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ABSTRACT

Hydrofoils are canonical proxies to three-dimensional liftgenerating surfaces, such as marine propulsors, providing
thrust and motion control which may suffer from the effects of ventilation and hysteresis. Thus, the objective of
this research is to quantify and characterize the hydrodynamic performance and hysteresis response of hydrofoil
geometries in ventilated flows. We present a set of empirical equations to predict the hydrodynamic performance in
fully wetted (FW) and fully ventilated (FV) flows, as well
as ventilation inception and rewetting angles, which govern the hysteresis response. Predictions using the empirical
equations compared reasonably well with published data
of hydrofoils with varying geometries, submerged aspect
ratios, angles of attack, and advance speeds. The results
show that while the lift coefficient is practically independent
of the speed in FW flow, it tends to decrease with increasing
speed in FV flow due to the reduction in effective camber
as the ventilated cavity lengthens. Ventilation incepts at
lower angles of attack as Froude number (Fnh ) increases.
The rewetting angle decreases with increasing Fnh . The
efficiency decreases upon flow transition from FW to FV
flow, and the drop becomes more severe with increasing
Fnh . These empirical equations represent a simple and effective means to predict the hydrodynamic performance and
hysteresis response of hydrofoils in ventilated flows.
Keywords Multiphase flow; Ventilation; Cavitation; Hys-

teresis; Hydrofoil;
1 INTRODUCTION

Separated flows are a critical issue to the aerodynamic and
hydrodynamic performance of aircraft and ships. Ventilation is a special form of separation involving multiphase
flow. For a rigid lifting body, such as a propeller or hydrofoil, its performance and susceptibility to ventilation
primarily depends on its geometry, angle of attack relative
to the flow (α), advance speed (U), and depth beneath the
mean free surface (h). Simply stated, hydrofoils are canonical proxies of more complex lift-generating structures which
provide thrust and motion control for marine vessels and
platforms. The physics governing the hydrodynamic and
hysteresis response of a hydrofoil is by and large similar to
that of surface-piercing and supercavitating marine propulsors, apart from the rotational effects. Highly relevant to
marine vessels whose control surfaces operate near or at
the free surface, unanticipated natural ventilation leads to

tremendous performance penalties including sudden and
drastic loss in lift and moment, loss of lateral stability, vehicle control, hydroelastic instabilities (e.g. flutter, divergence,
buffet), and even capsizing. It should be noted that in addition to the propeller itself, the rudder and other control
surfaces on a surface vessel can also ventilate, which can
further affect propulsor performance, hull maneuverability, and control. Moreover, ventilation is marked by an
irreversible hysteresis effect, which creates non-linearities
that challenge the control of ventilated lifting bodies (Rothblum, 1977). Bi-stable fully wetted (FW) and fully ventilated (FV) flow regimes characteristic of surface-piercing
hydrofoils have been identified and elucidated by Breslin
& Skalak (1959), Rothblum (1977), Harwood et al. (2016),
and Young et al. (2017). The FW flow is characterized
by fully wetted suction- and pressure-sides along the entire span of the hydrofoil, pre-ventilation. Contrastingly,
FV flow occurs when ventilation incepts between moderate
to high Froude numbers and is characterized by the formation of a stable smooth-walled cavity which envelopes
the foil’s suction-side, extending along the entire length of
the immersed span. Atmospheric ventilation or large perturbations can cause a transition from the FW to FV flow
regimes, which are both mutually, and locally, stable in certain conditions. Within this bi-stable range of conditions,
perturbations can initiate transition from the FW to the FV
flow regime. Here, the flow can take on characteristics of either regime individually, but not simultaneously, leading to
non-unique load coefficients. Nonlinear hysteretic behavior
is due to the memory effect exhibited by the flow, where its
past history influences the response. Fig. (1) shows typical
hysteresis loop configurations possible in the steady-state
three-dimensional lift coefficient (CL ) and effective angle
of attack (α) space. Non-unique hydrodynamic load coefficient magnitudes dependent on flow history lead to the
appearance of (hysteresis) loops in the coefficient curves.
Spontaneous or perturbed natural ventilation can occur at
any point inside the hysteresis loop.
As seen in Fig. (1), there are five critical angles (αincep ,
αstab , αwash , αrewet , and αbf ), in the variation of the CL
versus α plot, following the terminology defined in Harwood et al. (2016) and Young et al. (2017). The ventilation
inception angle (αincep ) is where the load coefficient drops
and the flow naturally transitions from FW to the FV regime
without external perturbation. αstab is the point on the FV
curve achieved by the foil after having transitioned from

