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SUMMARY

This report presents an analog simulation model of a Wave Activated
Turbine Generator Buoy which is currently under study and evaluation by the
United States Coast Guard. The equations describing the heaving dynamics are
developed as well as the equations describing the output of the air operated
turbine/generator subsystem. The equations are scaled for analog computation
and the computer patching diagrams are presented.

Although only limited full scale data was available, an analysis of this
data indicates that the model developed will probably require modification.
Final conclusions as to the modifications required must await further full

scale data. For this reason, analog computer results are not presented at this

time.
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1. INTRODUCTION

The Wave Activated Turbine Generator (WATG) has been under study and
evaluation by the U. S. Coast Guard for some time. The basic concept has been
described and analyzed by McCormick in References 1, 2, and 3. A typical
configuration is shown in Figure 1-1.

Wave action causes heaving motion of both the buoy and central water
column. In general, these heaving motions are of different amplitudes and
phase thus inducing relative motion of the air above the water column. The
air is forced through nozzles in the turbine stator and causes the turbine i
rotor to rotate. The turbine rotor is directly coupled to the rotor of a
generator producing an alternating current output. This output is converted

to direct current which is used to charge the batteries which operate the

various navigation aids.
The prior analyses have been concerned with the effect of various system
parameters, associated with the buoy and water column,on the power available
to the turbine as a result of given sinusoidal wave inputs of known frequency
and amplitude. These analyses all have the following features:
. The system output is determined as the power available to the turbine.
. The power available is computed from the unsteady motion of incompressible
air in a straight air passage with a single head loss.
. The air motion is determined by the relative motion of the buoy and

internal free surface and does not affect these motions.

. The buoy and water column are each treated as uncoupled, viscously
damped, linear oscillators forced by sinusoidal waves of different
amplitudes but the same frequency and phase.

. The input wave motion is unaffected by the motions of the buoy and

water column.
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The results reported in References 1-3 are useful for identifying significant
parameters and in predicting general trends. For example, Figure 5 of
Reference 2 indicates that more energy is dissipated during the relative rising
of the water column than during the relative falling. In addition, Reference 3
points out that the power available is strongly dependent upon the values of
the damping coefficients estimated. Full scale test data is necessary in order
to identify the actual energy dissipation mechanisms inherent in the system.
Such tests have been initiated by the U. S. Coast Guard but data is not yet
available.

The study reported herein was undertaken in anticipation of the fact that
the prior linear analysis may prove to be inadequate and also to include the
turbine, generator, and air passage in the simulation. Specifically, the
objectives were:

. To model the buoy and water column as a coupled system including all

significant non-linear effects.

. To model the actual air passage of the hardware under test.

. To model the turbine and generator.

. To present the model in a form suitable for solution on an analog

computer.

. To analyze any full scale data that becomes available and modify the

model if necessary.

Chapters 2 - 8 present the detailed development of the simulation model.
Chapter 9 presents the analysis of available full scale data and the conclusions

and recommendations resulting from this study are presented in Chapter 10.




2. WAVE EXCITATION
2.1 Background

The excitation imposed by a seaway on a floating body is difficult to
determine except in the case of simple bodies. The first simplifying assumption .
made is known as the Froude - Kryloff hypothesis which states that the presence
of the body does not affect the pressure field of the surrounding wave system.
This hypothesis has been found to give good results for floating bodies and,
hence, should be applicable herein. The second simplifying assumption is
known as the St. Dennis - Pierson hypothesis which states that the -response of
the body to a sum of wave components is the same as the sum of its responses to
each wave component. This hypothesis has been found to give good results in
relatively low sea states and, hence, should be applicable to the buoys under
study which are generally located in semi-protected waters. Based upon these
assumptions, the response of the buoy system to random waves of small amplitude can
be found by the superposition in random phase of responses to steady state
sinusoidal wave inputs. Therefore, the present study will concentrate on
determining the system response to a single, sinusoidal wave pattern derived
from classical, linearized wave theory. Such waves are known as Airy waves
and are analyzed in Reference 4, and the results are summarized herein.
2.2 Airy Waves

The solution of the linearized wave equation, due to Airy, results in
waves of sinusoidal profile and is applicable to waves of small amplitude

occurring in deep water. The profile is given by

n(x,y,t) = ny cosg (x,¥,t)

where

ny = wave amplitude at the surface = H/2

x
[}

wave height




B(x, y, t) = phase angle = k(x cosa) + k(y sina) - ot

f N B
k = wave number = ik

¥ L gI* _ 29
A = wavelength 5 672

w = wave frequency
g = gravitational acceleration
o = wave heading
o = frequency of encounter
t = time
T = wave period = 21/w
The coordinate system is defined in Figure 2-1.

In this study, the buoy has a vertical axis of symmetry and all incoming
waves will be assumed to have the same heading and hence, a = 0. Also, since
the buoy is not underway, o = w, SO

n(x, y, t) = ny cos (kx - wt)
Furthermore, according to the Airy theory, the water particle orbital motion

is attenuated at any depth z and this attenuation is given by

- . cosh k(z + d)
Nz = "M Sinh kd

where

d = depth to the sea bottom

For the Airy theory to apply,the depth, d, must be at lTeast half the wavelength.

Now
cosh k(z + d) = cosh kz cosh kd + sinh kz sinh kd
and
d

kd = 2n X
and if

3.

o

5
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then

kd > n
and
sinh kd
within 1/2 %, so

cosh kd

n, =y (cosh kz + sinh kz)

But
sinh kz = %—(ekz - e'kz)
and
cosh kz = + (eXZ + e7K%)
S0
n, =y ekz
and, finally
n = g-e'kD cos (kx - wt) (2-1)

where
D = distance below the still water line

Equation (2-1) is the final form of the wave profile used in this study and
is used to determine the pressure field and thus the forces exerted by the
wave on the floating body. Since the wave profile is a function of the
coordinate x, the pressure on the body has to be integrated over the body in
order to determine the total force. An example of this integration follows.
2.3 Integration Of The Wave Pressure

Employing the Froude - Kryloff hypothesis, the pressure on the floating

body due to the wave is

P_. = pgn

where

p = fluid mass density




In the present study only vertical motion of the buoy - water column system is
considered and if the submerged elements are assumed to have straight, vertical :
sides, the total upward force is found by integrating pn over the appropriate - #
area in the x-y plane at depth D. For example, for an annular body with inside

radius r and outside radius R, with draft D, as shown in Figure 2-2, the total

vertical force Fz is:

F =—f-p dA = pg g-e'kn j,cos (kx - wt) dA

n
Now

X = r cose
dA = rdrde

so 2
H -k
Fo_rg7e . f f cos (krcose - wt) rdrde
0 r

This integration has been demonstrated in Reference 1 and proceeds as follows:

cosx = Jé-(eix + e'ix)
0

cos (krcose - wt) = %.( e-imt eikrcose + eiwt e-ikrcose)

and from Reference 5, page 355

3 (2) = i;_" fweizcose do
o
where '
J,(z) = Bessel function of the first kind of order n .
S0
2m
j. ¢ krcose de = 2n J (kr)
o
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2n

f gikreose 4o _ o 3, (=kr)
0

but, from Reference 5, page 353

3y (k) = 3, (kr)

