31], barnacle heights can exceed 
10 mm [32]. At this size, barnacles would cause local flow 
separation on a turbine blade and thus can be expected 
to affect viscous drag, pressure drag, lift, and dynamic stall.
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3  Methods

The effects of barnacle growth on a cross-flow turbine 
were investigated at laboratory scale. An interpretation 
of results in the context of a larger turbine is presented 
in Sect. 5.2. “Clean” and “fouled” turbine blades and blade 
support attachments were fabricated using additive 
manufacturing. Turbine performance was assessed over 
a range of tip-speed ratios at a single Reynolds num-
ber. Experimental data is available at http://hdl.handl 
e.net/1773/43775 .

3.1  Turbine and test facility

The experimental turbine measured 17.2 cm in diameter 
and 25.3 cm in height. The turbine rotor consisted of two 
straight blades with a NACA 0018 profile, a chord length 
of 2 cm, and a preset pitch angle of 6° relative to a quarter-
chord mount point. Blades were connected to the center 
shaft at each end by two foil-shaped struts (NACA 0030 
profile). Definitions of turbine azimuthal position, forces, 
and torque are shown in Fig. 2. Turbine geometry repre-
sented a 1:5 scale model of a turbine capable of produc-
ing power outputs in the kilowatt range, which would be 
relevant for powering persistent sensing or recharging 
underwater vehicles [1, 2].

Experiments were conducted in the Alice C. Tyler recir-
culating water flume at the University of Washington. The 
test section of this flume measured 75 cm in the cross-
stream direction and tests were run at a dynamic depth 
of 56 cm. During experiments, a constant inflow veloc-
ity of 1 m/s and temperature of 34 °C were maintained. 
Turbulence intensity was approximately 4% and the tur-
bine blockage ratio was 9.8%. The experimental set up is 

shown in Fig. 3. For the upper load cell, a 6-axis Mini45 
(ATI Industrial Automation) was used, and for the lower 
load cell a 6-axis Nano25 (ATI Industrial automation) was 
used. A Yaskawa servomotor (SGMCS-05B3C41) equipped 
with a  218 count encoder was used to control the turbine’s 
rotation at a constant angular velocity [33]. Turbine per-
formance data was acquired using a National Instruments 
6351 DAQ at a sampling rate of 1000 Hz with each tip-
speed ratio maintained for 60 s. Inflow velocity was meas-
ured five turbine diameters upstream of the turbine at the 
vertical and cross-stream midpoint of the flow using an 
Acoustic Doppler Velocimeter (Nortek Vector) sampling 
at 64 Hz.

Turbine performance metrics (Eqs. 2–3) were calcu-
lated as instantaneous quantities. From the instantane-
ous data, cycle averages were calculated for each rota-
tion, time-averages were calculated over all rotations, and 
phase-averages were calculated as a function of azimuthal 
blade position in 6° azimuthal bins. Because it is difficult 
to temporally correlate free stream turbulence and its 
interaction with the turbine rotor, the denominator in all 
the performance metrics is a time average of velocity over 

Fig. 2  Definition of turbine azimuthal position, forces, and torque

Fig. 3  Schematic of cross-flow turbine experimental testing appa-
ratus with measured and applied torques indicated [33]

http://hdl.handle.net/1773/43775
http://hdl.handle.net/1773/43775
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an integer number of turbine rotations. The variability in 
time-average and phase-average performance coefficients 
was quantified by the inter-quartile range (IQR) (i.e., inter-
quartile range of cycle averages and values underpinning 
the phase average in each azimuthal bin, respectively).

The Reynolds number for these experiments is defined 
in terms of the blade chord length, c, as

where ν is the kinematic viscosity of water. For all experi-
ments,  Rec was 2.7 × 104, which is likely in a transitional 
regime [21, 22].

