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NOTATION

A Foil plan area ft2

C Drag coefficient of strut/foil nondimensional
configuration , CD 0/[lI2pV A]

C Lift coefficient of strut/foil nond imensional

configuration , C1 L/(1/2pV A]

CM Pitching moment coefficient of strut /foil nondimensional
configuration about the pitch center of

the dynamometer , CM = M/ [1/2pV2Ac ’]

c Foi l chord leng th in.

c’ Mean foil chord length (average of in.
centerline and tip chord lengths
including flap)

D Drag of strut/foil configuration lb

d Foil depth from still water surface in.

Strut depth from sti ll water surface in.

d/c’ Strut/foil depth-to-chord ratio nondimensional

Bare strut depth-to-chord ratio nondimensiona l

F Froude number , strut/foi l configuration nond imens ional

F~~2~ V/1c~~
g Acceleration due to gravity ft/sec 2 •
I Lift of strut/foil configuration lb

L/D lift-to—drag ratio of strut/foil nondimensional
configurat ion
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M Pitching moment of strut/foil in-lb
configuration about the pitch
center of the dynamometer

Experimental facility water vapor pressure lb/ft2

p Free stream static pressure l b/ft2

Reynolds number, nondirnensiona l
Rn 

= Vc ’/v for the strut/foil configuration

R~ 
= V5 ’ /v for the bare strut configuration

s’ Swept strut chord length at the still in.
water interface

V Velocity knots and ft/sec

X Fractional chord length nondiniensional

a Foil incidence angle referenced to the deg
horizontal

Strut sweep angle referenced to the dey

verti cal

v Kinematic viscosity ft2/sec

p Water density lb-sec2/ft4

Cavitation number based on fluid vapor nondimen c i onal

pressure, a = [p - / [1/2pV 2]

Local foil section or cavity thickness in.

Local thickness-to-chord ratio nondimensional

- 
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_ _ _ _ _



ABSTRACT

As part of an effort to develop a data base and design

criterion for high speed struts and foils, experiments were

conducted to evaluate the TAP-2 foil performance for a range

of speeds , including the design takeoff speed of 35 knots .

The 1-foil system, designated as TAP-2 , was designed to operate

fully wetted at takeoff and as a ~upercav itating foil at a

60 knot cruise speed .

Experiments were conducted at 30, 35, 40, 45, and 50 knots

at various depth-to-chord ratios and at a range of foil incidence

angles. -

The maximum lift coefficient for the foil syste m was found

to be CL = 0.7 3 8  a t  30 knots - the lowest speed run in the

• evaluation . At the takeoff speed of 35 knots and d/c ’ = 2.0,

the maximum lift coefficient was 0.534 and the maxir~um LID was

14.25.

ADMINISTRATIVE INFORMATION

This proj ect was authorized by the Naval Material Command

(NAVMI4T) and funded by High Speed Hydrofoil Struts and Foils Direct

Laboratory Funding Project ZF 43 421 001 , Program Element 62754N .

Work was performed under Nava l Shi p Research and Development Center

Work Unit No. 1520-001.
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INTRODIJCT ION

In September 1972, the Naval Material Coninand tasked the Naval

Ship Research and Development Center to develop a da ta base and design

criterion for high speed struts and foils in general and the Develop-

mental Fast Hydrofoil (DFH) in particular. The procedures selected to

accomplish the primary objectives have been to:

1. Select strut/foil configurations for high speed operation ,

2. Determine hydrodynamic loads for strut/foil systems

associated with their various operational modes ,

3. Determine methods of controlling these hydrodynamic loads , and

4. Determine the impact of hydrodynamic loadings on structures

and materials.

As part of this program , takeoff experiments were conducted in

Langley Tank No. 1 of NSRDC wi th a foil system designated as TAP-2.

The foil had been designed 1 us i ng Furu ya ’s2 prediction program for

supercavitating foil sections operating beneath a free water surface.

The purpose of these experiments was to determine lift and drag forces,

foil pitching moments, and cavitation characteristics of the strut/foil

system at various depths.

1 Baker, Elwyn S., “Design of Hydrofoil TAP-2,” NSRDC SPD Re por t
575-03 (June 1975)

2 Furu ya , Okitsugu , “Nonlinear Calculations of Arbitraril y Shaped
Supercavitating Hydrofoils Near a Free Surface,” Journal of
Fluid Mechanics, Vol. 68, Part 1 (March 1975)

2



r

DESCRIPTION OF MODEL

The foil system to be evaluated was designed such that it

would operate fully wetted at takeoff and as a supercavitating

foil at 60 knots. A large aspect ratio which would give a high

lift component was desirable since the foil would operate fully

wetted at takeoff. A spanwise taper (tip chord/root chord = 0.5)

was included in the design to reduce stresses in the foil leading

edge.

