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Equipment was desiéned to determine the wave profile-
and wave forces on simple blmff bodies. The preliminaty

experiments were conducted on a circular pile ef 6 inches.
) "I~. .‘ s l 'y

The depth of water was vagried'up to 45.5 inches and the height
X . N ’ : ’: - B
of the sinusoidal waves were limited to 9 inches. The wave

o L}

force and waveprofllexecoxds 1nd1cate that the 1nstyumqnta-

’ tion and equlpment developed did functlon satlsfactérily

~

‘Both the drag force and lift force could be m&a#urcd For

VN [N
the latter, the tests should be limited to a J&equency rangc

L

of not more than ‘1. 15 cycles per gecownd, since éhe natural
ﬁrequency of the force .gage- cyllnder system was of the order

of 2.3 cycles per second. ; -

»

" . The test data presented should be considered as a

L &
- preliminary result. Since the force gauge and wave gauge

- have linear response, the tests with random waves can’ algo

b2 handled .by the seriup developed. ‘ 'ﬂfﬁ ”
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CHAPTER 1

e, 4 S INTRODUCTION

1.1 INTRODUCTION

o

of instrumentation and experimental equipment to collect .

)

and interpret wave force data on a vertical and yawed
f L] '
circular ocean p&%g model. Increasing redognition has °

been given recently to the importance of

.‘data.

™

¥, 0 -

i

~ Much of the discrepancy in the functional reldtion-

ships claimed by past investigators is attributed [13,26] 4

£

to the excessive reliance on wave -theory to obtain the kine-
‘matics of flow near the body (based on surface gbsgrvation

' . of the wave) and the inadequacy of the testing procedures.

i .
' *




“

. 1.2 GENERAL SCOPE QOF -STUDILS

o, N .

As a part of a short development program, the follow-
|

i
ing tasks were sct out for the general scopolgf,studics. .

: K

It was decided to develop a wave force model which

would allow the investigator to obtain the following data. \\
" .
1) To determine the. distribution of pressure
’ along the cylindrical pile medel.,
. : ) . : ) ’ T )
/ - ' - - - m
2) To find the effect of inclination of the test
I’ T4 ® *
pile on the nature of wave forces. | 1 o
%4 ! 3) To collect new information on the wave character- -
| : .
istic and wave force mcasurCycnls,using'more C s
accurate measuring systems.
4) To check the total force response data with
the forge bounds established by local pressure
r .
i . . _measurcments. .
L4 < .
i -
5) To cover some range of waves nol covered in the
. literaturc. .
' 4
6) To develop a foree gange canable of neasuring
- “ - A}

*
lakeral forces; and ro-tin-g ernicted ressense
.

characteristics considering vortex shedding ‘

frequency and wave periods.

+




7)

8)

L

To develop an accurate wave gauge which would

have a linear response over the range of select-

ed waves.

To study the resonance phenompenon due to lateral

vibrational forces.

Y]

e
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CHAPTER 2

THEORETICAL CO SIDERATIONS

A

2.1 OSCILLATORY WAVE MOTION

At present there are several wave theories, which

can be selected for design-wave representation. All these ¥
theories are applied bédsed on general guide-lines of depth ////

. ' - ‘ b .
.conditions. o - : . )

There is an intuitive belief that the additional

éffort required to use higher order wave theories should be a

C4

téwérded by more accurate result;. Most of the theories

are quite difficult to apply/ The differences in particular
design parameterg»predicted by seyeral theories are not
detefﬁined readily. Studies [7], were made to determine
rélative validities of water wave theories. As a result of

. . c s Yo
.these studies experimental verification was recommended.

One experimental study [24] as to the validity of
linear (Airy) wave theory was conduc&éd and found velocity
and acceleration profiles “differ.cdnsiderably" from'theory.
However, the presentéd plots in this study .seem to show -
considérable degree of agreement in relation to wave Kine-
matics predicted by the linear theory. Others [5,16,17@26]

too, have applied the Airy (linear) theory to define wave

parameters with success.




\

.
[

In this project,. the actual wave celeéity was de-
Eé:minéa by recbrding the wave history by.two wave gquges.‘ Co
This value was used.té determine the wave lengtﬂ’;or‘a\

" known period wave: The calcﬁlateq wave length was used as
., a f;;gt approximation of wa;e length to get the théoretical \

value of wave celerity using Airy theory as_foliowé: .