3.2  Fabrication of fouled turbines

Turbine blades were “fouled” using a barnacle model 
derived from a three-dimensional scan of a real barna-
cle taken from the shores of Puget Sound.1 This barnacle 
model was geometrically scaled to three different heights 
and randomly patterned across the surface of the blades 
at three different densities. In choosing a random spatial 
distribution, we assumed that there would be no prefer-
ence for barnacle colonization with respect to chord or 
span-wise position and ignore the natural clustering ten-
dency of barnacles. As a consequence of this random dis-
tribution, the average distance of fouling from the leading 
edge was equal to half the chord length. Illustrations of the 
barnacle model, fouled blade, and fully assembled turbine 
are shown in Fig. 4. All experiments used clean struts to 
focus on blade hydrodynamics.

Barnacle size was quantified by the non-dimensional 
roughness height k/c, where k was the measured barnacle 

(4)Rec =
U0c

�

height. Barnacle density was quantified by the number of 
barnacles per blade, though researchers have employed 
various density metrics to quantify the extent of barnacle 
fouling. For example, Orme et al. [17] represented the den-
sity as the number of barnacles per chord length-squared 
area, while Demirel et al. [34] used the percent of blade 
surface area covered by barnacles. Some biofouling sur-
veys [14] have employed the dimensional barnacles per 
square centimeter. Because our results are only quantita-
tively suited for comparison with a geometrically-scaled 
turbine, the total number of barnacles per blade is the 
most relevant density metric.

Clean and fouled turbine blades were fabricated from 
Somos WaterShed XC 11122 using stereolithography 
with a resolution of 0.05 mm. Blades were structurally 
reinforced by key stock (3/32″ x 3/32″ x 12″ Grade 18-8 
Stainless Steel) and bonded to the end plates using epoxy. 
Even with reinforcement, blades deflected substantially 
in the radial direction during testing, which may have 
altered performance. However, this deflection was con-
sistent across all turbines tested and should not affect 
relative comparisons. Additionally, the extent of testing 
was limited by structural failures in the 3D printed plastic 
at the joint connecting blade to strut (e.g., tests at multiple 
Reynolds numbers were originally planned).

As-manufactured barnacle heights and densities are 
shown in Table 1. Values were selected based on biofoul-
ing composition surveys conducted in Puget Sound [13, 
14] and prior investigation of barnacle fouling of vessel 
hulls [34–36]. This range in fouling severity approximated 
turbine performance degradation at different stages of 
barnacle maturity for a given initial colonization pattern. 
Barnacle dimensions were geometrically scaled 1:5 to be 
consistent with the turbine model. Roughness scaling is 
discussed further in Sect. 5.2.

Fig. 4  a Three-dimensional barnacle scan used to generate fouling model b CAD model of “fouled” turbine blade covered in barnacles c 
fully assembled turbine showing blades and struts fabricated using additive manufacturing

1 Barnacle scan was acquired from an online design library: (https 
://www.thing ivers e.com/thing :25675 ).

https://www.thingiverse.com/thing:25675
https://www.thingiverse.com/thing:25675
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As-printed barnacle heights were measured using an 
electronic height gage “NAME HERE” with an accuracy of 
0.000 mm. The physical heights of the printed barnacles 
were markedly smaller than the CAD models used for pro-
duction, and the aspect ratio of the barnacles was, there-
fore, greater than intended. This is to say that additive 
manufacturing is a powerful technique for exploring new 
topics, but is not without its limitations.

4  Results

Time-average turbine performance is summarized in Fig. 5. 
Without exception, an increase in either barnacle height or 
density decreases the maximum power coefficient (Fig. 5a, 
b). The magnitude of this performance loss becomes sub-
stantial as barnacle size increases, and with large barna-
cles at medium and high densities, the turbines do not 
produce net power at any tip-speed ratio. Additionally, 
barnacle size alters the optimal tip-speed ratio (tip-speed 
that maximizes the power coefficient). As an exception to 
the overall trend, we note that the power coefficient for 
the small barnacles increases compared to the clean blade 
at lower tip-speed ratios.