the FW regime. For fast ventilation mechanisms, where
there is a large ventilation prone region (e.g. stall-induced,
cavitation-induced, or tip vortex ventilation-induced) and
the flow transitions from FW to FV in less than one second,
αincep and αstab will nearly coincide. For slow ventilation
mechanisms, where there is a small ventilation prone region
at the leading edge, e.g. small leading edge nose bubble induced ventilation, αstab may be slightly higher than αincep ,
as a leading edge partially ventilated bubble can be stable
if the flow speed, angle of attack, and ambient pressure are
kept unchanged. Once a stable FV flow is achieved (i.e.
α ≥ αstab ), further increases in angle of attack will cause
the lift to move up along the FV flow curve if the speed is
kept constant. The FV lift coefficient tends to decrease as
the speed increases at a given angle of attack because the
length of the attached cavity grows along the entire span,
which leads to a reduction in the effective camber. αwash
is the point on the FV curve at which the ventilated cavity
begins to wash off, which occurs when the cavity closure
angle exceeds 45o on a straight rectangular foil because the
upstream motion of the re-entrant jet has enough momentum
to destabilize the ventilated cavity (Harwood et al., 2016).
αrewet is the point on the FW curve where the flow naturally recovers FW flow. Note that rewetting may happen at
slightly larger angles of attack than the bifurcation angle,
αbf , if the flow speed and ambient pressure are kept the
same, as the upstream motion of the re-entrant jet is able to
cause the ventilated cavity to completely wash off to recover
FW flow. αbf is the lowest angle of attack at which the
FW and FV curves intersect each other. Between αbf and
αincep , ventilation can develop with external perturbations
(e.g. a plunging wave, a droplet of water, impingement of
gas/water, or physical protrusion with a thin wire or pencil) near the leading edge such that it breaches the surface
seal and allows the atmospheric air from above the water
to access the sub-atmospheric ventilation prone area below.
Once partially or fully ventilated, the flow can transition
back to the FW state when the entrained air is allowed to
dissipate via the turbulent cavity closure region or through
the ventilated tip vortex. At this point, the ventilated cavity
is washed off because of the upstream destabilizing force
from the re-entrant jet, and the connection of the ventilation
prone region is, once again, sealed off from the free surface
due to the high momentum of the surface seal with zero
pressure gradient, as the pressure should be atmospheric
everywhere on the free surface. Hence, αrewet should be
greater than or equal to αbf , although they often nearly
coincide, as shown in Fig. (1). In some cases, attaining
a negative α is necessary to wash off the ventilated cavity
and overcome hysteretic losses. This has been documented
in the literature by Breslin & Skalak (1959, Fig. 12f) and
Gordon (2012, Fig. 4.68).
Note that the five critical angles, αbf , αincep , αstab , αwash ,
and αrewet , are all defined based on constant speed and ambient pressure conditions. Generally, increases in speed tend
to promote ventilation inception, so αincep and αstab may
occur earlier (i.e. at smaller angles of attack); On the other
hand, decreases in speed tend to promote the elimination of
ventilation (i.e. αrewet may occur earlier, at higher angles

Figure 1: Hydrodynamic complexity of the ventilation-

induced hysteresis region. The hysteresis loop is characterized by five angles, denoted by the filled and open symbols
for Fnh = 2 and Fnh = 8, respectively. Arrows represent the direction of the transition. Ventilation formation
mechanisms consist of inception and stabilization, whereas
elimination mechanisms consist of washout and rewetting.
The bifurcation angle is the lowest angle at which the FW
and FV curves intercept (Harwood et al., 2016). At lower
Fnh , washout and rewetting occur later in the hysteresis
loop (at higher angles of attack). At higher Fnh , washout
and rewetting are almost adjacent to each other. The lift
decreases to the left of the point of stabilization because
although the cavity length decreases (which should lead to
increased lift), the angle of attack reduces, leading to lower
lift, as expected. The slight increase in FV lift coefficient
(hump) present after the bifurcation point in the Fnh = 2
curve is due to the virtual camber effect created by the cavity
(Harwood et al., 2016).
of attack). Such behavior has been observed in Fridsma
(1963, Fig., p 4) and Vaughan & Ramsen (1959, Fig. 2)
In addition to atmospheric ventilation, vaporous cavitation
can affect ventilated cavity inception. The mean CL is
expected to locally increase with a small leading edge vaporous cavitation due to the increase in effective camber; the
mean CL will drop rapidly once cavitation extends beyond
the foil’s trailing edge (Akcabay et al. 2015; Young et al.
2017). Partial cavitation (when the cavity collapses forward
of the foil trailing edge) can transition abruptly to FV flow
due to air entrainment from the growth of Taylor instabilities
from the free surface which allow the collapse of vortices to
carry air to the turbulent region at the cavity trailing edge
(Young et al. 2017; Harwood et al. 2016). As can be seen
in Fig. (1), the non-linear effect of hysteresis is extremely
complex, highlighting the importance of quantifying the
region within which it exists.
Especially detrimental to vehicle control, exposure to the
non-linear hysteresis effect hinders the maneuvering of lifting surfaces governed by traditional linear control methods.
At high speeds, the implications of ventilation are significant
for control surfaces and, hence, vehicle motion and control.
Abrupt transition from FW to FV flow can be problematic,