-

c, denotes, experimentally determined wave .
celerity. ' T .
' t
T denotes wave time period. ,
L = C_-T ) vo(2.1)
N e e .
! . N
3 N . ' a o
"Ly is experimental value of wave length. 4

s

From the Airy theory

{

: ' _ gL 21h} ~
. ’ CT —' [%—r-_t‘:anh —-i:—' (2.2a)
v Cy denotes the theoretical wa?e celerity. :
-rr ! - ' 4
h equals the depth of still water in the

channel. !

14

Substitution of L % Le give§

qL i ot e
—2 tanh ‘-"’;‘—ha (2.2b)
e

' Cp = [Zn




»os

“P’

' 4 Physical observations were made and the wave record
was generally sinusoidal (Fig.2.l1 ). Physical observations

~ . :
of the approximate wave length checked with the’ theoreti-"

¥ P
cal value of L obtaihed from 'equations 2.1" and 2.2a. Tables
. N 1‘,_:/ N ., .

2 and.3 gives a comparison between the measured wave length

o

and the theoretical value of the same. . s

N

The . range of dimensionless water depths encauntered

in the tests was
0.481 < h/L < 0.097

This range precludes the approximatiors fév\%he deep water

~or shallow water waves. As such, the complete wave equa-

- tion (2.2a) was dsed.. .

_ . 21 Cy+h) .
> ge TH cosh ;—q ‘0 2 3
) - T ] 2_nh cos ‘( . ')
sinh T -
. Lo~ ) . A /
sinh 27 (y+h)
v = TH L ™ (2. 4)
LT T — 355 - St (2.
¢ sinh I .
. @ . ] ‘ ) X

Y

¥

~

8 = 27 X/L is phase angle, where u and v. are

&

horizontal and vertical p,artiaf velocities, respectively.
&

¥

f

The differentiation wi th regarg to t gives the o

accelerations ' s

-




H
Y

&

g

. ’

- 2r?H cosh [2n{y+h)/L] _. > '
s/inh(Zw V4R sind *2‘.5)

v

v _ 2r’H sinh [2n{y+h)/L]

. T . sinh(zw h/my o oot o (28
N Yoy
2.2. OSCILLATORY WAVE FORCES , ‘ .
LONGITUDINAL” FORCES ‘ .. ~
) : .

.

.,'l;he Reynold's numbers range‘based on maximum particle
¥ ‘ \

velocities varied from 10* to.10%(Tables 2 and 3). The drag co-
D is constant: for steady flow in the above

-

effiqient C

'Re.ynol'ds number range (Fig. 2.2).

Cp

\

One should not ovg;:look the fact that the value of the

<

instantaneous Reynolds x;umber,based on particle .velocity

reaches the value of zero twice during a cycle for wave !

-

motion. = - . “

The forces produced on submerged structures by os- |
cillatory waves are properly classified by Morrison [19].

According to him, the drag force resulting from the orbital.

. velocity; and the ‘inertial: forct: resulting from the orbital

- acceleration can be expressed as . .

%

b ?




“ ( ' 8
. v .
[}
L/ . ) \ S

The inertial %prce is expressed as. '

. 3 L}

»

- 1 | S Fy=C .ov(5 gg - - (2.8)
where | " *
) ’ . denotes projected ;rea of éest(?ody i
= | ’ Fj denotes draé force 3 . \
Cdi‘ denotes drag po§fficient ) : !
o - p ’ is the mass Aensity of water .
. o o7
u . denotes component of. the velocity in the
N direttion of the force ‘ ' ‘ue
.- F, - denotes inertial Fforce .
Ch denotes coefficient of inertial éésis;ancé ’ :
Vo is' displaced volume ' o ' %
. %% denotes component of acceleration in the | o N
[ ‘ ‘ directijon of¥orce for undisturbed flo& .
" Becausé of the natureibﬁlthéavcloéity variation, au
. the horizontal drag force Qafies‘frqm a maximum downstream _
‘ value undexr the cres® of a wave ix)glkAO) to a‘maximum up-
stream value under a trough (x/L = 0.50) ‘(Flg 2.3). | K