)
R

F, =09 g-e'ko j-w (e'iwt + elot ) Jo (kr) dr
r

mpgH R
‘E‘g_e'ku (coswt) [(kr) Jo (kr) d (kr)

and from Reference 6, page 177

n+l _ .n+l
X Iy (x) dx = x Inel (x)
so, finally
F, = EESE o~kD [RJ; (kR) - rJ; (kr)] cosut (2-2)

Equation (2-2) is used in subsequent chapters to determine the wave pressure

forces acting on the buoy and water column.
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3. WATER COLUMN MOTIdN EQUATION
3.1 Introduction

At rest in still water, the length of the water column in the center pipe
(Figure 1-1) is Lw and assuming that the pipe has a constant radius Rw’ its

cross sectional area is Aw = nRi, then the initial mass of water is

me = PALy
If the vertical motion is referenced to the SWL (still water line) and is
measured positive upward, let z, be the absolute vertical displacement of the
water column and g be the absclute vertical displacement of the buoy and
pipe, then at any time, the mass of water in motion within the pipe is
m, = eA, (L, *+ 2, - zg)
. : P X 9 28
and its absolute acceleration is z , so pAw (Lw P zB)zw = ?ggcgg VERTICAL
(POSITIVE UP)

The vertical forces acting are:

P wAw = wave pressure force at the bottom of the water column
s (acting up)

weight of water displaced from static equilibrium (acting down)

-p9A, 2,
'pawAw

air pressure force at the free surface of the water column
(acting down)

friction force at the pipe/water internal interface (opposing the
relative velocity)

¥
Expressions for these forces are developed herein.
3.2 Wave Pressure Force
The wave pressure force acting at the bottom of the center pipe opening
is directly derivable from Equation 2-2 with
r=20
o ot

3y (0) = 0

D= Lw - 2




SO

mog HR J; (kR)) _ 3
p_A = R‘: 1 MR ki, - 2) cosut

nw w
3.3 Friction Force

The frictional force due to the relative motion of the water in the pipe
is assumed to be derivable from the Darcy-Weissbach equation for pressure
loss in a pipe due to fluid viscosity. From Reference 7, page 417, this

pressure loss is

it fE%BL : %L o
where

f = friction factor

p = fluid mass density

1 = pipe length

D = pipe length

u = average fluid velocity (over the cross section)

relative to the pipe

Ty shear stress on pipe wall (acting on the wetted area 2nRL)

For the water column

R = Rw
L = Lw & zw -z
U'ZB-Zw
and
DwB = 27RL *5 = wRZ Ap
S0

_ mpof " Rl it
DwB —%— Rw (Lw iy ZB) (ZB zw”(zB zw)'
where the velocity-squared term is written as shown in order to give the

force the proper sign opposing the relative velocity. For example, when

iw > iB the water is moving up relative to the pipe and the force on the

12




water is down or negative. For turbulent flow in a moderately rough pipe the
value of f would be 0.020.
3.4 Equation of Motion

Combining the results of the previous sections the equation of motion

for the water column is
ohy (L, * 2, - 23) 2w = -09AZ, - P A,
7 Iﬁf-(L,, tz,-25) R (2 - 2,)| (35 2,)]

mpgHR J, (kR ) % A
% R: 127w -kl 2) cosut (3-1)

The air pressure force, - pawAw’ will be developed further in Chapter 5.

13




4, BUOY MOTION EQUATION
4.1 Introduction
The buoy is assumed to execute pure heaving motion and thus the equation

of motion is

mg?é = 1 vertical hydrodynamic forces - DwB + paBAB
where DwB is the force due to friction in the center pipe (developed in Chapter
3) and paBAB is the air pressure force to be developed in Chapter 5. The
hydrodynamic forces arise from pressures due to the displacement, velocity,
and acceleration associated with both the buoy motion and the wave motion.
Following the exposition of Reference 4, these forces can be identified as:

WDF = wave displacement force

BDF = buoy displacement force
WAF = wave acceleration force
BAF = buoy acceleration force
VF = velocity forces due to wave and buoy

Expressions for these forces are developed herein, based upon Reference 4.
4.2 Wave Displacement Force

The wave displacement force in the vertical (z) direction is found from

5 9
WDF = j[jsgﬂdv

where dv is a volume element and the integration is over the submerged volume.
If it is assumed that the buoy fiotation body is an annulus with straight sides
and inside radius Rw and outside radius RB' and that the pressure on the center
pipe thickness can be neglected, the above integral reduces to that given

previously in Chapter 2. The resulting force is

wpF = T88H o-k(Lg - Z) [RBJ,(kaB) - &,J](kkw):] cosut

14
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where Lo is the draft of the buoyS flotation collar.
4.3 Buoy Displacement Force

The buoy displacement force is that resulting from changes in displacement
from the static equilibrium position.

BDF = -pgABz8

4.4 Wave Acceleration Force

The wave acceleration force is derived from

& 32
WAF = [f[pchﬁ-g- dv

where Ch is the hydrodynamic inertia (added mass) coefficient in heave. If it

is assumed that Ch is not a function of (x, y, z) or that some mean value is

F
WAF = °°h"7z ]]yr s E‘T ( ] )

where Fz is given in Chapter 2, The final form is

used, then

prCthz

g -k(L, - 2
WAF = ey ( B B) [éBJ](kRB) - RwJI(ka{] coswt
4.5 Buoy Acceleration Force

The force due to buoy acceleration is

BAF = - pVCh zg

but since V= AB (LB - zB)
BAF = -pAgC, (Lg - Z3) 2y
4.6 Velocity Forces due to Wave and Buoy
A11 of the velocity forces are due to relative velocity between the buoy

and the wave. There are three distinct types of velocity forces to consider;

friction force, pressure force, and radial dissipation or wavemaking force.




m - —

4.6.1 Friction force, D¢

Fluid viscosity gives rise to a shear force on the external vertical
surface of the buoy which is proportional to the wetted area and the square
of the relative velocity. This force is generally much smaller than the
other velocity forces and hence it will be neglected. -

De = 0

4.6.2 Pressure force, Dp

This force is due to the dynamic pressure acting on the cross-§ectiona1
area normal to the flow. The general form is

Dp = %-o Cp A v2

The area normal to the vertical flow is AB and the relative normal velocity at
the Tocation of this area is

V=n-2 at depth - LB J

From Chapter 2

e

= %ﬂ ek (LB B ZB) sin (kr cose - wt)

In order to preserve the proper sign for this force, it must change sign when

the relative velocity changes sign. It is also to be noted that since the

buoy is only partially submerged, the proper drag coefficient is the forebody

drag coefficient when the relative velocity is postive and the base drag
coefficient when the relative velocity is negative. In view of the foregoing

1
Dp =50 A v2 Cpsan v

Now, since n varies over the area (it is a function of x, y) an integration .

over the area must be carried out, so that

0, - RB 2n

%‘o 60 (sgn v) J' J; (ﬁ - 58)2 rdrde = [ : é

R

16




I = f f n2rdrde - ziB f f nrdrde + ig f f rdrde

= s 2
Fad - L v 3t

or

There integrals are now evaluated.

