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1. Introduction 
 

A hydrofoil supported catamaran, known as Hysucat, was developed in the Lecturer-Research-
Project at the Mechanical Engineering Department, Division Marine Engineering at the University 
of Stellenbosch in South Africa 1977/78 after a qualitative model test of an existing catamaran 
model with a simple  hydrofoil spanning the tunnel showed up with 40% reduction of the pulling 
rope resistance in the free-surface water circulating tunnel. The hydrofoil had been designed to 
ŎŀǊǊȅ рл҈ ƻŦ ǘƘŜ ŎǊŀŦǘΩs weight at simulated 40 knot top -speed. 
 
The strong resistance reducing effect could not immediately be explained especially as the 
hydrofoil had quite a low aspect ratio which usually gives relatively low foil efficiencies. 
Larger models  with hydrofoils were tested subsequently and confirmed the 40% resistance 
improvement.  This lead to the Hysucat-Research-Project which was to investigate the Hysucat 
design theory and optimisation of the Hysucat effect.  The design of other Hysucat models was 
originally strongly based upon model tests and an early application to the model hull of the IMT 
ŎŀǘŀƳŀǊŀƴ ά5ƻƭƻƳŜŘŜέ ǿŀǎ ǘƻ ŘŜǎƛƎƴ ŀƴŘ ƻǇǘƛƳƛǎŜ ŀ Ŧƻƛƭ ǎȅǎǘŜƳ ŦƻǊ ǘƻǿƛƴƎ ǘŀƴƪ ǘŜǎǘǎ ǿƘƛŎƘ ŀƭǎƻ 
indicated  a 40% resistance improvement, see Hoppe [3]. 
The correlation of the model results to the prototype followed the standard towing tank method 
used for planing hulls, see Phillilps-Birt. [4] and indicated that the prototype could also be 
improved by about 40% due to the hydrofoil action. 
 
Later studies of hydrofoil boundary layer flow and aeronautical  test data on wing section shapes 
indicated that the standard towing tank method of correlation (with flat plate resistance 
coefficient data) was not sufficient accurate when the smaller research models of catamaran 
craft were used in which the hydrofoils reached Reynolds numbers for which laminar and 
transitional boundary layer flow appeared.  The present report is intended to explain and 
summarize the methods developed and applied to Hysucat towing tank tests which resulted in 
acceptable predictions of the prototype performances.  A considerable number of Hysucat model 
tests were conducted since then which approved the elaborated Hysucat correlation by use of 
prototype feedback data.  The largest sea-going Hysucat were the Halter E-Cat of 45m/185t in 
USA and the Shun Tak Tricat ferry of 45m/213t in Hong Kong, for details and applications see the 
FASTcc website at www.hysucraft.com 

http://www.hysucraft.com/
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2. Dimensional Analysis of the Ship Resistance 
 
Dimensional analysis to establish the dimensionless groups which are used in the best 
presentation of the model and prototype resistance. 
 
High-speed craft (Planing Craft, Hydrofoil Craft, SES Craft, etc.) have no significant water line 
length when running at high speeds and the use of the ship length becomes meaningless.  A 
typical length dimension which applies to all craft is needed and was found by use of the total 
displacement of the craft when it is at rest (floating) 
 

 
gr

D
="  (1) 

 

with " displaced volume in m3, D = weight of craft in kN, r = density of water in kg/m3 and 
g = acceleration of earth. 
 

The third square root of " gives a meaningful and typical length dimension which can be used to 
compare the various different types of ships: 
 

 ]m[L 3

1

typic Ð=  (2) 

 

The lifting forces SL which have to carry the total weight of the craft are made up of hull 
buoyancy forces and hydrodynamic hull and foil lift forces, as well as by aerodynamic forces (lift 
and cushion pressure forces).  The total drag force Rt of the craft is needed to determine the 
required power to propel the ship. 
 
The hydrodynamic forces are assumed to depend on the following main parameters, on a typical 
length Ltypic to describe the body shape as ship and model have to be geometrically similar, the 
fluid density and viscosity, the speed V and the acceleration of earth g.  Surface tension and 
pressure p and some sonic speed are left for more detailed studies. 
 

The resistance force Rt can now be said to be a function of these parameters 

 

 ( )gLVfR typict ,,,, mr=  (3) 

 
where f is a symbol meaning "some function of". 
 
If we assume that this function takes the form of a power law, then it follows for the resistance 
 

 cdc
typic

ba gLVR mrº  (4) 

 
and we can apply Buckingham's Method, F.M. White 1986, of dimensional analysis.  There are 6 
variables and 3 dimensions involved, which means we have to expect 6 - 3 = 3 dimensionless 

independent so-called p-groups, p1, p2, p3.  The problem can be formulated with a suitable 

choice of repeating variables as 
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The equations can be written with the dimensions of the parameters involved as 
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Comparing alike exponents of both sides we get 
 
M 0 = a1 + d1 a1 = -d1 

L 0 = -3a1 + b1 + c1 - d1 c = -d1 

T 0 = -b1 - d1 b1 = -d1 
 
which gives 
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which indicates a type of Reynolds number. 
 