Barnacle fouling also slightly decreases the thrust coef-
ficient (Fig. 5c, d). Trends are less consistent than for the 
power coefficient, as an increase in barnacle density yields 

a general, but modest decrease in turbine thrust across 
tip-speed ratios. However, barnacle height does not have 
a consistent effect on the thrust coefficient, particularly at 
tip-speed ratios corresponding to peak power coefficient 
and many of the median trends fall within the inter-quar-
tile range of cycle-to-cycle variation (Fig. 5d).

The effects of barnacle height on phase-average tur-
bine performance is shown in Fig. 6. When barnacle height 
increases, the effect is nearly an offset in power coefficient, 
with the turbine producing less power at all azimuthal 
positions. The magnitude of this offset varies with barna-
cle size (Fig. 6a). In contrast, barnacle fouling decreases 
the amplitude of the oscillation in phase-average thrust 
coefficient (Fig. 6b). Barnacle fouling does not appear to 
cause significant phase shifts in power or thrust. This may 
be a consequence of speed-regulated control, which main-
tains blade kinematics across the cases [33]. Phase shifts 
might occur under other control strategies (e.g., torque-
regulated control).

5  Discussion

5.1  Performance

The presence of barnacles on the blades and mounting 
structure of a cross-flow turbine can dramatically reduce 
power production. Although this result is intuitive, the 

Table 1  Experimental test matrix of barnacle heights and densities, showing the percent of the blade surface area covered for each combi-
nation. Note: density illustrations are for large barnacles, and height illustrations do not represent the experimental densities

Height (k/c) Density (barnacles/ blade)

Clean Low (62) Medium (306) High (608)

Small (S) (0.006) 0% – 0.6% 1.2%

Medium (M) (0.014) – 2.5% 5.0%

Large (L) (0.035) 2.0% 10% 20%



Vol.:(0123456789)

SN Applied Sciences (2020) 2:464 | https://doi.org/10.1007/s42452-020-2286-2 Research Article

present work suggests that beyond a relatively limited 
threshold of barnacle height and density, a cross-flow 
turbine can be rendered incapable of producing power. 
Fortunately, barnacle fouling on blades does not increase 
structural loads, such that blade fouling is primarily a per-
formance, not a survival, concern. This is consistent with 
prior experimental results for axial-flow turbines [18].

As illustrated in Fig. 7, reductions in maximum CP 
are a function of both barnacle height and density. As 
barnacle density increases, the marginal change in CP 
with density varies with barnacle size (Fig. 7a). For small 
barnacles, the performance degradation is nearly invari-
ant with density (i.e. a few barnacles are almost as det-
rimental as many). This is likely because once barnacles 
are distributed spanwise along the blade, the aggre-
gate disruption to the boundary layer is substantial. For 
medium and large barnacles (i.e., barnacles closer to 

mature size), the marginal change in CP with density 
also decreases, but is still substantial in absolute terms. 
Conversely, as barnacle height increases (Fig. 7b), the 
marginal reduction in CP increases with height. In other 
words, once barnacles colonize the surface of a cross-
flow turbine blade in any substantive density, the per-
formance degradation will accelerate as they mature.

5.2  Scaling of results

While these results suggest that biofouling poses a sig-
nificant performance risk to marine current turbines, they 
correspond to a single turbine geometry and Reynolds 
number. Here we discuss the relevance and limitations 
of quantitatively extending these experimental results 
to turbines with a similar geometry operating at different 
Reynolds numbers.