4.6.2.1 evaluation of I3

R 2¢
13=] f rdrde = Ag = v (R® - R ?)
Rw (0]
4.6.2.2 evaluation of 12
-k 8
s T (LB 5 ZB) [ f sin (krcose - wt) rdrde
but
sin (krcoss - wt) = [ﬁ T (krcose - ut) _ o~ 1 (krcose - mti]
jwt
- e eikrcose e -ikrcoss
2'1" b . L
)

N, <2 8 S fut
1, = 4 evkllg - 2 f vy f [g_f elkrcoss _ %T e-ikrcos@] do
Ry o
R

B -fot jut
z—e “k(Lg - z) J;w Zwi—i-z-i-e—do (kr) rdr

R
%8) (sin ut) js kr 3y (kr) d (kr)

R




and finally

H -k(Lg - :
I, = - I%- e (LB ZB) [RBJ1 (kRB) - RwJ1 (ka)] sinut

4.6.2.3 evaluation of I1

H o kil -2z)T R 2
By 5 e B B :l I [ sin2 (krcose - wt) rdrde
J
RN 0

but
sin? (krcose - wt) = - %— EZi(krcose - wt) | e-Zi(krcose - at) _ %]
& %__ e~2lut plikrcose _ e2iut -2ikrcose
so
. 1 m cos 2 wt i
[‘é’—" ekllg - ZB)T =7l - Tagr [ (2ke) 9y (2kr) 4 (2kr)
W

= 3 Ay - 3 [Rgd, (2KkRy) - R 3, (2KkR,)] cos 2 ut

and finally

_ 1l wH _-k(L, - 2,)]2 ™
1, = z—[z—e B B] {AB - F[RBJ1 (2kRg) - R J, (2ka)} cos 2 wt}

The final form of the pressure force is
& ] . .
Dp = 70 (Il - ZzBI2 + 28213) (CD sgn v)

where

sgn v =
B

and 11' Iz, 13 are as above.

- Tull o-k(Lg - zp) E‘B"x (kRg) = R J, (k&)]sinwt - 2y

4.6.3 Radial dissipation force, DR
This force is generated by the energy carried away by the waves created
by the oscillating buoy. For a hull with a vertical axis of symmetry and

straight sides, the radial dissipation generated by a section of unit length is

18




1oy pra e

bos (sin2ky) e 2(lg = 78) (5 - 2;)

where y is the half-width of the section and

hoe ol gok(lg - 28) sin (kx - ot)

The total force is then

o YR BT

D, = %gﬁ e-2k(Lg - z5) f(sinzky) [gﬂ e k(Lg = 2) gin (kx - wt) - ia] dx

where the integration is over the length in the x-direction and, in general, y
is a function of x. This integration could not be carried out exactly for the
case at hand where the water plane area is circular. The integral can be
approximated by replacing the buoy waterplane with an equivalent area rectangle
of width w and length L such that

A
. .8
s (e e

Proceeding with this approximation

| L/2
; Dy = 50 e 2k(Lp = ) qinzi wH okllg = Zg) gin(kx - ut) - 25 | dx
R =K B 2 ;
-L/2

= %5}9 e'?'k("B i ZB) sin"’kRB{ - ‘2"% e'k(LB g ZB) [cos (;—L - wt) - cos(%L + wtﬂ

- LzB}
kA A

oy . . H kil - -
Dp = - 22e 2k(Lg - ) (sinszB)[‘l':— e-kllg - 2g) g4y IR% sinot + 7%3 zB]

which is the final form of the radial dissipation force.
4.7 Equation Of Motion
Combining the results of the previous sections the equation of motion for

the buoy is

pABLB[l +Ch(l -E—:—)JZB--D"B-pQABzB

-(;:—R:'# sinszB) oty - %) 3

19




1 1

+ oo (2251, + Agzg?) (Cpsan v)+ 5o 1) (Cpsgn V) + pyghy |

+ TogH o-k(Lg - 2) [:RBJI(kRB) - Rwdl(ka)] [1 - Cok(Ly - zB):l coswt

R s kA
- [9-9"‘(’15 e 3k(LB ZB) sinszB sin IR£ sinwt (4-1)
B
where
- - 2
1, = %[%’ﬂ a k(LB zB):l {AB 3 11:' [RB‘Jl(kRB) = Rwdl(ka)]cosmt} (4-2)
B, "_:*le'k(LB - 2p) [RBJI(kRB) - RwJI(ka):l sinut (4-3)
s R e s
0, = PR (L, + 2, - 7g) (B - 3, | g - 3,)| (4-2)
= moH _-k(Ly -2g) - ;
sgn v= = '—(K e B B [RBJl(kRB) .- &ldl(ka):] sinwt - ZB (4‘5)

The air pressure force on the buoy, paBAB’ is developed in the next chapter.

20




: 5. AIR COLUMN ANALYSIS
5.1 Introduction

The motion of the air above the water column free surface is analyzed in
! 3 order to determine the mass flow delivered to the turbine and the pressure

forces acting on the water column and buoy. The question arises as to just

how to treat this air flow; compressible or incompressible, viscous or non-
viscous, steady or unsteady? The assumptions made are that the flow is
incompressible, non-viscous, and steady. These assumptions are justified
by the arguments to follow.

The air at the water/air interface has velocity

A" % *n

and this velocity will rarely, if ever, exceed a few feet per second for the

buoy systems and deployments of interest. Throughout the air passage, which

is shown in Figure 5-1, compressibility effects can certainly be neglected.
The turbine nozzle areas are such that the air velocity will increase by a
factor of about 150 and so even at the nozzle exits the velocity will rarely
exceed several hundred feet per second and compressibility effects can again
g be neglected.

The fluid can be treated as non-viscous but in computing pressures
various head losses can be included. With these assumptions, the Bernoulli
equation along any streamline is

s 2 2

J %—ds +!§-—+p—‘:-+gzz=!5—+71+gzl
and for the moment consider a straight passage from the internal free surface
to the turbine nozzles. Since the continuity equation applies, 3V/at is not

a function of s, the distance along the passage, so

21
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Now, assuming the nozzles exhaust to atmosphere and applying the continuity 3
equation T
VAw = vjAj E
p . Vz A)z i
o S _ o4 I
L= (V+9)(z, z,)+—2—[(j 1
where
V= z, -2

Now assume a steady-state response to a sinusoidal wave input so that

V = AQ sinQt

| V = AQ? cosqt ‘

| SO

i i i M e el S

p 202 A \? ’
| —pi = (AQ? cosQt + g) L, * -A—zq- [t(l-!’-) - 1:] sinqt |
| where
! AQ = magnitude of air velocity
| La = length of air passage

approximate values are

La = 3 feet
A 2
(A!) - 1 = 21400
J
$0
P1

s 3(AQ? cosqt + g) + 10720(AQ)? sin%qt

For a typical air motion values might be
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3

4 FPS
m RAD/SEC

o]
"

SO

p
-pi ~ 100 + 40 cos@t + 160000 sinqt

so that the only time at which the unsteady and gravity terms have an ap-
preciable effect is in the vicinity of @t = 0 and 180°, and at these times
the pressure is small (on the order of 1/4 PSF). As far as the pressure
forces are concerned, then, these terms can be neglected. These terms will
have an effect on the time at which the intake valve opens or closes (p, = 0)
but the precise timing of this event is not considered significant. In fact,
the valve is a simple flapper of very low inertia and it will be assumed
that when

zy >0 valve is closed

iA <0 valve is opened
With these assumptions, then, the air velocity delivered to the turbine is

V. =§"32A for z‘A>o (5-1)

"

0 for iA <0 (5-2)

The air pressure forces can now be determined by the application of the

steady form of the Bernoulli equation.