Equation 8 results in  
 
M 0 = a2 a2 = 0 

L 0 = -3a2 + b2 + c2 + d2 c2 = +d2 

T 0 = -b2 - 2d2 b2 = -2d2 
 



 6 
2220

2
2 dd

gLV +-=dp  

 

22
V

Lg
=p   which is the Froude number or Froude displacement number wherein 3

1

Ð  is a 

significant length 
 

3

1

g

V

Lg

V

Ð

=  

 

 
Equation 9 results in 
 
M 0 = a3 + d3 a3 = -d3 

L 0 = -3a3 + b3 + c3 + d3 c3 = -2d3 

T 0 = -b3 - 2d3 b2 = -2d3 
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which is the lift or drag coefficient. 
 
The ship resistance function can be written as follows 
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and with 3
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which gives in coefficient form 
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For the hull and foil  lift coefficient a similar function is achieved 
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 (13) 

Equation 11 and 12 indicate that the resistance and lift coefficients are dependant on two 
different dimensionless groups which cannot be satisfied in a test on smaller models at the same 
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time because the kinematic viscosity of the fluid for ship and model remains substantially the 
same. 
 
A smaller model would have to run faster than the ship speed in order to achieve the same 
Reynolds number, whereas after Froude's law the model speed must be lower than the one of 
the prototype. 
 
William Froude developed a method 1868 which allowed to overcome the problem with the two 
scale laws and which is still applied in its principles today and which shall be explained in the 
following chapter. 
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3. Froude's Model Test Method in Modern Form 
 
Corresponding to Froude's Law of Comparison which William Froude stated in 1868 and which he 
achieved by careful and systematical flow observation on models and ships the two main 
resistance components, frictional resistance and residuary resistance (mainly wave-making) obey 
different laws and have to be treated separately, the friction resistance coefficient 
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being dependent on the Reynolds number and the residuary resistance component coefficient 
on the Froude number . 
 

    
SV

R
C R

R

ÖÖ

=
2

2
r

 

 
Corresponding to Froude's hypothesis both resistance components do not influence each other 
and Equation 14 can be written as follows 
 

 ( ) ( )Ð+= neT FfRfC 21  (14) 

 
and with the frictional resistance coefficient 
 

 ( )ef RfC 1=   

 
and the residual resistance coefficient (mainly wave-making) 
 

 ( )Ð= n2R FfC   

 
gives the well known equation 
 

 FRT CCC +=  (15) 

 
meaning that the total resistance coefficient is made up of the frictional resistance coefficient 
which obeys Reynolds's law and the residuary resistance which follows Froude's Law of 
Comparison. 
 
In tests with smaller geometrical similar models (geosims) it was found that both laws cannot be 
followed at the same time.  It was W. Froude 1868 who developed the method to correlate the 
model test to the prototype which in its principle is still used in all towing tanks and which 
follows the Froude Law in the model test and corrects the result for the frictional resistance of 
the prototype. 
 

A geosims model, in a scale ratio ,˂ is run in the towing tank at various Froude numbers (FnÐm = 

FnÐr) covering the full speed range of the ship and the model total resistance RTm recorded.  The 
model friction resistance is calculated, usually by use of the ITTC-57 model-ship correlation line, 
assuming that the frictional resistance is the same as for a flat plate of similar length and equal to 
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the wetted surface of the model (mean wetted length and wetted surface of the model have to 
be measured as well in the tank tests for each speed). 
 
The residuary resistance then becomes: 
 

 RRm = RTm - Rfm       with RTm  measured and Rfm  calculated. (16) 
 
and then  scaled up to the prototype after Froude's law 
 

 RR = RRm l3 (17) 
 
The frictional resistance of the prototype is then calculated, using the ITTC-57 model-to-ship 
correlation proposal, and added to the residuary resistance to achieve the total prototype 

resistance RT at the respective corresponding speeds for which the Froude numbers FnÐ are the 

same for model and ship. 
 

        fRT RRR +=               (17a) 

 
For dynamically supported ships (Planing Craft, SES Craft, Hydrofoil Craft, Hysucats, etc.) which 

are lifted partly out of the water at speed the wetted surface Sm and the mean wetted length Lm 

have to be measured carefully for each test speed.  Laminar boundary layer flow along the hull 
has to be prevented to keep the flow pattern of model and ship similar by use of sufficient large 

models (Re җ 2 x 10
6
, preferably larger than 5 x 10

6
) and efficient turbulence stimulators. 

