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ABSTRACT

A selected foil and strut configurat ion to be added to the
hu~ A of the USNS WYMAN was subject ed to computer analysis to
obtain the forces and pressure distribut ions over the foil . Both

two-dimensional and three-dimensional models were developed and

compared to obtain both a range of predicted lift coefficients

for the given configuration , and the effect of the presence of

a strut on the foil. The presence of a strut and non-zero foil

pitch ang le were both found to significantly depress the pressure

coefficients over the foil surface as well as increasing the total

applied force on the foil.

ADMINISTRATIVE INFORMATION

This work was sponsored by the Naval Ship Engineering Center under
Work Procurement Request #WR-N65-197-76-WR of 30 June 1976 with internal

job order number 1-1552-150-01 .



INTR ODUCT ION

NAVSEC Code 6136 requested DTNSRDC to provide calculations of pressure

distributions and l i f t  coefficients on a selected configuration of foil
beneath the hull of the USNS WYMAN . The results of calculations are given
here in several fo rms in answer to that request. In order to provide as
thorough a study as possibl e , calculations were made for both three-
dimens ional and two-dimensional models of the ship-strut-foil configuration
illustrated in Figure 1A.

Two foil orientations were considered . In the first instance (illustrated
in Figure 1B , CASE 1), the foil is parallel to the ship bottom , and the onse t
flow is at an angle, 8, relative to both the ship bottom and the foil chord .
As seen in Figure lB. CASE 1, a positive angle of onset flow, B,  corresponds
to the case where the vertical component of the flow is directed upward
toward the ship bottom. In this case, the ship plus foil may be viewed as

undergoing pitch and/or heave motions in parallel flow . In the second

instance (shown in Figure 1B , CASE 2), the foil has a pitch angle , a, relative
to the ship bottom , while the onset flow remains parallel . Figure 1B ,

CASE 2 , defines a positive value of a as a nose-up pitch of the foil
relative to the ship ’s bottom . The dimensions shown in Figure lA , as well

as the illustrated coordinate system and conventions for angle definition,

are those used throughout this study .

PRESENTATION OF RESULTS

ThREE-DIMENSIONAL FOIL

Pressure coefficients for the three-dimensional configurations were
computed by using the Douglas lifting body prog!am , described in Reference
(1). The following three cases were calculated: (1) the finite aspect-

ratio foil having NACA 0020 sections deeply submerged (h~sa. in Figure lB ,

CASE 1) in the absence of the ship or strut at onset flow angles, 8, of
00 and +2° ; (2) the same foil with pitch angles, a, of 00 and +2° placed
2 feet (0.61 in) below a horizontal flat plate in parallel flow (Fi gure 1B ,
CASE 2 ) ,  and (3) the ship-strut-foil configuration in its entirety at
angles of onset flow, 8, equal to 0~, ±2°, and ±50 

simulating pitch or heave

of the entire confi guration (Figure 1B , CASE 1).

2



The computed pressure coefficient distributions for various portions

of the foil are shown in Figures 2 through 9. These calculation s do not

include the effect of the ship boundary-laye r displacement thickness , 6* ,

on the pressure distributions. The value of 6* was estimated to be 0.1

feet (0.03 in) which would reduce the clearance between the ship and foil.

However , since the actual gap between the ship bottom and foil is every-

where at least two feet (0.61 in), it was assumed that the displacement

thickness could be neglected.

The Appendix contains illustrations showing the extent of geometric

detail employed in the numerical modeling of the various components of the

ship-strut-foil configuration. The modeling was done using digitized data

taken directly from the ship ’s lines . A fine grid was used on the foil and

strut sections, with data lines taken approximately 1.3-1.5 feet apart (0.40-

0.46 m). A coarser grid was used on the ship since its shape is simple , with

an average quadrilateral being about 1 .3 feet wide and 26.5 feet long (0.40

x 8.08 m). At the intersection of the strut with the hull and the strut with

the foil , quadrilaterals were spaced about every 0.5 ft (0.15 m) in each
direction , allowing for more accurate calculations at the areas of maximum

interest.

Information on the pressure coefficients, Ci,, on the foil is supplied

here in five forms . Figures 2-6 show the chordwise distribution s of C~ for

the three-dimensional equivalent of Figure 1B , CASE 1, at three span w ise fo il
locations relative to the strut for five onset flow angles ~~~. Secondly,

Figure 7 shows the spanwise distribution of the minimum values of C~, on the
upper and lower surfaces. In addition, the changing chordwise location of

the line o f minimum C~ is also indicated . Thirdly, Figures 8 and 9

respectively provide a comparison of the chordwise distributions of C~
at angles a of 00 and +2° for the deeply submerged foil and the foil placed
two feet below a flat plate. In addition , Figure 10 illustrates changes ii

the local lift coefficient, CLL, across the foil span. Lastly, Table 1

gives the lift coefficient, CL, which is the integrated effect of the

pressure coefficients, for the three cases at the various angles considered .