5.2 Intake Valve Closed (iA > 0)
In the analysis that follows the symbols used are

p = air pressure p = air density
V = air velocity h = loss coefficient
24




and the subscripts refer to stations in the air passage which are identified

in Figure §-1.

5.2.1. Station 1 to 2

P, V,° b N
b s LB T D
VoA, = ViA,

oV, 2 A, \?
Px'Pz=—2L[('*"lz)(K:‘) "]

h12 = loss coefficient for a sudden contraction

5.2.2. Station 2 to 3

h,, = loss coefficient for a convergent section

" 5.2.3. Station 3 to i

There is no area change in this section and if friction at the wall

is neglected

Py = Py

5.2.4. Station 1 to j ' |
P ls P T

it R RELE £
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Ajvj =AV =AYV =AYV

G 2° 2 ) |
&) - G
Py =Py " =3 (1+h,j);;; -~
hsj = nozzle loss coefficient

5.2.5. Air pressures

Assuming that the nozzles exhaust to atmosphere, and since V, =

and Al = Aw the final pressures are

[ e G (Y 0,

o
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5.2.6. Force on water column

The air pressure force on the water column acts down (-) during this

phase (iA > 0) and is

Fw = = Paw Aw = prw

P, = [(%) N (:_‘:-)z ('}:_) j(%i)zJ (5-3)

This is the air pressure force required in Equation (3-1).

-+

5.2.7. Force on the buoy

The air pressure force on the buoy acts up (+) during this phase
(zA > 0) and is
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FB = paBAB = pz(Aw - Az) + pa(A’ - Aj) + Fzs(Az (s A,) + FM

where B;, is the area-averaged pressure in the short convergent section between
stations 2 and 3 and FM is the force due to the turning of the air stream

180° as it is exhausted from the annular outlet of area Ao' It can be

shown that 0.2 Aw g A,
3;3 =P +'—%L-(K:) (] & K:)
A
Fy = oAt (14 uf)
SO
Paghs = A Ay A

Ag T{(A_u)z (1 +ny,) (u) : (Ai)z A+ (%; - 2) A,

pz,?
B e Toeugennd e - ey

This is the air pressure force required in Equation (4-1).

5.3 Intake Valve Open (iA < 0)

A similar analysis is made for the intake flow when the valve is open.

5.3.1. Station a to i
If the velocity on the atmospheric side of the intake valve is assumed
to be zero
Py, Yy’

pa
POt

A1V1 T Axvx

pV. 2 AA®
P1‘Pa"—i'“*“u)(r;')
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$.3.2,

hai

Station i to 3

= loss coefficient for the inlet port

5.3.3. Station 3 to 2
pvlz A1 2 Al 2
Py = B = TR UNE -(]+hsz)(r)
3 2
h,, = loss coefficient for a diverging section
5.3.4. Station 2 to 1
pvlz Al 2
R S e e
2
. = loss coefficient for a sudden enlargement
5.3.5. Air pressures
Assuming that Pa is atmospheric, the final pressures are
pi 2 (A )2 (N 2
- a W
By 1+h, +h, K: * by K;)
pi 2. & 2 2
o2 [0 0 o (3]
2
v 2 2 2
.y (Aw) At (N)
Py < E PN N
pi 2 Aw 2
Py = === 0 el (E)
5.3.6. Force on water column

The air pressure force on the water column acts up (+) during this
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phase (iA < 0) and is

pza2 (Aw )’ (l\')z i
P " Pl =0 = - A= 14 h, + By, R, * ha Ry (5-5)
This is the air pressure force required in Equation (3-1).

5.3.7. Force on the buoy
The air pressure force on the buoy acts down (-) during this phase
(zA < 0) and is
Fg = Paphg = Po(A, - A)) +1,,(A, - A)) + p4A,

where p,, is the area-averaged pressure in the short divergent section between

stations 3 and 2. It can be shown that

i pvlz sz
B 78y * =0 r) (‘ §

v 2 [ 00 (52 (3] ()

()]

This is the air pressure force required in Equation (4-1).

SO




6. TURBINE TORQUE
6.1 Basic Theory

Basic reaction turbine theory from Reference 8, Chapter 5 is presented
in order to analyze the air flow over the turbine blades so that the torque
produced can be related to turbine geometry and buoy system variables. The
configuration of the velocity vectors is shown in Figure 6-1. The symbols

are defined as follows:

<<
"

velocity of the air exiting the nozzles
U = relative air velocity due to turbine rotation
V] = net entering air velocity
V2 = net exiting air velocity
V_ = mean air velocity
a; = nozzle angle
oy = entering angle of flow
By = exiting angle of flow
%, = mean angle of attack
Ft = tangential force on a blade due to 1ift and drag
From Reference 8

pV_2
Fy — A,(C, cos o * Cpsina)

Ab = blade area = span x chord = bc

Reference 8 states that for well-designed blades the drag terms are generally

negligible so this will be assumed. The 1ift coefficient can be approximated

as

CL = 29K sin L >

where K is the cascade coefficient and depends upon the outlet angle, B2, y |

and the blade pitch-to-chord ratio (s/c). Substituting




ROTATTON e B

FIGURE 6-1. TURBINE BLADE VELOCITY DIAGRAMS

31




N T s

oV _2
Fy = —gﬂ— A, (2nK) sin o cos o

Now, from the velocity diagrams of Figure 6-1

i - +
vm sin a V, cos B, + Vy cos ay

Vi €OS o V, sin B, + V; sin a;

m

and, to account for losses, let

= blade loss coefficient

=
o
I

so that

V2 sin o cos o = Vi2 (-h, cos B, + cos «y) (hy sin 8, + sin ;)

m m

Also, from the velocity diagrams

2 oy 2 2 5
VI Vj + U ZVjU CcoS Gj (6 ])
V. cos a; - U V. sin a.
cos a; = -3 VIJ , sinap = -l—v;-—-il (6-2)
and
2 -
Fi = moKAV, (-hb CoS By + COS ap) (hb sin B, + sin a;) (6-3)

Equations (6-1), (6-2), (6-3) ailow the turbine torque to be found as a

function of air velocity and turbine angular velocity since

T = FRy
U= RTm

A '
Vj=I3-Za
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2
(ij . Uoz - 2V}, cos o) (hy cos 8,)° = vj2 cos’ aj = 2V4U, cos ay + U,
or
2
cos? a; - (h, cos B,)
2 2 j b =
U, - (2Vj cos a;) Uy + v T - Thy cos 8,0

where RT is the turbine radius. From an analog simulation standpoint, these
equations could be solved but would require seven multipliers. Since these
equations are not precise, it seems desirable to take an approach that would
require fewer multipliers but still preserve the essentials of the torque
variation.
6.2 Simplified Torque Analysis

For an ideal impulse turbine the torque - speed variation is linear with
maximum torque at zero speed and zero torque at an RPM corresponding to blade
stall. Reference 8 states that a well-designed reaction turbine approximates
this behavior. This approximation will be employed.