Fig. 5  Time-average power coefficient and thrust coefficient as a 
function of tip-speed ratio for different barnacle heights and den-
sities. Insets show the region of interest for power generation in 

greater detail and error bars represent the inter-quartile range (IQR) 
of cycle-to-cycle variations in performance coefficients
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In general, cross-flow turbine performance has been 
shown to increase with blade-chord Reynolds number 
up to a critical value, beyond which performance is inde-
pendent of Reynolds number. Bachant and Wosnik [21] 
found that for their three-bladed turbine, this critical 
value was around  Rec = 2 × 105. While turbine geometry 
varies between our study and Bachant and Wosnik, this 
strongly suggests that our experiments  (Rec = 2.7 × 104) 
take place at a transitional Reynolds number, and clean 

turbine performance would likely increase with Reynolds 
number. Miller et al. [22] suggests that Reynolds inde-
pendence is not achieved for some cross-turbines until 
 Rec = 1.5 × 106, such that even a kW-scale turbine could 
still be operating in a transitional regime. Regardless, as 
the Reynolds number increases, foil stall occurs at higher 
angles of attack due more efficient momentum transfer 
within the boundary layer, and the maximum lift to drag 
ratio is thus increased. Due to the angle of attack variation 

Fig. 6  Effect of increasing barnacle height on phase-average turbine performance coefficients. Results are shown for medium density at 
λ = 2.88, near the peak of the power performance curve

Fig. 7  Trends in maximum power coefficient with increasing barna-
cle height and density. For the cases of large barnacles at medium 
and high density, the power coefficient is negative over all tip-

speed ratios and “maximum”  CP is taken at the same tip-speed ratio 
as maximum  CP for the low density case
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experienced by a cross-flow turbine blade, this increases 
lift at some azimuthal positions and increases cycle-aver-
age power output.

The effect of blade roughness on cross-flow turbine 
performance also depends on Reynolds number. For 
example, Howell et al. [20] reported that, at lower Reyn-
olds numbers, rough blades (k/c = 0.005) outperformed 
smooth blades, but, at higher Reynolds numbers, smooth 
blades had superior performance. A similar effect can 
be seen in Fig. 5 when comparing the performance of 
clean blades to blades with small barnacles (k/c = 0.006). 
At lower tip-speeds, turbine performance increases with 
fouling. Because the roughness of the fouled blade trips 
the boundary layer into turbulence at a lower Reynolds 
number, this likely causes the flow to stay attached longer 
and delays the onset of stall to a higher angle of attack, 
thus increasing the performance for some rotation rates. 
Although the viscous drag is increased by the small bar-
nacles, the pressure drag and thus overall drag is reduced. 
At higher tip-speed ratios, the azimuthal range in angle of 
attack is reduced and the increase in viscous drag likely 
dominates. For the larger barnacle sizes, the increase in 
pressure drag caused by the expansion of the boundary 
layer is sufficient to outweigh the benefit of delayed stall. 
In summary, beyond Reynolds independence, we would 
expect performance at all tip-speed ratios to decrease due 
to fouling, but below Reynolds independence, the onset 
of fouling may increase performance at some tip-speeds.

The effect of surface roughness on airfoil performance 
has been investigated in the airfoil icing literature and 
this analogue provides insight into experimental scaling 
of surface roughness. Airfoil performance is sensitive to 
Reynolds number, k/δ (roughness height normalized by 
boundary layer thickness), and the location of rough-
ness with respect to the leading edge. As discussed in 
Sect. 2.2, different roughness heights affect airfoil per-
formance in different ways. Small roughness (k/δ < 1), 
primarily increases the skin friction along the blade, and 
performance changes are relatively sensitive to Reynolds 
number [37]. Conversely, large roughness (k/δ > 1), causes 
local flow separation, but the performance changes are 
relatively insensitive to Reynolds number [28].

As a consequence, numerous studies have found that 
geometric scaling of the roughness height (i.e., maintain-
ing k/c across geometric scale) provides accurate airfoil 
performance during subscale testing [28, 37, 38]. However, 
for small ice profiles with k/δ ≤ 1, geometric scaling has 
been found to be generally less accurate at representing 
full scale performance effects [38]. Broeren et al. [39] found 
that geometric scaling for simulated runback-ridge ice 
(for which k/δ ~ 1 [39]) amplified the performance losses 
measured at full-scale. This suggests that, for this rough-
ness type, the appropriate scaling factor is greater than 

geometric scaling (i.e., performance-equivalent sub-scale 
roughness is shorter than a geometric scaling of full-scale 
roughness).

