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a b s t r a c t

The steady and unsteady loads acting on a hydrofoil immersed in a turbulent boundary
layer have been investigated. Measurements were performed in a cavitation tunnel in
which the hydrofoil was mounted from the test section ceiling, via a 6-component force
balance. Two NACA0012 hydrofoil models with trapezoidal planforms and aspect ratios
of 2.4 and 1.2 were examined. The ceiling turbulent boundary layer was artificially
thickened via an array of transverse jets located upstream of the test section. Thickening
the ceiling boundary layer allowed for varying levels of hydrofoil immersion (nominally
up to 100%) to be studied. In addition to the level of immersion, the effect of varying
incidence and Reynolds number on the hydrodynamic loading normal to the chord was
also investigated. Steady forces were found to be significantly affected by the relative
scale of the boundary layer, particularly in the stall region. A broadband peak in the
unsteady normal force spectra was observed at a constant reduced frequency of 0.2. The
relative peak amplitude was found to be dependent on the boundary layer thickness to
hydrofoil span ratio and Reynolds number. As the incidence is increased past stall, a
low-frequency power increase was observed which was superimposed over the existing
broadband excitation induced by the ceiling boundary layer.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Control surfaces for marine vessels are typically located at the stern, where the boundary layer has had the full vessel
ength to develop and thicken. In addition, the boundary layer may be further thickened with the occurrence of flow
eparation due to the adverse pressure gradient present at the aft end of a vessel (Alin et al., 2010). As control surfaces
re generally compact compared to overall length scales, they may be substantially immersed within the turbulent flow
bout the vessel stern. Hence, these control surfaces are subject to unsteady loading and become a source of vibration and
adiated noise. To minimize these effects, insight into the flow physics and excitation spectra are required. This would
nable a more rigorous analysis and design for control surface optimization including the structural response.
Much of the previous work into understanding and predicting the unsteady loading on lifting or control surfaces

as been motivated by aeronautical applications involving the prediction of radiated noise and undesirable structural
esponses (e.g. buffeting). The problem of unsteady aerofoil loading has received considerable attention since the initial
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work by Theodorsen (1935) who simplified the problem to an oscillating flat plate encountering an oncoming uniform
flow. This work was developed further by von Kármán and Sears (1938) using basic concepts of circulation theory to
establish a unified treatment of unsteady aerofoil theory. This work set the basis for Sears (1941) who treated the problem
as a rigid aerofoil encountering vortical sinusoidal gusts. Using linearized inviscid theory, Sears (1941) derived the well-
known expression for the lift function, known as the Sears function, which would eventually serve as the foundation to
a significant body of future work in which key advancements have been made (Atassi, 1984).

In an attempt to validate the results from prediction models, early experiments were conducted by Lamson (1956)
nd Hakkinen and Richardson Jr (1957). Issues arose with obtaining conclusive results as the experimental data exhibited
xcessive scatter attributed to the turbulence scales present being too small to cause sufficient fluctuations in the unsteady
oading. This remained an issue for many years, until Jackson et al. (1973) successfully measured the lift on a finite wing in
rid turbulence. It was observed that the lift drops off faster than that predicted by Sears 2D strip theory at the high end
f the spectrum which was attributed to the increasing importance of viscous and boundary layer displacement effects
t higher frequencies (Li et al., 2018).
In order to calculate the rapidly changing turbulent flow due to large scale velocity gradients and foil interaction, Gold-

tein and Atassi (1976) and Atassi (1984) implemented Rapid Distortion Theory (RDT). This would take into account the
ffect of gust distortion, proving to be important in experiments conducted by McKeough and Graham (1980) as RDT
redicts that the vertical velocity variance increases with turbulent flow progressing along a body. The results revealed
hat mean incidence only has significant effect on the loading spectra at low frequencies. Prediction models continued
o develop with the introduction of vortex lift theory by Howe (2001, 2002) which took into account various forms of
nsteady flow. The effect of aerofoil geometry such as thickness and camber, as well as incidence, became of key interest
ith significant advancements made by Reba and Kerschen (1996) and Glegg and Devenport (2009). Despite the extensive
evelopment of theoretical models there are relatively few complimentary experimental studies, such as those by Jackson
t al. (1973) and McKeough and Graham (1980), to validate the analytical predictions. Mish and Devenport (2006a,b) note
his as a motivation for their extensive wind tunnel experiments additional to numerical studies.

The experimental investigations by Mish and Devenport (2006a) involved a two dimensional NACA0015 aerofoil
mmersed in grid-generated turbulence with lift spectra derived from surface pressure measurements via an array of 96
icrophones distributed along the chord and span. Experiments were conducted at a Reynolds number (Re) of 1.17×106

or incidences ranging from 0◦ to 20◦ where they observed a reduction in the surface pressure spectral level at low
educed frequencies, f ′

= fc/U , as the incidence was increased. The opposite effect was observed at higher f ′, with the
ross over occurring at f ′

= 5 for all incidences. These results were in contrast to the earlier experimental observations
ade by McKeough and Graham (1980) and theoretical formulations by Atassi (1984) and Reba and Kerschen (1996). Mish
nd Devenport (2006b) attributed the low f ′ reduction in loading spectra to distortion of the oncoming flow by the mean
elocity field. It was also noted that this effect was only significant when the relative scale of the inflow turbulence to
erofoil chord is sufficiently small (< 13%).
The influence of free stream turbulence (FST) intensity on the performance characteristics on a lifting surface has

een extensively investigated and shown to have significant quantitative and qualitative effects (Hoffmann, 1991; Huang
nd Lee, 1999; Devinant et al., 2002). Experiments conducted by Hancock and Bradshaw (1983) showed an increase
n skin friction of a flat plate boundary layer when encountering increased FST. When exposed to an adverse pressure
radient, Hoffmann and Kassir (1988) observed a higher resistance to separation due to increased momentum transmission
rom the free stream to the boundary layer. This resistance to separation is seen on aerofoils encountering FST intensities
arying from 0.25% and 16.00% (Hoffmann, 1991; Devinant et al., 2002; Wang et al., 2014). This momentum or turbulent
inetic energy (TKE) transfer encourages shear layer transition along with a reduction in the integral length scale to
oundary layer thickness ratio, thus resulting in a resistance to separation. With aerofoil performance shown to be
ignificantly affected, not just by intensity level, but by the integral length scales as well, the embedded turbulence of a
oundary layer poses an extra degree of complexity due to the various length scales involved (Smits et al., 2011).
It has been shown by Swalwell et al. (2001) that the separation and re-attachment of an aerofoil boundary layer is

ignificantly influenced by the Re and FST of the oncoming flow. Hence, the degree of intensity and Re of the flow can either
ause or prevent the formation of a separation bubble (Li et al., 2011; Samson and Sarkar, 2016), and is also a known source
f vortex shedding, and therefore unsteady loading (Mayda et al., 2002). Additionally, Devinant et al. (2002) showed that
ariations in the aerodynamic properties due to changes in Re of wind turbine blades, such as lift, drag, pitching moment
nd pressure distribution, were reduced when encountering high levels of FST intensity (I > 12%). A turbulence intensity
hreshold identified by Huang and Lee (1999) shows that increases in turbulence intensity past 0.45% has minimal effect
o the flow regime.

In a maritime context, insight into the flow phenomena and dynamic response involved with flow-induced vibrations
f a hydrofoil due to unsteady loading is of significant interest. Ducoin et al. (2012a) experimentally characterized the
aminar to turbulent transition induced vibrations on a hydrofoil. With further investigation, Ducoin et al. (2012b) also
bserved vortex shedding from the laminar separation bubble as well as dual frequency vortex shedding from the leading
dge to cause vibration. One critical aspect noted in these investigations, and highlighted in the work by Zarruk et al.
2014), is the natural frequency of a hydrofoil. In the situation where a flow-induced vibration frequency coincides with
he natural frequency, the resulting amplification in tip deflections (resonance) may result in undesirable through to
ritical conditions.
2



S.M. Smith, P.A. Brandner, B.W. Pearce et al. Journal of Fluids and Structures 102 (2021) 103225

t
w
r
i
b
i
i
f
s
o
r

e
a

Fig. 1. Schematic of the control system for thickening of the test section ceiling boundary layer using an array of cross flows jets. The boundary
layer thickness is controlled using the jet plenum static pressure relative to the freestream dynamic pressure. (All dimensions are in mm).