If the turbine has n blades, then at zero RPM U = 0 and Equations (6-1),
(6-2), (6-3) can be reduced to give the total torque T, as

> 2
T CTVj

Cy = nwpKAbRT (-hb Cos B, + COS uj) (hb sin g, + sin uj)

and, employing the linear approximation

T-= To - Mw i

where m is to be found.
From Equation (6-3) the torque is zero when

V;: cos a; - U
CoS a; = hb cos By = J V{J 2

so, using Equation (6-1)




and solving this quadratic

Uo (hb cos 8,)°

Vy cos a; =1 (tan og) ofy— (h, cos 8,)Z

Using the minus sign, the lowest speed at which the torque goes to zero is

U, =k V., cos a.

0 J J
(hy, cos 8,)°
L (tan aj)<f;— (h, cos 8;)2
and since
T:To-mw
TR
! i
S0
TR
5 ()
LA * o U, ¥
R
= To(] kyf cos a )
J J
.-.CV2 ]-RTw
V3 RV, <05 oy
=Cv V'RT(.u
T3 J m_?j-
or
T=chj (Vj -Cs,w) e
cs = RT/k cos o; i

A, e,
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(h, cos B,)? '
k=1- (tan (!j) : (hb cos 82)1 (5'6)

Cr = nwpKAbRT (-hb cos B, + cos aj) (hb sin g, + sin aj) (6-7)
V; =(%) iA for iA >0 (6-8)
vj =0 for iA <0 (6-9)

This set of equations gives the input torque to the turbine/generator system

as a function of the buoy/water column motion.
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7.  TURBINE/GENERATOR EQUATIONS
7.1 Generator Characteristics
The WATG employs a 3-phase alternator to generate an a.c. signal which
is rectified and supplies current to charge a 12-volt battery. If the battery
is fully charged a control circuit diverts the current to a resistor where it
is dissipated. The no-load voltage and charging current into a 12-volt load
are shown in Figure 7-1 as a function of generator RPM. The generator is
directly coupled to the turbine so generator and turbine RPM are the same.
The detailed analysis of the electromechanical equations is quite complex but
does not appear to be necessary for this study since only two questions need
be answered: First, given the turbine angular velocity what is the current
generated? Second, given the input torque due to air flow what is the tur-
bine angular velocity? The first question is answered by using the generator
characteristic shown in Figure 7-1. For the analog simulation, this curve
is duplicated using a variable diode function generator. The second question
is answered by analyzing the turbine/generator dynamics using a simplified
equation of motion which includes an electromagnetic torque proportional to
the current generated. The equation of motion is developed in the next section.
7.2 Turbine/Generator Equation of Motion
The equation of motion is developed from the relation

Jo = sum of torques

J = mass moment of inertia of turbine rotor and generator rotor
The torques applied consist of

T = Torque due to air flow over the turbine blades (given by

Equation (6-4))
Tp = torque due to friction and windage losses

TE = torque due to current generated
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FIGURE 7-1. WATG-4 ALTERNATOR INPUT-OUTPUT CHARACTERISTICS
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The torque due to friction and windage losses is assumed to be directly pro-
portional to angular velocity and opposed to it. The constant of proportion-
ality is designated B and is equivalent to a viscous damping coefficient.

The simplest representation of the electrical torque is that it is directly
proportional to the current generated and the constant of proportionality is

kG the slope of the no-load voltage curve. With this assumption, the equa-
tion of motion is

Jo =T - B - kgi (7-1)
where

T is given by Equation (6-4)

B = viscous torque coefficient (FT-LBS/RAD/SEC)

kg = generator no-load voltage constant (FT-LBS/AMP)

i = f(w) given by Figure 7-1 (7-2)
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8. ANALOG SIMULATION

8.1 Introduction

The equations necessary to simulate the WATG have been developed in the

preceeding chapters and are identified as follows:

ELEMENT EQUATION NUMBERS
Water Column Dynamics (3-1)
Buoy Dynamics (4-1) through (4-5)
Air Pressure Forces (5-1) through (5-6)
Turbine Torque (6-4) through (6-7)
Turbine/Generator Dynamics (7-1) and (7-2)

The scaled computer equations and the analog patching diagrams are developed

in this chapter. The symbols used in the diagrams are shown in Table 8-1.

8.2 Wave Forcing Functions

An examination of equations (3-1) and (4-1) through (4-5) shows that wave
forcing functions proportional to sinQt, cosQt, and cos2Qt are required. The
generation of unit amplitude sinusoidal functions is a standard analog tech-
nique and the required patching diagrams are shown in Figure 8-1. The charac-

teristics of the input wave are shown in Table 8-2 where

—
n

wave period

QD
"

2n/T = wave frequency
= T2=

A g;?' wavelength

k = 2n/\X = wave number

¢ =2 kL

h " B [kRpJ, (kRg) - kRyd, (kRy)]

and g-cn is the amplitude of the wave at a depth equal to the buoy draft Lg-
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Table 8-1. ANALOG SYMBOLS
ELEMENT SYMBOL EQUATION
Potentiometer A ’2;\\ y y = kx
(k)
X1 Gl
Summer %3 o 3 y y = - (6;x; + 6,x,)
Vo
X1—1n
Integrator yo y y = Vo -J (G x, +6,x,)dt
XZ'_ 2 0
Multiplier

Variabie Diode
Function
Generator




Table 8-1. CONTINUED

ELEMENT SYMBOL EQUATION
2 ——t,
1
- ’ If x>0
Yy
2, ———t yoa
1
Relay
C or .
omparat g IN w0 e
RA1
y=z,
If x>0
02 y=-x
Zero H —
4
Limiter - .
X <
EI y=0
Shows connections among
Interconnection —-@ . Sasae
: various circuits
|
Shows recorder channel
| 4 Output g &
‘ number
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(9/10) (/10)