especially for accurate maneuvering and obstacle avoidance.
Such violent behavior could also lead to structural overloads
and subsequent loss of stability.
Contrastingly, ventilated flows can also be beneficial to liftgenerating marine devices in certain operating environments.
For example, artificially inducing ventilation through the
blowing or pumping of noncondensible gas into the flow
stream can improve the stability and efficiency, reduce the
parasitic drag, and minimize cavity erosion damage on the
bodies of supercavitating propellers, surface-piercing propellers, and control fins for high speed underwater vehicles
(Tachmindji et al., 1980; Wosnik & Arndt, 2009). Additionally, forcing ventilation to occur earlier in the hysteresis
loop (i.e. at lower angles of attack or lower speeds) when
the drop between the FW and FV lift coefficients is small
can greatly reduce the effects.
1.1 Ventilation Formation Mechanisms

The ventilation mechanism can be considered either fast
(spontaneous) or slow, requiring either less than or greater
than approximately one convective time scale (foil chord
length divided by the flow speed) to induce ventilation,
respectively. For natural ventilation to occur, concurrent
regions of sub-atmospheric pressure and low momentum,
such as separated or partially cavitating flow, must exist.
Additionally, proximity to the free surface and a path of
low impedance to air ingress from atmospheric to subatmospheric pressure must be present. Cavity formation
may be sudden or gradual, depending on the ventilation
mechanism. There are many ventilation formation mechanisms which are difficult to detect. If the source of air
ingress is not continuous, the cavity may wash off and flow
can re-attach. For example, nose and tail ventilation are
the prevailing types which occur on geometries with sharp
leading and trailing edges, respectively. Tip-vortex (TV)induced ventilation develops when air entrained from the
separated region behind a blunt trailing edge is allowed to
migrate upstream through the low pressure TV. TV ventilation can also occur for shallowly submerged lifting surfaces
moving at high speeds and angles of attack, when the TV
cavitates and moves upward towards the free surface. Cavity
induced ventilation can also develop when high pressure
air enters through the turbulent cavity trailing edge. Any
perturbation by protrusion with debris or free surface waves
that allows air ingress to the low-pressure separated region
can cause a sudden transition from the FW to the FV flow
regime. The mean lift can decrease by 50-70% when flow
transitions from the FW to FV regime, as noted in Vaughan
& Ramsen (1957), Wadlin (1958), Breslin & Skalak (1959),
Scherer & Auslaender (1964), Swales et al. (1974), Harwood et al. (2016), and Young et al. (2017).
1.2 History of Surface-Piercing Hydrofoils

Surface-piercing hydrofoils are especially susceptible to
ventilation and hysteresis. Despite this apparent weakness,
the theoretical advantages they offer are difficult to ignore.
In proper conditions, a hydrofoil-supported craft travels
through both water and air, while generating high lift by