Recent experiments by Lysak (2011) and Lysak et al. (2016) have obtained loading spectra from hydrofoils of various
hickness encountering grid turbulence that closely resemble theoretical predictions. Comparing the experimental results
ith their adaptation of vortex lift theory (Howe, 2001), Lysak et al. (2013) accurately predicted the high-frequency
eduction in the loading spectra as thickness increases. Suggestions for future work by Lysak (2011) highlight the
mportance to further investigate the effect of incidence and camber on the loading spectra as well as overcoming
ackground vibration contamination to analyse higher frequencies. The importance of these suggestions is highlighted
n work by Khoo et al. (2015) who measured the unsteady loading on a NACA0012 hydrofoil where a significant increase
n the loading spectra is observed, particularly at low frequencies, when transitioning to stall. In addition, the resolvable
requency range was limited due to the inherent dynamic response from the coupled force balance/hydrofoil system,
imilar to that experienced by Lysak et al. (2016). Despite this extensive theoretical, numerical and experimental activity
n the unsteady loading on a lifting surface encountering grid turbulence, there is a paucity of published material on the
elated topic of encountering structured turbulence, such as a boundary layer.

The present study aims to provide additional insights into the physics determining the loading of a hydrofoil
ncountering the structured turbulence of an oncoming boundary layer. Forces, both steady and unsteady, are obtained for
range of Reynolds numbers (Re), incidence (α) and boundary layer thicknesses (δ). Immersion of the hydrofoil span in the

boundary layer is adjusted from around 1
8 to the full span. These results provide design guidance for the development of

high-performance appendages encountering a boundary layer. Additionally, the data obtained will aid in determining the
frequency response necessary from an improved force balance and model design for future unsteady force measurements.

2. Experimental overview

2.1. Experimental setup

Measurements were carried out in the Cavitation Research Laboratory (CRL) water tunnel at the Australian Maritime
College. The tunnel test section is 0.6 m square by 2.6 m long in which the operating velocity and pressure ranges are 2 to
12 m/s and 4 to 400 kPa absolute, respectively. The tunnel volume is 365 m3 with demineralized water (conductivity of
order 1 µS/cm). The test section velocity is measured from one of two (high and low range) Siemens Sitransp differential
pressure transducers models 7MF4433-1DA02-2AB1-Z and 7MF4433-1FA02-2AB1-Z (measuring the calibrated contraction
differential pressure) with estimated precisions of 0.007 and 0.018 m/s, respectively. A detailed description of the facility
is given in Brandner et al. (2007).

A schematic representation of the test set-up is given in Fig. 1 with definition of the coordinate system used and
the main geometric parameters shown in Fig. 2. The models were mounted on either a static or dynamic 6-component
force balance. The hydrofoils extended vertically into the flow through a 160 mm diameter penetration in the tunnel
ceiling. The 160 mm diameter penetration was made fair (to 50 µm) using a disc mounted on the measurement side of
the balance. The fairing disc has a nominal 0.5 mm radial clearance to avoid interference with the force measurement.
Of the total load vector measured, steady and unsteady components of normal force, axial force and pitching moment
are presented. Spanwise forces and roll/yaw moments are not considered as they may be contaminated by the ceiling
3
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Fig. 2. Schematic of the experimental setup whereby a ceiling mounted hydrofoil encounters the turbulent boundary layer. The hydrofoil and
boundary layer coordinate systems are shown with the hydrofoils origin located at the root along the centreline at mid-chord. The hydrofoil is
immersed to varying degrees by artificially thickening the ceiling boundary layer.

Table 1
Natural frequencies, mass and added mass values of the model hydrofoils utilized in the experiment with added mass
estimates calculated as per the method of Blevins (1979).
Hydrofoil Dynamic Properties Hydrofoil span

120 mm 240 mm

First bending mode in air (Hz) 536 170
First bending mode in water (Hz) 273 86
Second bending mode in air (Hz) – 783
Second bending mode in water (Hz) – 399
Added mass for first and second bending modes, 2ma (kg) 0.94 1.88
Mass of hydrofoil, m (kg) 0.33 0.60

pressure distribution acting on the disc with this setup. Measurements were made at streamwise locations of 0.7 and
1.9 m downstream from the test section entrance to maximize the range of hydrofoil immersion in the ceiling boundary
layer. Data was sampled at 1024 Hz for durations sufficient to capture 1000 and 22,000 chord passages, n = TU∞/c , where
T is the acquisition period, U∞ is the freestream velocity and c is the mean chord, for steady and unsteady measurements,
respectively. Test section free-stream velocity was varied to achieve chord-based Reynolds numbers, Re = U∞c/ν, ranging
from 0.4 × 106 to 1.2 × 106, where ν is the kinematic viscosity of the water.

2.2. Model hydrofoil details

Hydrofoil geometry has been selected based on the requirements discussed above for the modelling of unsteady
conditions typical of those experienced by control surfaces. The chosen geometry was a NACA0012 profile with a
symmetric (unswept) trapezoidal planform with a 80 mm tip and 120 mm root chord. Two models were constructed
with spans (b) of 120 mm and 240 mm giving aspect ratios (b/c) of 1.2 and 2.4, respectively. This achieved a wide range
of oncoming ceiling boundary layer thickness to hydrofoil span ratios, δ/b, from 0.08 up to 0.90 (with δ being the thickness
where the streamwise velocity is equal to 0.99U∞). The chord length was chosen to be compatible with mounting to the
water tunnel test section and sufficient to obtain Re values of 1.2 × 106.

The response spectrum of both hydrofoils was determined from an impact test by Khoo et al. (2015) with results
summarized in Table 1. First-mode natural frequencies were obtained in air at 536 Hz and 170 Hz, and in-water at 273
and 86 Hz for the 120 mm and 240 mm models, respectively. These frequencies are with the hydrofoils mounted to
the static force balance (described in Section 2.3) as a slight increase in the natural frequencies was observed when
mounted in a rigid configuration. The mode shapes of the hydrofoils were predicted based on unpublished results from
experiments conducted by Clarke et al. (2014) as well FEA modal analyses. The results showed the first mode of both
hydrofoils as well as the second mode of the 240 mm hydrofoil were all of the bending type. To predict the in-water
natural frequencies added mass estimations were calculated using formulas from Blevins (1979) where the hydrofoil was
treated as a cantilevered rectangular flat plate. Both models were machined from solid Aluminium 6061-T6 billets to
0.8 µm surface finish and 0.1 mm surface tolerance. The models were anodized to a thickness of approximately 5 µm.

A body-fixed coordinate system was used to define the loads acting on the hydrofoil which is presented in Fig. 2.
The normal force, N , axial force, A, and pitching moment, P , acting on the hydrofoils are presented as dimensionless
coefficients with C = 2N/ρU2 cb, C = 2A/ρU2 cb and C = 2P/ρU2 c2b, respectively. The unsteady component of
N ∞ A ∞ P ∞

4
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Fig. 3. Static force balance configuration showing (a) casing sectioned view, with a hydrofoil attached, to show internal assembly and (b) load cell
and flexure layout on the measurement side console (in pink) with the coordinate system used as shown.

Fig. 4. (a) Dynamic force balance section view and (b) a view showing the orientation of the four Kislter 9602 piezoelectric loadcells. The loadcells
(teal) are preloaded between a non-measurement (transparent) and measurement side console (grey), with the coordinate system used defined as
shown.

the forces is represented with ′ denoting the standard deviation of the time varying quantities. The centre of pressure,
xcop, is calculated as xcop = (c/2 − P/N) where xcop/c = 0.0 and 1.0 denotes the leading and trailing edge, respectively,
t midspan of the hydrofoil. To utilize the large dataset obtained using the static force balance to gain insight on the
nsteady component, the time series required filtering to remove the static force balance response from the spectra. This
as achieved by applying an infinite impulse response lowpass filter to the time series with a cut-off frequency of 100 Hz
nd a steepness value of 0.95. The standard deviation calculated from the filtered time series compared favourably with
hose obtained from the dynamic force balance with the filtered standard deviation values presented in Section 3.2.