A

—@ cos2at

Figure 8-1. SINUSOIDAL WAVE INPUT FUNCTIONS

42




Table 8-2. WAVE EXCITATION PARAMETERS

Period T Frequency Q Have]ength A Wave Number k Amplitude Coefficient

(sec) (rad/sec) (ft (re~t) Cy
1.0 6.283 5.125 1.226 -0.0014
1.2 5.236 7.380 0.8514 0.0016
1.4 4.488 10.04 0.6255 0.0295
1.8 3.927 13.12 0.4789 0.0857
1.8 3.491 16.60 0.3784 0.1592
2.0 3.142 20.50 0.3065 0.2384
2.2 2.856 24.80 0.2533 0.3156
2.4 2.618 29.52 0.2128 0.3869
2.6 2.417 34.64 0.1814 0.4510
2.8 2.204 40.18 0.1564 0.5076
3.0 2.094 46.12 0.1362 0.5573
3.2 1.963 52.48 0.1197 0.6008
3.4 1.848 59.24 0.1060 0.6387
3.6 1.745 66.42 0.0946 0.6720
3.8 1.653 74.00 0.0849 0.7012
4.0 1.571 82.00 0.0766 0.7269
4.2 1.496 90. 40 0.0695 0.7495
4.4 1.428 99.22 0.0633 0.7696
4.6 1.366 108.4 0.0579 0.7875
4.8 1.309 18.1 0.0532 0.8034
5.0 1.257 128.1 0.0490 0.8177
5.2 1.208 138.6 0.0453 0.8305
5.4 1.164 149.4 0.0420 0.8420 ;
5.6 1.122 160.7 0.0391 0.8524
5.8 1.083 172.4 0.0364 0.8619

| 6.0 1.047 184.5 0.0340 0.8705
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The values used are for an 8 x 26 buoy

RB = 4 feet
Rw = 1 foot
AB = n(RB2 - sz) = 157 ft2
LB = 4 feet

8.3 Water Column Dynamics
For simulation purposes equation (3-1) is simplified by assuming that the
vertical motions of the buoy and water column are small compared to the water

column length. Dividing through by pAwLw and letting the scaling factors be

denoted by
A = acceleration scale factor
V = velocity scale factor
8§ = displacement scale factor

The scaled equation is
z z z z TR p
L § w 2 . X B_wl|_aw . q
[T}"cwa[ﬁ]”wf[v V]“T Vl] gk Ry coses

where
B gJ,(ka) e'kLw

w A Rw kL,

()

=
(o]

"
7S
z |=

-

o
&3
—"
"

for
e ™ 1 foot

= 0.020

-
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T -k
A—:"'— = 32.29 (k) ekl_:" (sec-2)

AC
____:«S = ———35;2 (sec™2)

ACys

v2

= 0.005

Since the water column length is to be a parameter in the simulation, Table 8-3
presents these coefficients for various values of Lw. The air pressure force
term is given in Section 8.5. The analog patching diagram is shown in

Figure 8-2.

8.4 Buoy Dynamics

For simulation purposes, equations (4-1) through (4-5) are simplified by
assuming the vertical motions of the buoy and water column are small compared
to the buoy length LB' Dividing through by pABLB(l + Ch) and using the pre-

viously defined scaling factors, the buoy equation of motion is

[EAB':I = - Gy [%’i] * Cyy, (ZHB] sinat + [ETB])(CDSQ"%) ['ZVB']
o[- b [

+ cBHlﬁBl cosqt - cBH’l-TB’ sinQt

p
r (v & v aB
% Csu,_”az(”az - Mgy °°52“t)(°nsg"v)* PLA(THC,

where

2
V. B
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Figure 8-2.

WATER COLUMN EQUATION OF MOTION
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32
- _ 2@ e-2kLp sin kRB
BV, A(1+Ch7' kLg kRg

2
Cov = 35—

BV, 2ALB<1+Ch$

2
s
Bf 4A(T+Cﬁj ABLB

i
CBG v —-%_MB TG,

_ Vg 1- chkLB
BH ALBQ T ¥ Ch

O
i

v2

L
BH, = TEAL, (T+C, )

L -kL
= _ Bmp e "-B
HB = H WT-EKE'~EEE~ [kRBJI(kRB) - kadl(ka)]

. 8~k
e Wk L
TR
T . Aghk o 3klg sin kRp sin Re
B A kL

B szB

A1l parameters in the foregoing equations have been defined except Ch. which
is the added mass coefficient in heave. The value of Ch is 0.65 and is de-
rived from the experimental data discussed in Chapter 9. The coefficients

which are independent of the wave parameters are
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and for z, -

1

ACyy, .
= 00758  ft
AC
Bf _ =
o il 5.050 x 10°° LW
AC
-7?§ = 4,879 sec™?
ACgn,
V2 = 0.00947 ft
CBHS = 0.6061

8.5 Air Pressure Forces

quired scaled equations are, for z_ -

w

paw

2
paB can

\ patching diagram is shown in Figure 8-3.

T

zy > 0

2 L]
_ . G ([51] 2
pAL. - " PAL, \ [V

PAL(T¥C,) ~ PALG(THC, T

zp <0

(
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4

The remaining coefficients are given in Table 8-4.

presented in Section 8.5 and the water drag force in Section 8.6.

ter 5 and the geometry of the air passage is shown in Figure 5-1.

The air pressure force is

The analog

The equations describing the air pressure forces are developed in Chap-

The re-

NIPPONSR

SR M
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Table 8-4. COEFFICIENTS FOR BUOY EQUATION OF MOTION

. ACBVl ACBH1 VHBl Vﬁbz Aﬁéa

b o 2 ' Ny H s
(sec') | (sec™') | (sec™?) | (sec™?) | (sec~?)
1.0 0.0000 | -1.6990 | -0.0045 0.0466 0.0000
1.2 0.0000 | -1.1311 0.0043 0.1738 0.0000
1.4 0.0021 | -0.6811 0.0662 0.3676 0.0003
1.6 0.0249 | -0.3048 0.1682 0.5782 0.0083
1.8 0.0892 0.0224 0.2780 0.7864 0.0455
2.0 0.1932 0.3152 0.3745 0.9219 0.1278
2.2 0.3200 0.5831 0.4507 1.0368 0.2490
2.4 0.4512 0.8321 0.5065 1.1174 0.3892
2.6 0.5742 1.0668 0.5449 1.1699 0.5282
2.8 0.6820 1.2901 0.5696 1.2005 0.6519
3.0 0.7725 1.5043 0.5836 1.2146 0.7534
3.2 0.8455 1.7112 0.5898 1.2163 0.8309
3.4 0.9027 1.9120 0.5902 1.2091 0.8858
3.6 0.9460 2.1078 0.5864 1.1955 0.9210
3.8 0.9777 2.2992 0.5797 1.1773 0.9396
4.0 0.9995 2.4871 0.5709 1.1561 0.9452
4.2 1.0134 2.6719 0.5606 1.1329 0.9405
4.4 1.0208 2.8540 0.5495 1.1084 0.9280
4.6 1.0230 3.0338 0.5378 1.0834 0.9098
4.8 1.0210 3.2115 0.5258 1.0580 0.8875
5.0 1.0158 3.3874 0.5138 1.0328 0.8624
a2 1.0079 3.5617 0.5017 1.0079 0.8355
5.4 0.9980 3.7347 0.4899 0.9834 0.8076
5.6 0.9866 3.9063 0.4782 0.9596 0.7793
5.8 0.9741 4.0769 0.4668 0.9364 0.7509
6.0 0.9606 4,2464 0.4558 0.9138 0.7229
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Now, substituting
A = 424.6 in?