. The varlatlon of the horizontal accelaratlon'
d} ' ’ 1]
(Eq. \6) is such that, the horlzontal inertial force varies
from a maximum downstream.value at (x/L 1) to a max;mum

upstream value at’ (x/L~- 1) as illustrated in Flgure 513 B

N .
by ; . )

/ rs




@,

il

B The todﬁi force is the sum of the two forces given,

s . VT

= by Egs. (2 7). a

d (2.8) - ' 3 '
P ‘ /_ . 5, ' ‘ | " ] '
A pgi + G oV, ae © (2.9)
- ; voooe . ..
« - Because tﬁe_two éorceg‘are 90° out of phase, the )
maximum combined down stre;m forae may occur at any .value of ’

x- from x/L = 1 to x/L = }, depending on the relative magz}-

tude of the components. Methods of applying -Eq. (2.9) to

determine the magnditude and location of the maximum force on

4

cylindrical. piles have been presented by Mo?rison:et al [20]?(

*

2.3 LATERAL FORCES ©7 :

LT \
P Lateral or lift forces are not negligible.” Wiegal :

' * et al [25] in their study of wave forces alan exposed'

Iocation near Davenpor{, California, reported large lateral

jg o vibration§ of, their test pile until the pile was restrained

. Yo . ‘ ™
: \ at the“lower end. ThlS and the failure of the Texas Tower
N . Bho. l off thé coast. of New Jersey on January 15th 1961

due to lateral v1brat10ns are but two examples of wave 1n-
y duced?qatergl-fonces.wé . B .

/
4

. ) : ) 5 ’
A - When the frequency of latéral vibration approaches the
syékem frequency of the' stfucture, resonance occurs. This

L may lead to disastrous qonseﬁuences.' Overlooking the stsi- ¢

: : . s ‘ ' - . I e
bility of such vibrations may lead to serious cracking of




v . o ‘

the Structural membeﬁs-under fatigue.

A% A |
»

It is'well established that lift ‘forces are due to

alternate eddy sheddiyg as the waves paés the pile.
? ~ ~ ’

A commonly used equation for lift forces (8] is

» -

._ . 2 ‘ .
F'=3c pu’a . ::_(21.10)

°
a

FL ' denotes lateral or lift force
CL denotes 1lift cocfficicnt

- u and p are previously dofined

P . ~ ‘ -
~ ' }
. The above equation gives rise to diff¥ulties as the

time history of the forces does not necessarily vanish when

u goes through zero. Thus, very }arge values can be obtain-

" sed ‘for the coefficient of lift. This difficulty can be '

L

largely overcome by defining the relationship of Eq. (2.10)
onl§ for the maximum values” of the force.
At

f \
= R .p.U? ‘e ‘ S
L max } CL max”p u max A (2.11) B

L

L)

2.4 OBLIQUE FORCES o !
\ ‘ 3

‘

:\ *
In addition to vertical piling members, a structure

will be composed of cross-bracing. This bracing may be

orientated horizonﬁally or 6bliquely through the fields of

. velocity and acceleration. , ’ Y



Due to the fact that all of the wave force investi-

! 3 .
gations on vertical piling Qeye calculated Cp using the
horizontal component of veldcity, Eq. (2.7) was used in this

study. Unfortunately, the situation is not the same for
}

" oblique cylindérs (Fig. 2.4). For an oblique cylinder set

in water waves, the resultant velocity is clearly larger than
the component normal to the cylinder axis. ‘Taking account

of this Eqg. (2.7) can be rewritten as . . }

(2.12) -

(u?+ v+ w?) v,

Ta = Cah P 2 Vi

where K; is the velocity component normal to the axis.of -

test body. The term Vg/'vll establishes the force direction

as that of the normal velocity component. The quantities

u,v,w are the velocity components-in thc coordinate axis

direction. ’ s '
' - A4

For practical purposes velocity component w ‘could

be considered negligible and equation (2.12) can be written

as ‘
- (u’+ v?) v,
Fd - Cd Ap — TV—\l:T (2.13)
s u.and v are deteimined by usjng-equétions (2.3)
and (2.4).

o

The effect ofdyaw upon ineftia force component tos

could in the same manner be determined. The rewriting of

.
7/

A

"




L

Eq. (2.8) as S _— . : X

= - 27 F2—
R R A | (2.14)

D ~ 1 "
o a A W,

N

The yaw aﬁgle is thekangle between the normal to the test body

axis and the.resultant velocity. It should be noted that in ‘

3

@ . . .
all cases, plane waVe motion is assumed, and a coordinate

‘. ' L. C - ‘ J
system is chosen (one axis in the direction of wave propa-

¢

gation)- for which there are only‘two conmponents of velocity ‘

and acceleration. It is assumed that the axis of the test body

is located at x = 0 and that the diametor is much smaller

than e wave length.

