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ABSTRACT
This report reviews and summarizes previous theoretical
and experimental work done to predict the steady lift force
and moment on two-dimensional flat-plate hydrofoils. The
analyses are different for different flow conditions based
on cavitation and depth of submergence. The results are
discussed according to three cavitation conditions: fully
wetted flow, partially cavitated flow, and fully cavitated
flow; and according to three depth Froude number conditions:
0 < Fh < 0.3 (large depth or low speed), 0.3 <
Fh < 2
(small depth or
(critical depth and speed), and 2 < F h !o
high speed).
ADMINISTRATIVE INFORMATION
This work is

authorized under the Bureau of Ships Accelerated

Hydrofoil Program by Bureau of Ships letters S-FO11 02 01 Serial 420-255
of 3 October 1962 and Serial 341B-125 of 13 August 1.963.
supported under Project SS600-000,

The work is

Task 1703.

INTRODUCTION
In 1960 the Bureau of Ships initiated the Hydrofoil Accelerated
Research Program (HARP)

to develop high performance hydrofoil craft.

The

portion of this program undertaken at the David Taylor Model Basin consists
of measuring the unsteady two-dimensional lift

force and moment on hydro-

foils in order to predict the full-scale performance of the foils under
expected operating conditions at sea.
tested.

Two types of hydrofoils are being

One type has a wedge profile to be used on high-speed craft in a

fully cavitated flow regime; the other, a conventional airfoil section to
be used in a low-speed, fully wetted flow regime.

Both types of foils may

experience flow conditions different from their design flow conditions.
Specifically, the wedge foil may experience fully wetted and partially
cavitated flow at low-speed operation, and the conventional foil may
experience cavitation at high speed.

Although the TMB program is mainly

concerned with the unsteady forces and moments developed by the flow,
steady lift and moment predictions are required to provide design data for
the equipment and to predict the average unsteady loads to be expected in
the unsteady flow regime.

The steady lift force and moment depend upon flow conditions over
the foil.

The flow conditions contain the effects of caviitation, depth of

submergence, viscosity, and the hydrofoil profile.

As the effects of

viscosity and the hydrofoil profile are not important to this investigation,
only the effects of cavitation and of depth of submergence are considered
in detail.
This report reviews and summarizes previous theoretical and
experimental work which has been done to predict the steady loads to be
expected on flat-plate hydrofoils.

Some of the analyses have been modified

to give more suitable relations to be compared with results from the TMB
tests and the other analyses.

Results of these investigations are applied

to the geometry and test conditions encountered in the TMB tests.

In the

fully wetted and partially cavitated flow regimes. the flat-plate data
should give valid predictions of the loads on the airfoil profile.
DISCUSSION OF TEST PARAMETERS
The TMB experimental program consists of measuring the lift
moment,

and pressure on two different,

rectangular plane hydrofoil models:

a wedge profile and an NACA 1.6-209 profile.
tally between large end plates.

force,

The lift,

Each model is
moment,

mounted horizon-

and pressures are

measured on a narrow instrumented section at the midspan of the foil where
the flow may be considered to be essentially two-dimensional.
The hydrofoil models are towed in the TMB High-Speed Towing Basin
under various flow conditions which correspond to four depths of submergence and several forward speeds.
conditions; that is,

These conditions include all cavity

fully wetted flow, partially cavitated flow, and

fully cavitated flow.
Figure 1 shows the cross-sectional view of the flat-plate hydrofoil
model in fully cavitated flow.

The foil dimensions are shown in the figure

and the test parameters are defined as follows:

~
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b
c

hydrofoil semichord length (1c)
hydrofoil chord length

h

depth of submergence of the hydrofoil pivot axis

L

lift force per unit span
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cavity length

M
o

moment about the hydrofoil leading edge per unit
span (positive M tends to turn the leading edge down)

M

moment about the hydrofoil pivot axis per unit span
(positive M tends to turn the leading edge up)
r
free stream static pressure

r
pm

cavity pressure
r

location of the pivot axis aft of the leading edge

t

hydrofoil thickness

U

free steam velocity

V

location of the center of pressure aft of the leading
edge

a

angle of attack

FREE SURFACE
--

CENTER

h
U
p0

DTMB EXPERIMENTAL
HYDROFOIL DIMENSIONS

'
c

b=12 INCHES
c= 24 INCHES
h= 1,2,3 OR 4 FEET (NOMINAL)
r= 14 INCHES
t= 2.12 INCHES
Figure 1 - Experimental Two-Dimensional Flat-Plate Hydrofoil
Operating Cavitated beneath a Smooth Free Surface
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The center of pressure is defined as the axis about which moment
The forces which act through this location are the lift and drag

is zero.

on the hydrofoil.

