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ABSTRACT

The 1ift force generated by the hydfofoil elevates the craft abbve
the water surface. So, for hydrofoil craft the prediction of foil
characteristics 1is very ‘important. As the foil moves beneath the
water surfacé the free water surface is disturbed. Hence to predict
the foil characteristics the free .surface effect should be
considered. To eOnsider this free surface effect, it is assumed that
there is a image of the hydrofoil at a distanpe “equal to 'dépth of
submergence from the interface in the air. The total effect of body

and image on the foil characteristics.is the actual characteristics
of the foil.
T

- The sol&tion procedure -involves: lifting line theory and vortex
lattice method. In 1lifting 1line théory the hydrofoil body is
considered as a line along the span loca£ed at the quafter chord mean
line. In vortex iattice method the hydrofoil body is divided into
several discrete number of horseshoe vortices. A  horseshoe vbrtex
system consists of three parts of which the bound voftex portion is
lied on the lifting line and the other two are trailing vortices. Tb6.
calculate the induced velocity at any ppint Biot~Savart law ié used,
. For the calculation oflcirculation strgngth ;the induced‘ velocities
are calculated at the body control points which are located at the

three-quarter chord meén line. The 1lift, and drag coefficients are



calculated for the hydrofoil by considering the effect of body and

image. Also the moment coefficient about the mid point of the mean

camber line is calculated. For simplification of calculation, the
initial free surface disturbance is assumed zero. The method of

" solution is based on the criterion of image stabilization hence free
surface which is establighed using a iterative pfocedure. The 1ift,
drage and moment coefficient for the hydrodoil are calculated at the
final iteration. Also the free surface.shape is calculated at this
final stage. The existing ﬁrediction method is not an iterative one
i.e., 1in that method the effect of free surface deflection is. not
considered when the foil characteristics is calculated. But the
method developed is an iterative one to stabilize the free surface
i.e., the effect of free surface is considered when the foil

characteristics is calculated. . -

For the purpose of demonstration of different hydrofoil
characteristics using method developed NACA 4412 and NACA 16-206
section profile data are used. NACA 4412 section profile is basically
chosen for demonstration of perforﬁance at high aspect ratio
i.e.,equal to or above 5. Whereas NACA 16-206 section profile is
basically chosen for demonstrtion of performance at low aspect ratio
i.e.,equal to or above 4/3. NACA 4412 is a high 1lift profile compared
with NACA 16-206 which is a low 1ift profile. For NACA 4412 section

profile the comparison is made with available theoretical results.
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NOTATIONS

B ‘ : Breadth

b : Body

Cm,n : Influence coefficient

C : chord

CiL :  Lift coefficient

Cpue : Lift coefficient without free éurface (i.e.,image)
Co : Drag coefficient

Ca ,. : Moment. coeffi;ient

dC . : Lift‘coefficient of a strip

dCqy : Drag coefficient of a strip

dC.y : Moment coefficient of a strip

dSn : 'Width of a strip along span

D B ’ Drag force

Fr t Froude number based on depth of submergence(VAfEh)

Froude number based on chord(VA}gc)

f o . Free surface

g - Acceleration due to gravity

h Depth of submergence

1 Image )
A .

i : Unit vector in X-direction

3 Unit vector %n Y-direction

KO :  Wave factor (g/V)

ﬁ : Unit vector in 2 direction

1 : Lift per unit span



Uso.

A%

Vx

Vy

Vz
Xln,X2n
Xm
Yin,Y2n
Ym
Zln,Z2n

Zm

DooA 5 o + 5 oz

Total Lift force/Length

Moment of- force

Number of control points

Number of strips

Pressure

Radius véctor

Span

Free steam velocity

Total velocity

Velocity in X-direction

Velocity in Y-direction

Velocity in Z-direction
X-ordinates of bound vortex point
X-ordinate of éontrol point
Y-ordinates of bound vortex point
Y-ordinate of control point
Z-ordinateé of bound vortex point
Z-ordinate of control poinf

Angle of attack

Circulation of a strip varies along sﬁan
Density of water

Deflection of free water surface
Dihedral angle

Angle of méan camber line at the control'point.
Displaceﬁent

Angle between two vectors

- xildl =



LIST OF FIGURES

Fig. 1.1 Defipition sketch of a hydrofoil craft.

Fig. 1.2 Comparative performaﬁcé of high-speed craft
Fig. 1.3 Flow depiction about foil near free surface.
F%g. 2.1 " Sketch of a planar hydrofoil seétion ind;cating

location of control point where flow is parallel to

the surface.

Fig., 2.2 Hydrofoil and image with undisturbed free surface,

i

Fig. 2.3 Nomenclature for the tangency requirement:

(a) normal to element of the mean-camber surface;
(b) section AA.

{c) section BB.

Fig. 3.1 _ Nomenclature for calculating the velocity induced byia

finite length'vortex segment.

Fig. 3.2 Sketch of a "typical" horseshoe vortex.

- Xiv =

R



Fig. 3.3
Fig. 3.4
Fig. 3.5
Fig.3.6

Fig. 4.1
Fig. 6.1
Fig. 6.2
Fig. 6.3

Sketch of the vector elements for the calculation of
I

the ‘induced. velocities.

Showing 'a typical bedy contrel point where the induced
velocity is calculated due to typical body and image

bound vortex element.

Showing a typical free surface control point where the
induced velocity is calculated due to typical body and

image bound vortex element.

Body and image of a hydrofoil {consists of ten strips

along span with undisturbed free surface).
Hydrofeoil and image with Qisturbed free surface.

Comparison of 1lift coefficient with c¢/h=1, for NACA

4412

Comparison of the ratio of lift coefficient with the
free surface to with free surface for A=5,

[

and NACA 4412,

Comparison of the ratio of lift coefficient with the
free surface to without free surface for A =8 and

NACA 4412,

- XV =



Fig.6.4 Variation of lift coefficient with :the variation of
Froude Number (Fr*) ,aspect ratio, ec=1, A =0 and

G? =0 of NACA 4412

Fig.6.5 Chordwisé.variation of disturbed free surface height at

the midspan of NACA 16-206 with variation of aspect

ratio

Fig.6.6 Variation of T? with the variation of aspect ratio of

NACA_16-206 {at the midspan)

- xvi -

i



Table

Table

Table

Table

Table

‘Table

LIST OF TABLES

Comparison of Power absorbgd by hydrofoil boat and

displacement type ship.

Lift drag and moment coefficient of NACA 4412 with

" »= 5, C=1, h=1, Fr¥=1, @ =0.

Lift, drag and moment coefficient of NACA 4412 with

- aspect ratio of 5, unit chord and zero angle of attack

and dihedral.

" Lift, drag and moment coefficient of NACA 4412 with

aspect ratio 8, unit chord and zero angle of attack.
Variation in lift coefficient ratio of NACA 4412 with

variation of Froude number (Fr*) and dihedral angle

for aspect ratio 8.

Ratio of 1lift coefficient of NACA 4412 with aspect

.ratio 8, with variation of Froude number (Fr*) and

- zero angle of attack.

- xvii =




Table

Table

Table

Table

Table

6.

6

.10

Compariscon of 1lift, drag and moment coefficient of
NACA 4412 with the variation of depth of submergence
and number of strips with zero angle of attack and

dihedral for aspect ratio §.

Variaion of 1lift, drag and moment coefficient of
NACA 16-206 with variation of aspect ratio and C=1,

h =1, x =0 and Fr¥ ='4.6

Variation of 1ift coefficient of NACA 16-206 with

variation of aspect ratio and ¢ = 1, h=1, AL =0

and Fr¥ = 4.6,

Variation of circulation along span of NACA 16-206

with variation of aspect ratio.
Comparison of chordwise variation of the disturbed

free surface height at the mid span of NACA 16-206

with variaiton of aspect ratio.

- xviid -



CHAPTER - 1

. INTRODUCTION




1.0 SUMMARY OF THE CHAPTER

Thg basic definition of hydrofoil and hyafofoil boat are given in
this chapter. A comparison between h?drofoil boat and displacement
vessel! is given to show the power variation at relatively higher
speed. The objectives of the present study is to predict hydrofoil
characteristics at shallow submefgences with aome . basic
assumptionstiterature review describei thé work doné on this
topic.The solution procedure is based on 1lifting 1line theory and
vortex lattice method. Scope of application shows the various

possible usage of hydrofoil boat in this riverine coqntry.

