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Steady and unsteady loads acting on a hydrofoil immersed in a turbulent boundary layer
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Abstract

This study investigated steady and unsteady loads acting on a
hydrofoil immersed in a turbulent boundary layer. Measure-
ments were performed in a cavitation tunnel in which the hy-
drofoil was mounted spanwise normal from the test section ceil-
ing, via a 6-component force balance. The turbulent boundary
layer was artificially thickened via an array of transverse jets lo-
cated upstream of the test section. The effect of boundary layer
thickness was investigated, in which various thicknesses were
generated to allow partial or full immersion of two hydrofoils,
each with different aspect ratios. The effect of varying inci-
dence and Reynolds number on the hydrodynamic loading was
also investigated. Steady forces were found to be significantly
affected by the scale of the boundary layer, particularly in the
stall region. Identification of a broad peak in the unsteady force
spectra, was made at a constant reduced frequency of 0.2. The
peak was dependent on boundary layer thickness and Reynolds
number. Furthermore, a low frequency stall component, super-
imposed over the existing broadband excitation of the boundary
layer turbulence, was apparent in the spectra past stall.

Introduction

Control surfaces for marine vessels are typically located at the
stern, where the boundary layer has had the full vessel length
to develop and thicken. As control surfaces are generally com-
pact compared to overall length scales, they are at least partially
immersed within the turbulent flow about the vessel stern. In
addition, the boundary layer is further thickened or separated
due to the adverse pressure gradient generated at the aft end of
the vessel [1]. Hence, these control surfaces are subject to un-
steady loading and become a source of vibration and noise. To
minimise these effects, insight into the flow physics and exci-
tation spectra are required. This would enable more rigorous
analysis and design for optimisation of control surface struc-
tural response.

Despite extensive development of theoretical models [8] for the
prediction of unsteady loads on a lifting surface, there is lit-
tle experimental data available in literature. Previous investiga-
tions have involved aerofoils immersed in grid-generated turbu-
lence with lift spectra measured directly or derived from surface
pressure measurements [6, 7]. Although valuable for providing
insight into associated phenomena, these results cannot be di-
rectly transferred to the structured wall bounded turbulent flow
of a boundary layer.

This preliminary work aims to provide insights into the physics
determining the loading of a hydrofoil encountering the struc-
tured turbulence of an oncoming boundary layer. Forces, both
steady and unsteady, were obtained for a range of Reynolds
numbers (Re), incidence (α) and boundary layer thicknesses
(δ). Immersion of the hydrofoil span in the boundary layer was
adjusted from about 1/8 to the full span. Partial results were

gained from a previous investigation [5] with the current work
expanding from it where a greater range of parameters were ex-
amined, in particular, a range of δ. These results also provide
additional guidance into the frequency response necessary from
an improved force balance and model design for future unsteady
measurements.

Experimental Overview

Model Hydrofoil Details

Hydrofoil geometry has been selected based on the require-
ments discussed above for the modelling of unsteady conditions
typical of those experienced by control surfaces. The chosen ge-
ometry was a NACA 0012 profile with a symmetric (unswept)
trapezoidal planform with a 80 mm tip and 120 mm root chord.
Two models were constructed with spans of 120 mm and 240
mm. This achieved a wide range of oncoming boundary layer
thickness to hydrofoil span ratios, from 1/8, up to 1. The chord
length was chosen to be compatible with mounting to the wa-
ter tunnel test section and sufficient to obtain chord-based Re
values of 1×106.

Figure 1: Schematic of the experimental setup whereby a ceil-
ing mounted hydrofoil encounters a turbulent boundary layer
that immerses it to varying degrees (top). A bottom view depict-
ing the force balance coordinate system whose origin is located
on the root mid-chord is also shown (bottom).

The response spectrum of both hydrofoils was determined from
an impact test [5] 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. The in water values were calculated
using an added mass estimate [3]. 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 anodised to a
thickness of approximately 5µm.

Experimental Setup



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

Table 1: Natural frequencies, mass and added mass values of
the model hydrofoils utilized in the experiment [3].

Measurements were carried out in the Cavitation Research Lab-
oratory (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 365m3

with demineralised water (conductivity of order 1µS/cm). The
test section velocity is measured from one of two (high and low
range) Siemens Sitransp differential pressure transducers mod-
els 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 de-
tailed description of the facility is given in [4].

A schematic representation of the test set-up is given in Figure
1 along with the definition of the coordinate system used and
the main geometric parameters. The models were mounted on
a 6-component force balance extending vertically into the flow
through a 160 mm diameter penetration in the tunnel ceiling.
The 160 mm diameter penetration was made fair (to 50µm) us-
ing a disk mounted, in this case, on the measurement side of the
balance. The fairing disk has a typical 0.5 mm radial clearance
to avoid interference with the force measurement. Of the total
load vector measured, steady and unsteady components of nor-
mal force and pitching moment are presented. Spanwise forces
and roll/yaw moments are not considered as they may be con-
taminated by the wall pressure distribution acting on the disk
with this setup. Data was sampled at 1 kHz for durations suf-
ficient to capture 1 000 and 22 000 chord passages (= 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.