A, = 122.7 in?
A, = 47,17 in?
A

e 2.9 in?
- i 2
Ao 51 in
= in?2
AB 6786 in
Ai = 25.5 in?
i 3
- 0.002378 slugs/ft
= 3
Pater 1.94 slugs/ft

and, from Reference 9, page 521

h, = 0.3

by = 0.28
hy; = 0.25
h,, = 0.56
h,, = 0.41
h; = 0.04

the values of the coefficients are

Caw = 31.89

ewcaw = 0.0209
Cag = 1.980

a
eBCaB = 0.0036

52




The analog patching diagram is shown in Figure 8-4.

8.6 MWater Drag
The pressure drag is discussed in Section 4.6.2 and it is noted that the
drag coefficient would be different depending upon whether the buoy was rising

or falling, relative to the water. If the relative velocity is defined as
v=n-zg
then when this velocity is positive the drag coefficient would be the forebody

drag.coefficient and when this velocity is negative it would be the base drag

coefficient. Typical values are given in Reference 10, Chapter 3, and are

Forebody CD 0.90

Base CD = 0.03

The analog patching diagrams to generate the drag coefficients and the asso-

ciated drag forces are shown in Figure 8-5.

8.7 Turbine Torque
The torque produced by the turbine due to the air flow is discussed in

Chapter 6. Defining

T torque scale factor

t

Q turbine angular velocity scale factor

t

the scaled torque equation is

(BB -(R)r2))

where C; and C. are given by equations (6-5), and (6-7). Basic data for the
WATG-4 turbine is as follows:
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FIGURE 8-4. AIR PRESSURE FORCES
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disk diameter 20 cm
blade span 3 cm
blade chord 2.6 cm
number of blades 30

blade spacing 2.09 cm
disk weight 425 gms

The parameters necessary for the calculation of CT and CS are

RT = 3.94 in.
= in2

Ab 1.21 in

n =30

k=1 (ref. 8, pg. 183)
B, = 28°
aj=15

h. = 0.95 (assumed)

and the resulting values are

C; = 0.4285 x 107" 1bs-sec?/ft
Cs = 0.6220 ft
The patching diagram for this portion of the simulation is shown in Figure 8-6. l

8.8 Turbine/Generator Dynamics
The equation of motion for the turbine/generator system is developed in ‘

Chapter 7. Defining the additional scale factors as

ﬁt angular acceleration scale factor

generator current scale factor

the scaled equation of motion is
[£] (@)% - () &) -G
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This equation requires that the generator current versus generator angular
velocity be available in the simulation. This relationship is simulated by

reproducing Figure 7-1 using a variable diode function generator. The patch-

ing diagram for the function generator is shown in Figure 8-7. The generator
torque constant, kG' is evaluated as follows:

The generator no-load voltage characteristic is

Eo = ka
and from Figure 7-1
Eo = 69 volts
w = 5000 rpm
from which i B
kG 500 .0138 volts/rpm

or

kG = 0.1318 volt-sec/rad

and multiplying and dividing by current

kg = 0.1318 watt-sec/amp

and converting to foot-pounds
kG = 0.1318 (.7376) = 0.0972 ft-1bs/amp
The mass moment of inertia of the rotating parts must be calculated. The

turbine disk is assumed to be a circular cylinder of mass, m, and radius, RT’

so that
o Y
Jturbine e mRT
m = 425 grams
RT = 3.94 in
)

= 1(425)( 1 3,94\ _ k ;
Jturb'ine - (74'574') (m) (—1-2—> = 0.001567 1b-ft-sec
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The generator rotor is assumed to be a steel cylinder 3/4 inches in diameter

and 5 inches long so

sl Coy
Jrotor 2 mR

2
7 (.283) T (.75)2(5) =1~ (303

= - 2
Jrotor 0.00000948 1b-ft-sec
and so
o4 Jturbine . Jrotor
J = 0.001576 1b-ft-sec?

The generator damping constant, B, needs to be determined experimentally but

is estimated to be in the range
0 <B < 0.005 ft-1bs-sec/rad

The patching diagram for the turbine/generator equation of motion is shown in

Figure 8-8.

8.9 Parameters for a Typical Simulation
A typical WATG configuration to be analyzed is one with the buoy draft,
LB = 4 feet and a water column length, Lw = 15 feet. These values correspond

to a buoy natural period of 2.8 seconds and a water column natural period of

4.3 seconds. The coefficients presented are for the case where the buoy is

forced, by a sinusoidal wave, at its natural period, with a wave height of

H =1 foot. The scale factors used are:

6§ =10 ft

V = 20 ft/sec
50 ft/sec?

500 rad/sec

P >
n n
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ﬁt = 1000 rad/sec?
Tt = 20 ft-1bs
I =5 amps

The resulting potentiometer settings are summarized in Table 8-5.

Various simulation runs were made but these results are not presented
since, until the model can be fully validated, the results would probably not
be meaningful. Validation of the model requires the analysis of full-scale
test data which is not yet available. Chapter 9 discusses what data is re-
quired and presents the results of an analysis of the presently available

data.
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Table 8-5.

GIVEN IN SECTION 8.9

POTENTIOMETER SETTINGS FOR PARAMETERS

:gf Parameter Setting Remarks

00 /10 0.224 Gain of 10, A0O
01 Q/10 0.224 Gain of 10, A0l
02 Cas 0.098

03 CBVI 0.273

05 CsAth/AwV 0.106

06 Csz 0.606

07 CBHzﬁbz 0.004

08 10 Cge 0.061

10 HBl 0.028

n CBHIH'Bl 0.015

12 CBHSHBa 0.008

13 constant 0.100

15 /10 0.224 Gain of 20, Al2
16 /10 0.224 Gain of 20, A13
18 Canz/ZpALB(1+ch) 0.618 Gain of 2, A47
20 CTAW2V2/20TtA 0.918 Gain of 20, A18
22 A/V 0.250 Gain of 10, A20
23 V/$ 0.200 Gain of 10, A21
25 Cus/10 0.043 Gain of 10, A22
26 Cuf 0.040

27 Hy 0.002

28 HBz 0.060

30 ch/20 0.025 Gain of 10, A17
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Table 8-5. (continued)
POTENTIOMETER SETTINGS FOR PARAMETERS GIVEN IN SECTION 8.9

:gt Parameter Setting Remarks
38 HB1 0.028
39 10¢, 0.006
40 C,5V2/200ALg (1+C, ) 0.062 Gain of 2, A47
4i HBl 0.028
42 10eg 0.018
2
43 C,,V2/100AL, 0.877
45 A/V 0.250 Gain of 10, A37
46 V/$ 0.200 Gain of 10, A45
2
50 C,,V2/1000AL 0.088
51 bt/nt 0.200 Gain of 10, A44
53 ka1/90, 0.308
54 Cep 0.900
55 Tt/ZOJﬁt 0.634 Gain of 20, A36
56 BQ, /9%, 0.793
58 Cop 0.030
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9. VALIDATION OF THE SIMULATION MODEL

9.1 Introduction

In dealing with mechanical systems, generally the most troublesome area
to simulate realistically is the mechanism of energy dissipation. Usually the
dissipation law is not known but assumed, but even if the law is known, the
values of the parameters involved are generally not known. Previous work on
the WATG assumed only a linear dissipation law but showed that the power pro-
duced is sensitive to the value of the dissipation parameter (damping ratio in
this case). The present study assumes a combination of linear and second-order
dissipation and estimates the values of the parameters involved for both the
buoy and the water column. The true dissipation mechanisms and the values of
the parameters involved needs to be determined.