The location of the center of pressure on a hydrofoil

at small angles of attack, then, is given by
c = Mo/L

[1]

On the assumption that flow will be two-dimensional over the instrumented section, the sectional lift and moment coefficients are used for
this investigation.

The lift coefficient is given by
CL = L/I pU2 c

where p is the density of water.

[2]

The moment coefficient, about any axis,

is given by

M/
2

2

2

1

C=

pU

[3

c
Two moment co-

where M is the moment per unit span about any axis.

efficients of particular interest to this investigation are CM , based on
o
the moment about the leading edge of the hydrofoil, and CM , based on
r

moment about the experimental pivot axis.

By the application of Equation [1], the location of the center of
pressure is given the alternate form
c = cCM /CL
0

In the following discussion, nondimensional lengths are expressed in units
of chord length; therefore,

=

/c = CM /C L

[4]

The moment coefficient about the pivot axis is given by
(r/c -

CM

[5]

) CL

r
Unlike Mo, Mr is positive when it tends to turn the leading edge up.
Equation [5] comes from the linear dependence of the moment about an axis
upon the product of the net lift force and the distance from the center of
pressure.
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The cavitation conditions on a hydrofoil are characterized by the
cavitation number given by

a =

-

pc)

/

PU

[6]

The inception of cavitation occurs when the pressure at some point on the
upper or suction surface of the hydrofoil reduces to a critical value equal
to or greater than the vapor pressure of the water.
the water raises the critical pressure.

The air content of

At the point where cavitation

first occurs, an inception cavitation number a. is defined.
1

As the cavi-

tation number decreases, the area of low pressure and the cavity length
increase.

Since the presence of a cavity affects the flow over the foil,

both lift and moment coefficients are functions of the cavitation number.
If a is greater than ai, there is no cavity and the flow is said to be
fully wetted.
When a is considerably less than ai, the flow may become fully
cavitated.

The cavity then separates from some chordwise location on the

upper surface and from the trailing edge of the hydrofoil and extends some
distance aft of the hydrofoil.

In the limiting case of a = 0, the cavity

length becomes infinite.
The effect of a free surface on the flow around a hydrofoil is
characterized by Froude number based on depth of submergence given by

Fh = U /
where g is the acceleration due to gravity.

[7]
When the hydrofoil is deeply

submerged or moving very slowly, the Froude number is essentially zero,
and free surface effects are negligible.
Although slow speeds have little
application to operational hydrofoil craft or to the TMB experimental
program, the theoretical development for Fh = 0 is a good approximation for
deeply submerged hydrofoils.

When the hydrofoil is moving at high speed

close to the free surface, the Froude number is large.

The infinite

Froude number theoretical development has proved to be a valid approximation for this case when the Froude number is
intermediate Froude numbers,
analysis is needed.

greater than 2.0.

At

wave effects become important and an exact
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SUMMARY OF STEADY-STATE HYDROFOIL INVESTIGATIONS

A survey of various theoretical and experimental studies of steady
hydrofoil behavior in the different flow regimes has been made, and the
references are summarized in Table 1 on a basis of Froude number and cavitation number. This table is divided into three cavitation conditions:
fully wetted, partially cavitated, and fully cavitated; and into three
Froude number conditions: 0 < Fh < 0.3, 0.3 < Fh < 2, and 2 < Fh < .

Ex-

perimental studies are indicated by E, theoretical studies by T. Each flow
regime will be discussed in turn.
LOW FROUDE NUMBER
The theoretical and experimental studies, which predict the steady
loads on a two-dimensional flat-plate hydrofoil under various cavitation
conditions in an infinite fluid, provide design data for deeply submerged
Classical aerodynamic theory may be applied
to fully wetted flows, and it also may provide the limiting condition of
no cavity in the partially cavitated flow theory. In the fully cavitated
flow regime, theoretical results for zero cavitation number provide the
or slowly moving hydrofoils.

limiting condition of infinite cavity length.
Fully Wetted Flow
Classical aerodynamic theoryl may be used to predict the steady
loads on flat-plate hydrofoils operating in fully wetted flow in an infinite
fluid. The steady sectional lift coefficient in two-dimensional flow is
[81

CL = 217a
where a is the angle of attack.