1.1 GENERAL :

Hydrofoil boats make use of the same principle'involvéd in the flight
of aircraft. Hydrofoils are attached to the bottom of the ship by
means of struts, and when the shipimoves through the water a lift
forée is generated just as occurs when .an aeroplane wing moves-
throﬁgh the air. By correct adjustment of the angle of incidence of
the hydrofoil the lift can be made to be just equal to the weight of
the ship, which is lifted clear of the water. The resistance is there
by reduced, being then only equal to the drag of the hydrofoils. So
high speed can be achieved with relatively low power.

In Table 1.1 [1] |2], a compariscon of poﬁer absorbed by hydrofoil



boat and displacement type ship is provided.Figure 1.2 shows the

comparative performance of high-speed craft. Hydrofoil boat has been
used for service in sheltered waters but it is likely that
considerable problems would exist in really rough water. The

-

definition sketch of a hydrofoil boat is given in Figure 1.1 [3].

Lifting 1line theory and vortex lattice method are used to solve the

- problem assuming the hydrofoil with arbitrary profile and rlan form, -

flow is incompressible, inviscid and irrotational with negligible.
pressure above the free surface, no surface tension, depth of fluid
is infinite. Also the solution procedure is based on a iterative

process satisfying simultaneously both the boundary condition that
the flow is tangential at the body control point and image

stabilizing criterion.
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Table - 1.1

displacement type

ship

Comparisdn‘of power absorbed by hvdrofoil boat and

I Type of ship : Diménsion ! Displacement ! Velocity ! Power
! '{meter) '{tonne) i (knot) '{H.P)
I Hyvdrofeil J Length=40.5 247 { 50 117024
i vessel ! Breadth=8.6 | : '

! ! DraQéht=2.? ! : f

; ' ' ' '

' Dispaldement ! ! ! 118686
' Vessel ' | : '

! Hydrofoil ! Length=30 65 136 11581
. Vessel i Breadth=9.4 ' : ! |
' ! Draught=1.03 | ! '

i 1 | l l l
Displacement ' ' ' |

! Vessel ' ' ! 13218
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1.2 OBJECTIVES QF 'THE PRESENT STUDY

The objectives of the present study 1s to develop a proper hydrofoil
characteristics prediction method which‘will take into consideration
the.vafiation of speed of flow, angle of attack, depth of submersence
and free surface effect. The calculated characteristics are to be
compared with the available theoretical results Lé validate the

method developed for prediction .

1.3 LITERATURE REVIEW

"The hydrofoil cencept has been around for many decades, but much of

the early development involved experimental craft and the achievement

of wviable craft. - Eventually viable craft were built to satisfy both

commercial ferry and military requirements. This development and
involvemen! continued to the present day, and future prospects look
promising. ln general, the European and Russian craft employ surface

piercing foils, where as well as providing 1ift, the foils contribute

to craft stability at differential immersion. This provides
‘restoring moments, either in pitch or roll. The major Americarn
developments wuse fully submerged foils, which require an automatic

control system to maintain the craft hull at a given height above the

water surface. In general, the surface piercing  hydrofoils are
older, more established designs, whereas the fully submerged foil
designs are more recent. The former are used exlensively, mainly as

~
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passenger transports, and the latter have been used both as military
and commercial craft. Fully submerged foil craft are generally more
complex and costs are higher, and thus whilst performance is

extremely good, these higher costs have lead to difficulties in their -

general adoption.

H. Lamb |5] indicates in 1913 result -that the resistance of a

circular cylinder (represented by a doublet) moving under a free
surface reaches a peak value for a Froude number (based on
submé}gence depth ) of unity. This problem has been further studied

by T.H. Have lock (1936) [6]; but, from a hydrofoil stand point,

consideration of a vortex is of more importance. L.N. Sretensky .

(1938) [5] extended the analysis to include the effect of circulation

and dropped the terms specifying the circular cylinder. When the

submersion was greater than three times the cylinder radius, he found

that the cylinder could be effectively replaced by a vortex. This

work and that by others - N.E. Kotchin for arbitrary contours, and

M.V. keldysh and M.A. Lavrentiev (1935) |7] for a wing in Russia in .

the mid 1930's has been summarized by A.N.Vladimirov (1937), together

with indications of experimental verification.

The keldysh and Lavrentiev {(1935) and Srentensky (1938) (5] approach-”

replaces the flow indicated in Figure 1.3a by the system indicatéﬁ in

Fig. 1.3b - of a negatively sensed vortex at the foil location, its ¢

"biplane" image located at a distance h above the nominal free -

surface location, together with additional terms involving Froude

A -. L
o

P



number effects. These latter terms are apprepriately called the

"gravity image" by A.G. Strandhagen and G.R. Seikel (1957). Joseph P.
Gelsing and A.M.0. Smith (1967) 8] adopt this image formation
procedure to solve the potential tlow about two dimensional

hydrofoils.
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(a) Flow pattern " (b) Singularity and image system.

FIG. 1.3: FLOW DEPICTION ABOUT FOIL NEAR FREE SURFACE .



1.4. ADOPTED SOLUTION PROCEDURE

The study is based én lifting line theory and vortex lattice method.
Lifting line theory representationris that the hvdrofoil is reﬁlaced
by a bound vortex line 1located at the guarter chord location
{hvdredyvnamic center of the foil). In vortex lattice method the
hydrofoil is divided into - several trapezoidal paneis {also called
finite elements or lattices) along the span. Thé individual three
sided horseshoe vortices which consist of bound vortex and trailing
vortex.are placed in that trapezoidal panels. The bound vortex
coincides with the quarter chord line of the panel (or elehent). To
calculéte'the-foil chéracteristics, control points are located at the
three—-quarter chord. In_rigorous theoretical analysis, the vortex
lattice panels are located on the mean camber surface of the wing
and, when the trailing vortices leave the wing, they follow a curved
path. But in many endgineering applications, suitable accuracy can be

obtained using linearized theory "in which straight line trailing

vortices extend downstream to infinity. To evaluate the induced
~velocity components circulation strength is required. To compute the
circulation strengths of the vortices , which represent the lifting

flow field of the wing, it is used the boundary condition that the
surface is a streamline. That is, the resultant flow is tangential to
the wing at each and every control point'(which is located at the

midspan of the three-quarter chord line of each elemental panel).

10
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ln;this solution procedure it is assumed that there will be an image
of the hydrofoil at a dfstance of submergence (h) from the interface
when the hydrofoil is submerged to depth h. To calculate the induced
veloéity and circulation strength this image effect would bg
considered. It is assumed thal there is a bound vortex line at the
image on the {three—quarter chord line. The addition of this bound
vortex line effect with the body bound vortex line givés the actual

charadteristics of the hydrofoil.

To simplify the calculation firstly it is assumed that the free' water
surface -is undisturbedr which acts as a refiector. Due to the
hydrofoil métion the free water surface deflection is calculated by
applying Bernoulli’s equation. As the free water surface is
disturbed, the formed image of thé hydrofeil will be distorted. This
study is based on image stabilizing criterion. To stabilize the
image, it is assumed that if the free water surface is stable, the

formed image will be stable.

In the image stabilizing critérion, the free - water surface
deflection at the quarter chord line 1is considered. If +this
deflection rate is very small (less than 0.1 percent ) it is assumed
that the free water surface is stable which is the image stabilizing
criterion. A. schematic diagram of the solution procedure isrgiven

below.

11




" Prediction of finite span hydrofoil characteristics using image

gstabilizing criterion.

The . calculation procedure involves 1ifting line theory, vortex

lattice method, Biot-Savart law and image stabilizing criterion.

X

The major assumptions are : {a) Considering the hydrofoil with
arbitrary. profile and plan form. {b) The flow is assumed to be
incompressible, inviscid and irrotational with negligible pressure
above the free surface. (c) Surface tension is ignored. {(d}) The depth
of fluid - is infinite. {e) To stabilize the image the percentage of
free water surface deflection at the qguarter chord line is less tﬁan

0.1 .