.3. Static and dynamic force balances

To obtain both steady as well as unsteady forces with a high resolvable frequency range, two force balances were
tilized. Steady forces were measured using a ‘static’ force balance incorporating six MTI 4856-500 beam load cells and
lexures to connect the measurement and non-measurement consoles of the balance (Fig. 3). The static force balance is
elatively electronically stable with sensor drift seen to be negligible over measurements spanning many hours making
t suitable for steady force measurements. The natural frequency of the static force balance is measured to be between
39 and 148 Hz (Khoo et al., 2015). For unsteady force measurements, the dynamic force balance (Fig. 4) was utilized
or its increased resolvable frequency range compared to the static force balance. A ‘dynamic’ force balance features four
-component Kistler 9602 piezoeletric force sensors with integrated charge amplifier electronics that are compressed
etween the measurement and non-measurement consoles. The high stiffness of the piezoelectric force sensors in
ombination with force balance architecture results in a maximum resolvable frequency of approximately 1000 Hz.
5
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Fig. 5. Test plate used in the artificial thickening of the oncoming ceiling boundary layer. The plate features a nozzle configuration with triangular
spacing and varying nozzle diameter as detailed in Table 2.

Table 2
Geometric properties of the artificial thickening plate which featured rows of holes where
the diameter of the first row of holes was equal to 8 mm. The hole diameter increases by
1 mm in the following row in the downstream direction, with the last row hole diameter
being 12 mm.
Property Value

Number of holes 97
Hole diameter (mm) 8–12
Bellmouth radius (mm) 5
Open area (mm2) 7769
Streamwise hole spacing (mm) 30-19
Transverse hole spacing (mm) 30
Plate thickness (mm) 15

The calibration of both the static and dynamic force balance is performed on a purpose-built calibration frame. An
accurately machined mounting plate and calibration arm is attached to the measurement side disc of the force balances
to which static forces are applied in six orientations, loading the force balance in the A, N, S, R, Y and P directions (Figs. 3
nd 4). The static forces are generated using precision weights and gravity that are either directly slung off the calibration
rm or via an air bearing depending on the loading orientation. Static calibration of the dynamic force balance is made
ossible by integrated charge amplifier electronics in the piezoelectric force sensors that result in sufficiently low drift
hat can be compensated for by employing a pilgrim step loading technique (Mack, 2006).

The static force balance was calibrated by a least squares fit between a basis vector loading cycle and the 6 outputs
iving a 6 × 6 matrix. The dynamic force balance was calibrated by a least squares fit between a basis vector loading cycle
nd the 12 outputs to produce a 12 × 6 matrix. The calibration matrix was calculated by taking the right pseudo-inverse of
he non-square voltage matrix using the Moore–Penrose method and multiplying it with the force matrix. The estimated
recision of all components for the static and dynamic force balances are less than 0.1% and 0.5%, respectively.
Forces were measured at a set of mean chord-based Reynolds numbers, Re = U∞c/ν, where ν is the kinematic viscosity

and c denotes the mean chord, c = (cT + cR)/2 = 0.1 m, with the subscripts T and R representing the tip and root of the
hydrofoil. Measurements were conducted at Re values ranging from 0.2×106 to 1.2×106 in increments of 0.2×106. For
each Re value, force measurements were acquired over the range of α from −1◦ to beyond stall. The upper limit varied
between 25◦ and 20◦ for the 120 mm and 240 mm span hydrofoils, respectively. The incidence was adjusted using the
balance automated indexing system incremented in 0.5◦ steps with an incremental precision less than 0.001◦. The tunnel
was pressurized up to 350 kPa to suppress cavitation occurrence for all test conditions.

2.4. Boundary layer manipulator

To obtain a test section ceiling boundary layer of the desired scale, it was artificially thickened via an array of cross
flow jets located upstream of the test section. At the test locations, the boundary layer thickness, δ, at which the mean
velocity, U = 0.99U∞, was adjusted from its natural state of 19.1 mm at x = 0.7 m, to a maximum of 107.4 mm at
x = 1.9 m. The boundary layer thickness, δ, was controlled by adjustment of the flow rate through the jet array. A
detailed description and performance characteristics of the CRL boundary layer manipulator is given in Belle et al. (2016).
Based on the performance of the plate geometries previously tested for boundary layer thickening, a revised design (Fig. 5)
was developed to optimize the velocity profile in the outer or wake region. It is this region which extends over the largest
portion of the boundary layer thickness and it contains the larger turbulent structures. The plate features 5 rows of holes
in a triangular configuration which increase in diameter in the downstream direction. A summary of key geometrical
properties of the plate is given in Table 2.

The artificial boundary layer thickness was varied by adjusting the mass flux, or jet, to freestream velocity ratio which
is controlled and set by the injection pressure coefficient, given by:

Cpi =
pi − p∞

1
2ρU

2
∞

(1)

where pi is the injection pressure and p∞ is the free stream static pressure (see Fig. 1 for the pressure measurement
locations). C was varied between 0.04 and 0.62 to obtain a wide range of boundary layer thickness to span ratios, δ/b.
pi

6
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Fig. 6. Elliptical stem total head tube used for measurement of the natural and thickened boundary layer mean velocity profiles. The major and
minor diameters of the elliptical stem are 30 and 10 mm. The tubes have a inner and outer diameter of 0.72 and 0.4 mm respectively. The total head
tube on the elliptical stem probe is cranked in the vertical plane to enable the probe to be traversed to the ceiling for Preston tube measurements.

2.5. Boundary layer measurements

Boundary layer mean velocities were obtained using a 0.7 mm outside, by 0.4 mm inside, diameter total head tube
traversed along the vertical centre plane of the test section. A wall reference static tapping of 1 mm diameter was located
on the test section ceiling 75 mm off the centre plane. The total head tube was mounted within a support tube that
tapered from 0.7 mm at the probe head to 6 mm. The support tube was mounted to a 30 mm by 10 mm elliptical stem
section that penetrated through the test section ceiling (Fig. 6). The total head tube was traversed using an automated
linear traverse with an estimated precision of 3 µm. Long-range macro-optics and back-lighting were used to establish the
probe position on the ceiling. Pressures were measured using a Validyne Model DP15TL differential pressure transducer
via an automated pressure multiplexer.

Boundary layer velocity profile measurements were comprised of 50 data points on a log distribution being sampled
at 1024 Hz. Measurements were taken for durations sufficient to capture a minimum of 5000 boundary layer turnover
times (TU∞/δ), where T is the measurement duration, sufficient to obtain converged results (Belle et al., 2016). Preston
tube measurements provided the wall shear stress, τw , using the calibration by Head and Ram, as presented in Goldstein
(1996). Pitot probe corrections were applied to the measurements following the method outlined in Bailey et al. (2013)
where shear layer and wall proximity effects were taken into account using equations by McKeon et al. (2003). These
corrections were applied in the same manner as detailed by Belle et al. (2016). All boundary layer measurements were
conducted at Re = 1 × 106.

.6. Electrical noise removal technique

The design of the dynamic force balance to possess a high natural frequency incorporated piezoelectric force sensors
ue to their high stiffness, which in turn have a low sensitivity. This results in a low signal to noise ratio and force
easurements that are contaminated by electrical noise, particularly at the mains frequency of 50 Hz and its harmonics.
o overcome this, a modified version of the noise removal technique developed by Alamshah et al. (2013) was used.
his technique which was initially developed for the removal of wind-induced noise in shielded microphones utilizes
ross-spectral analysis to obtain the incoherent output power (IOP) that distinguishes the contribution of one signal from
nother. The advantage of using the modified IOP method over a notch filter is that only the electrical noise contribution
ould be removed, rather than all signal components.
The modified IOP method was applied to the datasets by first determining the magnitude-squared coherence, γ 2,

etween the normal force and one of the voltage channels. This was achieved using the auto-spectra of the normal force
nd voltage channel, GNN (f ) and GVV (f ) respectively, along with the cross spectrum of the two signals, GVN (f ), as shown

in Eq. (2). The voltage channel used in the modified IOP method was one of the force components of a transducer mounted
in the dynamic force balance that was found not to respond to any applied load. This channel was connected to the same
system and electrically identical to the other force channels, exposing it to the same electrical contamination.

γ 2
=

|GVN (f )|2

GVV (f )GNN (f )
(2)

Some coherency exists between the two signals at frequencies other than 50 Hz and its harmonics. To avoid removing
components of the signal at these other frequencies, the IOP method was modified to consider only a 6 Hz bandwidth at
50 Hz and harmonics. This was achieved when calculating the IOP of the normal force auto-spectrum in Eq. (3), by setting
the coherence value to zero for frequencies that lie outside of the bandwidth. The IOP normal force spectra are presented
in Section 3.3.

