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ABSTRACT 
This is an experimental investigation of the lift and drag 

characteristics of a new hydrofoil shape that is optimized for low 
drag under partially cavitating conditions. Comparisons were 
made with a NACA 0015 cross-section. Each hydrofoil was 
mounted and tested in the Saint Anthony Falls Laboratory High 
Speed Cavitation Tunnel.  Lift and drag were measured at three 
different velocities in the range 8-12 m/s over a range of angle of 
attack and cavitation number. Cavity length and fluctuations in 
length were also measured using photographic and video 
observation. Of significant interest was the large increase in lift 
under partially cavitating conditions. Lift to drag data also show 
a similar trend. It was also found that cavity length oscillations 
differ from that on a NACA 0015 hydrofoil with different 
spectral characteristics.  Design aspects and comparisons 
between predicted and measured data are also described.   

INTRODUCTION 
The growth of partial cavities on hydrofoils usually leads to 

a drag increase (Knapp et al [1]). This increase is an issue for 
many applications in engineering (particularly, for increased 
speed of hydrofoil ships, as shown in [2], [3]). On the other 
hand, there is a successful experience in drag reduction by 
partial cavitation on ship hulls specially re-designed for 
generation of stable partial cavities (Ivanov & Kaluzny [4] or 
Latorre [5]). This experience has led to the design concept of 
low-drag partially cavitating hydrofoils (Amromin et al [6]), but 
experimental validation for hydrofoils or blades is lacking. 

This investigation was aimed at validating the application 
of the mentioned design concept for a partially cavitating 
hydrofoil by water tunnel model tests. A special hydrofoil was 
designed for this aim (this hydrofoil was named as Oklahoma-
2003; herein referred to as OK-2003). This design was carried 
out in the framework of potential theory, with employment of a 
classical closure scheme [7] and a recently described [8] 
iterative numerical technique to solve nonlinear problems for 
velocity potential. 

 

 
The hydrofoil NACA-0015 was chosen as the initial 

approach in the design iterative procedure, and OK-2003 keeps 
many features of the NACA-0015 (the same shape on the 
pressure side, very close to the same thickness, etc). This makes 
it reasonable to compare experimental data for the NACA-0015 
and OK-2003 gathered in the same water tunnel at the Saint 
Anthony Falls Laboratory.  

This is an initial step toward determining important design 
factors such as: lift-to-drag ratio, ranges of flow parameters 
where this ratio is highest and the stability of the cavitating flow. 
The aim of the present investigation is to provide model test data 
for the first hydrofoil designed in the framework of the above-
mentioned concept. 

 

NOMENCLATURE 
c = hydrofoil chord 
Cd = drag coefficient  
Cl = lift coefficient  
Cp = dimensionless pressure coefficient 
l = cavity length 
PC = pressure within cavity 
P∞ = unperturbed pressure  
Re = Reynolds number 
S = boundary of inviscid flow 
S* = free boundary 
St = Strouhal number 
U = velocity in inviscid flow related to U∞ 
U∞ = free stream speed 
Û = U over cavitation-free hydrofoil 
X0 = abscissa of cavity detachment point  
α = angle of the attack 
α0 = zero lift angle of the attack 
β = trailing edge corner 
δT = hydrofoil thickness 
σ = 2(P∞-PC)/(ρU∞

2)- cavitation number 
ρ = water density 
Φ velocity potential 



    

1 DESIGN ASPECTS OF THE OK-2003 HYDROFOIL 
The design of low-drag partially cavitating hydrofoils is 

based on the computation of the cavity shape on a hydrofoil in 
an ideal incompressible fluid. As is conventional, the fluid 
velocity potential is defined, and the following boundary value 
problem must be solved to determine this shape:    
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Here α is the angle of attack, N is normal to S, the surface S 
includes the cavity surface S* (that is the surface of a constant. 
pressure and a fixed length) and the really wetted surfaces. A 
fictitious boundary in the tail of cavity is also included in S (as 
shown in Fig.1). 