Results are

Calculation of Speed of flow
lift force, Against variation of Angle of attack
drag force & Depth of submergence

Moment of force

Comparison with the available theoretical results to validate the

developed prediction method.

12




1.5 SCOPE OF APPLICATION

Cur country is a riverine oﬁe and also got é'lohg coastline.To reach
a distant place in a shorter possible time a more stable and speedy -
vessel is required. But from economic ﬁoint of view to design a
speedy displacement typé vessel is costly. Because moré than 90
pércent of total hull resistance of a submersible vessel is
frictional resistance and wave making resistance. To reduce these
resistances, the concept of hydrofecil boat (a boat with afhydréfoil)
~emerge. The body, of the hyvdrofoil boat is above the water surface
.and only the hydrofoil is under the water surface. So, the resistance '
is thereby reduced, being then equal to ﬁhe drag of the hydrofoil.
The result is that high speed is possible without wusing unduly large
power. hydfofujl boat may bhe used in the foljow;ng fields.

(al.Coast guard craft

(b} Rescue craft

{c} Speedy passengef craft for better river communication .
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2.0 SUMMARY OF THE CHAPTEHl

The developed theory to predict the foil characteristics is
presented in this chapter.To solve the circulation matrix equations
the boundary conditioﬁ used is that the flow is tangential at three-
guarter chord line.Method of solution based on numerical computations
using the theory developéd for a specific hydrofeil is described with

a flow chart.

Tg attempt a general soluti&n of the problem of determining a vortex
system by representing a finite wing is very difficult. Howevgr, the
simplified svstem of a horseshoe vortex is accurate enough only for
certain special problems, It can be improved on the accuracy of the
system by using a different representation. first suggested by
Lapchester, and subsequently fully analfsed by Prandtl i9],‘ in which
the bound vorticity is assumed to lié on a straight line joining the
quarter chord line of the, K wing, known as the lifting line .

Lifting line theory prqvides a reasonable estimate of the 1lift,
drag and thé induced Veiocity for an unswept wing of relatively
moderape‘br high Qspect ratio in a subsonic stream. It is assumed
that the resultant flow is to be steady, inviééid,'irrotational; and

incompressible. In this approach to solve the governing equation, the
[]

14

L,

o



continuolis distribution of bound vorticity over the wing surface is
approximated by a finite number of discrete horseshoe vorticeé of
which each consists of three straight segments. The individual
horseshoe vortices are placed in trapezoidal panels (alsco callea
tfinite elements or latticesi. Hence, this procedure for obtaining a
numerical ~solution to the flow is termed the vortex lattice method

(VLM) .

The hydrodsynamic cenﬁre‘is_that point about which the section moment
coefficient is independent of the angle of attack. The quarter chord
location is significant since it is the +theoretical hydrodynamic
centre- for incompressible flow about a three—dimen;ional hydrofoi11
The bound vortex coincides with the quarter chord line of the Apanel
(or element). In a rigorous theoretical analysis, the vortex lattice

panels are located on the mean camber surface of the wing and, when

the +trailing vortices leave the wing, they follow a curved path.
However, for many engineering applications, suitable accuracy can be

obtained using lincarized ‘theory in which straight line trailing
vortices extend downstream to infinity. In the linearized approach

the trailing vortices are aligned either parallel .to the free stream

or parallel to the vehicle axis.

Both orientations provide similar accuracy within the assumptions of
linearized theory. 1In this study, it is assumed that the trailing
vortices are parallel to the axis of the vehicle. Application of the

boundary condition is that the flow.is tangent to the wing surface at

13
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I
the controel point of each of thé N panels provides a set of:
simultaneous equations in the unknown, vortex circulation strengths.
The control point of each panel is centered spanwise on the three-

gquarter chord line midway between the trailineg vortex legs.

-An indication of why ﬁhe three-duarter'chord lpcation is used as the
céntrol point may be seen by referring to Fig.2.1. A vortex filament
whose circulation strength represents the lifting character 'of the
section 1is plgced at the guarter éhord location. Using linearized
theory it induces a velocity V = I/ 2Ar, at a point C, the control
point which is a distance r from the vortex filament. If the flow is
to be parallel to the surface at Lhe:control'point, the incidence 6f

the surface relative to fhe free stream is given by

oL =Sind = VUL, = V/2AY Us e {201
Now using the equaiton of lift per unit span.
vo=Llpulcer = PULT | e (2.2)

using for thin foil C| =R«

=4 CurC 2Rk

Combining the relations above,
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SKETCH OF A PLANER HYDROFOIL SECTION
INDICATING LOCATION OF CONTROL POINT
WHERE FLOW |S PARALLEL TO THE SURFACE .



solving for r, r = ¢/l

Thus it is.found that the control point is at the three-quarter chord
location by assuming that the bound vortex and control point are on a

straight line.

To compute the circulation of a specitic finite element _the image
effect would be Considerea. And this study is based on image
stabilizing criterion. 1t is assumed that, thére‘will'be an image at
a height of equal depth of the hyvdrfoil above the interface shown in
Figure 2.2. Bound vortex line i3 assumed at Lh.c quarter chord line Of,
the image. For é specific finite element the total (actual) lift is
the summatioﬁ of body bound vortices and image bound vortices effect.
To simplify the calculation, first it is assumeg that the free water
surface is undisturbed. Applying Bernoulli’s equation the height of

the disturbed free water surface ié calculated.

This sclution procedure is based on the image stabilizing criterion.
The 1image 1is stabilized by converging the free water surf;ce
deflection at quarter chord 1oéaioh.' At the first time ({(first
iteration) of deflection calculation procedure, it is assumed that

the free water surface is undisturbed which acts as a reflector. As

it is assumed that there will be an image at a distance h from the

18
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interface when the'hydrofoil is submerged at a depth h in water, the
image 1is undistorted>for this free water»surface position. When the
free-water surface is defiected, the formed image also distorted. To
stabilize the image different iterations are required. In this study
it is assumed that, when the free water surface deflection - at the
quarter chord location is less than 0.1 percent in compared to the
preceeding iteration the formed image is stable, so the accuracy of
this process,depends on the quarter chord location free water surf;ce

deflection.

4.2 BOUNDARY CONDITION

To compute the strengths of the vortices which represents the lifting
flow field of the wing the boundary condition used is that the
surface is a streamline. ‘That is, the resultant flow is tangent to
the wing at each and every control point which is loqated at the
midspan of the three-quarter .chord line. of each elemental panel, If
the flow 1is tangént to the wing, the component of the induced

velocity normal to the wing at the control point balances the normal

component of the free stream velocity. To evaluate the ~induced
velocity components, the convention introduced is that the trailing
vortices are parallel to the chord line | i.e, velocity in X-

direction)

2U



Referring to Fig. {2.3)......, the tangency requirement yields the

relation

._\/Kfs‘;ﬂg(vora < — VYQ@@CY‘J‘T\Q + V2 Cenep chg_\_ U2 n Ld—'a_)(oocp.zo R
‘ . e 02.3)

where, X

P
2]

Angle of attack

Dihedral angle

Slope of the control point at mean camber line.

After rearrangement,it may be written in: the form,
Sin{d-5)

[\1,\“'3\7\5 VA C_orag—-\—oncp%\/ZCOgg 1=y . . - - .. (7—"4)l

Now for a specific wing moving at any angle with velocity U,g ,
equation (2.4) gives N { number of strip) numebr linear equations.