. &

. . -
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’ B . . CHAPTER 3

" REVIEW OF PRIOR WORK . - : !’

.
~J

.
it

3.1 LONGITUDINAL FORCES

3

Wiegal, Beebe and Moon [24] measured the forces
exerted by ocean waves on circular cylindrical piles at' an
exposed lo&ation near Davenport, California;_in water depths
6p to a maximum of fifty feet. They made measureﬁent§ of

forces resulting from wave heights up to twenty feet.
N ;

< ‘- Morrison's equation was used to evaluate Ch and Cr-

kY

Both C,. and C_ were found to have no’ well
defined relationship with Réynqld's number in the test range

of Reynold's number from 3'x 10" to 9 x 10°. . n
\ ¥

Keulegan and Carpenter * [18] investigatedafhe
' »
L)

drag and inertia coefficients of cylinders in a simple to

sinusoidal current generated at the midsection of a rectangu*

8

t

lar basin by surging 'of standind\waves.
) , !

! “

Their experiments showed that thc average values of

Cm and CD over.a wave cycle could be correlated with the

arame te
P I ,Umax .

\ the' maximum horizontal partical velocity over a wave cycle.

X T/I)}see Fig. 3.1l(a), (b)), w?ere Umax is

This study was able to cover a wide range of values of

l

X ‘/[)bqéween‘2.7 and 120.0. U X T/I)équaling 15

Unas _ max
was found to be a critical condition yiclding the lowest,

{ LS
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¢

value of Cﬁ and the Yargest valuc of C The range of

D

'x I/V was between'4200-and\29,3b0.

1)
Reynold's number Umax

»

Iverson‘and Balent [14] developed a resistance o
'equation for objects moving in accelerated unidirectional
motion. MacCarmy and Fuchs‘[zl] présented a theory éf’
wave fgrces acting on a circﬁlar cylindriéal pile for the
case when the pile diameter is considerabiy large compargd
with the wave length. 1In a prototype, this theory applies
to the casé of caissons. Thejir{ theoyy considérs only the
inertia forces of p}imary and secondary waves while the drag
c0mponen£ becomes negligible. 'When h/L + 0, the MacCarmy
and Fuchs caisson theory is reéﬁccd’to a simple form.identi-
cal with the Morrison formula (Ee. 2.9) (Cq = 0 afid

C_= 2.0).
m

In 1957, Bretschneider [3] calculated Morrison's

. Cp and c, for a 16 in. pile in 40 ft of water from his
recorded maximum range of total forces. The average,héigﬁt
of all waves analyzea by him was about 4:5 ft with maximum
13.3-f¥ and minimum of 1.2 ft. The wave periods were
between 4.0 to 9.8 seconds. OCD was found to bear a re-
lationship with Reynold's number v, h/v sqmewhat similar.

to that for steady state conditions between 2 x 10¢ and

6 x' 105, .Here, u. i§ the root mean square partical velocity.

A relationship between Cn and the water partical accelera-

tion was also indicated in his studf. -
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Harleman and Shapiro [11] performed a series of

experiments for the case ;f_ h/L = 0.2 and H/L = 0.03.

They proposed a procedure which incorporates the MacCarmy /,/’”
;nd Fuchs theory for the inertaa componnnt and utilizes a

drag comgbnent which 1is similar in fo;m to Morrison's, but
makes use of the stead& state drag cocfficicéts for cylinders.
Stokes' second order wave %heory was us~d in this case. A
surprising degree of accuracy was reqcﬁod in predicting the
total forces ofpthc;ribxperimcnts (U, h/v= 4.77 x 10° ~
8.06 x 10", H/D = 1.66 ~ 12.5). Jen Yvan [15,16] fo;nd
that forces due to periodic waves in relatively deep water

(h/L _ 0.175) and low steepness (H/L = 0.02) were essentially
inertigl. Morrison's Cm values were found to havg an.
overall averageqvalue of 2.04 which is very close to the
theofetical estimates [19]., The values of Cp reported
in [15,16] displayed a very large scatter. It is observed

that CD values tend to be large for waves of small ampli-

tude.