The theoretical center of pressure of the

foil is at the quarter-chord position, v = 1/4, and the moment coefficient

1 References

I

are listed on page 27.
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TABLE 1
Summary of Analyses
Depth Froude Number,

Fh = U/ r/g

Cavity Condition

Large depth or
low speed,
0 5 F h < 0.3

Critical conditions of depth
or speed,
0.3 < Fh < 2

Small depth or
high speed,
2
< Fh <o

Fully wetted flow,
a > a , 2 c/c = 0

Glauert, Ref. 1. (T)"
Wadlin & Christopher, Ref. 9 (T)

Crimi & Statler,
Ref. 14 (T)

Wadlin & Christopher, Ref. 9 (T)
Schuster &
Schwanecke, Ref. 10 (T&E)'-

Partially cavitated
flow, 0 << a < ai
0 < Ic/c < 0.75

Geurst, Ref. 2 (T)
Parkin, Ref. 3 (E)
Meijer, Ref. 4 (E)

Fully cavitated
flow, 0 < < a <
1 < c/C - o

Parkin, Ref. 3 (E)
Lamb, Ref. 5 (T)
Tulin & Burkart,

,

Ref. 6 (T)
Wu, Ref. 7 (T)
Fabula, Ref. 8 (T)
T = Theoretical analysis

E = Experimental analysis

Green, Ref. 11 (T)
Schot, Ref. 12 (T)
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about the leading edge of the foil of unit chord length is

CM

[9]

about the pivot axis of a hydrofoil is obtained

The moment coefficient CM
from Equation [5].

= CL/4

r

Partially Cavitated Flow
Partially cavitated flows, in which the cavity closes forward of
the trailing edge of the foil, are difficult to analyze.

Both the theo-

retical and experimental studies 2 ,3 54 indicate that flow instabilities
develop when the cavity ends near the 0.75 chord position.

The theoretical

development of the loads on a partially cavitated foil in an infinite fluid
has been made by Geurst. 2

The theoretical results have been checked and

substantiated by the experiments of Parkin 3 and Meijer. 4
Geurst predicts the lift and moment coefficients (moment taken
about the leading edge) as follows:
CL =

a (1 + 1./sin 7/2)

[10]

and
C

Ta

CM
o

--

8

2
3
(-3 - 6 sin Y/2 + sin 2 Y/2 + 4 sin3

/2)

[11

where y is a parameter defined by cavity length in the following equation:
c/c = cos 2 y/2
and a is angle of attack.

[121

The parameter y is also related to the cavitation

number a and the angle of attack by the following equation:

(1 - sin y/2)
1
2= tan Y/2 (1 + sin y/2)

[13

Geurst presents graphs of the ratios c/a, CL/2,
versus cavity length.c /c,

which he calls (1 +,)/2,

and

2

CM /7a

based on Figure 2.

These graphs show that as the cavity length approaches one, the lift and
moment coefficients approach infinity.
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Parkin indicates that cavities with lengths in the range 0.75 <
are unstable.

1/c < 1
c
Meijer found that stable cavities exist in the range of

cavity lengths 0 <

/c

c

< 0.75.

In this range, Geurst predicts reasonable

values for lift and moment coefficients.

To compare his results with other

theoretical and experimental results, data from the graphs were combined to
obtain CL/a, ',

and CM /a in terms of the ratio c/2a. These results are
r
plotted in Figures 3, 4, and 5. respectively. As the cavity length approaches zero, the Geurst results for lift and moment approach those predicted by classical aerodynamic theory.
Parkin conducted tests on a cavitated thin wedge in the California
Institute of Technology water tunnel to determine steady lift and moment
coefficients.3

The conditions in the water tunnel approximated two-

dimensional flow in

an infinite fluid.

Parkin's data may be compared with

theoretical results for zero Froude number.