In this study these linear equations are solved by Gauss Seidel [11]

Matrix equation method.
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Normal to the mean-camber
surface at the control point

Z 4 ' 4

Mean-camber surface Mean-camber surface

. ____,.:J_:_;_

-—Y‘ X
{b) (c)

FIG. 2.3 : NOMENCLATURE FOR THE TANGENCY REQUIREMENT :

{a) NORMAL TO ELEMENT OF THE MEAN-CAMBER
SURFACE & (b) SECTION AA : (c) SECTION BB .
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2.3 METHOD OF SOLUTION

The method of éolution is based on lifting line theory and vortéx
la£tice method.l The induced velocity expressions are Sased on Biot-—
Savart law and in?olves circulation strengths of vortex elements and
location of vortex elements and control: points .Initially the
circulation stréngths are unknown and later found by solving
particular equation wusing Gauss—Seidel [11] method.By knowing the
circulation of a particular strip, the induced velocity can be
calculated. For the free su;face deflection calculation, the induced
velocity at the free surface-should be known by considering the body

and 1image applying Bernéulli’s equaiton on the free surface. To

simplify the solution, first it is assumed that the free water
surface is undisturbed. When the hydrofoil moves the free water
surface is disturbed. By finding this deflection rate in percentage

the image stabilizing criterion. is fixed which isg equal to 0.1
percent.. The overall metﬁod of solution is described below by a flow

chart.
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Given chord,

span,coordinates of bound vortex and

control points,velocity,angles {flow, dihedral and

at the control point of mean camber line) and

no. of iterations.:

Assume initially disturbed free surface with zero deflection.

Formation of circulation matrix using Biot-Savart law.

Calculation

of induced velocity at the body control points

by solving the circulation matrix using Gauss-Seidel method.

Calculation

of 1lift, drag and moment cocfficients,

calculation

at the free

of induced velocity and deflectionl )

surface.

Convergence

test of deflection rate with 0.001

If the deflection rate does not satisfy the above criterion

repeat the calculation by changing the recent Z-coordinate

of image.

L
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CHAPTER - 3

INDUCED VELOCITY DERIVATION




3.0 SUMMARY QF THE CHAPTER

This éhapter consists of detailed developmentr procedure . of
the theory .A horseshoe vortex lattice consists of three parts , one
is bou#d vortex and the other two are Lrailfng vortices.The induced
veldocity by the bound ;orpex and the trailing vortex at the contpoi
point is calculated . by usingA Bio£ﬂSavart law.The total induced
velocity at Qny control p;int'is the sﬁmmation of velocity induced by

the body and image.

3.1. CALCULATION OF 'TI

IE_INDUCED VELOCITY BY A FINITE 1LENGTH VORTEX

SEGMENT .

To determine the flow about.a vortex loop of arbitrary form, it is
necessarv to have a wayv of finding the velocities giﬁen to the. fluid
‘at various points by each of the elementéry segments of which the
loop 1is made up.lBiot=Savart law relates the inpensity of flow in the
fluid close to a ’vorticity carrying’ vortex tube to the strength of
- the - vortex tube. In 'thisl approach the continuocus distribution of
bound vorticity over the wing surface is approximated by a finite

number of discrete horseshoe vortices of which each consists of three

straight segments to solve the governing equation.

The individual horseshoeé vortices are placed in trapezoidal panels. A

horseshoe vortices system consists of three segments,. One segment is
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bounded by two end points of .the trapezoidal panel named bound vortex
and the other two are trailing vortices. . The velocity induced by a
vortex filament of strength Im and a length dl is given by the law of

Biot-Savart |10] as

From figure (3.1) the magnitude of the induced velocity is .

dv = ¥n Sin® dl / 4 R r*. . ... (3.2)

Now to calculate the effect of each segment separately, let AB be
such a segment, with the velocity vector directed from A to B and let

C be a point in space, whose normal distance from the line AB is rp.
r = rp/sin & , d1 = rp cosec* 8 d &.

Integrating between A and B to {ind ~the magnitude of the induced

velocity,

g2
V. =  In/4ary gf $in® d6 = In/4rrp (cosBL - cos #2)..(3.3)
i
Now, it the vortex filament extends to infinity in both directions,

then 01 = 0 and 02 = N,



S
s

VORTICTTY VECTOR

FIG. 3.1: NOMENCLATURE FOR -CALCULATING THE VELOCITY
INDUCED BY A FINITE LENGTH VORTEX SEGMENT



Now, in this case, V = fn / 2 reR

"Let ?b, rl and 12 represent the vectors AB, AC and BC respectively.

v

T— -
Then rp = {rl x r2¥ ro
- - . —_ -~
Cos 61 = ro. rl /ro rl, Cos B2 = ro. r2 / ro r2
-— - - = .
and consider unit vecter is rl xr 2 /irl x r2l

Substituting these expressions into equation (3.3) and noting that
the direction df the induced velocity is given by the unit vector

(T1xT2)Arl x r2y vields,

—

V = {Tn/#{(T1 x r2)/trl x T21}{fo. (Fl/rl - T2/12) }.ve...(3.4)

This is the basic expression for the calculation of the induced

velocity by the horse shoe vortices in the vortex lattice method.
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3.2, VELOCITY -INDUCED BY BOUND VORTEX PORTI1ON OF HORSESHOE SYSTEM

Equation (3.4} is wused: to calculate the velocity that is
induced at a general point in space (X,Y,Z2) by the horseshoe vortex
shown in Figure 3.2.Thisg hdrSeshce vortex may be assumed to represent
that for a typical wing panel.Segment AB represents the bound vortex
pprtion of the horseshoe system and coincides with the quarter . chord

line of the panel element. For the bound vortex segment AB,

_a — ’ o~ ~ Fal
ro = AB ={X2n - Xln) 1 +{Y2n - ¥lnl)j + (Z2n Zlnlk
~ ~ -~
rl = (X-XIn) 1 + (Y-¥YIn)) + (Z2-Zlin)k
rz = (X-X2n) 1 + (Y-Y2n) j + (Z-Z2n)k

using equation (3.4) to calculate the velocity induced at some point
C{X,Y,Z2) by the vortex filament AB (shown in Figs. 3.2 and 3.3), it

is seen that

VAB = TIn/4) (FaclAB} (Fac2AB} ........ (3.5)

-

where, {Fac 1AB } =|rl_x ;21/! ;1 X ;é i

and (Fac 2AB } = {(;E. rl / rl) —(?b..??/rZ)},




Bound vorfex

B(X2n, Y. Ztn)

A(X1n> yinr Zin) Trailing vortex

from B toese

Trailing vortex
from A to e
{parallel- to the
X-axis)

X

FIG. 3.2: SKETCH OF A "TYPiICAU HORSESHOE VORTEX



— e
The cross preoduct of rl1 and r2 vector is

— . | . ' ~ .
rl x r2 = [{{(Y-YIn)(Z-Z22n) -~ (Y¥Y-Y2n) (Z-ZIln)}i -~ {(X-XIn)(Z-2Z2n) -(X-
. ,

. A
X2n){Z2-Z-1n)} 3 + { (X-XIn){Y-Y2n) -{X-X2n)(Y-Y1in}} k}
The magnitude of this cross product is

VA . 1
trl  x r24 = [{( Y-YIn)(Z-Z2n)-(Y-Y2n)(Z-Z1n)} + {(X-Xln)(Z—ZZn)—(X-

L : -
X2n)(Z-Z1In}+{ (X~XIn}(¥-¥2n)- (X-X2n){Y-Yin)}].

Thus. { FaclAB} becomes,

S

{FaclAB) = {|( Y-Y1In){(Z-Z2n)-{Y-Y2n) (Z-Zin}li - [(X—Xln)(Z-ZZn). -
~ ) .
(X-X2n)}(Z-Z1ln) 1. + {{X-XIn) (Y-YZn) - {X-X2n) (Y-Yln)]E}/{[(Y—

, " .
YIn}{Z-Z2n) - (Y-Y2n) (Z-Zln)] +(X-XIn)(Z-Z2n) - {X-X2n) (Z-Zln)]l +

[(X-X1n) (Y-¥2n) - (X-X2n)(Y-vYin)])
Using the principle of dot product of vector { Fac 2AB} beccmes,

{Fac 2AD) = {l{Xx2n -~ XIn)(X-Xln) + (Y2p—Y]n)(Y—Y1n) + (22n~21n)(z-

Zlnl]/\/[(X-Xln) + (Y-Yln) + (Z - Zln)f- -[{X2n~-X1n)(X-X2n) + .(an—

YIn)}{Y-Y2n) + {Z2n -,Zln)(Z—Zanl/\/i(X—X2n) + {(Y-Y2n) + Z~22njr},



Using

VAR’