The high speed foil design was based on use of Furuya ’s

performance prediction program for supercavit ~~~ foil sections

beneath a free water surface. This program assumes that the l ower

surface profile is comprised of a leading edge ellipse (i.e. blunt

nosed section) with the remainder of the l ower surface profile

being a circular arc.

The foil upper surface (suction side) was generated such

• that the surface at each section lay beneath the predicted location

of the free streamline. Clearance between the upper surface and

the cavity interface was designed to be minima l near the foil

leading edge (where the shape of the cavity is known) and substantial

(>20% of predicted cavity thickness) at the foil tra iling edge.

Assuming given lower surface geometry and predicted cavity t- ’.ickness

the section upper surface was generated from the expression

(t/c)f011 
= 0.80 (1.25 - 0.25X) (

~
/c)cavjty

3 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



V - .  •

where X is the fract ion of chord length from the foil section

leading edge. From 70% to 100% chord the foil thickness was

further reduced by a circular arc fairing from the 70% chord

point to the trailing edge flap.

The TAP-2 foil was constructed with a trailin g edge flap to

generate additional lift capability during takeoff. The flap area

was approximately 20% of the foil area.

Photographs and sketches of the TAP-2 strut-foil model are

shown in Figures 1 , 2, and 3. Foil geometry characteristics are

listed in Table 1. Characteristic dimensions shown in Figure 2

include the flap section.

The support strut had a chord length of 6 inches and a span

of 29 inches. The strut section was a NACA 16-012 airfoil shape.

Section offsets and geometry are shown in Figure 4.

The basic TAP-2 foil was constructed with blunt wing tips.

At the conclusion of the experimental program wi th the basic con-

figuration the foil tips were modified to investigate tip shape

effects on foil drag . The tips were rounded by cutting circles

tangent to the upper and lower foi l surfaces at stations alon g

the chord .

EXPERIMENTAL APPARATUS AND PROCEDURE

Hydrofoil takeoff experiments were conducted on the towing

-

• 

carriage at Langley Tank 1. A detailed description of the facility4



can be found in Reference 3 . The hydrofoil was mounted through

• its support strut to a bracket (see Figure 5) and in turn to a

six-component dynamometer. The dynamometer was attached to an

• elevator designed for and permanently fixed to the carriage. The

elevator has a vertical travel of 27 inches with the dynamometer

• attached . The dynamometer can be configured for high or low ranges .

For these experiments the high load range of lift (4- 2250 ibs), low

• range of drag (-150 lbs) and high range of pitching moment (46,800 in-lb )

were used .

Model experiments were conducted at 30, 35, 40, 45 and 50 knots

at various depth-to-chord ratios and for a range of incidence angles.

At the conclusion of these experiments , the foil tips were fa i red

as previously described and experiments were repeated to determine

if tip vortex cavitation characteristics would be altered and if

consequent changes to lift and drag would result. After all foil

experiments were completed , runs were made with the bare strut at

various speeds at d’/c ’ = 1.0, 2.0, and 3.0 and strut sweep angle

of -9 degrees.

Foil chord length referenced in this text includes the chord line

from the leading edge of the foil to the trailing edge of the flap. Foil

section incidence angle was constant along the foil span and was

3 - 

‘Olson , R. E. and W. F. Brownell , ‘ Facilit ies and Research
Capabilities , High Speed Phenomena Division , Dav id Taylor
Model Basin , Langley Field , Va. ” 01MB Report 1809 (April 1964)

_ _ _  

j



defined as the geometric angle between the foil chord and the

horizontal reference plane. Foil incidence was set by matching

precise holes In the strut and strut support bracket (Figure 5)

and securing wi th pins. This allowed foil angle of attack adjustment

in one degree increments up to +11.814 degrees. A table indicating

hole number on the strut support bracket in relation to strut angle

(referenced to the vertical) and foil incidence angle is given in

Table 2. The relationship between the strut sweep angle and foil

incidence angle is given by a = constant + B where B is the strut

sweep angle wi th the vertical . The constant value of 11.814 degrees

is a constructed angle between the strut chord line and the foil

chord line (see Figure 5).

Foil depth was set and checked before each run . The reference

point used in determining depth below the water surface was a point

on the lead i ng edge of the foi l mean chord section. Strut depth for

the bare strut runs was based on the foil mean chord and was referenced

to the leading edge at the bottom surface of the strut. A complete

outline of conditions set during the takeoff experiments is included

in Table 3.