To evaluate the appropriateness of geometric scaling 
for our experiments, k/δ, was estimated for the experi-
mental turbine (details provided in “Appendix”). k/δ was 
found to range from near zero (Reynolds-dependent 
regime) in regions close to the trailing edge of the blade, 
to greater than 10 (Reynolds-independent regime) for 
the large barnacles along the leading edge. For the small 
barnacles, k/δ < 1 across most of the blade. This suggests 
geometric scaling of this roughness would likely lead to 
an over-prediction of effects at larger scale. Conversely, 
because the large barnacles exceed the estimated 
boundary layer thickness for most azimuthal positions, 
geometric scaling is likely to yield accurate results. The 
medium barnacles are likely in a transitional k/δ regime.

Our performance results are only quantitatively 
valid for turbines that are geometrically similar to the 
experimental turbine due to the strong influence of 
turbine geometry on power output [40]. As the num-
ber of blades, solidity, foil profile, aspect ratio etc. are 
changed, the absolute effect of fouling will likely also 
change. These results are, however, likely qualitatively 
representative, with barnacle fouling likely to reduce 
maximum CP and associated CT.

5.3  Implications for field‑scale operation

Experimental turbine geometry and barnacle size repre-
sent a 1:5 scale model of a kW-scale turbine. If geometric 
scaling is accepted as valid, this suggests that maximum 
CP declines by 15% when low-density barnacles are only 
0.5 mm tall. This would be barely perceptible by touch and 
marginally visible by eye but would be detectable in tur-
bine power output and would likely be detected by a con-
dition monitoring system. Once barnacle height reaches 
1.5 mm, CP declines by 30–50%, and by a height of 4 mm, 
the turbine would cease to produce power. The pace of 
these performance declines would also depend on the col-
onization density. Barnacle growth rates can vary between 
0.02 and 0.10 mm per day depending on myriad factors 
including species, location, and season [16, 41]. At these 
growth rates, barnacle height would increase from 0.5 to 
1.5 mm in 10–50 days and to 4 mm in 25–125 days. This is 
a relatively limited window for reactive maintenance and 
emphasizes the benefits of durable antifouling coatings.

The shift in the shape of the power performance curve 
seen in the data suggest that biofouling could also have 
implications for the control of cross-flow turbines. For 
example, λoptimal shifts by 5% between clean blades and 
blades with small barnacles. A change of this magnitude 
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could lead to additional power losses of 1–3% [42] if a 
non-linear controller (e.g., kω2) is used to maximize power 
[43]. This suggests that there may be marginal benefits to 
implementing adaptive control schemes.

5.4  Effect of fouling on support struts

While not the focus of this study, it is informative to 
consider how fouling of other components, such as the 
blade support struts, would affect turbine power per-
formance. To this end, an experiment was conducted 
with fouled blades and struts. Fouled struts were fab-
ricated with large barnacles at a medium density. Spe-
cifically, the density was 216 barnacles per strut which 
corresponded to the 10% surface coverage of the large 
barnacle, medium density fouled blades. We note that 
this fouling case is one where the turbine does not pro-
duce power at any tip-speed ratio, even with clean struts 
(Fig. 5a), but is still informative.