Measurements were made at a streamwise location 1.9 m down-
stream from the test section entrance to maximise hydrofoil im-
mersion in the boundary layer. 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 sec-
tion. At the test location, δ was adjusted from its natural state of
33 mm, through to a maximum of 99 mm. δ was controlled by
adjustment of the flow rate through the jet array. A detailed de-
scription and performance characteristics of the CRL boundary
layer manipulator is given in [2]. Based on the performance of
the plate geometries previously tested for boundary layer thick-
ening, “Plate E” (68 × 10 mm holes triangularly spaced over 4
rows) was chosen for the present investigation. This was based
on the resulting mean velocity profile of the artificial thickened
boundary layer comparing most favourably with the natural pro-
file, particularly in the outer (or wake) region [2]. This is im-
portant as the outer region is the largest portion of the boundary
layer and is therefore seen as the most significant contributor to
the production of unsteady forces.

The force balance was calibrated by a least squares fit between
a basis vector loading cycle and the 6 outputs giving a 6× 6
matrix. An estimated precision on all components is less than

0.1%. Forces were measured at mean chord-based Re values
(mean chord, c = (cT +cR)/2 = 0.1m), of 0.2, 0.4, 0.6, 0.8 and
1.0× 106. Each Re was run for a range of α, from −1° to be-
yond stall at 25° and 20° for the 120 mm and 240 mm span hy-
drofoils respectively. α is adjusted using the balance automated
indexing system incremented in 0.5° steps with an incremental
precision less than 0.001°. The tunnel was pressurised up to
350 kPa to minimize cavitation occurrence.

Results

The measured normal force, N, and pitching moment, P, are
presented as dimensionless coefficients, CN = 2N/(ρU2

∞A) and
CP = 2P/(ρU2

∞Ac), respectively. U∞ denotes the freestream
velocity, ρ is the liquid density and A is the planform area.
δ is where the boundary layer velocity, U , becomes equal to
0.99U∞. Unsteady loads are presented using power spectral
density (PSD) in a narrowband format with a frequency res-
olution of 1 Hz. Spectra have been calculated using Welchs
averaged modified periodogram method of spectral estimation
with a Hammimg window function and 50% overlap. The 95%
confidence interval on the narrow band auto spectral density is
−0.3690/+0.3857 N2dB/Hz.

Steady Forces

Steady normal force and pitching moment coefficients for the
thickest boundary layer (δ = 99 mm) at incremental Re are pre-
sented in Figure 2. The 240 mm span model exhibits an in-
creased CN slope (∂CN/∂α) and maximum CN , as well as an
earlier stall incidence. For both geometries, the α at which stall
occurs increases with Re by about 6°.

Figure 2: Normal force and pitching moment coefficients with
incidence for 120 mm span (left) and 240 mm span (right) hy-
drofoil models. They were immersed in a turbulent boundary
layer with δ = 99 mm, for Re between 0.4×106 and 1.0×106.

A comparison of the normal force measured for the 120 mm
span hydrofoil for 3 boundary layer thicknesses is presented in
Figure 3. ∂CN/∂α is seen to decrease with an increase in δ

as the hydrofoil becomes increasingly immersed in the lower
velocity flow of the boundary layer. Initially, the effect is quite
gradual with stall delayed by 1.5° as the foil submergence is
increased, from about 1/3, to 1/2 of the span. This corresponds
with an increase in maximum CN of less than 1%. Increasing
δ further to 99 mm (nominally fully immersing the hydrofoil
within the boundary layer) sees a significant drop in max CN to
0.868, along with a small decrease in stall angle. Notably in this
condition, there is a significant change from a sudden, leading-



edge type, to a gradual, trailing-edge type, stall behaviour. This
suggests that the boundary layer is having significant impact on
the state of flow over the hydrofoil. The level of unsteadiness is
presented using RMS of the steady measurements (C′N ), shown
in Figure 3. The C′N reveals a trend of increased fluctuation
with boundary layer thickness for all pre-stall α. The significant
increase in the C′N with α in each condition, coincides with the
onset of stall.

Figure 3: CN and C′N values with α for 120 mm hydrofoil model
with Re = 0.8×106 for several δ (All RMS results are derived
from unsteady measurements except α = 5°,10°,20° and 25°
for δ = 65 mm). Pre-stall normal forces are dependent on δ with
higher RMS values for larger δ. Stall is delayed as δ increases
with stall characteristics shifting from a sudden drop-off to a
smooth transition.