Lift , drag, pitching moment, and speed were recorded with a
• digital data collection system and data analyses were performed on

line wi th a mini-computer. Pitching moment was referenced to the

moment center of the dynamometer (see Figure F ,~. One to four

(depending on speed ) three-second data samples were collected for

6
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each speed run. The data were averaged during the collection time .

In the analyses , presented data were the average of each collected

V 
sample.

Closed circuit television , motion pictures , above water and

underwater still photographs were taken and used for recording

cavitation characteristics observed during the experiments .

DATA ACCURACY

It was the aim of the program to run experimen tal conditions

at 30, 35, 40, 45, and 50 knots. An examination of all recorded

speeds (three-second averages) showed that the average velocity

differential from the desired speed was 0.8 percent. The average

variation in c peed from the first data sample to the second data

sample during a given carriage run was 0.6 percent. All coefficien t

data presented in this report , which were nondimensionalized on

velocity , were calculated using the average force, moment , and

speed values obtained during the data sampling periods. The area

used in the coefficient calculations was the to’al area of the foil

including the flap area . The cavitation number , a, values reported

in Table 4 are based on the mean values of speed.

The accuracy in setting the geometric foil incidence angle was

+ 0.05 degree. The dimension locating the dynamometer moment center

with respect to the strut pivot point (Figure 5) was correct to

within ÷ 0.1 inch.

7
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The dynamometer arrangement used in the experiment was comprised

of modular force gages. Two gages rated to 3000 pounds (axially

spaced 36 inches apart) made up the lift and pitching moment sensors

and one 230 pound rated gage carried the drag force. The accuracy

of these modular force gages is considered to be + 0.5 percent of

their full scale rated load .

The average water temperature throughout the experiments was

46 degrees and was within ± 2.0 degrees of that value for the period
of experimentation and for the extent of the basin. The specific

gravity of the water was 1.014 and density , p ,  was 1.9682 lb-sec 2/ft4.

DATA REDUCTION

Lift and drag forces were measured normal and parallel ,

respectively, to the horizonta l plane. The lift coefficient is
• defined by

— L
l/2pV A

where A is the foi l plan area including the flap area . The drag

coefficient is defined by

D
1/2pV A

Drag is defined as the total strut and foil drag . For consistency ,

this formulation was also used for generating the bare strut drag

coefficient data . The pitching moment -is referenced to the moment

8
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center of the dynamometer and pitchin g moment coefficient is

• defined as

CM 
M

1/2pV Ac ’

where C ’ is the mean foil (including flap) chord l ength .

Cavity pressure was not measured , however , cavitation

numbers for vapor cavities were computed as

pc,0 
-

a -

l/2pV

where p0, was free stream static pressure in pounds per square foot,

was ambient fluid vapor pressure in pounds per square foot.

Froude number for the foil experiments was defined by

F - V
n

where c ’ = mean chord l ength and g = acceleration due to gravity.

Reynolds number for the strut/foil configuration was defined

as

R =

where v was the kinematic viscosity of the tank water at the average

water temperature and assumed to have the value of 1.529 X 10~ ft2/sec

throughout the experiments .

9
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For the bare strut experiments, Reynolds number was defined

as

R~-n v

where s ’ = the swept strut chord length at the still water interface.

RESULTS

Experimental data for the TAP-2 strut/foil configuration are

presented graphically and in tabular form. Lift and drag coefficients

and lift-to-drag ratios are plotted as functions of foil incidence

angle showing effects of carriage velocity and foil submergence.

Lift and drag coefficient data have also been plotted as functions

of carraige velocity showing the effects of foil angle of attack.

Drag coefficient data for the bare strut runs have been plotted as

a function of Reynolds number. All data have been tabulated and

are presented in Table 3.

Figure 6 presents lift and drag coefficient data plotted at

velocities corresponding to the ~xperimental condition. Separate

plots are shown for depth-to-chord ratios of 1.0, 2.0, and 3.0.

A rather detailed legend has been compiled for Figure 6 wh ich

depicts the type or types of cavitation existing at the given

experimental condition. In instances where cavitation of a given

type was slight , the speed condition has been noted in parentheses

and consequently gives an indication of the point of cavitation

10



• inception. The schematic shown in Figure 7 depicts the areas of
V 

the foil, i.e., pressure side , suction side , leading and trailing

edges, along span and in the vicinity of the strut, in which

cavitation was observed on the photographs . In all areas there

were no apparent differences in cavitation patterns between the

basic strut/foil configuration and the configuration wi th modi fied

foil tips.