IOP(f ) =
[
1 − γ 2(f )

]
GNN (f ) (3)
7
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Fig. 7. Variation of the inner (a) and outer (b) boundary layer profiles at Re = 1× 106 for the natural boundary layers at x = 0.7 and 1.9 m as well
s the artificially thickened boundary layers for x = 1.9 m. The inner boundary layer profiles are compared against the log law (Eq. (4)) where the

outer profiles are compared against modified Coles law (Eq. (5)). The profiles are staggered by a U+ of 3 in both plots.

. Results

.1. Ceiling boundary layer profile

The measured natural and artificially thickened ceiling boundary layer profiles are shown in Fig. 7. Using parameters
erived from the natural boundary layers, the inner profiles have been scaled using inner and outer variables and
ompared to the law of the wall:

U+
=

1
κ
ln z+

+ A (4)

where U+
= U/Uτ , z+

= zUτ/ν, U is the measured mean velocity and Uτ =
√

τw/ρ is the wall friction velocity.
The inner profile can be seen to be linear and closely follows the law of the wall for Cpi values ≤ 0.42. As Cpi is increased

o 0.52, the profile is seen to deviate slightly in the wake region, shifting below the law of the wall. This trend continues
s Cpi is increased to 0.62 and is an indication of insufficient mixing and profile development between the injection and
easurement positions. This is due to the increased boundary layer thickness reducing the development length in terms
f number of boundary layer thicknesses (or turnovers), that occur upstream of the measurement position (Belle et al.,
016).
The outer profile is compared against the defect form of the modified Coles law of the wake given by Guo et al. (2005):

U+

∞
− U+

= −
1
κ

(
ln η + 2Π cos2

πη

2
+

1 − η3

3

)
(5)

where η = z/δc and δc is the boundary layer thickness at which the mean velocity, U = U∞, which is determined
y performing a least squares fit of the outer 0.6δ to Eq. (5). The wake strength factor, Π , was determined using the
elationships given by Guo et al. (2005) shown below in Eq. (6) which is based on the measured natural boundary layer
roperties. This resulted in Π = 0.62 and was applied to the thickened profiles.

δ∗

δc
=

1
U+

∞κ
(Π + 0.75) (6)

The outer profiles show that the natural boundary layers follow the modified Coles law at both streamwise positions
closely. In comparison, the artificially thickened boundary layers exhibit a velocity excess in the inner wake region that
increases with Cpi up to 0.32 where it reaches a maximum. Further increase in Cpi sees the velocity excess decrease and
emains evident at Cpi = 0.62. Additionally, the deviations observed in the inner scaled profiles at Cpi = 0.62 and 0.52
re also evident in the outer profiles manifesting as velocity deficits between z/δ = 0.25 and 0.55.
Performance of the artificially thickening of the boundary layer is also assessed using the thickness and integral

properties as a function of Cpi (Fig. 8). This is done by normalizing the boundary layer, momentum and displacement
hickness by their natural values, δ , θ and δ∗ , respectively, at the same location with the results presented in Fig. 8. All
N N N
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Fig. 8. Variations of thickness and integral properties of the artificially thickened boundary layer.

Fig. 9. Comparison of the variation in Cf with Reθ (left) and Reτ (right) for the thickened and natural boundary layers. The asymptotic relations of
Cf with Reθ and Reτ are defined in Eqs. (7) and (8), respectively, and are represented as black lines with the measured natural boundary layer at
x = 1.9 m represented by a black cross. Measurements taken at a constant Cpi are shown in orange with measurements taken a constant Re shown
n blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

hicknesses show a consistent and steady increase with Cpi between 0.1 and 0.5. The shape factor shows good results for
ll values of Cpi, only ranging between 1.23 and 1.27.
To assess the conformity of certain thickened boundary layer properties to those of fully developed flat plate zero

ressure gradient boundary layers, asymptotic relations are used. The logarithmic skin friction law described in Jones
t al. (2001), Guo et al. (2005), Nagib et al. (2007) provides a relationship between Cf and Reθ = U∞θ/ν and is given as

U+

∞
=

√
2
Cf

≈
1
κ
ln(Reθ ) + C (7)

where C = 5.1 which is derived from a least squares fit of the natural boundary layer. Additionally, a logarithmic relation
between Reτ = Uτ δc/ν and Cf is derived by Guo et al. (2005) and is given as√

2
Cf

≈
1
κ1

ln(Reτ ) + B1 (8)

where κ1 = 0.402 and B1 = 6.94 are derived from least-squares fitting of the natural boundary layer data. The results
presented in Fig. 9 show that the thickened boundary layers show favourable comparison to Eq. (7) for Reθ > 4 × 104.
hese results indicate that the boundary layers of Reθ ≈ 3 × 104 and Reτ = 1 × 104 can be thickened to just below
eθ = 1 × 105 and Reτ = 4 × 104, respectively, using this method of artificial thickening. Properties of the natural and
rtificially thickened boundary layers are summarized in Table 3.
9
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Table 3
Summary of the measured artificial and natural boundary layer properties at Re = 1 × 106 . All artificially thickened boundary layer measurements
were taken at a streamwise position of x = 1.9 m.
Cpi δ (mm) δ∗ (mm) θ (mm) H Reθ Reτ Cf

Artificial

0.04 33.8 4.45 3.50 1.27 28,971 11,197 0.0022
0.11 41.6 5.31 4.24 1.25 35,034 13,699 0.0022
0.22 55.9 6.82 5.53 1.23 45,746 18,280 0.0022
0.32 71.1 8.62 7.00 1.23 57,896 22,855 0.0021
0.42 84.3 10.34 8.37 1.24 69,204 26,753 0.0020
0.52 97.1 12.06 9.70 1.24 80,241 30,360 0.0019
0.62 107.4 13.52 10.82 1.25 89,523 33,365 0.0019

Natural

x = 0.7 m 19.1 2.59 2.04 1.28 17,601 6,681 0.0024
x = 1.9 m 32.3 4.22 3.38 1.28 27,987 10,712 0.0022

Comparing results with those provided by Belle et al. (2016) highlights the improved artificially thickened boundary
layer properties of the redesigned thickening plate. The outer velocity profiles are shown to be as accurate, if not more
accurate than the ones produced by previous designs for a much wider range of Cpi. With the large open area of the plate,
his allowed relatively larger boundary layer thicknesses to be generated without sacrificing profile accuracy and allowing
larger range of immersion ratios to be investigated. Integral properties and asymptotic relations of the redesigned plate
einforce the conformity of the artificially thickened boundary layers to those developed on a flat plate in a zero pressure
radient.

.2. Steady and unsteady forces

.2.1. Effect of Reynolds number
The effect of Re on the steady normal force acting on a hydrofoil in low and high boundary layer immersion situations

s presented in Figs. 10 and 11, respectively. First analysing the low-immersion case, the 240 mm hydrofoil is partially
mmersed in a relatively thin natural boundary layer resulting in an immersion ratio, δ/b, of approximately 0.08. As α is
increased from 0◦, all Re cases are seen to exhibit a steady increase in CN before deviating from the linear trend with an
increase in the normal force gradient highlighted in the ∂CN/∂α plot (Fig. 10). This deviation first occurs for Re = 0.4×106

at α ≈ 2.5◦ followed by the remaining cases in quick succession in order of ascending Re. As α is increased further,
the ∂CN/∂α reaches a maximum with all Re cases ≤ 1.0 × 106 decreasing by α = 10◦. This increase in ∂CN/∂α for
Re = 0.4 × 106 corresponds with a local increase in the unsteadiness shown in C ′

N .
This CN deviation and unsteadiness behaviour is similar to that observed when a laminar separation bubble (LSB) forms

on a hydrofoil. The adverse pressure gradient causes the laminar flow to separate and quickly transition to turbulent
flow (Lissaman, 1983) before reattaching further downstream and forming a region of re-circulating flow known as a
laminar separation bubble (Hoerner and Borst, 1985). At lower incidences where the adverse pressure gradient is low, a
relatively large LSB can form between mid-chord and the trailing edge of the hydrofoil. This relatively large LSB has the
ability to induce fluctuations such as those observed at α ≈ 5.5◦ in Fig. 10. As the incidence increases to 7◦, the resulting
change in the suction side pressure distribution has been shown to cause the LSB to shrink and shift towards the leading
edge (Hoerner and Borst, 1985). This has the effect of increasing the effective camber of the hydrofoil (Hansen et al.,
2014) and thereby increasing the CN and potentially causing the previously mentioned deviation. This deviation observed
in current CN results, potentially due to an LSB, exhibits a Re dependence with the deviation occurring at a higher incidence
for higher Re. This has previously been attributed to the increased resistance to separation a higher Re flow provides where
the flow over the hydrofoil would require an increased adverse pressure gradient to separate, which does not occur until
higher incidences (Swalwell et al., 2001).