(-I,0)

1(+1,0)

Figure 2 - Geurst's Model for a Partially
Cavitated Flat Plate Hydrofoil
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Figure 3 - Lift Slope versus Cavity Ratio a/2a for a Flat-Plate Hydrofoil
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Figure 4 - Location of the Center of Pressure versus Cavity Ratio a/2a
for a F lat-Plate Hydrofoil at Infinite Depth, Fh = 0
Cavity is assumed to detach from the leading edge.
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Figure 5 - Moment Slope versus Cavity Ratio a/2a for a Flat-Plate Hydrofoil
at Infinite Depth, Fh
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Values of lift slope CL/a

,

location of center of pressure D, and

moment slope CM /a versus cavity ratio a/2a from Parkin's experimental
r
The
with theoretical results in Figures 2, 3, and 4.
compared
are
results
experimental data are scattered in the transition between fully cavitated
and partially cavitated flow near cavity length
that unstable cavities exist in

c/c = 1.0.

This indicates

the region of cavity lengths 0.75 < 49/c <

1.0, as predicted by theoretical results.

2 8

,

No available experimental

data for cavity length exist to verify the region of transition from stable
fully cavitated flow to stable partially cavitated flow, 0.75 <

c/c < 1.0.

The thickness of Parkin's wedge is important in partially cavitated flow.
This may explain the discrepancy between Parkin's results and Geurst's
theory for cavity ratios greater than 5.
Fully Cavitated Flow
When the flow is fully cavitated, the cavity springs from a point
The

on the upper surface of the foil and closes aft of the trailing edge.

point of detachment is located a distance e, in chord length, aft of the
leading edge.

In the limiting case of zero cavitation number, the cavity

never closes but extends infinitely far downstream.

The theory for the

5
zero cavitation case has been thoroughly developed by Rayleigh and by

Tulin and Burkart.

6

Wu

and Fabula 8 have developed more general theories

which apply to cavities of finite length and nonzero cavitation numbers.
In the limiting case of an infinite cavity, their theories give the zerocavitation conditions.
Rayleigh 5 developed the theoretical cavity flow over an oblique
lamina in which the cavity springs from the leading edge (e = 0) and extends
to infinity (a = 0).

This theory predicts a steady lift coefficient
2rT sin a cos a

C = 4 + T sin a

[14]

Steady partial cavities ending near the trailing edge have been observed
experimentally at St. Anthony Falls Hydraulic Laboratory. A forthcoming
report by Dr. C. S. Song will give theoretical results for a smooth
transition between partially and fully cavitated flow.

and a steady moment coefficient about the leading edge

4 + T sin a

2

4[4 +

T

sin ca]

If a is small, these equations may be linearized 6 to give
2

L

C

- 5 rrt/32

[16]

These two equations may be combined by Equation [4] to give a center of
pressure
I

= 5/16

[17]

Wu7 modified the Roshko open-cavity model to apply to a nonzero
cavitation number condition on a flat-plate hydrofoil.

For this model two

important assumptions are made:
1.

The cavity detaches from the sharp leading and trailing edges

of the hydrofoil to fully enclose the upper surface of the hydrofoil.
2. A wake extends downstream from the end of the cavity to infinity.
Certain mathematical parameters used in this theory are defined by the
following equations:
S=i log (1 + a)
2

Al

9

2(T - a)

(a 2 +e )

1/2

_a +

e2

1

/16

A2 = 0
A3 =

-A1/

J = 4 + r sin B + kl (7 + 2.72 sin B)

jep*

111

-

-~I

I=_

I

- -

I

I

In terms of these mathematical parameters, the lift coefficient is given
by

2

CL

-

( 1+

J

+ -

4

)

cos

(sin

+ Al)
[18]

C

8 sin

(sin p + A)

32

(sin

2

+ A

+

/2)

(A - sin

)

4

For small angles of attack and cavitation number, the location of the
center of pressure is

given by

5

v ~ -

16

Al
+

[19]

8 ( + Al )

The moment coefficient may be obtained from Equation [5].

For the limiting

case of zero cavitation number, both the lift coefficient and the location
of the center of pressure reduce to the linearized Rayleigh results 6 given
in Equations

[151 and [17].

A linear theory for the steady lift on a fully cavitated flat-plate
hydrofoil in an infinite fluid has also been developed by Fabula.

How-

ever, this theory considers cases where the cavity detaches from any
location on the upper surface of the hydrofoil.

Thin airfoil theory is

applied with various closure conditions on the cavity, resulting in the
two different mathematical models shown in Figure 6:
1.
c

An "open" cavity model where the cavity ends at some distance

and a wake of width t

w

extends downstream to infinity.