 
Figure 1 Basic contour for design of a hydrofoil is solution of 
ideal cavitation problem. The angle of attack is -4°°°°. 
   
For hydrofoils, a condition for lift determination must be added 
to Eqs.(1)-(4). It is traditional to employ the Kutta-Joukovskii 
condition for this aim. The following formula describes the 
velocity behavior in the vicinity of hydrofoil’s trailing edge: 
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This formula is deduced by analyzing a conformal mapping of 
the trailing edge vicinity into a circle. Here Θ=β/(2π-β), β is the 
trailing edge corner, the origin coincides with the hydrofoil 
leading edge. The coefficient C* must be zero to satisfy Kutta-
Joukovskii condition.  

However, this condition is not good enough for hydrofoil in 
real viscous fluid, where Re influences CL values. It is much 
better to employ the Mishkevich [9] approximation for CL of 
cavitation-free hydrofoils:   
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)87.01(2 TIDC δπ +=Α for unbounded flow of ideal fluid, but 
considering hydrofoil in a tunnel, one must take this coefficient 
from solution of Eqs.(1),(2),(.3) and (5).  

There are two paths to introduce this reduced CL value in 
the framework of ideal fluid model. The first one is to reduce the 
angle of attack with the regard to Eq. (5). However (as shown in 
Fig.2, where computed dependencies are compared with 
measurements by Kjeldsen, Arndt & Effertz [10]), it leads to 
underestimation of the pressure minimum near the hydrofoil 
leading edge. The second one is to replace Eq.(5) by the 
following consequence of Eq.(6): 
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Here SH is the hydrofoil contour. This path leads to the unlimited 
velocity rise in a negligible vicinity of the hydrofoil trailing edge, 
but such rise is a normal situation in ideal fluid (for example, it 
has always occurred at sharp leading edges of hydrofoils). The 
power (β-π)/(π-β/2) in the asymptotic dependency for U in this 
vicinity does not allow its noticeable contribution  to CL. 

For hydrofoils with growing partial cavities, the Kutta-
Joukovskii condition becomes absolutely unsatisfactory because 
the paradox found by Guerst [11]: Lift and cavitation number 
have unlimited increases for X0+L→C (the unrealistic behavior 
of the dependency of L(σ) computed by Watanabe et al [12] is 
completely associated with overestimation of CL). The correction 
(6) does not suppress these increases. For moderate angles of 
attack (lift values), a lift computation concept can be deduced 
from the hypothesis that the difference in CL for partially 
cavitating and cavitation-free hydrofoil at a fixed α is generated 
by pressure changes along the cavity only (as considered by 
Amromin & Vacilyev [13]). This results in the following 
formula: 
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Here R(x)=[(X0+L-x)(x-X0)]1/2. In the above problem of 
potential theory, this equation can be linearized and added to 
Eqs.(1),(2),(3) instead of Eq.(5). One can see in Fig.3 that 
agreement between theory and experiment was sharply improved 
due this lift correction. This figure also manifests that the results 
of nonlinear theory about independent on α at the fixed values of 
σ/(2α). 

As shown in Fig.4, there is also some influence of cavity 
detachment on dependencies L(σ), but determination of X0(Re) 
is out of framework of this study (a reader may be addressed to 
[8]).  It is also interesting that our computation gives no realistic 



    

cavity for L<0.6 at α=6° (an intersection of the cavity contour 
with the hydrofoil contour appears). 
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Figure 2 Comparison of our computation and measurements 
of pressure for cavitation-free NACA-0015 hydrofoil at αααα====5555°°°°. 
Solid line corresponds to ideal fluid at the same α and with 
the taking into account the wall effect. Thin dashed line also 
corresponds to ideal fluid, but α is reduced to obtain CL that 
corresponds to Eq.(6), and the distance H between walls is 
reduced to take into account the effect of thickness 
displacement on the wall on real tunnel blockage. The thick 
dashed curve is computed for αααα====5555°°°°, reduced H and CL fixed 
with the account of Re effect. 
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Figure 3 Cavity length for hydrofoil NACA-0015 in SAFL 
water tunnel versus 0.5σ/α. Triangles show measured results. 
Computed solid line relates to α=6°. Computed dashed line 
relates to α=8°. Crests exhibit computed results [12] with 
employment of Kutta-Joukovskii condition  