As α increases past 10◦, ∂CN/∂α continues to reduce before levelling out as the hydrofoil approaches stall with the
Re = 0.4 × 106 case stalling first at α = 16◦. The other Re cases stall soon after in order of ascending Re with the
Re = 1.2×106 case being the last to stall at 17◦. The sudden drop in CN is an indication of leading-edge type stall similar
to that observed when a short LSB bursts (Hoerner and Borst, 1985). Stall due to a short LSB bursting occurs when the
increased adverse pressure gradient from the increasing incidence strains a short LSB to the point the separated flow is
unable to reattach to the hydrofoil (Hoerner and Borst, 1985). This results in separated flow covering the majority of the
hydrofoils suction side and causing a sudden drop in the normal force and rise in unsteadiness as observed in Fig. 10.
Stall is delayed with increasing Re as the increased kinetic energy of the higher Re flow is more resistant to separation.

It is worth noting the changes in the hysteresis characteristics between the Re cases. For the low-immersion case in
Fig. 10, the width of the CN hysteresis loop is seen to increase with Re from approximately 3.0◦ at Re = 0.4×106 to 5.5◦ at
Re = 1.0× 106, similar to that observed by Timmer (2008). The hysteresis behaviour is discussed further in Section 3.2.2
where the role of boundary layer immersion is considered.
10



S.M. Smith, P.A. Brandner, B.W. Pearce et al. Journal of Fluids and Structures 102 (2021) 103225
Fig. 10. Mean (•) and standard deviation (◦) of the time-varying normal force, CN and C ′

N respectively, with incidence, α, acting on the 240 mm span
hydrofoil for different free-stream velocities showing the influence of Re (top). The hydrofoil is immersed in the natural boundary layer, resulting in
an immersion ratio, δ/b, of 0.08. CN is plotted twice with the second plotted with an initial CN offset of 0.4 for Re = 0.4 × 106 and then staggered
by 0.1 with increasing Re. Mean of CA (•) and CP (◦) for varying incidences (middle) provides insight into the mechanics of the excitations. The
normal force slope, ∂CN/∂α, is used to highlight trends in the normal force behaviour (bottom).

Comparing the CN behaviour of the 240 mm hydrofoil low-immersion case to the 120 mm hydrofoil high-immersion
case, i.e. the two extremes, for various Re reveals some interesting differences. In the high-immersion case, the 120 mm
hydrofoil is immersed in the thickest artificially thickened boundary layer resulting in a δ/b = 0.81 with the forces acting
on the hydrofoil for various Re presented in Fig. 11. As α is increased from 0◦, all Re cases exhibit a similar ∂CN/∂α up to
10◦. Compared to the low-immersion case, the high-immersion case exhibits a lower ∂CN/∂α, attributed to lower aspect
ratio and increased exposure to lower momentum flow of the ceiling boundary layer. Additionally, the high-immersion
case exhibits no indication of LSB formation for any of Re case unlike that observed in the low-immersion case. This may be
attributed to the transfer of momentum and TKE from the encountered ceiling boundary layer to the one developing over
the hydrofoil. This transfer of TKE energizes the boundary layer developing over the hydrofoil, promoting earlier transition
to the turbulent regime, increasing its resistance to separation (Hoffmann and Kassir, 1988) and thereby preventing LSB
formation.

Increasing the incidence past 10◦ sees a gradual reduction in the normal force gradient in the high-immersion cases.
This behaviour is shown to have a Re dependence with the reduction in ∂CN/∂α occurring first in the Re = 0.4×106 case at
α ≈ 10◦, followed by the other Re cases in ascending order. Further increase in incidence sees the Re cases approach stall
with the Re = 0.4 × 106 case stalling first at α = 21.5◦ with the remaining Re cases stalling in succession in ascending
order with all cases stalled by α = 26◦. The gradual stall behaviour observed in the high-immersion case is typical of
the trailing-edge type where the flow starts to separate close to the trailing-edge with the separation point migrating
11
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Fig. 11. Mean (•) and standard deviation (◦) of the time-varying normal force, CN and C ′

N respectively, with incidence, α, acting on the 120 mm
span hydrofoil for different free-stream velocities showing the influence of Re (top). The hydrofoil is immersed in an artificially thickened boundary
layer where δ/b = 0.81. The CN data is also replotted to provide clarity of the individual curves with an initial CN offset of 0.4 for Re = 0.4 × 106

nd then staggered by 0.1 with increasing Re. Mean of CA (•) and CP (◦) for varying incidences (middle) provides insight into the mechanics of the
excitations. The normal force slope, ∂CN/∂α, is used to highlight trends in the normal force behaviour (bottom).

upstream as α increases. This differs to the sudden leading-edge type stall observed in the low-immersion case with the
difference attributable to the increased transfer of TKE and momentum as well as the reduced aspect ratio.

3.2.2. Effect of boundary layer immersion
A comparison of the CN behaviour for a range of δ/b acting on the 120 mm and 240 mm span hydrofoils (for

Re = 1.0 × 106) is presented in Figs. 12 and 13, respectively. In both cases, CN decreases as δ/b increases for all pre-
stall α. This is due to the increased span that is subjected to the lower momentum flow within the ceiling boundary layer
resulting in a reduction in normal force. In addition, step increases to the level of unsteadiness can be observed with C ′

N
increasing incrementally with δ/b at all pre-stall α. This can be attributed to the increased exposure of the hydrofoils to
the turbulent flow within the ceiling boundary layer and ceiling-junction horseshoe vortex as δ is increased. The flow at
the ceiling-junction is characterized by a horseshoe vortex that forms at the leading edge and wraps around the wing
with the turbulence in the vicinity of the vortex remaining high (Awasthi et al., 2020).

On the 120 mm hydrofoil, there are indications of an LSB forming with a deviation evident in ∂CN/∂α at α ≈ 11◦

for the lower immersion ratio cases that disappears as the boundary layer thickens (Fig. 12). This trait is more evident
on the 240 mm hydrofoil in Fig. 13 and can potentially be attributed to the shrinking of the LSB either in the chordwise
direction, spanwise direction or both. As mentioned earlier in Section 3.2.1, the behaviour of the LSB is influenced by
the transfer of TKE and momentum (Hoffmann and Kassir, 1988) which would increase with increased immersion in the
ceiling boundary layer. In regards to the chordwise length of the LSB, this transfer of TKE and momentum promotes earlier
12
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Fig. 12. Mean (•) and standard deviation (◦) of the time-varying normal force, CN and C ′

N respectively, with incidence, acting on the 120 mm span
hydrofoil for δ/b ranging from 0.16 to 0.90 (top). The CN data is also replotted to provide clarity of the individual curves with an initial CN offset
f 0.2 and then staggered in 0.1 increments for each δ/b case. Characteristics in the CN behaviour for varying α is highlighted in the ∂CN/∂α plot
bottom) which is passed through a Savitsky–Golay filter of the 2nd order to smooth out the data.

Fig. 13. Mean (•) and standard deviation (◦) of the time-varying normal force, CN and C ′

N respectively, with incidence, acting on the 240 mm span
hydrofoil for δ/b ranging from 0.08 to 0.45 (top). The CN data is also replotted to provide clarity of the individual curves with an initial CN offset
f 0.2 and then staggered in 0.1 increments for each δ/b case. Characteristics in the CN behaviour for varying α is highlighted in the ∂CN/∂α plot
bottom) which is passed through a Savitsky–Golay filter of the 2nd order to smooth out the data.
13
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Fig. 14. Mean of CA (•) and CP (◦) with varying incidence (top) acting on the 120 mm hydrofoil for δ/b ranging from 0.16 to 0.90 provides insight
into the mechanics of the excitations. Behaviour of xcop/c with varying α (bottom) shows how increasing immersion shifts the centre of pressure
along the chord.

transition of the separated flow encouraging reattachment closer to the leading edge, shrinking the chordwise length of the
LSB and therefore its influence on the CN force generated. In regards to the spanwise length of the LSB, sufficient transfer
of TKE and momentum to the early stages of the hydrofoil boundary layer could cause it to transition before reaching
the maximum adverse pressure gradient, giving it the ability to resist separation, preventing an LSB from forming. This
would result in LSB formation only being suppressed in the spanwise portion of the hydrofoil that is immersed in the
ceiling boundary layer. This would result in the LSB influence decreasing with increased immersion on parameters such
as the deviation in ∂CN/∂α. The relative amplitude of the ∂CN/∂α peak decreasing with increasing immersion is seen to
disappear by δ/b ≥ 0.59 with little non-linearity in the normal force gradient at pre-stall incidences, suggesting an LSB
no longer forms on the hydrofoil (Fig. 12).