3.2 LATERAL FORCES (LIFT)
‘ &

The problem of lift forces on a(cylinder when it is
subject to uniform and accelerated unidbr;ctional flow has
been treated in séi:ral papers. However, insufficieét infog—
- mation is available on the topic of lift forces on piles

@

.subject to waves. . . .

I




. 4 >
R - Humphreys [12] studiLd the forces associated with
| sub-critical flow around a circular cylinder in a wind

tunnel. He studied/rhe/bscillatiqg forces due to the ﬁown—

el

v ’ stréam vortéklétreét for Reynold'!s numbcers rangiﬁg from
4 x 10" to 6 x 10°, which coyercd the critical rangg'of.
Reynold's numbersvof 2 x 10° to 4 x 10°. The steady'
rag, the oscillating'lift,at"the eddy shedding frequency,

Y

e and the small .oscillating drag’at freqﬁency 2 f, were

/

asuréed. {

- 3}.‘
Fung [9% carried out laboratory tests with a 125"

iameter pile in a wind tu&hel. He measured fiuctuating 1li

. and drag forces in an air flow at large Reynold's numbers

_randomness. The peak values of the RMS coeffient

of lift were below 0.4 for all cases.

. / 5 .  ew
Bishop and Hassan [2] measured fluctuating lift

‘for Reynold's numbers from 3.6 x 10’ to 101 x fo“. The
requencies of the vortices in the wake were obtaihed in-
irectly by~noting the frequeq?y of the lift fluctuating
orce, as shown on the records. The cocfficient of lift
as fFund to decrease as the Reynold's number decreased

ithin the'range“§Fsted. (Fig. 3.2). Gerrard [10] deter-

4

w

ft

d drag forces for a stationary cylinder in a water channel




' oo i T o<

mingd from measurements in a wind tunncl, the lift and drag

°

on circular cylinders, and the fluctuating pressure on the

A

cylinder surface in the Reynold's number range from 4 x 10°
to 10°. The magnfjtude of RMS 1lift coefficient was found
to have a maximum value of about 0.8 at a Reynold's number
of 7 x 10", decreasing to 0.01 at a Reynold's number of

4 x 10°.

-

Macovsky [22] has presented measurements of the
maximum alternating lift force coefficient for a bodjfimmerSM
ed in a moving ,stream for Reynold's numbers ranging from

10* to '10°. He found that the values of the lift forces

were comparable in magnitude to the longitudinal force (dfag

14

force). 4 v
\ /

’ * Jen, usin; &he work of Wiegel [25]‘_concluded that
the wave height had to be at least three times as greaf gs;the
pile diameter for -‘eddies to have time to develop. ’He
carried out his experiments with a 6" diameter pfle, which
was large éompared with wave dimensions. The maximum value

» /\
.of H/D that Jen could reach was about 1.2. However, he
3

found that even with' this ratio, some effect of eddies wés~

detected in the force records.

!

Chang [6] formulated two thcoretical approaches to
investigatelthe traverse forces on circular cylinders due‘ -

to eddy shedding in waves. One approach assumed a quasi-

.

TN
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— ' : ! ’
s, . L

i

'
- i

steady vortex shedding frequency. Experiment with regular
T ‘ . ‘ ]
waves, however, showed that this theory.could not be applied.

The other approach involved the use of a constant vortex

shedding frequency. He drew the conclusion that the fre-
quency of the transverse force was twice the wave frequency

for all cases. Chang's plots of coefficient of 1lift as a .

A

function of Keulegan-cérpénter number and Reynold's number

-~ <

are presented in Figs. 3.3(a) and (b).
' »

. ’

gidde [4]. concluded that -the Keulegan-Carpenter
number appears to be a useful pgrameécr to predict thevratib
of 1ift to longitudinal forces. Atcording to him the eddies
start forming when the~Keu1egan—Carpenter numbet reaches 3.
Fﬁrther, the maiimum of lift to longitudinal forces 6ccurs
when the Keulééan—Carpen:er‘number Becomes'is. He also

concluded that the Reynold's number failed to correlate with

the ratio of lift to longitudinal forces for the piles test- .