 
To ease the work of the towing tank staff a complete correlation formula  for the dimensionless 

resistance coefficients 
m

Tm

m

T R
and

R

D
=

D
= ee  is developed in the following chapter by use of the 

correlation factor fcorr, which is defined by the following equation 

 

 
m

corrf
e

e
=  (18) 

 
 
 



 10 

4. Hull Correlation 
 
The above described Froude-method is used in a modernised form with properly dimensionless 
parameters in most towing tanks nowadays. 
 
The model resistance coefficient (or Resistance-Displacement ratio) is 
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The model residuary resistance coefficient is the same for model and ship.  Equation 17 can be 
written in coefficient form as 
 

 RmR CC =  (20) 

 
and with Equation 16  follows 
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The model friction resistance is 
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with Sm = wetted surface of model hull in contact with solid water at speed. 

 

The friction coefficient Cfm depends on the model Reynolds number emR and is usually 

determined by use of the Model-Ship-Correlation-line proposed by the ITTC-57 and reads 
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with Rem = Vm Lm/nm and with nm being the  kinematic viscosity of the tank water. It implies that a 
fully turbulent boundary layer is necessary which means Reynolds numbers larger than 1500 000. 
 
From equation 21 follows 
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The prototype residual resistance becomes now with equation 25 
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The frictional resistance of the prototype ship is 
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with CA being the roughness allowance which accounts for the relatively rougher prototype 
surface than the one of the model which should be hydraulically smooth. 
 
For  the total resistance coefficient corresponding to equation 16 follows 
 

         FRT CCC +=  

and the resistance becomes 
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(28) 
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follows for the total resistance 
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For the resistance displacement ratio 
D
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(31) 

 

with the model total resistance coefficient TmC  being 
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And with Equation 18 the correlation factor for the hull fcorr  results in 
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The diagram in the sketch below shows the friction coefficient plotted over the Reynolds number 
with an example of the model and ship positions and the friction  deduction coefficient 
 

 (Cfm - Cf - CA) (34) 
 
indicated.  Equation 33 is used to correlate the model bare hull data to the prototype. 
 
 
 
 
 

     
 
 

Sketch :  Friction deduction 
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5.  Hydrofoil Correlation 
 
The hydrofoil, rudders and similar appendages in the Hysucat arrangement or for foil-assisted 
ships have a relatively small chord length in comparison to the ship length and their Reynolds 
Numbers are therefor much smaller.  In most model test series and especially for those research 
tests in the relatively small facilities of universities the Reynolds Numbers are smaller than the 
ones required for full boundary layer flow over the hydrofoils.  The foil Reynolds Numbers are in 
the region for transitional boundary layer flow for the larger models at the higher test speeds 
and in the laminar region for the lower speeds and for smaller models at most speeds.  
 
The hydrofoils in the Hysucats carry a load of 60% to 80% of the total craft weight and are major 
contributors to the total resistance of the craft.  The accurate correlation of the foil forces is 
therefor of utmost importance to achieve a proper total resistance prediction.  The hydrofoils 
have to be correlated in separation of the hull correlation and the hull correlation formula, 
equation 32, needs a more detailed analysis. 
 
The hydrofoils on the model show a different flow regime than the prototype foils because of the 
large difference in Reynolds Numbers. 
 
The usual correlation based upon the Froude hypothesis in which the friction resistance 
component is scaled after Reynolds' Law and the residuary resistance component after Froude's 
Law can not be used to extrapolate the foil resistance.  As a result of the difference in the foil 
flow regime the interference of the foil-hull flow might be changed as well especially when foil 
flow separation of the model is present but not on the prototype.  Those effects cannot easily be 
accounted for in the extended analysis, but, are believed to be of minor importance for the craft 
under consideration. 
 
The variation of the drag coefficients as a function of the Reynolds Number needs more detailed 
attention.  Hoerner 1965 has collected foil drag coefficients at zero-lift from many test series and 
shows a plot over the Reynolds Number in Fig.1 of the publication which was reproduced by 
Kirkman et al. 1980 (Fig. 1).  The drag coefficient of a foil section with a thickness-chord ratio of 
0.2 is shown in Fig. 2, the data points are reproduced from the above publication. 
 
The hydrofoil drag consists of a variety of components which can be summarised into two main 

components, the induced drag and the zero-lift drag R fo .  The induced drag is scaled by Froude's 

law.  The zero-lift drag, however, is strongly dependent on the Reynolds Number and made up by 
two main components, the tangential skin friction component and the pressure drag component 
due to separation of the boundary layer.  The zero-lift drag is therefor also a function of the foil 

thickness-chord ratio 
c

S
?