Similar behaviour is observed in CA and CP (Figs. 14 and 15) as seen with CN where the absolute of each force decreases
steadily with increased immersion in the boundary layer. Utilizing CN and CP to determine the xcop provides insight into
how boundary layer immersion influences the pressure distribution over the suction side of the hydrofoil. Upon initial
comparison of the two hydrofoils (Figs. 14 and 15), it is revealed that xcop/c shifts further along the 120 mm hydrofoil
moving steadily towards the trailing edge with increasing incidence. xcop/c is observed only to shift from xcop/c ≈ 0.23
at α = 5◦ to xcop/c ≈ 0.25 at α = 10◦ where it remains in the same position up to α = 15◦ for all δ/b. This ‘shoulder’ can
partially be seen on the 120 mm hydrofoil at low δ/b suggesting it is affected by the presence of an LSB.

Furthermore, the increased immersion of the 120 mm hydrofoil within the ceiling boundary layer is observed to have
significant influence on the stall characteristics (Fig. 12). At low-immersion ratios, δ/b ≤ 0.47, stall is sudden with CN
dropping significantly at α = 21.0◦ for δ/b = 0.16 to α = 23.0◦ for δ/b = 0.47. As mentioned previously, this is typical of
leading-edge type stall where the LSB ‘bursts’ as the separated flow is unable to reattach with an increase in α. This results
in separated flow covering the majority of the chord causing a sudden drop in CN and a jump in C ′

N . As δ/b is increased
to 0.59, the hydrofoil is seen to exhibit a gradual drop in CN as the hydrofoil stalls at α = 23.5◦, typical of trailing-edge
stall (Hoerner and Borst, 1985). This transition from leading-edge to trailing-edge type stall as δ/b is increased from 0.47
to 0.59 also coincides with the disappearance of the deviation in the normal force curve attributed to the LSB. Further
increases in δ/b sees stall become more gradual as well as being delayed, again attributable to the increased transfer of
TKE. With the increased TKE, the hydrofoil boundary layer can resist separation, preventing leading-edge type stall and
delaying trailing-edge type stall.

As mentioned previously in Section 3.2.1, the width of the CN hysteresis loop is shown to increase with Re for the
low-immersion case (δ/b = 0.08) in Fig. 10. Analysing the influence of boundary layer immersion on the hysteresis
behaviour in Fig. 13, it is observed that increased immersion reduces the hysteresis loop width from 5.0◦ at δ/b = 0.08
to 2.0◦ at δ/b = 0.45 This hysteresis loop width variation is primarily attributed to changes in the stall incidence with
little variation in the incidence that the flow reattaches.

3.3. Force spectra

To allow unsteady loading characteristics to be identified, spectra have been obtained from the time series of the

normal force and presented non-dimensionally as CN in the form of power spectral density (PSD), with reduced frequency,
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Fig. 15. Mean of CA (•) and CP (◦) with varying incidence (top) acting on the 240 mm hydrofoil for δ/b ranging from 0.08 to 0.45 provides insight
into the mechanics of the excitations. Behaviour of xcop/c with varying α (bottom) shows how increasing immersion shifts the centre of pressure
along the chord.

f ′
= fc/U∞. Peak frequencies are present in all spectra due to the frequency response of the coupled force balance and

hydrofoil system. The natural frequencies of the hydrofoils are clearly evident in the CN spectra with peaks occurring at the
reduced frequency equivalents of the modes stated in Table 1. Variation between the estimated (Table 1) and measured
modal frequencies can be attributed to the simplification of a rectangular plate in added mass calculations and a low
aspect ratio planform where 3D effects are more pronounced. Due to this inherent dynamic response from the coupled
balance/hydrofoil system, the resolvable frequency range for the present measurements extends to about 250 and 60 Hz
for the 120 and 240 mm span hydrofoils, respectively. This equates to an f ′ for the 120 and 240 mm hydrofoils of 0.9 &
2.0 for Re = 1.0× 106, and 4.0 & 4.5 at Re = 0.4× 106, respectively. Effective reduction of electrical noise contamination
in the spectra was achieved using the modified IOP method as described in Section 2.6. However, power supply odd
harmonics are still partially evident in the spectra, along with by-products of the modified IOP method, appearing as
tonal low amplitude peaks and troughs.

3.3.1. Effect of incidence
The effect of incidence on the CN spectra for both hydrofoils is highlighted in Fig. 16 for Re ranging from 0.2 × 106

to 1.2 × 106. In the low-immersion cases where the 240 mm span hydrofoil is partially immersed in a thin boundary
layer with δ/b = 0.06, the pre-stall incidences exhibit a relatively uniform power distribution at all Re in the resolvable
frequency range. Increases in α from 0◦ to 5◦ and then to 10◦ causes broadband excitation in the CN spectra within an
order of magnitude. This broadband excitation at pre-stall incidences is potentially due to self-generated turbulence of
the hydrofoil. The increase in power with incidence does reduce with increasing f ′ presumably due to spatial filtering
where turbulence spatial scales are much smaller than the hydrofoil chord.

Analysis of the spectra at higher incidences shows that when α is increased sufficiently, there is a large jump in power
of 3 to 4 orders of magnitude, particularly at low f ′. This jump in power coincides with the hydrofoil stalling for all Re as
shown in the steady CN forces in Fig. 10. With this jump in power characterized particularly by increases predominately at
low f ′ suggests the sudden leading-edge type stall is associated with large-scale low-frequency excitations. Additionally,
each of the stalled spectra are observed to exhibit a frequency band where the CN power remains constant. The limits of
the frequency band vary between incidences occurring around 0.07 ≤ f ′

≤ 0.2.
Changes in spectral features as α is varied are observed to be less pronounced in the high-immersion case (δ/b = 0.83)

with variation more gradual between incidences compared with those observed in the low-immersion case with δ/b =

0.06 (Fig. 16). This indicates immersion in the ceiling boundary layer tends to homogenize the unsteady flow resulting
in a broadband range of disturbances as opposed to more defined and tonal disturbances that would result in a more
pronounced spectral features as evident in the low-immersion cases. CN power at all incidences eventually collapse to
the α = 0◦ case beyond a certain frequency, which increases with α in all Re cases, and all spectra converge by f ′

= 0.4. In
other words, increases in incidence are shown to have significant effect at low frequencies, the frequency range of which
increases with incidence up to a reduced frequency of about 0.4. Beyond f ′

= 0.4, incidence changes have negligible
effect. Over this region, the unsteadiness is entirely due to the wall boundary layer with a constant roll-off slope of −3.

Furthermore, the high-immersion cases exhibit a broadband peak at f ′
≈ 0.2 in which the peak amplitude does not

vary with α. This peak becomes lost at high α in the broadband C excitation from the self-generated turbulence of the
N
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Fig. 16. Spectra of CN highlighting the influence of α at multiple Re for the 240 mm span hydrofoil in a thin boundary, δ/b = 0.06, (left) and the
20 mm span hydrofoil in a artificially thick boundary layer, δ/b = 0.83, (right). The non-dimensional natural frequency of the hydrofoils (vertical
ashed line) have significant effect on the loading spectra, particularly the 240 mm hydrofoil. A f ′(−3) reference for the slope of the roll-off is
rovided in the 120 mm hydrofoil spectra at Re = 0.4 × 106 (diagonal dashed line).

ydrofoil. With the broadband peak not evident in the low-immersion case and not varying with α or Re, results suggest
he disturbance is due to the ceiling boundary layer which is discussed further later.