3.3 OBLIQUE FORCES o ,' \

[

ed.

To-date, no detailed study of the forces on oblique'

cylinders such as the ones used as bracings in off-shore

| * . )
structures, is reported. Dean and Harleman [13] have

°

suggested an approach to tackle this problem. McCormick [23]

+has given an empirical approach to solve this problem.
. .
v . /

1y .
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& ©  CHAPTER 4 .

EXPERIMENTAL EQUIPMENT AND INSTRUMENTATION

- B

4.1 WAVE GENERATOR AND TOWING TANK . i v
S :1 . [ ]
s, . . ' »
The tests of this study were performed in a towing,
o '

/2

tank 185 ft long. It was 8 ft wide and 6 ft deep. (Figs.4.l{a-c)).
The towing tank waq‘equiﬁbéé with a piston type wave genera-

ety

LA
tor at one end, and an inclined rubberized plastic fiber (Fig.

4.1(c)) beach for absorbing the wave energy at the other end. . .
Beach assémbly at the end was such that the inglinapion of‘thgg
beach could be.varied. )Along one side of the. tank about

70' from the wave generator was the_gggervation ;ecfion, The

piie assembly‘(Fig.‘d 2) was mounted rigidly at the mid-

p01nt of a brld&whlch has its own motorized assembly and f-\‘
for this study was locked in at a- oxnéqabout the middle of

the tank length. The pi%e exten ed.down to the bottom of J

the tank with a 3/16 inch clearance (z). The assembly was )
made rigid enough to assure that the deflection of the pile .
throughout the, seriestof tests was small and behaved '‘as a
rigid pile. - . / -

b4

s The wave generator was provided witﬁ“a“sergo-nﬁchanism,
Fig? 4.1(a) .Thi servo-mechani§m<could either be operated by
a magﬁitlc tape or by external voltage sources. (Fig.4. 1(f)) For

~ this study, the mechanism was programmed for the des%red 51ngle
wave period response, and these waves: were repeatedly generat- ”

: . . -
)
{
I

L » i

,
' [
& o ’ “
* i
| o A
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ed.

The pridge (Fig-4.]&b)) was mounted on rails and had
“a motorized set-up for towing the pile. Motorized wheels of
the brldge prov1ded a range of tow1ng velocities. -For ‘this

study, the brldge was fixed at about mid-length of the tank

-

and no towing tests weré performed. !

) ’ ) i
.4.2 THE PILE ASSEMBLY .

- A 6-inch outer diameter aluminium test pile was
) oesigned and bui t.for this study; Figures 4.2 shows details
of its design., T }lg\was 4' 6" long. Sets of 36 peri-
pheral holes were provided at dlfferent locatrons along the
length of the pile_to measure the local pressure distribution
;t different depths' of submersion. ';;eso holes were connected
to élastic pubing which could be 'fitted to the tép holes at

the top of the pile. For this study, thc tubings were closed

and only. the total forceg were mgasurcd. ) , {

{ . .
4.3 INSTRUMENTATION \ N A x

4.3.1 Force Gauge
- A J
For foiqe measurements, o force gauge was Heveloped,
u%ing a linear voltage differential tran:ducer. Tﬁg gauge

was fixed to the collar of the pile.- The frame to which the
s b) F) .

gauge was fixed was capable of being easily rotated to




measure the lateral forces subsequent te thc measurcment 'of

the drag forces Zw1thout hav1hg to take the tcst section out

¢ ’ of the water (Fig. 4.l£e)). , ' : 1 . .

w

N \ “« Because the design of the force gauge required
consideration of the resonant frequency'of the assembly,

A ] .
whlch behaves like a sprlhg mass system, the stainless steel s

[}

force gauge frame was prov1ded w1th solf(ener‘attachments. v

-’ [
' ‘This arrangement not only allows,thc.natg!kl frequency of the

system to be high eﬁcugh but also allows it to be Stiff
E) - ‘ . .

enough in order to reduce the ‘deflections of _ the test pile
. ‘e
gﬁrihgﬁthe experiments. ‘

4 "o arr}

t

M 'The’ force gauge was checked for the range of linear

response with thQ stlffeners and w1thout the stiffeners, as

" shown in Fig. 4.3. This range «varied fyom 0 to

-

90 1bs and from 0 to 30 1lbs, respectively. The ﬁ%tural ,. ﬁ
frequency gf}the system in the water Was\found to be 2.3 cycles
' J/““ per second; which became the géverning timit of wave frequendy,

. . ¢ 5 .