taking advantage of the high density of water and while
minimizing drag by reducing the overall wetted area. Additionally, shocks and compressibility effects are practically irrelevant to hydrofoil performance in most FW conditions, as the speed of sound in water is almost five times
greater than in air. Despite these theoretical advantages,
technological deficiencies have plagued the development
and integration of hydrofoil-supported vessels since the
1950s. Three main technological challenges were: materials science, propulsion systems, and control techniques
(Rothblum, 1977; Acosta, 1973). Furthermore, ventilation
and cavitation had been shown to exacerbate these issues
(Acosta, 1973). Note that cavitation and ventilation are not
issues for lifting bodies in air, and many advances have been
made in materials science, propulsion systems, and control
technologies for aerospace structures over the last decades.
However, marine environments require lifting bodies to operate at or near the free surface at lower Reynolds numbers and
in fluid nearly 1000 times denser than air, proving difficult
for the same aerospace solutions to be applied. Additionally,
ventilation and cavitation create further challenges due to
changes in the hydrodynamic loads, hysteresis response,
and potentially wide range of dynamical time scales. In an
effort to overcome these limitations and demonstrate the effectiveness of hydrofoil technology, military foiling vessels
were, nevertheless, built and tested during the mid 1960s.
Although eventually decommissioned due to mechanical
breakdowns and government cutbacks, these vessels highlighted untapped potential that has yet to be fully explored.
Successful combat demonstrations laid the groundwork for
strong support of the theoretical advantages affiliated with
hydrofoil technology (Johnston, 1985; Acosta, 1973). Now,
technological advances in materials, propulsion, and controls pioneered largely by the space program are making
it possible to overcome previous challenges and perhaps
finally realize the benefits of hydrofoil vessels thought to
have been beyond our reach.
1.3 Study Objectives

Marine lifting bodies susceptible to ventilation pose a challenge to designers and modelers, especially due to the hysteresis of ventilated flows. The precarious stability and drastic fluctuations of key performance parameters highlight the
need for efficient and effective prediction of the hysteresisdriven performance characteristics. Thus, the objective of
this paper is to quantify the hydrodynamic performance and
hysteresis response of ventilated flows. Simple empirical
equations are developed, and the predicted lift, drag, and
moment coefficients are compared with experimental data
presented in Vaughan & Ramsen, (1957), Breslin & Skalak
(1959), Rothblum et al. (1969), Swales et al. (1974), and
Harwood et al. (2016). We aim to provide a set of empirical
equations that can predict the onset of ventilation, severity
of the hysteresis response, and recovery of the original FW
flow conditions for hydrofoils with varying geometries, submerged aspect ratios, and angles of attack. Bridging the
gap between foils and propellers, it should be noted that the
proposed empirical methodology can also be extended to
marine propulsive devices, upon careful consideration of

the effective change in inflow velocity and rotational effects.
2 EMPIRICAL PREDICTIONS

The following equations are based on synthesizing the semiempirical equations presented in Jones (1941), Helmbold
(1942), Brown (1958), Fridsma (1960, 1963), Faltinsen
(2005), and Harwood et al. (2016). Lift coefficients for fully
wetted (CLwet ) and cavitating/ventilating (CLcav ) condiL
tions are defined in Eqns. (1)-(7). Note that CL = 0.5ρU
2A
p
is predicted using a modified version of the Helmbold equation (Helmbold, 1942), where U = flow velocity; Ap = projected area, as shown in Fig. (2), for foils having ARh ≤ 4
with a nonlinear correction term to account for cross flow
effects for cases with large angles of attack.
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Figure 2: The two foil configurations shown in this work.

for 0 ≤ ARh ≤ 10 (nonlinear x-flow correction)
where a0 = 2-D lift slope; α = effective angle of attack
(α0 − α0L ); α0 = geometric angle of attack; α0L = zero lift
angle of attack; ARh = submerged aspect ratio, and
s
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where E = edge correction factor, and
F = 1 − 0.422e−1.454hm /c

(3)

F = free surface correction factor where hm = h/2 = mean
submerged depth; c = chord length. The effective mean
submerged depth-based cavitation parameter is defined as
ψ=

σc
1
1
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where
Patm + ρghm − Pc
σc =
,
0.5ρU 2

(5)

where σc = mean submerged depth based cavitation number;
Patm = atmospheric pressure; Pc = cavity pressure (which
equals Patm for partially ventilated or FV flow and = Pv ,
vapor pressure, for vaporous cavitation.
σv =

Patm − Pc
,
0.5ρU 2

(6)

is the cavitation number at the free surface (which is equal
to zero for partially ventilated or FV flow); Fnh = √Ugh =
depth-based Froude number. The FV lift coefficient can be
found using the expression
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et al. (2016).
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has been modified from Harwood