The lift coefficient is given by

3
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CL = L

(l/2)pU 2C(2S) [1]

where L is the lift on the entire foil

p is the fluid density

U is the advance speed of the ship

C is the chord = 10 feet (3.05 m)

S is the semispan = 15 feet (4.57 m)

TWO-DIMENSIONAL FOIL

Since the three-dimensional lifting body program has seldom been

used at DTNSRDC, it was decided to make some calculations on two-dimensional

configurations to check its accuracy. These calculations were made by

us ing the potent ial flow computer program XYPF, which is based on the theory
given in Reference (2) with corrections made to provide for l i f t .
Modifications were also made to allow for a horizontal plane of symmetry .

The following two cases were calculated : (1) the NACA 0020 section deeply-
submerged at foil pitch angles , a, of 00, ±2°, and ±5°, and (2) the same

5~ction placed two feet below a flat plate with foil pitch angles , a, of
0 0 00 , ±2 , and ±5

Figure 11 shows the pressure coefficients for the case of the section

submerged below a flat plate at pitch angles, ci, of 0~, ±2°, and ~ 5°. me
pressure coefficients for the deeply .1bnierged foil at pitch angles, ci,

of 00 and 20 may be found in Figures 12 and 13 respectively. For comparison,

also included in Figures 12 and 13 are the equivalent cases of the two- and

three-dimensional foils submerged below a flat plate , the deeply submerged

three-dimensional foil , and the full ship-strut-foil configuration . For

the three-dimensional cases, the results shown correspond to a location near

midspan of the foil , where results most closely approximate two-dimensional

cases. For clarity, some of the pressure coefficients on the lower surface

which are similar for cases already illustrated have been omitted .

The lift coefficients for the two-dimensional cases for all angles

considered are shown in Table 1, along with the results for the three-

dimensional cases .

4 
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DISCUSSION OF RESULTS

PRESSURE AND LJFT COEFFICIENTS

For the cases illustrating a change in pitch angle of the rigid ship-

strut-foil confi guration (Figures 2 through 6), the onset flow is

essentially forced to be parallel to the foil and sh ip bo ttom when pass ing
over the foil , regardless of the initial angle of approach . Thus, the

force increase due to the change in pitch is relatively small (see Table 1),

increasing about 60 percent over the range of 00 to ,~5
O of pitch . In

contrast , when the foil changes its position relative to the hul l bo ttom

(approximated by a flat plate), the force increases over 100 percent for

a pitch change of +20 as shown in Table 1. This drastic change is bort

out in both the two-dimensional and three-dimensional cases . For the two-

dimensional case , the C~ value for the 
~0 pitch ang le has a minimum value

of -3.2 which is off the scale sh-~wn in Figure 11 . These large C~ changes

in the fla t pla te cases are due to the cumul ative effe cts of positive angle of
foil pitch and the presence of the flat plate , both of which tend to lower the

val ues of C~ on the upper surface .

Fi gure 7 shows the location and magn itude of ~Cpma for the uppe r and
lowe r surfaces along the span of the foil for various ang les of onset flow .
The chordwi ce location of _Cpmax changes from 17.5 percent of chord to 22.5

percent of chord on the upper surface of the foil as the angle of onset flow

changes from 0
0 to +S~ . The largest value of _Cpmax occurs immediately

inboard of the intersection of the foil and strut . The presence of the strut

significantly increases the magnitudes of _Cpmax at the strut relative to the

value of _Cpmax near midspan . This can be seen readily by comparison of C~,

values in Figures 2 through 6 at foil span locations of y/s = 0.33 and 0.04 .

Figure 10 illustrates further the magnitude of the effect of the strut

on the foil. The local lift coefficient, CLL, is markedly lower on the

outboard side of the strut, and the smooth decrease in lift , seen in the
cases without a strut, is gone . In addition , as the angle of pitch becomes

increasingly negative , CLL can be driven negative near the tip.
Figures 12 and 13 show very clearly the differences in pressure

coefficient C~, between the various two-dimensional and three-dimensional cases.

Both figures show that on the lower side, the values of for the various5



cases are in relativel y good agreement. Also , in both figures , the two

deeply submerged cases yield the lowest magnitudes of C~ on the upper

surface . At the pitch angle, a, of 00, Figure 12 shows that the values

of _Cp~~ on the upper surface are within 10 percent of each other for
the ship-strut-foil case and the two flat plate cases. For a pitch of

+2°, Figure 13 shows that the flat plate cases have signif ican tly larger
magnitudes of ~~~~~ than the ship-strut-foil case .