 
As shown in Fig. 1, the design starts with some initial 

contour. Let us assume that the cavity shape is already found by 
solving this potential problem for given values of α, L and X0 
(and sometimes, for the given shape of walls, which influence is 
reflected by Eq.(2) on their surface). The next step is to plot a 

new hydrofoil contour which part must be plotted within the 
final contour. 
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Figure 4 Cavity length for hydrofoil NACA-0015 in SAFL 
water tunnel versus 0.5σ/α. Triangles show measured results. 
Computed lines relate to α=6°, but solid line corresponds to 
Xo=0.09C, whereas dashed line corresponds to Xo=0.11. 
Crests exhibit computed [12] results. 

 
This step is, probably, the main difference in employment 

of potential problems for design of hydrofoils with suppressed 
cavitation (widely used since Shen & Eppler’s [14] pioneer work) 
and the presented design of cavitating hydrofoils. The hydrofoil 
plotting is a procedure that can be quite arbitrary, but there are 
several general rules: The new contour must coincide with the 
final S* in some vicinity of X0 and fictitious body; a corner 
would fix the cavity detachment at the designed hydrofoil and 
make cavitation more stable.  
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Figure 5 Thickness distribution of hydrofoil OK-2003 and its 
camberline 

 
An example of the accomplished design procedure with 

NACA-0015 as the initial contour is the above-mentioned 
hydrofoil OK-2003. Its geometrical characteristics are shown in 
Fig. 5. One may emphasize that the thickness distribution is not 
convenient, as well as the camberline form. Nevertheless, 
coincidence of their upper sides and close values of δT for both 
hydrofoils make it reasonable to compare their cavitation 
performances by testing in the same water tunnel.   



    

2 EXPERIMENTAL PROCEDURES 
The OK-2003 hydrofoils were mounted and tested in the St. 
Anthony Falls Laboratory High Speed Cavitation Tunnel. Lift, 
drag, digital still pictures and digital videos were obtained. Lift 
and drag were measured simultaneously with a force balance. 
The force balance is calibrated in-situ using weights. There is a 
20% hysteresis in drag measurement1, but the lift measurement 
works very well. Lift and drag were measured at -5, -6, -7 
degrees of angle of attack at various cavitation numbers. Time-
series data of lift and drag are also obtained for further spectrum 
analysis. 

The force balance measures the normal and longitudinal 
forces relative to the chord line of the hydrofoil, denoted as Lm 
and Dm. In order to measure lift and drag relative to the flow 
direction, the following coordinate transformation is used: 

αα sincos mm DLL −=  
αα cossin mm DLD +=  

Where α is the angle of attack. 
 
Digital still pictures are taken using a Nikon D1H digital SLR 
camera with the following settings: bulb, f6.3, ISO1250. The 
flow is illuminated by two stroboscopes triggered by an external 
power source. Pictures were taken at -5 degrees of angle of 
attack with various cavitation numbers. A Canon GL2 digital 
camcorder is used to record digital videos. The digital 
camcorder is positioned normal to the water tunnel back 
window. All the videos herein are made at 30 fps. Three series of 
videos for -6°@8m/s, -6°@10m/s, and -7°@9m/s are recorded 
respectively.  

 

3 DATA ANALYSIS 

Lift 
Lift data are obtained under different conditions.  Figure 6 

depicts the lift coefficient normalized to the non-cavitating value 
as a function of σ. Of significant interest is the large increase in 
lift under partially cavitating conditions at 0.8 < σ < 1.4. Cl/Cln 
increase from 0.1 at σ=0.4 to 1.35 at σ=0.95. The peak value of 
Cl/Cln is 35% higher than that for the NACA-0015 hydrofoil. 