11

the above relationships equation (3.5)'Can be written as,

(In/4K) {FaclAB}{ Fac 2ABY ... {3.5)

S
{Mm/4R) {l(Y~Y1n)(Z-Z2nJ—(Y—Y2n}(Z—Zln)]i - [{X-X1In)(Z-Z22n)~-(X~-

Fal N
X2n)t{Z-Z1ln)ly + [ {X-X1n)(Y-Y2n)-(X-X2n)(¥-Yin)] kK}/{L{(Y-YIn}{(Z2-22n)-

(Y5Y2n112—21n}l$ sL0 X-XIn) (7-22n)-(X-X2n)(7-Z1n) 17+ [(X - Xln) ( Y

- Y2n)~(X—X2n)(Y—Y1n)f‘}] {[{X2n - XIn} { X-X1n) +

(Y2n - Yin) ( Y-

] >
Yln) + (Z2n - Zin) (Z—Zln)]/J [t X—Xln)1'+ (Y - Yin) .+ (Z—Zlnr] -

[{ X2n - XIn)

(X - X2n) + (¥2n -Yin) (Y - ¥Y2n) + (Z2n

( Z-22ny] / J}(ﬁrXZn)m Py - Y2n?’+ (72 - Zan]j;...
Let,
¢ = [ (Y - ¥ln ) ( Z =~ 22n) - (¥ - ¥2n) (Z
D = [ (X - Xitn )} ( Z-2Z2n) - ( X - X2n) ( Z
E = L (X - Xln) (¥ - ¥2n) - (X S oxzny (Y
F = | (X2n - Xln) ( X - XIn) + ( ¥2n - Yin }
Z2n - Zln)'(Z'— Zin) |
G = [ { X2n - Xln ) ( X-X2n ) + (Y2n - ¥ln
{ Z2n - Z1ln) { Z- Z2n)
H =,J7§‘— X1n)* + (Y - ¥im)® o+ (Z - z1m)*
p' - _

Thus equation

S
VAB

{EX

{

Xon )% + L Y - y2m)v+. { 72 - Z2n)*

3.6) becomes with these substitutions
Y A ' ~ .
AR ){ { ¢ci - Dj +EK } / CC" + D
LT

- Z1ln)

Zln) |

.l

Z1ln) 1]
-'Yln )1

( Y - Yin)

) (Y —Y2n).+

> 2

+ V") }Y{F/H -
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3.3 VELOCITY INDUCED BY TRALLING. NORTEX _OF _HORSESHOE SYSTEM

To calculate the: velocity induced by the filament that extends

from A to @€ let us first calculate the velocity induced by the
collinear, tlnlte length filament that extends from A to D,

—
ro 1is in the direction of the vorticity vector,

Since

Fa
To = DA = { Xln - X3n ) i
rl = (X = X3n ) & + (Y -¥YIn)'j + (2 - 2in) &
— ,~ ~ ~
r2 = (X = XIn Yy i+ (Y - Yin) § 4+ ( 7 - Zln) k

as shown in Fig.(3.4) . Thus the induced velocity is

VAD = Th/4® { Fac 1AD | { Fac 2AD }
where,
”~, . . A

{FaclAD)

i

\ _ " 3
(Z—Zln)J+(Y]n~Y)k/[(Z—Zln) +{Yln-Y) 1x{X3n~-X1n)

{Fac2AD}

(X3n-X1n){( xan—X)iy;—x3nfL+ (Y - Yin) +(z-z1n)*+

'1- B
(X—Xln))MXFXln)1+ (Y-Y1In) +{z2-Z1n)™>

Letting X3 go to s , the first term of { Fac 2AD} goes to 1.0.

Therefore, the velocity induced by the vortex tllament whlch ewtends

from A to sg in a positive direction parallel to the X axis is given

by ‘




7€

. + . cvr = . - A - SR b e e R el e it S E ...—...,.;.w_J T ot W T
. f - e SV B - N

B(Xap Yon Z2p) |
220200 Ay Vi Zgn )
AlXyn, Yin, Z1n)

Cix,y,2)

- 72
ry
C(x,y,2)

D(X3n Y1n z,n )

FIG. 3.3: SKETCH OF THE VECTOR ELEMENTS FOR THE CALCULATION
OF THE INDUCED VELOCITIES.



aen -

~ ~
VAee = (In/4K){(Z-Z1n)i + (¥In-Y)K/((Z-Z1n)*+ (YIn - Y))[ 1.0 +

. - a2 Ly ™ . ,
(X=XIn)/WX=-XIn) "+ (Y-YIn) + (Z-Z1In} )0 s e e (3.8}

Similarly, the velocity induced by the vortex filament that extends

from B to oo in a positive direction parallel to the X-axis is ‘given

by
— ”~ Fas " .-L
VBae = -Tn/Ax { (Z-22n)j + (Y2n-Y)k /o Z2-Z22m)"+ (Y2n ~ Y) ] x

(1.0 + 4x-x2n>/\/(x-x2nf“+ (Y-Y2n)"+ (2-22n)" 1...... (3.9).

3.4, EXPRESSIONS FOR TOTAL_ INDUCED VELOCITY ALl THE CONTROL POINTS

OF THE HYDROFOQIL,

The total velocity induced at a particular control point (Xm,Ym,Zm)

by the horseshoe vortex representing one of the.surface element “and

its related image is

Vm,n = ( VAB+ VA +VB ‘body + ( VAB+VA +VIY Jimage...(3,10)

Using equation {3.6),(3.8) & (3.9) the total induced veiodity may
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be calculated using equation{3.10) as follows représented as follows

— ~ A A
vm,n = (/4K y{csi/r + JUCC=DS/T)I+{ES/T+DDY K}
~ ~ A~ ‘
= (In/4 R {iU + §V +kW}...... e (3.11)
where,

U = CS/7T
V. = CC-DS/T
W = ES/T+Db

T -
(Z-Z1n)+{Y1ln-Y)

Q =
.- -

It =" (Z-22n)+(Y2n-Y)
S = . B/H - G/P

L o a.
T = C + D + E
CC = . (Z - Zin)/P {1+(X-X1n)/G}-{(Z-22n)/Q} {1+(X-X2n/H)}
DD = (YIn-¥)/P{ 1 +(X-X1n)/G}-{(Y2n-Y)/Q} {1+(X-X2n)/H}

From éguation (3.11) it is seen that the XY and Z component of

~ ~ Fas

induced velocity are the coefficients of 1 , j and k respectively. .

14
Assuming these components are,

VX = InCs/arT
VY = fn (CC - DS)/ 4 AT
VZ =" In (ES/T + DD) / 4R
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Yields equation (3.10).

FaS

-t ™ ~
Vm,n = ivX + JVY + kvy B I S - T
The total velocity induced at some point (X,Y,Z2) by the horseshoe

vortex representing one of the surface elements {i.e., for nth panel)
is the sum of the éomponenté given inlequation {3.6), {3.8) and
§3r9). Let. the point (X,Y,Z) be the control_péint of ﬁhe mth panel,
which will be designated by ‘the coordinates (Xm, Ym, Zm) . The
velocity induced at the mth control point by the vortex representing

the nth panel (both body and image )} will be designated as Vm,n.

Examining equation (3.6), (3.8) and {(3.9) it is seen that -
Vm,n = Cmynb fn + Cm,ni fn ..., . .....(3.13)

where the influence coefficient Cm,nb and Cm,ni depends on the
geometry of the nth horseshoe vortex and its image distance from the
control point ‘of the mth _ﬁanel. Since the governing equation is
iinear, thé velocities induced by the 2N vortices are added together
to obtéin an expression for the total induced velocity at the mth.

control point .

e -

vm = ( Cm,nb + Cm,ni ) Tn  .......(3.14)
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UNDISTURBED FREE SURFACE

Bogdy €ontrol point

C.P {XYX2Z)
e W ~=

e i sam —

\-—Body bound vortex point

FIG. 3.4 : SHOWING A TYPICAL BODY CONTROL POINT WHERE THE

INDUCED VELOCITY 1S CALCULATED DUE 70 TYPICAL
BODY AND IMAGE BOUND VORTEX ELEMENT .
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3.5 EXPRESSIONS FOR_TOTAL 1INDUCED VELOCITY AT THE FREE SURFACE :

As this approach' is based on image stabilizing criterion, it is
aésumed that when the hvdrofoil is at a depth h, there Qill be an
image at a distance 2h from the hyd}ofoil in the air which is shown
‘iﬁ figure 3.4. Figure'B.S shows a hydrofeoil with body and free
surface control point. Like on the hydrofoil it is assumed phat-there
will be a -bOund vortex line on the image at the quartér chord mean
line. But the control points line are remained on the body as before.
To compute the total induced velocity at a point on thevfree surface
say A, the gffect of body bound vortices (point B) and image. bound
vortices (point 1} would be summed. 1t is clear that the coordinates
of image bound vortices varyv f}om the bedy only‘by the Z-coordinates.
To_ease the calculation, first it is assumed that the free surface is
undisturbed. So the Z-coordinate of the image bound vortices is 2{h-

Zln).