There are indications of vortex-induced vibrations (VIV) in the CN spectra for both the 240 mm hydrofoil in a thin
oundary layer and 120 mm hydrofoil in a thick boundary layer (Fig. 16). Both hydrofoils are subjected to a range
f disturbances depending on the conditions with potential excitations including transition instabilities and coherent
hedding from the leading edge. The amplitude of the peak attributed to the resonant response of the hydrofoil is seen
o exhibit significant amplification depending on the incidence and Re. This suggests excitations are inducing VIV that
ould result in increased CN spectral levels. When comparing the CN spectra for the 240 mm hydrofoil in a thin boundary

ayer to that of the 120 mm hydrofoil in a thick boundary layer, the resonant response is significantly different. The CN
ower of the resonant response for the low-immersion case shows amplification with decreasing Re and increasing α,
articularly at stall incidences (Fig. 17). In comparison, the high-immersion case at all Re shows minimal increase with
. This suggests that for the high-immersion case there is no substantial vortex shedding at the resonant frequency that
ould cause significant VIV.
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Fig. 17. Peak CN PSD values for resonant response of the 240 mm (left) and 120 mm (right) hydrofoils in relatively thin and thick boundary layers,
espectively.

.3.2. Effect of Reynolds number
The effect of Re on the unsteady loading experienced by the hydrofoils in both low and high-immersion cases is shown

in Fig. 18. For the low-immersion case where δ/b = 0.06, the lowest Re case (Re = 0.4 × 106) exhibits the highest CN
power in the resolvable frequency range for pre-stall incidences, α ≤ 15◦. For all Re cases there is a general decrease in
the normal-force power across the measured frequency range with increased Re.

At α = 5◦ in the low-immersion case, the Re = 0.4 × 106 data shows significantly higher broadband energy levels
ompared to the other cases. As indicated in Fig. 11, the formation of an LSB is inferred, a known source of vortex shedding
nd hence, unsteady loading (Baragona et al., 2003). High-speed flow visualization and velocity measurements by Kirk and
arusevych (2017) have shown coherent structures associated with the LSB occur at reduced frequencies ranging from
.89 to 6.37, depending on incidence. This has the potential to cause vortex induced vibration at the same frequency as the
atural frequency of the hydrofoil which occurs at f ′

≈ 2.0 for Re = 0.4 × 106. This would lead to resonance that could
ause amplification in the response such as that observed in the CN spectra of the 240 mm hydrofoil where the magnitude
s shown to increase with both incidence and Re. In contrast, the 120 mm hydrofoil highly immersed showed no variation
n the amplitude of the resonant peak with incidence or Re. Further investigation with coupled flow measurements are
equired to determine the source of these excitations.

Increasing α from 5◦ to 15◦ results in a small increase in CN broadband energy with the hydrofoil still at a pre-
tall incidence. Further increase in α to 20◦ sees a sudden increase in CN energy, particularly at low f ′ as the hydrofoil
xperiences stall (Fig. 11), characterized by separation from the leading edge. As mentioned previously in Section 3.3.1,
ortex shedding at stall can lead to VIV, resulting in amplification of the hydrofoil resonant response as observed at
e = 0.4 and 0.6 × 106 for α = 20◦. At α = 25◦, all Re cases are experiencing stall with separation along the full
hord of the hydrofoil. The CN spectra are seen to exhibit similar trends for f ′

≤ 0.8 with all Re cases exhibiting multiple
shoulders’ at f ′

≈ 0.18 and 0.34 with matching roll-off rates. These ‘shoulders’ indicate the presence of coherent structures
hedding off the hydrofoil due to the separated flow indicative of shedding leading-edge structures. These results provide
nsight into the range of frequencies and hence size distribution in the wall boundary layer that affect the unsteady
oading of the hydrofoil. Based on the observed f ′, it is unlikely that these are due to the shedding of roll-up vortices
hich are observed to occur around f ′

≥ 1.5. These excitation occur at a much lower frequency closer to that observed
f wake vortex shedding (Yarusevych et al., 2009). However, further insight into the phenomena involved through flow
easurements is required to identify the physics responsible for the excitations.
The high-immersion cases where δ/b = 0.83 exhibit different trends to those observed in the low-immersion case

s well as similarities. At α = 0◦, the CN energy is seen to increase steadily as Re decreases, similar to that observed in
he low-immersion cases. Increased immersion and exposure to the embedded turbulence of the ceiling boundary layer
esults in a broadband increase in CN energy. The increased immersion is also seen to result in a broadband peak at
′
≈ 0.2 for all Re which is not observed in the low-immersion cases. As f ′ increases past 1, the energy levels are seen to

onverge due to varying roll-off rates between the different Re cases.
Increasing the incidence to 5◦ sees minimal change in the CN spectra for all Re, unlike that observed in the low-

mmersion case. This is attributed to the encountered ceiling boundary layer preventing an LSB from forming on the
ydrofoil and causing unsteady loading. As α is increased to 15◦, a rise in low-frequency CN energy is evident for all Re
ases. This sees the f ′

≈ 0.2 peak begin to diminish in the power rise attributable to self-generated turbulence of the
ydrofoil from separation at the trailing edge.
Re is shown to alter the stall behaviour of the hydrofoil with stall being delayed and max CN being increased with

ising Re, particularly in the high-immersion case (Fig. 11). At an incidence of 20◦, the unsteady loading characteristics at
arious stages of stall is captured by the 5 Re cases. At relatively low speeds with Re = 0.4 × 106, the hydrofoil is close
o max CN at 20◦ with the CN spectra showing high energy at low f ′. This increased low f ′ excitation sees the broadband
eak at f ′

≈ 0.2 disappear with a plateau in the spectra forming for frequencies up to f ′
≈ 0.1 before rolling off. For

e = 0.6 − 0.8 × 106, the hydrofoil is at a pre-stall incidence at 20◦ but would still be experiencing separation for a

arge portion of the chord that would cause substantial unsteady loading. The reduced excitation sees evidence of the
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Fig. 18. Spectra of CN highlighting the influence of Re at multiple α for the 240 mm span hydrofoil in a thin boundary, δ/b = 0.06, (left) and the
20 mm span hydrofoil in a artificially thick boundary layer, δ/b = 0.83, (right). The non-dimensional natural frequency of the hydrofoils (vertical
ashed line) have significant effect on the loading spectra, particularly the 240 mm hydrofoil. A f ′(−3) reference for the slope of the roll-off is
rovided in the 120 mm hydrofoil spectra at α = 0◦ (diagonal dashed line).

roadband peak at f ′
≈ 0.2 as well as the ‘shoulder’ at f ′

≈ 0.1 observed at Re = 0.4 × 106. This indicates that the
roadband peak at f ′

≈ 0.2 is associated with the encountered ceiling boundary layer where the peak at 0.1 is associated
ith self-generated turbulence from the hydrofoil stalling.

.3.3. Effect of boundary layer immersion
The effect of boundary layer immersion on the unsteady loading of the 120 mm and 240 mm hydrofoil is both complex

nd broad as shown in Fig. 19. At an incidence of 0◦ where self-generated turbulence of the hydrofoil is at a minimum,
he direct influence of the encountered ceiling boundary layer is highlighted. Both hydrofoils are seen to experience an
ncremental increase in energy across the entire frequency range with increased δ/b. The primary feature in the spectra of
both hydrofoils is the previously mentioned broadband peak at f ′

≈ 0.2 which is shown to increase in relative amplitude
with δ/b. An exception to this is the lowest immersion case which instead exhibits a more defined peak at f ′

≈ 0.13 on
both hydrofoils. Additionally, the roll-off slope past the f ′

≈ 0.2 broadband peak is observed to increase with δ/b.
18
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Fig. 19. Spectra of CN highlighting the influence of the level of boundary layer immersion at various α for the 240 mm (left) and 120 mm (right)
ydrofoils at Re = 1.0 × 106 . The non-dimensional natural frequency of the hydrofoils (vertical dashed line) have significant effect on the loading
pectra, particularly the 240 mm hydrofoil. A f ′(−3) reference for the slope of the roll-off is provided in the 120 mm hydrofoil spectra at α = 0◦

diagonal dashed line).