In conclusion , the strut intersection exerts a significant effect

on the flow over the upper surface of the foil , while not significantly

affecting flow on the lower surface . In addition , change in angle of

pitch of the entire ship-strut -foil system does not affect the C~ on the

fo i l nearly as much as rotation of the foil relative to the hull bottom ,

Rotation of the foil with respect to the ship ’s hull has a significant

effect on the flow over the foil’s surfaces as well as on the total applied

forces on the foil.

PREDICTION OF CAVITATION SPEED

I t is of in teres t to compute the maximum ’.theoretical speed at which a

smooth foil may operate free of cavi tation , i.e., the cavitation inception

speed . With the assumption that cavitation beginc when the local static

pressure is equal to the vapor pressure 
~~ 

the cavitation inception speed

V 1 is given by

- (p0 + pgh)
V 1 = 1—  [2]

~ ~

where

p0 
is the Static pressure at the ocean surface ,

g is the acceleration of gravity

1% 15 the depth below the free surface , and
Cpm is the ~~~~~~~~~~~~ value of C .

For the ship-strut-foil case, the minimum value of C~, on the foil

always occurs on its upper side , which is submerged approximately 17 feet

(5.18 m) below the free surface . Al so, the minimum value of C~ is

approximatel y equal to -1.4 in the range -5°< 8 (  +S~ (See Fi gure s 2-6) .

Ass uming p = 1.99 lb-sec 2/ f t 4 (1025.6 kg/rn 3) for the dens i ty of seawater ,

6
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p = 2160 lb/ft
2 (5224 N/rn 2), and 

~v 
= 30 lb/ft2 (72.59 N/rn2), Equation [2]

yields the following value of V 1 for the ship-strut - foil case

V1 
= 48.1 ft/sec = 28.5 knots [3]

For cases where the foil is rotated relative to the ship bottom ,

considerably lower values of V1 may be expected for large positive values

of ci due to lower values of C . Figure 9 shows that the value of C forpm pm
the three-dimensional foil deeply submerged and pitched at 2 is -0 .87 and

the C for the three-dimensional foil pitched at 2° benea th a f la t plate ispm
-1.49 . The use of Equation [2] yields the following values for V 1 for these

cases:

V 1 for the deeply submerged foil = 60.98 ft/sec = 36.13 knots

V 1 for the foil beneath a flat plate = 46.60 ft/sec = 27.61 kno ts

The V 1 for the deeply submerged foil is obviously a most optimistic estimate

since the effect of the ship and strut is neglected entirely. A more

conservative estimate can be obtained by using the two-dimensional results.

rigure 11 shows that the values of C for the two-dimensional foil pitchedpm
+2 and +5 are respectively -1.82 and -3.19 . The use of Equation [2]

yields the following value s for V,0, the cavitation inception speed for the

two-d imensional foil

~2D 
= 42.2 ft/sec = 25.0 knots at ci =+2° (4a)

V20 = 31.8 ft/sec = 18 .9 knots at a =+5~ (4b)

It should be noted , however , that all of the above computed values
of cavitation inception speed include no provision for manufacturing

inaccuraciec or roughness could degrade overall cavitation performance.
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TABLE 1

Summary of Lift Coefficients, CL, For All Cases

Lift Coefficient
3D Cases CL

Angle Angle
Case Varied -5 -2 0 .2 +5

Ship-Foil-Strut 8 0.055 0.10 0.14 0.17 0.22
Combination

Foil 2 Feet a 0.19 0.44
Below Flat
Plate

Foil Deeply 8 0 0.13
Submerged

2D Cases

Foil 2 Feet ci -0.65 -0 .09 0.34 0.81 1 .58
Below Flat Plate

Foil Deeply 8 -0.68 1 -0.273 0 0 .273 0.681
Submcrged
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DTNSRDC ISSUES THREE TYPES OF REPORTS

(1) DTNSRDC REPORTS. A FORMAL SERIES PUBLISHING INFORMATION OF
PERMANENT TECHNICA L VA LUE , DESIGNATED BY A SERIAL REPORT NUMBER .

(2) DEPARTMENTAL REPORTS. A SEMIFORMA L SERIES , R ECORDING INFORMA-
TION OF A PRELIMINARY OR TEMPORARY NATURE , OR OF LIMITED INTEREST OR
SI GN I F I C A N CE , CAR RYING A DEPARTMENTAL ALPHA NUMERIC IDENTIFICATION.

(3) TECHNICA L MEMORANDA . AN INFORMA L SERIES1 USUAL LY INTERNAL
WORKING PAPERS OR DIRECT REPORTS TO SPONSORS, NUM BE R ED AS TM SERI ES
REPORTS; NOT FOR GENERAL DISTRIBUTION .
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