Moment coefficients (defined about mid-chord and positive nose up) for fully wetted and cavitating/ventilating
conditions are defined in Eqns. (8)-(9). Note that CM =
M
0.5ρU 2 Ap c where c = mean chord of the submerged portion
of the foil.
CMwet = CLwet eF W ,
(8)
where eF W = 0.3 is the distance between the mid-chord and
center of pressure in FW flow. The FV moment coefficient
can be found using the expression
"
#"
#
ARh − 1 −ψ ψ 2 − 0.0328ψ + 1.072
CMcav
= 1−
e
.
CMwet
2ARh + 1
ψ 2 − 0.767ψ + 3.659
(9)
Drag coefficients for fully wetted (CDwet ) and cavitating/ventilating (CDcav ) conditions are defined in Eqns. (10)D
(15). Note that CD = 0.5ρU
2A
p
CDwet = 2CDf + CDi + CDw

(10)

and
ψ
CDcav = CDf + CDi + CDw + CDsep [1 − tanh ], (11)
2
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is the profile drag for Rec > 106 , where τmax /c = maximum thickness to chord ratio; Rec = mean chord-based
Reynolds number defined as Rec = Uνc , where ν = kinematic viscosity,
2CL2
CDi =
(13)
πARh

is the induced drag,
CDw =

e
CL2
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(14)

is the wave drag, and
CDsep = CL sinα

(15)

is the form drag for fully separated flow. Note that CDi and
2
2
CDw depend on CL,wet
and CL,F
V for FW and FV flow,
respectively. It is assumed that the flow remains attached to
the foil until ventilation incepts, and cavitation is ignored.
Although the present work is currently limited to hydrofoils
in naturally ventilated flows, the above equations can be
easily extended to artificial ventilation of foils, propulsors,
and supercavitating bodies.
3 RESULTS
3.1 The Effects of ARh , Fnh , and αef f on the Hydrodynamic Load Coefficients

Empirical predictions are compared with previously published experimental data in Figs. (3a), (3c), and (3e). Good
agreement is observed between predictions and measurements for both FW and FV flows over a range of effective
angles of attack (α = αo − αoL ), Fnh , and ARh . The FW
data points shown after the vertical ventilation inception
boundary are due to surface tension effects delaying stall,
caused by the small scale model used in Breslin & Skalak
(1959) and will be discussed in more detail in the subsequent section. As shown in Figs. (3a)/(3b) and (3e)/(3f),
the hydrodynamic CL and CM decrease rapidly with reductions in submergence due to increasing 3-D effects. The
sectional lift goes to zero at the free surface and at the tip,
leading to cross flow effects and higher induced drag, which
lower the slope of the CL and CM curves with reductions
in ARh . The CL and CM in FV flow are lower than in
FW flow. The influence of ARh is less severe in FV flow
compared to FW flow, as the flow is fully separated in FV
regime and the pressure in the ventilated cavity is constant
and equal to the atmospheric pressure. On the other hand,
while Fnh has limited effect in FW flow, the FV CL and
CM reduce considerably with increasing Fnh because of
reductions in effective camber caused by the growth of the
ventilated cavity. The drop in CM (defined about the midchord and positive nose-up), when the flow transitions from
FW to FV flow is more dramatic than CL because the center
of pressure shifts from c/4 to c/2 from the foil’s leading
edge, such that the resulting moment arm for the lift is near
zero. Additionally, the Fnh dependency in FV flow is more
obvious in the CM compared to CL . Ventilation incepts at
lower effective α as Fnh and ARh increase.
As seen in Eqns. (10)-(15), the FW drag coefficient is separated into three main components: profile drag, lift-induced
drag, and wave drag. In FV flow, the form drag is added, as
ventilation is a special form of separated flow. A comparison of Figs. (3a)/(3b) and (3c)/(3d) shows that while CL
substantially drops in FV flow compared to FW flow, the
CD remains approximately the same due to the competing