Unsteady Forces

To allow characteristic properties to be identified, spectra have
been obtained from time series of the normal force and pre-
sented non-dimensionally in the form of the power spectral den-
sity (PSD), with the excitation frequency (f ) represented as re-
duced frequency ( f ′ = f c/U∞). Due to space limitations, only
results of the 120 mm span hydrofoil are presented. Peak fre-
quencies are present in all spectra due to the frequency response
of both the force balance and hydrofoil. Identified in a previ-
ous study [5], the first and second natural frequencies of the
force balance is observed in Figure 4 to be around 150 and 180
Hz. The peak at around 310 Hz is attributable to the hydrofoil
first mode natural frequency, close to the estimate of 273 Hz
given in Table 1. Error in the estimation is potentially due to
the simplification to a rectangular plate and a low aspect ratio
planform being more susceptible to 3D effects. The additional
peaks at 350 and 450 Hz is attributed to power line odd har-
monics. Due to this inherent dynamic response from the cou-
pled balance/hydrofoil system, the resolvable frequency range
for the present measurements only extends out to about 100 Hz.
This equates to a f ’ from 0.9 to 4.5 for Re of 1.0× 106 and
0.2× 106 respectively. An improved force balance and hydro-
foil design, both resulting with increased natural frequencies,
are being considered for a follow-on experimental campaign to
extend the resolvable frequency range out to about 1 kHz.

Figure 5 shows the effect of Re on the PSD of CN at α = 0°,15°
and 22.5° for the 120 mm span hydrofoil in a δ = 99 mm. In
the lower frequency range ( f ′ < 0.3), there is an increase in
power with α for all Re. At α = 0° and 15°, the order of Re
is sequential, with higher Re exhibiting greater power at f ′ <
1. This tendency does not continue at α = 22.5° with Re ≤
0.8×106 exhibiting a different trend and jumping above higher

Re spectra at approximately 0.02 < f ′ < 0.5. This suggests a
changeover with Re dependency after stall as at Re≤ 0.8×106,
the hydrofoil has stalled. This illustrates the addition of the
stall phenomena, exhibiting a low frequency component (i.e.
relatively large wake structures), to the existing effect of the
boundary layer turbulence on the unsteady forces.

Figure 4: PSD function of CN for 120 mm span hydrofoil with
δ = 99 mm and Re = 0.8× 106 for various α. Contamination
caused by the excitation of the force balance and model natural
frequencies can easily be seen. The systems inherent dynamic
response permits a resolvable frequency range up to approxi-
mately 100 Hz.

In Figure 5, a broad peak is clearly observed in all spectra for
α= 0° at about f ′ = 0.2. The peak starts to become lost α= 15°
with the relative broadband increase in power at f ′< 0.2 and the
peaks magnitude seemingly unaffected by the increased α .This
trend continues as the peak becomes even harder to distinguish
at α = 22.5°. With the peak consistently occurring at approx-
imately f ′ = 0.2, implies that the advection of the flow distur-
bance causing the unsteady force is about 1/5 of the free-stream
advection speed. Furthermore, the peak appears unaffected by
α, suggesting it is due to another factor.

The effect of increasing boundary layer thickness on the 120
mm span hydrofoil power spectra at various α is shown in Fig-
ure 6. As also seen in Figure 6, for f ′ < 1, there is a broad-
band power rise with an increase in δ for all α below stall. The
broadband peak at f ′ ≈ 0.2 discussed previously, is also evident
in Figure 6. Furthermore, there is a noticeable increase in the
relative amplitude of this peak with increasing δ for pre-stall in-
cidences (α = 0° and 15°). This is attributed to the increased
hydrofoil immersion in the boundary layer, resulting in greater
exposure to the structured turbulence and therefor, a rise in the
unsteady forces. This is in contrast to the steady normal force
component decreasing with increasing δ shown in Figure 3.

At α = 15° in Figure 6, a significant rise in power is observed
at f ′ = 0.02 for δ = 33 mm and 65 mm, but not for δ = 99 mm.
This trait is also evident at α = 22.5° for δ = 65 mm, but not
at δ = 99 mm and 33 mm, both of which have stalled. This
change in trend at the lowest frequency cannot be attributed to
an artefact of the processing method used. At this point, there
is also no explanation in terms of the flow physics. This aspect
will be further looked at in future more detailed investigations.

Conclusions

Effects of boundary layer thickness on steady and unsteady
loads acting on a hydrofoil were investigated in a water tun-
nel. Steady forces of a hydrofoil experiencing a thicker bound-



Figure 5: CN power spectra of the 120 mm span hydrofoil at δ

= 99 mm and various Re for α = 0° (bottom), 15° (middle) and
22.5° (top).

ary layer saw reductions in ∂CN/∂α, changes in stall character-
istics and experienced greater unsteadiness. The power spec-
tra revealed the addition of a low frequency stall component
(i.e. relatively large wake structures), to the existing effect of
the boundary layer turbulence on the hydrofoil unsteady forces.
Observations made of the broad peak at a constant reduced fre-
quency of 0.2 imply that the advection of the flow disturbance
causing the unsteady force on the hydrofoil is about 1/5 of the
free-stream advection speed. The results indicate that an ex-
tended frequency range out to about 1 kHz is desired for a future
more detailed investigation.
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