The second area involving validation is related to the turbine/generator
dynamics. The torque-speed-air velocity relationship was derived in Chapter 6.
The true functional relationship needs to be determined and if the equation
derived is adequate the values of the parameters CT and CS need to be deter-
mined. Furthermore, a linear dissipation term and a linear electrical torque

term were assumed in the equation of motion and this needs to be validated and

-quantified.

9.2 Data Requirements
9.2.1 Turbine tests

First, using the generator alone, a no-load test can be conducted wherein
the no-load voltage is recorded as a function of time as the generator speed
decays from known initial values. Analysis of this data will determine the

nature of the mechanical dissipation torque. Second, a similar series of tests,
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under load, together with the known relationship between current and RPM, will
determine the nature of the electrical dissipation torque. Once these charac-
teristics have been determined the WATG assembly, consisting of the generator,
turbine, and air passage can be mounted on a test stand such that known, time-
varying air inputs can be introduced. A means to measure the torque delivered
at the generator rotor and to measure the generator RPM will provide the data

necessary to deduce the torque-speed-air velocity relationship.

9.2.2 Buoy/water column tests

An instrumented buoy is presently deployed and two variables being
measured are buoy acceleration and water column displacement relative to the
buoy. Analysis of the data being gathered is complicated by the fact that the
wave input is variable. If data could be taken in a sheltered area of essen-
tially calm water, a series of step response tests could be run. The buoy
would be lifted partially out of the water and released. An analysis of the
resulting decay of acceleration and relative displacement would yield the
applicable dissipation laws referred to in Section 9.1. Some data similar to

this has been accumulated and its analysis is discussed in the next section.

9.3 Analysis of Available Data
1 9.3.1 Determination of the dissipation law

Step response tests using an 8 x 26 buoy without the WATG and with the
center tube closed at the bottom were conducted by the USCG in June and October
of 1974. Acceleration versus time was recorded and five such recordings were
made available. A typical record is shown in Figure 9-1. The usual procedure
to deduce a damping law from such data is to assume a law and then see how well
(statistically) the data fits the law. If a linear law is assumed (dissipative
force directly proportional to velocity), then a semi-log plot of peak positive
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(or negative) amplitudes versus number of cycles should yield a straight line.
This was the case for all five data records. The slope of this semi-log plot,
multiplied by suitable constants yields the damping ratio. This value can be
found by a least squares fit to the line. The results for the particular record
shown in Figure 9-1 yielded a value of 0.0461 when the positive peaks were used
and a value of 0.0463 when the negative peaks were used. For a linear system
the same value of damping ratio should be obtained if it is computed by taking
the ratio of a positive peak and the next negative peak (disregarding the sign)
or a negative peak to the next positive peak. When this was done, it was found
that the values obtained were not the same. The implication of this is that
the energy dissipated is different depending upon whether the buoy was moving
out of the water or into the water. A complete analysis using all five sets
of data yielded the following values:

Moving out of the water, damping ratio = 0.0664

Moving into the water, damping ratio = 0.0319

Using these values in the linear model, peak amplitudes were computed
and compared to the measured values. A regression analysis yielded a coeffi-
cient of determination greater than 0.99 which means that less than 1% of the
difference between the calculated and measured data is not accounted for by
the assumed law.

The physical explanation for this behavior would appear to be that when
the buoy is moving into the water, viscous forces are generated but when moving
out of the water, a wake is developed whick generates additional viscous forces.
This form of energy dissipation might be termed bilinear viscous damping; the
dissipative force being directly proportional to velocity but with the constant
of proportionality having one value for positive velocity and another value for

negative velocity. Two questions remain with regerd to the present simulation;
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first, is this law applicable to the buoy when the center pipe is not capped
and second, what is the dissipation law for the relative water motion in the
center pipe. These questions can be answered by conducting the tests outlined

in Section 9.2.2.

9.3.2 Determination of the added mass coefficient
The step response data yields a damped natural period of the buoy tested
of 2.7 seconds. Since, as was shown, the damping is small, this can be taken

as the undamped natural period. The buoy natural frequency is, therefore,

e .
UB = -T- - ——2.7 2.33 RAD/SEC
Now, since
m2=
B LB +Ch

and, for the buoy tested LB = 3.61 Feet

C, = 0.65

h
which is the value used to calculate the coefficients presented in Chapter 8.
Since, for the buoy tested, the center pipe was capped, future tests as pro-

posed in Section 9.2.2 will determine any necessary correction to this value.

9.3.3 Modification of the Simulation equations
The validation procedure may require that certain forces in the basic
equations be modified or that the numerical value of coefficients used be

modified. The forces involved are:

water column friction force, Section 3.3

buoy friction force, Section 4.6.1

o =
-
" "

buoy pressure force, Section 4.6.2

o
"

R buoy radial dissipation force, Section 4.6.3
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turbine torque, Section 6.2
turbine/generator mechanical dissipation torque, Section 7.2

turbine/generator electrical dissipation torque, Section 7.2

If the damping law discussed in Section 9.3.1 proves applicable, the

simulation equations would be significantly less complex.

Y e d.
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10.  CONCLUSIONS AND RECOMMENDATIONS

The objectives of this project, as stated in the Introduction, have been
met. The buoy, water column, air passage, turbine and generator have been
modeled and analog computer patching diagrams presented. The available full
scale data has been analyzed and this analysis indicates that modifications
in the model will probably be required. This conclusion cannot be made more
definite since the data analyzed was for the buoy alone without a water column.
It is likely, however, that even with a water column, the dissipation law will
be proved to be bilinear thus simplifying the equations as presented herein.

It is recommended that any continuing work on this project include the
following:

(1) The tests of the turbine and generator outlined in Section 9.2.1.

(2) The buoy/water column tests as outlined in Section 9.2.2.

(3) Modification of the simulation equations as required by the afore-
mentioned tests.

(4) Generation of Response Amplitude Operators from the simulation model.

(5) Comparison of the RAO's generated by the simulation with those to
be available from the deployed buoys now under test.

(6) Presentation of the results in a form suitable for the USCG digital
Design Integration Model currently under development.

The possibility exists that analysis of the pure heaving motion may not
be adequate to describe the actual buoy behavior. If this should be the case,
then the model would have to be modified to include the coupled tilt-heave

dynamics.
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