effects of reductions in the lift-induced drag, but increases
in the form drag, while wave drag and friction drag remain
approximately the same. CD decreases slightly with reductions in ARh due to lower lift-induced drag. In FW flow,
a slight increase in CD can be observed with decreases in
Fnh because of an increase in wave drag, created by the
lift. In FV flow, at ARh > 1, the CD decreases slightly
with increasing Fnh and follows the same trend as the CL ,
suggesting that the behavior is dominated by lift-induced
drag, which is lower in FV flow because of the reduced
lift. From Figs. (3b), (3d), and (3f), it can be seen that
the FW coefficient curves are practically independent of
Fnh . However, the Fnh dependency of the FV coefficient
curves decreases with decreasing ARh due to the increased
influence of the free surface, which acts as a pressure relief
surface to reduce the lift coefficient and increase the wave
drag.
Figs. (4a)/(4b) show that the efficiency drops rapidly with
reduction in ARh . In particular, for CL & 0.1, the FV efficiency drops to approximately 50% of the FW efficiency.
These results in Figs. (3)-(4) show that at low CL values, it
may be advantageous to force early transition to FV flow,
as the drop in load coefficient will not be so severe in this
range and maintain reasonable efficiency. Moreover, forcing
transition to FV flow at lower CL values could minimize
the detrimental hysteresis effects of ventilation. In cases
where ventilation is unavoidable, it is also preferable to control when ventilation occurs in order to avoid unanticipated
transition.
3.2 Prediction of Ventilation Inception and Rewetting
Boundaries

Semi-empirical equations for the ventilation inception,
CLincep , and rewetting, CLrewet , lift coefficients are presented in Eqns. (16)-(17):
h
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CLincep is a function of both Froude number and cavitation
number, following scaling requirements, whereas CLrewet
is a function of Froude number, only. Eqns. (16)-(17) were
fitted to the experimental data in Figs. (5a)-(5b), respectively.
The experimentally observed ventilation inception boundaries for atmospheric (towing tank) and sub-atmospheric
(cavitation tunnel) pressure conditions from past experimentation detailed in Tab. (1) are plotted as filled and open
symbols, respectively, in Fig. (5a) as a function of the instantaneous lift coefficient, CLincep , and Fnh for four immersed
aspect ratios (ARh = 0.25, 1, 1.5, 2). The solid and dashed
lines without symbols in Fig. (5a) represent the predicted v-

(a) FW and FV CL vs. αef f , ARh = 1, varying Fnh

(b) FW and FV CL vs. αef f , varying Fnh and ARh

(c) FW and FV CD vs. αef f , ARh = 1, varying Fnh

(d) FW and FV CD vs. αef f , varying Fnh and ARh

(e) FW and FV CM vs. αef f , ARh = 1, varying Fnh

(f) FW and FV CM vs. αef f , varying Fnh and ARh

Figure 3: Variation of the steady-state three-dimensional lift (CL ), drag (CD ), and moment (CM ) coefficients in fully
wetted (FW) and fully ventilated (FV) conditions for varying αef f , Fnh and ARh for predicted and experimental data.
Figs. (3a), (3c), and (3e) contain both data from experiments and semi-empirical predictions, whereas Figs. (3b), (3d), and
(3f) contain solely semi-empirical predictions. In Figs. (3a), (3c), and (3e), filled symbols and solid lines represent the FW
regime, whereas open symbols and dotted lines represent the FV regime. In Figs. (3b), (3d), and (3f), the filled and open
symbols represent the FW and FV response at ARh = 4, respectively; the solid and dotted lines represent the FW and FV
response at ARh = 1.

(a) FW and FV CL /CD vs. αef f , ARh = 1, varying Fnh

(b) FW and FV CL /CD vs. αef f , varying Fnh and ARh

(c) FW and FV CL /CD vs. CL , ARh = 1, varying Fnh

(d) FW and FV CL /CD vs. CL , varying Fnh and ARh

Figure 4: Variation of the steady-state three-dimensional efficiencies in fully wetted (FW) and fully ventilated (FV)

conditions for varying (αef f ), (Fnh ), and (ARh ) for predicted and experimental data. Figs. (4a) and (4c) contain both data
from experiments and semi-empirical predictions, whereas Figs. (4b) and (4d) contain solely semi-empirical predictions.
In Figs. (4a) and (4c), filled symbols and solid lines represent the FW regime, whereas open symbols and dotted lines
represent the FV regime. In Figs. (4b) and (4d), the filled and open symbols represent the FW and FV response at ARh = 4,
respectively; the solid and dotted lines represent the FW and FV response at ARh = 1. Note that the predicted FW values
are shown for α ≤ αincep , and the FV values are shown when α > αrewet only.
entilation inception boundary at atmospheric and subatmospheric pressure conditions, respectively. Note that
Breslin & Skalak’s (1959) smooth data (filled red circular
markers) occurs at much higher maximum lift conditions
than predicted due to the surface-tension effect delaying
ventilation inception at low Reynolds numbers. This phenomenon will be further discussed in the subsequent section.
The rewetting boundaries for atmospheric conditions from
past experimentation detailed in Tab. (1) are plotted as filled
symbols, and the predicted values are plotted as solid lines in
Fig. (5b). As Froude number increases, CLincep decreases
along with CLrewet . In other words, ventilation inception
occurs more easily at smaller values of CL , as Fnh increases.
Similarly, it is more difficult to completely recover FW flow
as Fnh increases since a lower CL is required. Behavior
for Fnh < 2 is not predicted well as small-scale experimental results at such low speeds are largely dominated by