Let Lhe point (X,Y,2) be a point at the free surface which will be
designated by the coordinates (Xf, ¥f, Zf). The velocity induced at
_the fth point of the free surface by the vortex representing the nth

panel will be designated as Vf,n. Examining equation (3.13), it can

be seen that,

—_—

Vf,n = :af,nb mh + E},ni I T I D




Free surface control poin

Free surface ALXE, v,
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FiG. 3.5: SHOWING A TYPICAL FREE SU
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> THE INDUCED VELOCITY IS CALCULATED DUE TO TYPICAL BODY
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Image bound vortex line
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o a o o o
o o ) o 3 ' x— Typlcﬂl fl‘ee
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surface control
point

Body bound vortex line

FIG. 3.6 BoDY AND IMAGE OF A HYDROFOIL { CONSISTS OF TEN STRIPS ALONG
SPAN) WiTH UNDISTURBED FREE SURFACE .
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WEere the"inflﬁence coefficient Ef,hb and Ef.ni depend on the
geometry of the nth horseshoe vortex and its image distance from the
free surface control.ﬁoint. Since.ﬁhe'governing equation is liﬁear,
the velocities induced by the 2N ~vortices are added together to

obtain an expression for the total induced veélocity at the mth

control point which is .

N .
Ve = T2 In(Cf,nb + CLmide.iitiien.. (3.16).
n=11 .
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CHAPTER - 4

EAPRESSIONS OF HYDROFO1l, CHARACTERISTICS



1.0  SUMMARY OF THE CHAPTER

The formed circulation matrix using Biot-Savart law and  vortex
lattice method. is solved to satisfff' the 'neceésary boundary
conditions to find circulation distribution .The induced velocity is’
then calculated at the hydrofoil control points . The induced
velocity at_ffee surface is also calculated to find the free surface
deflection . The convergence of the ffee sﬁrface'deflection rate is
the image stabilizing criterion . Because the image will be stable,
if the free surfacé is stable.After thg convergence of the solution
the calculation ‘of different hvdrofoil characteristics are carrigd

out.

4.1, CALCULATION OF CIRCULAT 10N DISTI

LAT] mjlﬁﬂlL;N“Lﬁ_IHE HYDROFOIL
SURFACE
To calculate the induced “velocity  on the hydrofoil surface,

circulétion value is required. Eguation(3.12) and (3.13} give the
relation of circﬁiation‘and inducd velocity; The right hand side of
equation (3.13} possesses unknown circulation . Equation (2.4) forms
N number of equations containing N number unknown circulation .'Uéing‘

Gauss-Seidel 111) method these equations are solved to find

circulation.
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4.2 VELOCITY CALCULATION

1.2.1 AT THE HYDROFOLL GONTROL POINT

At the hydrofoil control

using equation {(3.14) as

point the induced velocity can be written

~ , ‘
—_— . [ — —
Vm = 'zi In{Cm,nb + Cm,ni } ......... L(4.1)
. =1 ,
where,
m stands hydrofoil controi point
b stands body and
i, stands image

4.2.2 AT THE FREE SURFACE

At any point of the free surface the induced velocity can be written

using equaﬁion (3.18), as

(N o
— - i
v = z_' n (C¢f, nb + Cf, ni)
n=1
- where ff stands free surface

b  stands body and

1 stands image.
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4.3 CALCULATION OF L1FT, DRAG AND MOMENT COEFFICILENTS

L1ET

Using Kutta-Joukowski . theorem

to determine the lift force per unit
span can be written as )

L = f) r_n (Upoi + Vx ) v..e. (4.03)

fo get total 1ift coefficient of that
{4.3)

elemental
can

section,
be multiplied by the width

nf the section {dSn)
equal to the span length divided by the number of strips.
So the section lift coefficient .
dC_ = L.

dSn/ 1 A PU::)Vi---

. e 8w

where,

A is the area of

equation

which is

S T 1

the elemental section. With the help of
equation (4.3}, equation (4.4} can be written, as
. ) N
ac; = OTn (Vs Vx)ASn/PAUS - 1
by rearranging it can be written as,
)
dg. = ifn(um-’rw)/c.uw. fererneresaald4.5)
45 Hn
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The total 1lift coefficient of the hydrofeoil is the arithmetic average

of the summation of section 1lift coefficients.

. N !
i, g = é d¢ J1/Nstrip v........ (4.6)
ri=1

DRAG COEFFICIENT

The total drag force experienced by the hydrofoil is

[

© D= f,VZ 'mdsn ..., crecene o (4.7)

The section drag coefficient

dc, = v/(PAavu%/z) il (4.8)

vields,

2 |sz Mdsn/ [0 dasn c U% .. (4.9)

(o
(e
i

dey = 2ve Tn/c. Uz
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Arithmetic average of the summation of section drag coefficient gives

the total drag coefficient. Mathematically.

N .
Cb = 1/Nstripl EL dqyn) ..................... (4.1;}
Y= .

MOMENT COEFFICIENT

Like lift and dfag coefficient section moment coefficient is
dCh = dCL ({XMY - Xin)~ cosx - {Zln - ZMY) sinex + dCb ({Z1n - ZMY)
X cose¢ + (XMY=X1n) Sinsc vuvevnnreennn. ettt e . (4.12)
where, XMX 1is X coordinate and ZMY is z coordinate at the mid point
of the mean foil section. -
To get the total moment coefficient, the summation of section moment
coefficient is-to be divided by the number of strips.

N

e, G = (I/Nstrip)( §_ dcy) T (4.13)
n= |
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4.4 FREE SURFACE DEFLECTION CALCULATION

The formed image with the hydrofoil and disturbed. surface are shown
in the Fig. 4.1.Applvying Bernoulli's equation for steady flow on the

surface Z = h, assuming is deflection of the disturbed surface.

: )= Be, Ue, g g
ffaadc+[(ugc+\/x5)“’+\lvs —+_\/1%5]+‘a(hf@ —P—_+-;.+'a_h -aW

After rearraﬁgement,to find it mav be written as,‘
. _ . 5 .
Lej, — ._[uo(\lxs +Ji_(\/)cs+vys + st)]/a e ”‘(‘HS)
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UNDISTURBED FREE SURFACE

FIG. 4.1 HYDROFOIL AND IMAGE WITH DISTURBED FREE SURFACE.
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5.0 _SUMMARY OF THE CHAPTER

This chapter describes the calculation procedure using the theory

developed and computer programming.Two section profiles are used for

calculation given in Appendix [B] and [C].The calculation procedure
is shown by computer programming flow chart.The required CPU time for

various runs are given in Appendix |D].

5.1 CALCULATION METHOD

The. flow chart of computer programing is shown in the. next page.

The Computer programme listing is provided in Appendix ([A}.

!