Figures 8 and 9 show representative photographs obtained

for the basic configuration at various carriage velocities , foil

incidence angles and submergence depths. The photographs appear

in two sections; one section shows above water photographs of the

foil suction side with cavitation associated with the given experi-

menta l condition. The remainder of the photographs are underwater

pictures of the foil lower surface identified as the normal pressure

side of the foil.

Figures 10 through 18 show lift coefficients , drag coefficients ,

and lift- to-drag ratios for a variation in foil incidence angle.

Different plots are included for the different foil submergence

conditions. Since it has been previously noted that carriage

velocity varied slightly (up to 0.8 percent) from the prescribed

values of 30, 35, 40, 45, and 50 knots , curves indicating velocity

must be cons idered app rox imate. The fa i red curves connec ti ng

s~inbols for a given velocity condition have been superimposed on

11



the plots as a visual aid and do not represent any mathematically

defined data fit procedure . Any nondimensional coefficients

presented, however , were calculated us ing the exact veloc ity

measured during a data sampling period . The data in Figures 10

to 18 show that lift coefficient increased wi th increasing foil

inc idence angle but decreased with in creas ing speed at cons tant

foi l  incidence angle. Drag coefficient curves displayed minimal

values within the range of experimental conditions and were generally

at a minimum at small (positive or negative) foil incidence angles.

The incidence angle values which corresponded to conditions of

minimum drag coefficient showed some dependence on velocity and ,

therefore, involved effects of cavitation , submergence , and flow

characteristics on the strut at the water surface.

The maximum L/D which was obtained for the conditions evaluated

at d/c ’ = 1.0 was 10.7 at an a = 2.814 and V = 40 knots. At depth-

to-chord ratios of 2.0 and 3.0, L/D values were near 14.0 at foil

incidence angles near 1.0 degrees and at V = 35 knots .

Figures 19 through 22 show lift and drag coeff ic ients versus

foil incidence angle. Experimental results for conditions at

varying foil submergences are super imposed on the p lots. At a

given speed the lift and drag coefficients show little variation

wi th submergence at dfc ’ values of 2.0 and 3.0. Compari sons of

these coefficient data with those corresponding to the d/c ’ = 1.0

show sl ight reductions in the drag coefficients at the shallow

12 
V
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condition which can be attributed to the reduced wetted stru t area .

Drag coefficients obta ined In the bare strut experiments are

shown in Figure 23. These are plotted versus a Reynolds number

based on the swept strut chord length at the still water interface .

For these experiments the strut tip was submerged 5.4 inches,

10.8 inches , and 16.2 inches corresponding to one , two , and three

times the characteristic length of the foil mean chord . Drag

coefficients shown in Figure 23 were mean values of 2 to 6 data

samples. The average scatter for these data was ÷ 30% of the

mean value.

Froude number , Reynolds numbers , and cavitation numbers

calculated for each experimenta l condition for the strut/foil

• configuration and for the bare strut where applicable have been

given in Tables 3 and 4.
V 

CONCLUSIO NS

1. Large lift-to-drag ratios were achieved at takeoff

conditions for the TAP-2 foil/strut configuration . Lift-to-drag

at certain combinations of speed ,

foil incidence angle , and foil submergence.

2. Lift coefficient increased with increasing incidence angle

at constant speed but decreased with increasing speed at constant

incidence angles.

3. Rounding the foil wing tips had no significant effect on

foi l lift or drag and there was no apparent change in tip vortex 
V

cavitation.
13
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4. FoIl submergence change had little effect on l ift  an d dra g

coefficients at depth-to-chord ratios of 2.0 and 3.0. Nearer the

surface at d/c’ = 1.0, drag coeffic ients were less than comparab le

values obtained at greater depths. Some of the reduction is

attributable to the reduced strut wetted area .

5. TAP-2 pressure side (bottom ) and suction side (top) surfaces

were subject to cavitation at different locations on the surfaces de-

pend ing on veloc ity and fo il inc idence angle. In general , the foil

pressure s ide was fully wetted at incidence ang les of 3.814 and grea ter

for all speeds. Pressure side cavitation , when occurring at small

positive and all negative incidence angles, tended to begin at the

foil centerplane. Suction side cavitation occurred along the span of

the foil leading edge at high incidence angles (i.e. 4.814 - 6.814).

Cavitation near the strut trailing edge was common for most conditions .

Suction side cavitation along the span of the flap occurred and in-

creased in intensity as the angle of attack or speed increased .