2. A closed cavity model where the cavity ends with no wake.
The lift slope and the cavity length depend upon the closure condition,
the location of cavity detachment, and the cavity ratio a/2a.

Fabula's

theory, however, does not include hydrofoil thickness effects; therefore,
this theory is probably the most accurate for the cavity which fully encloses the hydrofoil (e = 0).

In Figure 7, Fabula's results' for lift

Lift slope and cavity length were recomputed on the IBM 7090 Digital
-Computer at the Taylor Model Basin.

IMPLIED WAKE

-eCAVITY

1CAVITY

V

"OPEN" CAVITY MODEL

=0

Sht,

-- C

"CLOSED" CAVITY MODEL

Figure 6 - Two Models for a Fully Cavitated Flat-Plate
Hydrofoil, from Fabula
slope and cavity length are plotted versus cavity ratio for three detachment conditions expected in the TMB experiments: e = 0, e = 0.5, and
e = 1.0.

For the case where the cavity springs from the leading edge of the
hydrofoil (e = 0), Fabula's closed cavity model gives essentially the same
The curves of lift slope versus cavity ratio from

results as Wu's model.

the two theories are compared in Figure 8. Wus theory has the advantage
that it also predicts the location of the center of pressure. Fabula's
theory, however, is valid for cavities springing from an arbitrary point
on the chord. In this investigation, experimental results from Parkin's
for the lift slope CL/a,
the location of the center of pressure v, and the moment slope CM /a versus

water-tunnel tests are compared with Wu's theory

r

cavity ratio a/2aL in Figures 3, 4, and 5, respectively. The curves from
Wu's theory show a small spread with angle of attack when plotted in this
manner.

Lift slope, location of the center of pressure, and moment slope were
recomputed on the IBM 7090 Digital Computer at TMR.
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Summary
The predictions of the theories for zero Froude number flows may
be summarized as follows:
1. In partially cavitated flow, Geurst 2 predicts higher values for
lift

and moment than Parkin finds experimentally.
In fully cavitated flow, Wu7 and Fabula 8 predict lower values

2.
of lift

than Parkin finds experimentally.
3. In fully cavitated flow, Wu 7 predicts higher values of moment

than Parkin finds experimentally.
HIGH FROUDE NUMBER
The infinite Froude number approximation may be applied to hydrofoils moving at very high speed beneath a free surface.

This approximation

is also the limiting condition of zero depth of submergence.
regime,

there is

few analyses

l 0

no wavemaking and the analysis is

In this flow

relatively simple.

The

which have been made for intermediate Froude numbers indicate

that the infinite Froude number approximation should be valid for design
purposes if

Fh is

greater than 2.0.

Fully Wetted Flow
At finite submergence at which the Froude number is
2.0, the lift

greater than

on a fully wetted hydrofoil may be computed from classical

aerodynamic theory for biplane airfoils.

The free surface produces an

image foil above the surface at the same angle of attack as the original
foil.

Classical theoryl predicts the lift

attack in

coefficient for small angle of

the following form:
CL = 2a/

[l + (c/h) 2/161

[201

the location of the center of pressure
V = 1/4 [1 -

(c/h)2 /32]

[21]

and the moment coefficient about the pivot axis

CMr =

r/c - 1/4 [1 -(c/h)2/321

CL

[22]

However, as the depth of submergence h approaches zero, the lift and moment
coefficients approach zero.

This is physically unrealistic because a

planing plate experiences lift and moment.
Wadlin and Christopher 9 avoid this paradox with a theoretical model
based on a line vortex at the three-quarter chord point and an image line
vortex above the free surface.

Their theory predicts the lift coefficient

for small angle of attack to be
CL = 2raK2

[23]

where K2 is a two-dimensional depth correction factor defined by the
following equation:
(4h/c)

K

2

+ 1

=

[24]
(4h/c) 2 + 2

Wadlin and Christopher, however, do not predict the location of center of
pressure and the moment coefficient.

Schuster and Schwanecke1 0 developed

a theory which gives the same predictions.

In the limit of infinite depth

the results from all these theories reduce to classical airfoil theory.
In the limit of zero depth the problem reduces to the case of a
planing plate. Wagner11 has shown that the lift coefficient of a plate at
angle of attack a is
CL =

ra

[25]

where c'is the wetted length of pressure surface.