The results for the normalized rms lift normalized to the 
time mean value are shown in Figure 7. The data collapse well. 
As sigma is lowered below the maximum lift value, the intensity 
of the lift oscillations increases markedly. The maximum 
normalized rms lift is 1.17 at -6@10m/s with cavitation number 
of 0.45. There is a sharp decrease below this value.  This 
indicates that there are very strong oscillations in lift with 
magnitudes well above the average value.  FFT analysis of lift 
time series shows that there are two branches for angle of attack 
-5º, one of which is at fC/U=0.2, the other of which is at 
fC/U=0.5. At σ=1.1, the spectrum peak jumps from the first 
branch to the second branch. Figure 8 is the lift spectrum for 
angle of attack -5º. As the lift balance limits the number of 

                                                      
1 This is due to mechanical hysteresis. A new balance is 

being designed and constructed. 

samples per time series, the resolution of the spectrum is not 
very high, but the two branches in the data are easily discernable. 

 

 
Figure 6 Normalized lift coefficient. 

 
 

 
 

Figure 7 Normalized rms lift. 
 

 
 
 

Figure 8 Lift spectra for angle of attack -5º. 



    

 

Drag 
Due to hysteresis in the drag component of the current force 

balance, the drag measurements are not very reliable. The data 
presented here is considered preliminary. As shown in Figure 9, 
the drag coefficient changes significantly within the range of σ = 
0.5 - 1.2.  

 

 
Figure 9 Drag coefficient. 

  
Lift to drag dataalso shows a similar trend as lift coefficient. 

A large increase occurs under partially cavitating conditions as 
shown in Figure 10. Near σ = 1.0, there is a peak of the ratio of 
lift to drag. 

The drag spectrum shows a pattern similar to the lift 
spectrum. There are two branches as shown in Figure 11, one is 
corresponding to fc/U = 0.2 at σ ≤ 1.1, the other one corresponds 
to fc/U = 0.5 at σ > 1.1. 

 

 
Figure 10. Ratio of lift to drag2 

 
 
 

                                                      
2 The absolute value of lift is used to get the ratio of lift to 

drag. 

 
Figure 11 Drag spectra for angle of attack -5º. 

Cavity Length Analysis 
Although sometimes the cavity originated from mid-cord, 

only cavities observed to originate from the leading edge are 
considered in this analysis.  As the cavitation process is highly 
dynamic, cavity length is herein defined as the maximum length. 
The measured cavity length at various angles of attack is 
presented in Figure 12 in the form l/c vs. σ/2α. Also plotted 
are the partial and super-cavitation theory of Watanabe and the 
best-fit line to the data from the NACA 0015 foil (Kjeldsen et al, 
[15]). These data are similar to that observed for the NACA 
0015 foil. In a consistent analysis the data should be correlated 
with σ/2(α - αo).  However, as shown, the data collapse better 
if referencing to the zero lift angle is ignored. In looking at the 
design of the OK-2003 foil this observation may be logical from 
the viewpoint that the first half of the suction side is flat.  

Note also that l/c exceeds 1 (supercavitation) at 
approximately σ/2α = 4.  This is the same result as for the 
NACA hydrofoil. 

 

 
Figure 12 Cavity length. 

 
Digital photos corresponding to A~F in Figure 12 are 

presented in Figures13 - 18. 
 



    

 
Figure 13 AOA = -5 U = 10m/s σ = 0.36 (A). 

 

  
Figure 14 AOA = -5 U = 10m/s σ = 0.46 (B). 

 

 
Figure 15 -5@10m/s σ=0.52 (C). 

 

 
Figure 16 AOA = -5 U = 10m/s σ = 0.75 (D). 

 

 
Figure 17 AOA = -5 U = 10m/s σ = 0.93 (E). 

 

 
Figure 18 AOA= -5 U=10m/s σ=1.22 (F). 