=

vy

v

S = e e T EiRags - 0

"Read chord,span,no.of strips,coordinates of bound vortex and control

angles (flow, dihedral and at the control point of

‘points, velocity,

‘mean camber line) and no. of maximum iterations allowed.

s

rE;tablished free surface shape with zero free surface deflection(\?i)

Calculate induced velocity in terms of unknown circulations at the

control .points of the hvdrofoil, considering the effect of body and

image to form a (NxN) matrix equation

l

Solve the (NxN) matrix equation to calculate circulation 1
Calculate induced velocity I ' _1
[ Caleulate 1ift drag and moment coefficient

F;, Caloulate induced velocity and deflection (Tf) at free surface

‘Yeg:

T(52-%1) /41140.001

teraﬁion(I)<iMaximu@ No

T¥eymtions:

{Solution is not
. Converged

/

Replace by;Replgagﬂ‘;byj

Computer-programming flow chart..




s

5.2 PROFILE DATA USED

The aéceptance of any developed theory lies with how it compares with

available theoretical and experimental predictions. - As ~ some
theoretical results related to NACA 4412 and NACA 16-206 [12] profile
are available, these section profiles are .chosen for pfesent
investigation. The related section profiles with offset data are

given in Appendix [Bj and [C].

5.3. PROGRAMME EXECUTION TIME

The calculation uéing present method developed is based on computer
programming and the idea about the total programme execution time is

required. For the present programme the execution time varies and

-depends on the numbér of iterations necessary to have the result. In

‘Appendi& [D] the wvirtual and total CPU time required for the’

bprogramme execution is given for different number of iterations.
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6.0 SUMMARY -OF THE CHAPTER

L3

To validate the theory developed the obtained results uSing
theory developed should be compared with different available results.
For compariséns the available théoretical results and obtained
results for NACA 4412 are given in Table 6.1 to 6.6 & Figure 6.3

"to 6.5. The results of NACA 16-206 are given in Table 6.7 to 6.10,

6.1 PEESENTATION OF CALCULATED RESULTS

6.1.1 WiTH NACA 4412 PROFILE DATA .

The comparisons of different hyvdrofoil characteristics calculated
using existing theorv and theory developed for NACA 4412 section
profile Qre given in Table G.J to 6.6, The'compﬁrison in graphical
form are shown in Figure 6.3 to 6.5. In Fig. 6.3 it is seen that the
existing theorética] results |[Ref. 13] are_fof infinite 'aspect ratio
{i.e., 2—Dimensional). Bﬁt the results of theory developéd are for
finite aspect ratio { i.e. J3-Dimensional). .From this Figure it is
seen that, lift coeficient increases with the increment of aspect
ratio. So, tLhe variatién of lift ceefficient between the existing

theory and the theory developed may be acceptable.




Figure 6.2 and 6.3 show the comparison in ratio of lift_coefficient

(with free surface to without free surface), with variation in aspect
ratio and Froude number (fr*). From Fig 6.2 for aspect ratio fivg it
is seen that as thé Froude No.{Fr.*) increases, the variation between
tﬁe two theories décreasqs and at Froude No.(Fr*)= 2.236, "the two
"theories compares very biose. From Figure 6.3 for aspect ratio eight
, 1t is seen thét as the Froude Nol { Frx*x) increases the variaion
between the two theories decreases and at Frogde No. (Fr.*) = 2, the

two theories again compares very close.

Figure 6.4 shows the ~variation of 1lift coefficient with the
variation of Frépde Number (Fr#*} .From this curve it is seen that
abrupt variatiqﬁ occurs betwgen the range of Froude Number (Fr*) one
and two .The 'changelof 11ft coefficient within Froude Number. (Fr¥)
one 1s very émall. The same Figure shows the variation with aspect
ratio eight. ‘The pattern of Lhe two curves is gsimilar.But for aspect
ratio eight the variation of 1lift coefficient within Froudé Number

(Fr*) one is relatively large than that of aspect ratio five.



Table 6.1

Lift,drag and moment coefficient of NACA 4412 with

»= 5, =1, h=1, Fr¥=1, =0

; lmage Flow Lift ' Drag : Moment
'condition | condition | coefficient . coefficient | coefficient
with of = 0 0.33562 -0.0303236 0.835254
without 0.3785 -0.0344089 0.0947781
with of = 5 0.645765 -0.115881 0.159066
without 0.739268 -0.,131499 0.182118
with oA =10 .947029 -0.254097 0.2239175
without ‘1.09378 -0.28837

0.25888 °
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Table - 6.

2

Fléw

Lift,drag and moment coefficient of NACA 4412
with aspect ratio 5H , unit chord

and zero angle of attack and dihedral

Imagel Froude lift Drag Moment
condition Condition number{Fr)* coeffici- coeffici~ coefficient
ent ent
(:L CD U"ﬁ
h = 20 0.0 0.378B264 -0.0343873 0.0947191
with
h = 5 1 0.374828 ~0.0340750 0.0938586
h = 1.25 2 0.344173 -0.312882 0.0861824
with e _
h = 1 2.236 0.333537 -0.0303212 0.0835191
without 0.3785 -0.0344088 0.0947481
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Table - 6.3: Lift, drag and moment coefficient of NACA 4412 with

aspect ratio 8, unit chord and zero angle of attack.

Image Flow

Froude CLaft Drag Moment
Condition Condition Numbér coeffi- coefficient coefficient
@ =0 0. 0.437083 -0.0397344  0.109489
Without nrgii}__n_* -
P =30 0.437077 " -0.0397338 0.109444
¢ =0 0.436585 -0.03978492 0.108321
h=20 . e
P=30 0.436579 -0.0396886 0.109321
P=0 0.430207 -0.0391079 0.107722
h=5 e ) |
with ¢ =30 1 0.430191 -0.039108 0.10772
¢=0 0.3920586 -0.,0356411 0.0981708
h=1.25 e
,lq):30 0.391715 -0.0356101 0.0980853
@ =0 2. 0.380201 -0.0345209 0.0952024
h=1.0_.
P =30 0.379733 -0.0345208 0.0950851




Table - 6.1 : Variation in lift coefficient ratio of NACA 4412
with variation of Froude number (Fr*}) and dihedral

angle for aspect ratio 8.

Flow condition(Fr¥) Dihedral angle CiL/Ciee.

0.5 0 0.9988606
30 0.9988606
1.0 ’ 0 0.9885307

30 0.9842453

2.0 0 0.8969829
) 30  0.8962150
2.236 0 0.8698599
30 0.8688011




Table -6.5

Ratio of Lift coefficient. of NACA 4412 with aspect

ratio B with the variation of Froude number (Frx*)

and zero angle of attack’.

Flow condition

Ilmage condition

C{(0}/CLI30) (*)

( FI" o )
Without .0000137
0.5 ] _ e
With .0000137
1.0 With .0000372
2.0 ' With .00008705
2.236 With .0012324

¥ 0 stands for dihedral =0

30 stands for dihedral =30




Table - 6

. B : Compariscn of lift,

drag and moment coefficient of

NACA 4412 Qith the variation of depth of submergence

and numebr of strips with zero angle of ‘attack and

-dihedral for aspect ratio 5.

Depth.of Number of Froude No. Lift Drag Moment
submer- strip (Fr*) coefficient coefficient coeffi-
gences CL Cch cient CM
4 0.355288 ~-0.0322986 0.0889865
1.0 8 0.337859 -0.0307142 0.0846015
—— 2.238 o
10 '0.333537 -0.0303212 0.0835191
12 0.330525 -0.0300477 0.0827966
} 0.400992 —0.0364535 0.100410
8 0.37993 ~-0.0345389 0.0951363
5] e 1.0 .
10 0.374828 -0.0340750 0.0938586
12 0.37123 -0.033748 0.0929576
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— = Lift Coetficient (CL )

0.2

Without free surface )
) Theoretical (Ref. 10)
With free surface

Theoretical { Present)

ocgd e

Without free surface
© With free surface }

Koﬁ = 1 { 2-Dimensional ).

Koh =1 {3~ Dimensional).
(A=15)

¥

]
0 ' 5 10 i 15
e Angle of Attack (=) inrDegroe.

FIG..61 COMPARISON OF LIFT COEFFICIENT  WITH ¢/h =1 for
NACA 4412 '
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FIG. §2 ¢ COMPARISON OF THE RATIO OF LIFT COEFFICIENT WITH
. THE FREE SURFACE TO WITHOUT FREE SURFACE FOR
Az§ AND NACA 4412.
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THE FREE SURFACE TO WITHOUT FREE SURFACE FOR
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G.1.2, WITH NACA 16-206 PHOFILE DATA

The differenL hydrofeil charactristics calculated using NACA 16—206
section profile are given in Table E.7 to 6.10. Table 6.7 shows the
variation of lift, drag and moment coefficient with aspect ratio.