.  Laminar flow separation occurs when the boundary layer pressure 

gradient changes from negative to positive (at thickest flow cross-section).  In transitional flow 
the separation point depends strongly on the Reynolds Number.  Four main Reynolds Number 
regions for zero-lift drag can be distinguished: 
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U being the position where the laminar boundary layer changes over to a turbulent boundary 
layer. 
A being the position where the laminar or turbulent boundary layer separates from the wing 
surface. 
 
a)  the laminar boundary layer follows the wing surface 
b)  the laminar boundary layer changes at U to a turbulent one which follows the wing  
     surface to the trailing edge 
c)  the laminar boundary layer separates at A from the surface and remains separated from  
     the surface up to the trailing edge. 
d)  the laminar boundary layer changes to turbulent at U with the turbulent boundary layer 
     follows the surface up to A from which point on it separates to the trailing edge.   
     The approximate Reynolds number for a, b, c and d are given in the text below. 
 
Fig.3  Schematic presentation of the boundary layer development and separation on the suction 

side of a wing. 
 
 
The physical reason of the variation of the foil zero-lift drag can be easier understood by the 
schematic boundary layer sketches in Fig.3 taken from Eck [5] who sketched these conditions of 
flow observations. In the following the Reynolds number ranges for the conditions a, b, c, d are 
given approximately.  
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a) Re ¢ 105: The boundary layer flow is laminar with separation near the maximum             
           thickness point which leads to high drag coefficients for the thick foil sections. 
 

b) 4 x 105 ¢ Re ¢ 5 x 105: The boundary layer flow transition from laminar to turbulent is 
observed with a strong decrease in drag coefficients at the critical Reynolds Number of 
transition which is also dependent on the turbulence degree of the inflow and vibrations 
present on the model.  For Reynolds Numbers smaller than the one for transition the zero-
lift drag coefficient varies in proportion to the laminar skin friction coefficients (about 
parallel to Blasius line). 

 

c) 710²eR : The boundary layer transition point U moves slightly forward along the foil-

chord  and separation appears near to the leading edge from which point on the boundary 
layer remains separated to the foil end and the friction drag coefficients increase slightly. 

 

d) 75 10105 ¢¢³ eR : The boundary layer is turbulent from near leading edge, and 

turbulent to a mid position at which point separation appears  and the zero-lift drag 
coefficient drops with Reynolds Number proportional to the turbulent friction line (ITTC 
57), however, with slightly higher values which are due to the increased foil surface 
velocities (potential flow lines) and the boundary layer separation (near to tail) drag. 

 

Kirkman et al. (1980) have developed foil-zero-lift  drag coefficients CDO  formulae which best 

approach the empirical data given by Hoerner (1965) for the discussed Reynolds Number regions 
and two foil thickness-chord ratios.  The formulae are repeated as follows: 
 

a) 

20.0
S

for
R

466.0
C

0
S

for
R

46.1
C:105R

c
259.0

e

DO

c
507.0

e

DO
4

e

==

==³<

?

?

 

 
(35) 

 

 
(36) 

 
 
 
b) 

20.0
181

0
172.0

:105:105

81.0

31.0

54

==

==³¢¢³

ce

DO

ce

DOe

S
for

R
C

S
for

R
CR

?

?

 

 
(37) 

 
 

(38) 

 

d) 
ù
ù

ú

ø

é
é

ê

è

ö
ö
÷

õ
æ
æ
ç

å
++=¢¢³

4

cc
DO

7
e

5 S
60

S
2100293.0C:10:R105

??  
(39) 

c) 
ö
ö

÷

õ

æ
æ

ç

å

ö
ö
÷

õ
æ
æ
ç

å
++

ö
ö

÷

õ

æ
æ

ç

å
=²

4

1428.0

7 6021
03.0

:10
cce

DOe

SS

R
CR

??  (40) 

 



 18 

For foil thickness-chord ratios other than the given ones the data are interpolated or extra 
polated. 
 
The foil zero-lift coefficients CDO are based upon the wetted surface areas of the foils (not the 

projected areas as usually applied for hydrofoils!) with foilcfoil b2A ?@ . 

 
 
             

 
 
 
 
 
 
Fig. 4 shows equations 36 to 41 in graphical form together with the smooth turbulent friction line 
of the ITTC 57 and the laminar friction line corresponding to Blasius as well as the zero-lift drag 
coefficient for a foil section with 20% thickness chord ratio and another mostly used section with 
a 7% thickness chord ratio. 
 
 
 
Here, the drag coefficients are shown in linear scale (not anymore logarithmic) to indicate the 
relative differences of model and prototype drag coefficients. Top speed Reynolds numbers for 
typical model and prototype  foil values are indicated for a towing tank test with a 3m long 
model of a 26m Hysucat for 40 knot top speed.  For the model foil Reynolds numbers from zero 
to these top speeds lower foil Reynolds numbers are encountered. 