Comparisons With the NACA 0015 Hydrofoil 
The results shown in the previous section can be compared 

with similar data for the NACA 0015 Hydrofoil obtained in the 
same facility. For example, as shown in Figure 19, the NACA 
0015 Hydrofoil lift data does not exhibit a peak in lift in the 
partially cavitating regime (cf Figure 6 for a similar plot of the 
OK- 2003 lift data). 
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Figure 19 Lift ratios for cavitating and cavitation-free 
hydrofoil NACA-0015 in SAFL water tunnel. Lines show 
computations. Thick solid line and circles (measurements) 
relate to α=7°. Thin solid line and squares (measurements) 
relate to α=5°. Dashed line and diamonds (measurements) 
relate to α=3°. 

 



    

Similarly, the drag characteristics of the OK-2003 hydrofoil 
are dramatically different from a NACA 0015. As shown in 
Figure 20, drag for the NACA 0015 hydrofoil increases 
monotonically below σ=1.08, whereas a reduction in drag is 
predicted and observed for the OK-2003 hydrofoil. 
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Figure 20 Relative drag versus cavitation number. 
Diamonds: experimental data for OK-2003 hydrofoil, solid 
line: computation for OK-2003, dashed line: experimental 
data for NACA 0015 hydrofoil. Cavitation-free drag is 
chosen as a normalization reference. 

 
The lift/drag ratio characteristics of the OK-2003 hydrofoil 

are also quite different from a NACA 0015, as can be seen in 
Figure 21.  For the NACA 0015 hydrofoil this ratio decreases 
monotonically with decreasing cavitation number, whereas for 
the OK-2003 hydrofoil an increase is observed with a peak at 
approximately σ=1. 
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Figure 21 Comparison of measured lift to drag ratio for 
partially cavitating and cavitation-free hydrofoils, OK-2003 
(symbols) and NACA-0015 (solid line). Angle of attack values 
are given in degrees.   
 

 
Figure 22 Oscillating lift data for the NACA 0015 hydrofoil. 
 

Figure 22 contains spectral data for oscillating lift on the 
NACA 0015 hydrofoil for an angle of attack of 8° (Kjeldsen et 
al, [15]). In this plot the composite parameter, σ/2α is used. This 
compares with the spectral lift data for the OK-2003 hydrofoil 
shown in Figure 8, plotted as a function of σ, for an angle of 
attack -5º. The NACA 0015 data have a higher temporal 
resolution than the more preliminary data shown in Figure 8. 
Therefore caution must be excercised in making comparisons 
between the two sets of data. However, it is significant that there 
are two peaks in the OK – 2003 data, one peak is at fc/U=0.2 for 
sigma below 1.1; the other one is at fc/U=0.5 for sigma higher 
than 1.1. This is similar to the spectral data shown here, but 
differs in the sense that the upper frequency peak is constant. 
The spectral characteristics of the NACA 0015 foil were such 
that there were two spectral branches with a bifurcation at σ/2α 
= 4.  The lower branch was at a constant value of fc/U = 0.2 
whereas the upper branch dominated above σ/2α = 4 where the 
frequency scaled with cavity length, l, fl/U. rms lift was found to 
peak at σ/2α = 4.  By comparison the peak rms value for the OK 
2003 was also found at σ/2(α - αo) ≅ 4.  However, recall that 
the cavity length data appear to correlate best with σ/2α. This 
warrants further study. 

CONCLUSIONS 
The hydrofoil OK-2003 was designed in the framework of 

ideal fluid theory to provide a stable drag reduction by partial 
cavitation in the vicinity of the given angle of attack. The 
experiment in the water tunnel shown a drag reduction and 
validated the design concept. Besides, this hydrofoil exhibited 
other promising features.    

Of significant interest was the large increase in lift under 
partially cavitating conditions. Lift to drag data also shows a 
similar trend.  



    

It was also found that cavity length oscillations differ from 
that on a NACA 0015 hydrofoil with different spectral 
characteristics.   
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