To estimate the relative contribution to performance 
loss caused by fouling of the blades versus fouling of the 
mounting structure, measured turbine performance was 
decomposed as for Strom et al. [44] as

where CP,blades represents the net non-dimensional power 
produced by the blades, CP,mount represents the non-
dimensional performance loss from the struts structure, 
and CP,secondary encompasses the effect of the mounting 
structure on the blades (e.g., reduction in tip loss, span-
wise flow), as well as the effect of the blades on the mount-
ing structure (e.g., induction). Based on Strom et al. [44], 
the secondary effects are likely negligible, such that the 
blade performance can be estimated from measurements 

(5)CP = CP,blades + CP,mount + CP,secondary

of CP and measurements of CP,mount (taken by rotating the 
support structure without blades).

As illustrated in Fig. 8, turbine power loss is substan-
tially greater when fouling occurs on the blades com-
pared to an equivalent fouling size and density on the 
support structure. This difference may be less significant 
for a turbine with higher support structure losses (e.g., 
disc end plates).

6  Conclusions

The performance effects of biofouling on a cross-flow tur-
bine were measured for three different sizes and densi-
ties of barnacle fouling. The presence of barnacles on a 
turbine rotor affects both power and thrust. Experiments 
demonstrated a significant decrease in maximum CP, 
with declines ranging from 15% for the small barnacles 
(k/c = 0.006) to greater than 100% for the large barnacles 
(k/c = 0.035). This indicates that barnacle fouling can ren-
der a cross-flow turbine incapable of producing power. 
Measurements of power loss for fouled struts demonstrate 
that performance reductions are likely to be dominated by 
blade fouling, but that strut fouling is significant. Due to 
the likelihood of substantial loss in power production, anti-
fouling coatings should be applied to all cross-flow turbine 
components. In contrast, relatively small declines in CT of 
2–5% were measured, demonstrating that while biofoul-
ing severely degrades turbine power output, it does not 
greatly affect structural loading. Quantitative extrapola-
tion of these results to larger-scale turbines is challeng-
ing, as the boundary layer changes associated with fouling 
may scale differently with Reynolds number than the blade 
kinematics that give rise to turbine power and thrust. This 
could be an interesting line of future research, as could the 

Fig. 8  Comparison of degradation in  CP for blade fouling versus fouling of the struts shown for large barnacles at medium density (Eq. 5)
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effect of barnacle location and clustering relative to the 
random colonization pattern used in this study.
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Appendix

The boundary layer thickness, δ, was calculated for the 
experimental turbines to compare to the roughness 
height, k. Due to nonlinear effects (e.g., dynamic stall, 
wake interaction), significant simplifications are neces-
sary to estimate boundary layer thickness in the chordwise 

direction for a cross flow turbine blade. Further, the 
boundary layer thickness varies with azimuthal position. 
Order of magnitude approximations were obtained using 
the software Xfoil2 for static angles of attack and nominal 
velocity (speed encountered by the blade) estimated as a 
function of azimuthal position assuming negligible induc-
tion [33]. Nominal angle of attack (αn) and velocity (Un) are 
calculated as functions of azimuthal position, θ (defined 
in Fig. 2) as

where αP is the preset pitch angle. Because Xfoil only out-
puts integral boundary-layer parameters, δ was estimated 
from the displacement thickness (δ*) based upon the Bla-
sius solution for a flat plate (assuming the foil curvature is 
“small” relative to δ) as

(6)�n(�) = −tan−1
sin(�)

� + cos(�)
+ �p

(7)Un(�) = U0

√

� + 2� cos(�) + 1

(8)� = 2.91�∗.

Fig. 9  Estimated ratio between roughness height, k, and boundary 
layer thickness, δ, as a function of azimuthal position and chord-
wise location. Ratios are shown for each barnacle height. The upper 

row shows estimates for the outside of the blade, while the lower 
row shows estimates for the inside of the blade

2 Drela, M., XFOIL Subsonic Airfoil Development System, https ://
web.mit.edu/drela /Publi c/web/xfoil /.

https://web.mit.edu/drela/Public/web/xfoil/
https://web.mit.edu/drela/Public/web/xfoil/
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Figure 9 shows estimated azimuthal variation in k/δ 
in comparison to phase average performance from 
experiments.
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