Behaviour of the broadband peak at f ′
≈ 0.2 increasing in relative magnitude with δ/b suggests the excitation is due

o coherent structures within the ceiling boundary layer. Occurring at a consistent f ′, the coherent structures must have
compatible length scale and advection velocity that results in an excitation at a reduced frequency of approximately
.2 at all boundary layer thicknesses. Experiments conducted by Hutchins and Marusic (2007) revealed inner and outer
nergy peaks in one-dimensional streamwise pre-multiplied spectra of a turbulent boundary layer. The outer energy peak
as characterized by coherent structures, referred to as ‘superstructures’, with a consistent length scale, λx, of 6δ and
uter coordinates of z/δ ≈ 0.06. Unfortunately, the advection speed of the these ‘superstructures’ are difficult to measure
xperimentally. However, results from boundary layer simulations conducted by Del Álamo and Jiménez (2009) indicated
he larger ‘global’ modes travel at a speed proportional to the bulk velocity as opposed to the local mean velocity in
he boundary layer. Based on a length scale of 6δ and assuming the advection velocity is sufficiently close to the free-
tream, i.e. Ux = U∞, this would result in f ′

≈ 0.156 for the largest boundary layer. This is relatively close considering
he broadband nature of the peak suggesting it could be the potential cause of the excitation. However, without flow
19
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measurements to provide sufficient insight into the phenomena involved, the cause of the broadband excitation cannot
be identified.

Closer inspection of the 120 mm high δ/b spectra at 0◦ reveals a ‘shoulder’ in the broadband peak where the CN
power starts to roll-off, known as the cut-off frequency. The cut-off frequency can be seen to decrease as δ/b increases.
Furthermore, the rate of decay in the CN power past the cut-off frequency, known as the roll-off, can be seen to vary
between δ/b cases with the roll-off increasing with δ/b. This provides insight into the size distribution of the eddies
encountered in the ceiling boundary layer that affect the hydrofoil unsteady loading. This is not as clear in the 240 mm
hydrofoil spectra due to contamination of the model vibrating at its (lower) natural frequency.

As α increases to 10◦, the broadband peak at f ′
≈ 0.2 starts to diminish due to increased low-frequency excitations

(f ′ < 0.2) attributed to self generated turbulence of the hydrofoil. Further increase in α to 20◦ sees the 120 mm hydrofoil
stall for the smallest δ/b case and the 240 mm hydrofoil for all cases. With the 120 mm hydrofoil, the CN spectra of the
stalled case exhibits a large jump in low-frequency power that steadily decays as f ′ increases. This low-frequency jump
at stall is attributed to the large-scale separation from the suction side of the hydrofoil with the self generated turbulence
characterized by large, low-frequency disturbances. As mentioned previously, the higher δ/b cases have been able to delay
stall due to the transfer of TKE.

For the 240 mm hydrofoil at 20◦, all cases have completely stalled but still exhibit different spectral characteristics. The
four lowest immersion cases, δ/b = 0.08− 0.18, all exhibit similar trends with a ‘shoulder’ exhibiting a cut-off frequency
of f ′

≈ 0.15, then levelling out between 0.2 and 0.3 before increasing again due to the hydrofoil natural frequency. On
the other hand, the four highest immersion cases, δ/b = 0.30 − 0.45, also possess the previously mentioned ‘shoulder’
with the cut-off at f ′

≈ 0.22 before rolling off at a rate greater than that observed for the 120 mm hydrofoil.
Increasing α further to 22.5◦ sees the 120 mm hydrofoil stall for δ/b cases up to and including 0.28, as shown in

Fig. 12. The CN spectra of these cases (Fig. 19) show a similar low-frequency jump in power as observed at α = 20◦

for δ/b = 0.16. This can also be seen in the δ/b = 0.35 case where maximum CN occurs at α = 22.5◦. Interestingly,
the δ/b = 0.16 case exhibits lower power than the 0.269 and 0.282 cases for f ′ < 0.1, following a similar trend to the
high-immersion case of δ/b = 0.90 up to f ′

= 0.2 before rolling off sharply. In the cases of δ/b = 0.27 − 0.35, CN power
levels gradually roll-off as f ′ increases until levelling out at f ′

≈ 0.15. This is followed by the power rolling-off again past
f ′

= 0.2 with power levels becoming ordered for f ′ > 0.6 with higher δ/b correlating to higher CN power.
For the 240 mm hydrofoil at 22.5◦, all δ/b cases are well beyond stall and exhibit similar CN power levels at low

frequencies (f ′ < 0.01). As f ′ increases, power levels gradually decrease with the roll-off being greater for lower δ/b. As
f ′ approaches 0.2, a ‘shoulder’ appears in the spectra for all cases that is more defined in the lower power cases (i.e. low
δ/b). Further increase in f ′ sees all the CN spectra roll-off at similar rates until reaching the peak induced by the natural
frequency vibration of the hydrofoil. These characteristics, along with those observed on the 120 mm hydrofoil at 22.5◦,
indicate that the majority of self-generated unsteady loading from phenomena such as stall, flow separation and vortex
shedding predominately occurs at relatively low frequencies, f ′ < 0.2. On the other hand, unsteady loading directly
induced by the encountered ceiling boundary layer predominantly occurs at relatively high frequencies, f ′ > 0.2.

4. Conclusions

The steady and unsteady loading on a hydrofoil immersed in a turbulent boundary layer has been investigated.
Measurements were obtained using model hydrofoils vertically mounted in a cavitation tunnel via static and dynamic
force balances and immersed in boundary layers of varying thicknesses. The artificially thickened boundary layers were
measured with the inner and outer profiles comparing well to the law of the wall and modified Coles law of the wake. For
the low-immersion case with δ/b = 0.08, a deviation in the normal-force curve is observed at medium to high pre-stall
incidences attributed to the presence of a laminar separation bubble. The incidence in which the deviation occurs shows
a Re dependence with the deviation being delayed with increasing Re. Stall in the low-immersion cases are of the sudden
leading-edge type with the stall angle being delayed and width of the associated hysteresis loop increasing with Re. For
a high-immersion case with δ/b = 0.81, the normal-force slope is reduced and stall angle delayed compared to the
low-immersion case attributed to increased exposure to the lower momentum flow of the ceiling boundary layer and
lower aspect ratio. Additionally, it is observed with increasing immersion the reduction and eventual disappearance of
the normal-force curve deviation attributed to the prevention of LSB formation from increased transfer of TKE from the
ceiling to hydrofoil boundary layer. This transfer of TKE with increased immersion is also attributed to the prevention of
leading-edge separation, causing a shift to trailing-edge type stall, the stall angle of which shows a strong Re dependence.
Increasing immersion is also shown to cause the normal force standard deviation to increase linearly with δ/b.

The normal-force spectra show that for the low-immersion cases, at low incidence, the power is uniform across the
measured frequency range. Increases in pre-stall incidences in low-immersion cases are shown to cause a broadband
increase in excitation within an order of magnitude also across the measured frequency range. However, once stalled, there
is significant amplification in the self-generated excitations, characterized by low-frequency disturbances and decreasing
towards low-incidence values at f ′ > 0.1. This behaviour is associated with wake vortex shedding from leading-edge stall.
In contrast, for the high-immersion case, increases in incidence have a significant effect at low frequencies, the reduced
frequency range of which increases with incidence up to a f ′

≈ 0.4. Beyond f ′
= 0.4, incidence changes and hence the

hydrofoil boundary layer have negligible effect. Over this region, the unsteadiness is entirely due to the wall boundary
20
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layer with a constant roll-off slope of approximately f ′(−3). This indicates that as α increases, the frequency distribution
f the self-generated excitations is increased, creating a greater population of low-frequency disturbances.
Normal-force spectra for varying δ/b at low incidence exhibit a broadband peak at f ′

≈ 0.2 that could be attributable
to large-scale structures that have previously been observed in high Re boundary layers. The relative amplitude of this
peak is seen to increase with δ/b along with the roll-off slope, converging as δ/b approaches 1. For all cases there is a
general power decrease in the normal-force spectra across the measured frequency range with an increase in Re.

On both hydrofoils, signs of vortex-induced vibration are apparent in the normal force spectra as the first natural
frequency of both hydrofoils occurs within the measured frequency range. This is exhibited on the 240 mm hydrofoil at
low level of immersion where the amplitude of the resonant peak in the CN spectra increases with incidence. In addition,
the amplitude of the resonant peak is seen to increase with Re reflecting the more general Re dependence. In contrast, the
20 mm hydrofoil at a high level of immersion showed no variation in the resonant peak amplitude with incidence or Re.
dditional features observed in the normal force spectra included local peaks in at low frequencies beyond stall on the
40 mm hydrofoil which are indicative of the coherent shedding of leading-edge structures. These results provide insight
nto the range of frequencies and hence size distribution in the wall boundary layer that affect the unsteady loading of
he hydrofoil.
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