surface-tension and viscous effects. At large values of Fnh
(Fnh > 30), CLincep seems to be Fnh independent. CLrewet
is independent of Froude number when Fnh > 5. CLrewet
is independent of cavitation number and ARh dependent.
Smaller ARh generally causes the CLrewet to be lower.
3.3 Scaling and Roughness Effects on Ventilation Inception and Rewetting
3.3.1 Effects of Re, W e, and σv

Rothblum (1977) observed a number of response- and
appearance-based differences between model and prototype hydrofoils exposed to cavitation and ventilation. More
specifically, large changes in hydrodynamic loadings were
detected between model and full scale experiments which
were mainly attributed to the strength of the surface seal
relative to the growth of the boundary layer, surface pertur-
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Figure 5: Ventilation inception and rewetting boundaries in CL and Fnh space. The ventilation inception and rewetting
boundaries for atmospheric conditions from past experimentation detailed in Tab. (1) are plotted as filled symbols, and the
predicted values are plotted as solid lines. Rough and smooth hydrofoil data from Breslin & Skalak (1959) are shown by
filled red triangular and circular markers, respectively. Atmospheric and sub-atmospheric (0.046Patm ) results from Swales
et al. (1974) are shown by green filled diamond symbols and crimson open triangular symbols, respectively. The predicted
inception boundary at sub-atmospheric (0.046Patm ) pressure is shown via a crimson dashed line. Small ARh results from
Vaughan & Ramsen (1957) are shown in black. Varying ARh results from Harwood et al. (2016) are shown in gold.

Table 1: Summary of previous studies. Compiled are the
model geometric configurations, chord length, ranges of
immersed aspect ratios
√ ARh = h/c, depth-based Froude
numbers Fnh = U/ gh, chord-based Reynolds numbers
Rec = U c/ν, and vaporous cavitation numbers at the free
surface plane σv = (Patm − Pv )/(ρU 2 /2). Parameters not
explicitly stated were calculated via the bounding values
reported for experimental procedures and testing conditions.
Additionally, unstated minimum and maximum parameters
were inferred from the results of their respective works.
Researchers
Vaughan & Ramsen
(1957)
Breslin & Skalak
(1959)

Geometry Chord ARh
(cm)
Biogive

Fnh

Rec x105

σv

36.6

0.25 2.5-49.6 9.7-77.5 0.3-21.4

NACA 4412 7.6
Circular arc 6.4+

2
0.8-9.1 0.9-10.6 2.4-342
0.5-2 0.7-16.4 0.5-5.8 2.3-343

Swales et al.
(1974)

Biogive

10.2

2

1.1-4.3

Harwood et al.
(2016)

Biogive

27.9 1.0, 1.5 0.5-5

1.7-6.7

0.2-88

1.5-17

5.4-540

+

In the case of circular cylindrical geometry, the rod
diameter d, is used instead of chord length c.

bations, as well as roughness effects. It is for this reason
that proper scaling relations are critical for the accurate representation of lifting bodies susceptible to cavitation, and
therefore, possibly ventilation at both model and full scales.

The mean chord-based Reynolds number is defined as
Rec =

Uc
,
ν

(18)

where ν = kinematic viscosity of the fluid. The Weber
number is defined as
We =

ρU 2 c
,
γ

(19)

where γ = surface tension. The Weber number influences
the rupture of the surface seal, whereas, the Reynolds number affects the boundary layer separation. For example, both
rough and smooth hydrofoil data from Breslin & Skalak
(1959) are included in Fig. (5a), and it can be seen that ventilation is delayed for the smooth results due to low Reynolds
number and Weber number. The Reynolds number used in
the smooth hydrofoil model scale experiments was insufficient for the flow to transition from laminar to turbulent,
and the relatively high surface tension effect delayed the
rupturing of the surface seal; therefore, ventilation occurred
later than predicted values of CL . Breslin & Skalak (1959)
discussed that when they, instead, ran the same model foil
with a 0.25 mm diameter trip wire at 5% of the chord behind
the leading edge, they were able to encourage ventilation
at lower CL . Effectively, the purpose of the trip wire was
to roughen the surface of the foil which weakened the surface seal and tripped the boundary layer into transition to
turbulent flow, spurring its growth. Laminar-to-turbulent
transition is critical at model scale, particularly given that
the chordwise pressure gradient is identically zero at the
free surface. Hence, when performing model scale tests at