6. In general, all cavitation (suction and pressure side) was

minimal in extent at a foil incidençe angle of 3.814.
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7 ~~~~~~~~~~~~~~~~~~~ - •V VV ~ V V • V V ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V V

NACA 16-012 HYDROFOIL STRUT COORDINATES

x x V V
• % Chord Inches % Chord Inches

0.00 .000 0.000 .0000
1.25 .075 1.292 .0775
2.50 .150 1.805 .1083
5.00 .300 2.509 .1505
7.50 .450 3.032 .1819
10.00 .600 3.457 .2074
15.00 .900 4.135 .2481
20.00 1.200 4 .664 .2798
30.00 1.800 5.417 .3250
40.00 2.400 5.855 .3513
50.00 3.000 6.000 .3600
60.00 3.600 V 5.835 .3501
70.00 4.200 5.269 .3161
80.00 4.800 4.199 .2519
90.00 5.400 2.517 .1510
95.00 5.700 1.415 .0849
100.00 6.000 0.000 .0000

Leading Edge Radius 0.703% of C = .0421 Inches

Figure 4 — Schematic and Coordinates of the TAP—2 Strut Section 

• V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 5 - TAP-2 Foil—Strut Mounting Arrangement
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TABLE 1 — TAP-2 DESIGN CHARACTERISTICS

Total Plan form Area 121.5 sq. Inches

Tip Chord 3.6 inches

Root Chord 7.2 inches

Mean Chord 5.4 inc hes

Span 22. 5 inches

Aspect Ratth 4.167

Flap Angle 0 degrees

Section Offsets DTNSRDC drawing
V Number E-3265
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TABLE 2 - TAP-2 STRUT-FOIL INCIDENCE ANGLE SETTING ARRANGEMENT

Hole Number on Strut Strut Angle (-e) Foil Ang le (ri)
Support Bracket Degrees Degrees

0 0 11.814

1 1 10.814

2 2 9.814

3 3 8.814

4 4 7.214

5 5 6 .814
6 6 5.814
7 7 4.814

8 8 3.814
9 9 2.814

10 10 1.814
11 11 0.814

12 
- 

12 -0.186
13 13 -1.186
14 14 -2.186

*
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r ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V V , ~~~~~~~~~~~~~~~~~ V

TABLE 4 - FROUDE NUMBER , REYNOLDS NUMBER AND CAVITATION
NUMBER FOR TAP-2 EXPERIMENTS

V (Knots) Froude Number Reynolds Number

30 13.32 1.491 x i06

35 15.54 1.740 x io6

40 17.76 1.988 X i06

45 19.98 2.237 X io6

50 22.20 2.485 X io6

V (Knots) d/c a

30 1.0 .846

40 1.0 .476

45 - i.cI .376
50 1.0 .304
35 2.0 .626

40 2.0 .479

45 2.0 .379

35 3.0 .635

40 3.0 .486

45 3.0 .384
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DTNSRD C ISSUES THR EE TYP ES OF R EPORTS

1. DTNSRDC REPORTS . A FOR MAL SERIES , CONTAIN INFORMATIO N OF PERMANENT TECH-

NICAL VA LUE. TH EY CARRY A CONS ECUTI VE N U M E R I C A L  I DENT IF ICATIO N R EGARDLESS OF

V 

THEIR CLASSIFICA TION OR THE ORIGINATING DEPARTMENT.

2. DEPAR TMENTAL R EPOR TS, A SEMIFORMAL SERIES , CONTAIN INFORMATION OF A PRELIM-

I N A R Y , TEMPORARY , OR PROPRI ETARY NATURE OR OF LIMITED INTEREST OR SIGNIFICAN CE-

THEY C A R R Y  A DEPARTMENTAL ALPHANU ME RI CAL I DENTIF ICATION.

3. TECHNICAL M EMORANDA , AN I N F O R M A L  SERIES , CONTAIN TECHNICAL DOCUMENTATIO N

OF LIMITED USE AND INTEREST. THEY ARE PRIMAR ILY WORK ING PAPERS INTENDED FOR IN-

TERNAL USE. THEY CARRY AN IDENTIFYING NUMBER WHICH INDICATES THEIR TYPE AND THE

NUMERICAL CODE OF THE ORIGINATING DEPARTMENT. ANY DISTRIBUTION OUTSIDE DTNSRDC

MUST BE APPROVE D BY THE HEAD OF THE OR(G(NAT~NG DEPA RTMENT ON A CASE.BY.CASE

BASIS.
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