‘It is seen that as the ‘aspect ratio increésés ~the 1ift céefficient
increases and if the aspect ratio increases éix times, the 1lift
coefficient increases near about two & half times. Table 6.8 shows
the ratio of lift coefficient (¢ wiLh free surface to without free
surface), Froﬁ this table it is seen that as the aspect ratio
increases Six times, the ratio decreases near about twelve
percent.This is because the rate of increment of lift coefficient-
without free surface is mére than that of with free surface with the
increment of aspect ratio). Table 6.9 shows the spanwise distribution
ef circulation with the variation of aspect ratio. From this tab;e
it can be seen that the circulation is maximum at the mid span and
minimum at the end spaq' and the variation.\is sm&oth. The same
pattern folloﬂs for all typeg of aspect ratio. The spanwise variation
in magnitude éf circulation occurs with variation in aspect ratioland
the increase in circulation occurs due to increase in aspect ratio.

Table 6.{Ulshow5lthe chordwize variation in distribution. of free
surface height at thé midspan. Figure 5.6 shows the graphical form of

Table 6.10 for’ different ‘uspect ratios.For convinence of rlotting

.Table 6.10 with non-dimensional form is given in Figure 5.7
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Table 6.7 = Variation of Iift, drag and moment coefficient

of NACA 16- 206 with variation of “aspect ratio

and C = 1, h =1, o = 0 and Fr*=4.6
~ Image Aspect ’ Lift Drag Moment
condition ratio . Coefficient Coefficient Coefficient
withoﬁt 1.3333 0.044122¢6 -0.,000890256 0.0110328
5 0.0935867 -0.0021004 0.0234013
8 0.10812 ~0.00242658 0.0270352
With 1.3333 0.0426558 -0.000957338 0.010666
5 . 0.0838583 -0.001882086 0.0209687
8 0.096029 - -0.00215522 0.024012

Table - 6.8 : Variation of lift Coefficient of NACA 16-206
with wvariation of aspect ratio and C= 1,

h=1, & = 0, and Fr# = 4.6

Ratio of 1ift coefficient : Aspect ratio _(') )
1.3333 ' ) '8
C[/CLw : . LOB0TA62 .8960493 .8881705
66
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Table - 6.9 : Variation of circulation along span

of NACA 16-206 with variation of aspect ratio.

Strip number = 1.3333 A =5 = 8

along span

Circulation

\ . 199800 L1786 552617
2 - .281654 .582916 . .680241
3 .329216 .642695 - . .728126
4 . 356857 .671044 .749609
5 L369724 .682713 .758444 -
6 .369718 .682713 ‘ .758{44
7 L 356843 L 671044 .749609
8 _ .329172 . .642694 .728127.
9 _ L281596 582914 . 680241

10 C 199760 447861 .552618
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Table - 6.10 : Comparison of chordwise variation of the diéturbed
free surface hefght at the midspan of

NACA 16-206 with variation of aspect ratio.

Leading 25% of chord 50% of chord 75% of chord Trailing
Edge Location Location Location Edge
1.33 -.2749E-04 -.129721E-03 -,293871FE-03 ~-.433003E-03 -.50906E~03

13

5 .66262E-04 - ,360079E-03 -.122112E-02 .186070E—02 -.21243E-02

8 .88703E-04 -.202188E-03 -.102205E-02 .165187E-02 ~.18929E~-02




b

FIG 6.5 CHORDWISE VARIATION OF DISFTURBED FREE SURFACE HEIGHT AT THE MIDSPAN OF
NACA 16-206 WITH VARIATION OF ASPECT RATIO
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FIG. 6.6 VARIATION OF ¥° WITH THE VARIATION OF ASPECT
RATIO OF NACA 16-206 (AT THE MIDSPAN)
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CONCLUSLONS AND RECOMMENDAT LONS



3+ 1 GONCLUS1ONS

The present method developed the computaional précedure includes use
of . Biot-Savart Law for the calculation of induced velocity,vortex
lattice method is used to approximate the hydrofoil and image
stabilizing criterion is ‘used Tér the convergence of the solution.
Image stabilizing criterion also stablized the free water surfabe. In
vortex lattice method the numbef of’strips into which the hydrofil to
be divided bears some importance in the accuracy of the predicted
result, In'the present calculaticn ﬁhe number of strips are taken as
ten for all célculations and all the strips are of equal width. If
the numebr of strips are relatively small, error arises in predicted
hydrofoil characteristics and usually predicts less. Again due to end
effect tLhe given convergence criterion does not satisfy for more
number of strips. For the difficulty arises in satisfing this
. :
convergence criterion many existiﬁg methods use the first solution

without performing any convergence test.

The method developed is used to predict differnt characteriétics of”
hydrofoils witﬁ Variation in geometry and operation, As the
theoretical results of NACA 4412 are available , so this section
profile is used for comparison with different aspegt ratig. such as
five and eight The comparison gives good results. Another section
profile such as NACA 16-206 is used for prediction of different

charactristics with different aspect ratioc such as four by three ,



five and eight . In one case the later section profile:is used for a
relatively small  aspect ratio such as 4/3, This is done to observe
ﬁhe foil characteristics of nearlf squared shape.. |

The.developed computer programme has some limitations. The main
drawback is in satisfying the given convergence criterion. The given
converdence criterion does not satisfy for very high Froude nﬁmber
fFr*) because in very high TFroude number (Fr#*) the depth of
submergence is comparatively very low and the disturbed free surface

height is relatively large.

-,
s

H?r 2 RECOMMENDATLIONS

]

Followings are the recommendations for future work regarding the

prediction of hyvdrofeoil characteristics.

‘The detailed flow field near the hydrofoil can be predicted
with proper extension of the calculation. The method developed can be
extended for exact lifting surface and lifting body solution with

Proper modifications.
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APPENDIX-B

HYDROFQIL_DATA

Table : Section Profile data of NACA 4412.

Station X (% of chord) | Z ordinate (% of chord}
Upper surface Lower surface Mean Sufface
0 0 0 0
1.25 2.44 -1.43 1.935
2.5 3.39 -1.95 2.67
5.0 1.73 -2.19 3.61
7.5 5.76 -2.74 4.25
10.0 6.59 2. 4.725
15.0 7.89 -2.88 5.385
20.0 8.80 . ~2.74 5.77
30.0 9.76 - -2.26 i 6.01
10.0 9.80 _ -1.80 5.80
50.0 ) 9.19 -1.40 5:295
60.0 8.1 | -1.00 5.57
70.0 6.69 -0.65 3.67
80.0 _ 4.89 -0.39 2.64
90.0 , 2.71 | ~0.22 1.465
95.0 ' T ~0.16 . 0.815
100.0 0.13 -0.13 0.13




]

Table : Section profile data of NACA 16-206.

" Station X(% of chord) Z-ordinate {% of chord)

Upper surface Lower surface Mean surface’

0 O ) )
1.25 0.753 - -0.539 0.646
2.5 : | 1.089. C 0.717 . 0.903
5.0 1.571 -0.939 1.255
7.5 1.940 ~1.092 ' 1.516
10.0 2.2486 -1.212 1.726
15.0 - 2. 740 o —1,394 2.067
20,0 ' 3.128 , -1.536° ©2.332
30.0 3.681 ~1.737 2.709
40.0 3.998 -1.856 2.927
50.0 1.103 -1.897 3.00
. 60.0 . . ~ 3.988 | -1,846 2.917
70.0 3.607 -1.663 . 2.635
80.0 , 2.895 ~ -1.303 2.099
90.0 , 1.776 ~0.742 1.256
95. 0 | 1.023 -0.391 0.707

100.0 . 0.060 ' -0.060 0
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Table

APPENDIX-D

Variation of CPU time 1in

completed.

second with -number of iterations

No.of itertion

Tiﬁe(sec)

CPru
Virtual Totall
14 .49 19.12
18.76 23.31
24.81 30.82
30.06 36.65
35.72 43.68
39.83 46 .81
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