low Reynolds numbers, turbulent boundary layer tripping is
needed in order to achieve scalable experimental ventilation
inception and rewetting conditions. The results shown in
Fig. (5) suggest that predictions of ventilation inception and
rewetting are accurate at model scale if both Froude number
and cavitation number are the same as the full scale values.
Data from Swales et al. (1974) included in Fig. (5a) shed
light on the effect of cavitation number on ventilation inception. It can be seen that reducing the ambient pressure
in the channel encourages ventilation to incept at lower
values of CL . The predictions of Swales et al. (1974)’s
sub-atmospheric testing are improved considerably by incorporating both Froude number and cavitation number into
the semi-empirical equation. As can be seen in Fig. (5a), the
crimson dashed prediction curve agrees very well with the
open crimson symbols. As noted by Scherer & Auslaender
(1965), ventilation occurs earlier at lower CL with decreasing σv , as cavitation can lead to ventilation. Additionally,
the hysteresis loop narrows as σv approaches 0.1. Thus, it is
important to satisfy both Fnh and σv similarities to properly
simulate ventilation boundaries and the hysteresis response
using reduced-scale testing.

of ventilation and hysteresis. For example, these results
can be used in a regatta or target pursuit setting to force
early ventilation in lightly loaded conditions as the FV efficiency has been shown to be higher compared to the FW
regime for CL . 0.1. This work represents an initial step
of many to overcome the issues of ventilation and cavitation so prevalent to surface-piercing hydrofoil performance.
Furthermore, reliable collapsible experimental data for multiphase hydrofoil performance is lacking in the literature;
the data used for the validation performed in this work will
serve to be an invaluable reference for future prediction
improvements.
Future work for publication includes the hydrodynamic
loading prediction of more complicated hydrofoils such
as surface-piercing and shallowly submerged dihedrals with
and without sweep. Additionally, improvements on moment
coefficient predictions will be highly beneficial to the field.
Furthermore, these predictions have taken into account neither the influence of waves, nor fluid-structure-interactions.
Finally, the present solution can also be integrated into autopilot controllers of composite hydrofoils leading to the
combined active and passive control of ventilation and hysteresis response.

4 CONCLUSIONS AND FUTURE WORK

Hydrofoils are canonical proxies of more complex liftgenerating structures, such as surface-piercing and supercavitating marine propulsors, whose performances suffer
from ventilation and hysteresis. The objective of this work
was, thus, to quantify and characterize the hydrodynamic
performance and hysteresis response of hydrofoils in fully
wetted (FW) and fully ventilated (FV) flows. The effect of
submerged aspect ratio, Froude number, and angle of attack
on the non-linear hysteresis response of surface-piercing
hydrofoils was illustrated by a set of empirical predictions,
which are based on the synthesis of past empirical models.
Predictions of FW and FV lift, drag, and moment coefficients agreed well with published experimental data for a
variety of submerged aspect ratios, angles of attack, and
Froude numbers. The FW lift coefficient and efficiency deCL
crease rapidly with reductions in ARh . The FV CL and C
D
are lower than their FW counterparts. However, in lightly
loaded conditions (CL . 0.1), the efficiency is higher in
FV flow compared to FW flow. The influence of ARh is
less severe in FV flow compared to FW flow. While Fnh
CL
has limited effect in FW flow, both FV CL and C
reduce
D
considerably, with the drop being more severe at higher Fnh
values. The drop in lift when flow transitions from FW to
FV regimes is most severe at high values of Fnh and ARh .
The area inside the hysteresis loop looks to be larger at lower
values of Fnh . Both the maximum CL before ventilation
inception and minimum CL before rewetting decrease with
increasing Fnh .
Given these key findings, it can be seen that these equations are a fast and inexpensive tool to predict ventilation
inception and rewetting boundaries, allowing for insight into
operating conditions and limitations of various hydrofoil
crafts. This information can facilitate the efficient design
and operation of hydrofoils to help mitigate the impact
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