If c/= c, the chord

length, Wagner's solution reduces to na, the limiting value of the previous
theories.
Experimental results 1 0 for lift slope versus dimensionless depth
of submergence h/c are compared with the theories in Figure 9. The e.xperimental data, from Schuster and Schwanecke,

were taken from three-dimen-

sional data corrected to two-dimensional data.

Scatter in the data may

indicate that the experiments included some wavemaking effects or that the
correction to two-dimensional conditions is not valid near the free
surface.
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Figure 9 - Lift Slope versus Dimensionless Depth of Submergence h/c
for a Fully Wetted Flat-Plate Hydrofoil -- A Comparison
of Theory to Experiment
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Cavitated Flow
Schotl 2 has developed theories for cavitating hydrofoils beneath a
free surface. He presents results for the infinite cavity a = 0. The
results for a partially cavitating foil beneath a free surface are almost
ready for publication.

More work is needed in this area to fill in the

gaps shown in Figures 10 and 11 and Table 1.
12
For the case of zero cavitation number, Schot's linearized theory
leads to integral equations for lift and moment coefficients. An evaluation
of the integral for the lift coefficient is done in closed form and yields
the following equation:
+ c/d -

CL/a = h

12

[27]

The depth of submergence is related to the

where d is a mapping parameter.
ratio c/d by the equation:

[28]

n/h = c/d - log (1 + c/d)

Schot, however, did not evaluate the equation for moment about the leading
edge, which is of the form
2
CM

where E is

0

2

TT d

2f

c

(c -

o

d + S

[- 5/d + log (1 +

-

also a mapping parameter.

/d)] d§

[29]

The integral was evaluated for this

investigation by Simpson's rule for various depths of submergence. As depth
approaches infinity, Schot's results approach the Rayleigh results.6 As
depth approaches zero, Schot's results approach Wagner's results - for a
planing plate. Lift slope CL/a and moment slope CM /a versus nondimensional
S

depth of submergence h/c from Schot's theory

r

are compared with the fully

wetted flow theoriesl '9 in Figures 10 and 11.

Lift slope and moment slope were computed on the IBM 7090 Digital
Computer at TMB.
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WAVEMAKING RANGE OF FROUDE NUMBER
In the range of Froude number based on depth from 0.3 to 2.0,

the

limiting values of zero and infinite Froude number conditions cannot be
applied to determine the loads on hydrofoils.
effects are important.
hydrofoil tests.

This is

In this regime wavemaking

a flow regime of some importance to the TMB

It will be at relatively low speed so that cavitation

results will not be important.
Experimental and theoretical results reported by Schuster and
Schwanecke1 0 show that Fh = 1 represents a critical flow condition over the
hydrofoil, similar to a shock wave in aerodynamics.

At low speeds U2 << gh

is
or Fh << 1, flow over the hydrofoil is steady and the free surface
virtually undisturbed. As the speed is increased so that Fh approaches 1,
a hydraulic jump forms over the hydrofoil and becomes a maximum at Fh = 1.
As the speed is further increased, the hydraulic jump diminishes in size
and eventually washes downstream.

Pictures of the critical wavemaking phe-

nomenon are given in a report by Parkin, Perry, and Wu.13

Near the critical

flow condition, the steady lift and moment coefficients depend upon speed.
Schuster and Schwaneckel 0 indicate that for Fh greater than 2 the coefficients are no longer affected by speed, and the theoretical development
for Fh =

m

becomes valid.

In a similar analysis, Crimi and Statler1 4 developed a theory for
the loads on an oscillating hydrofoil beneath a free surface as a function
of Fb and Fh, where Froude number based on semichord Fb is given by
Fb = U/
The relation between F b and F h is

L

[30]

given by

F h = Fb Vb/h= Fb

c/2h

[31]

In the case of zero frequency of oscillation, these results may be used to
predict steady loads.

The points already computed were used to plot the

curves of lift slope and moment slope versus Froude number based on semichord in Figure 12.

Note that at h/b = 1

or h/c = 0.5, Fh = Fb

.

The

curves show that lift and moment slopes differ significantly from their
asymptotic values even at a Froude number Fb = 6.
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In another steady-state analysis, Nishiyama

predicts lift on an

arbitrary hydrofoil profile beneath a free surface at low Froude numbers.
This analysis has not been completely evaluated for a flat plate and no
numerical results are available.
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