- . Fig. 4. 4. “The corresponding depth was 3.7§&ft.
The‘calibration of the force gauge was performed

- . owith the test section submerged using- a, pulley syStem,‘as , N

o shown in Flg. 4.5. The adjustable pin- wias used: to brdvxde a

Y

true’ zero location o&the transducer for zcro lobd positiion.
- N o > 1 .

1 . - - \

|
|
I
l
|
|
|
|
\

« o o The load was applied at the end of -the cc}d and’
corresponding Qauge\outputs were recorded on a strf‘}charq
. H ’ a .

. .
Al . . r

'41.‘ »
"




recorder (Model Brush-Mark 220 Recorder). 1In the beginning of
this s;udy, calibrations were made beforc ecach run, which
later were reduced to twice per day or as required. Through-
'ou£y£ﬁis sﬁudy, the gauge response Qas found to be constant.
The high stabi}ity and rugged construction of the gauge-did

not present any problem throughout this study.‘

e
‘o

4.3.2 Wave Gauges

,; Two capaéitance—type gauges were used to measure the

e profile of the incident wave train.

The construc;ion of these gauges was based on the
Purdue U iyersity supplied circuits. The basic circuits pro-
vi weré developed and adapted for this project. The
instrument consists'of solid state circuit¥§ and printed

«
-~

circuit boards (Fig.4.1(qg)) .

. The prpbe functions as a capacitoF with the water

e functioning as a negative plate. Tﬁe insufation of the
positive conductof functions as the dialcectric, @ith the
wire funptiéging as the pQsitive plate. The changing levels
of water{\glter the physicai size of Both the positive and

negative plates. Thislchange is then detcected by the capa-

citance gauge (Fig.4.1(e)).
. . ) '
The capacitance gauge consists of a Wien-bridge (]

oscillator, which is an operational amplifier running in a

A
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*
state of saturation. ' The output-of.thc oscillator is fed

through zero suppression and filter. The signal becomes a

carrier and is fed to the primary of thc low impedance trans-

" former. The probe signal‘}s appliea to the secondary of -

this transformer. -

-~
-

The resulting signal is fed through the A.C. Amplifier
for a gain of approximately 5x. The amplified signal is then
demodulated, which is how a varying D.C. voltage riding at

a level determined by the curpent’sourcos.of the filter and

\
)

suppression bpard.

The resulting D.C. voltage is amplified by D.C. ampli7.
fier and fed through a low pass filter toe provide the output
of the capacitance gauge. Because .0of interdependency of the

internal circuits, it is necessary to. "rock in" the D.C.
{

level and A.C. gain controls. . .

L.

The D.C.‘output carries a noise level of less than
0.905 mil{ivolts. This gauge ut}lizes a common chassis and
signal ground. With the circuits of this gauge and the
probe (signal source), both grounded, it is apparent that
some amount of ground-loop cuRFent will be ygyencrated due to

the difference in potential at the two points of grounding.

i

The water surface probe consisted of a single copper

ground wire and a double length of insulated wire. A

stredamlining foil was added to the basic assembly to reduce the

-

’ * N
R . .. Y




-

flow disturbances due to.°flow separation behind the probe

&
support. (Fig.4.1l(e). The dialectric and inner conductor

of RG 174/4 coaxial cable was found to be the most’ satis-

-

factory positive conductor wire. To avoid problems due to .
. BN . .
surface tension, ordinary water repellent silicon compound

-

’ 9

was used and found to be satisfactofy.

- The calibration of géuges was made by increasing a
known depth of immersion of the probe and recording the

response of the gauge.

These gauges were found to be lincar in the entire
range of wave heights (12") used. Fig. 4.6 indicates the

gauge responsce. ’ ¢

In the beginning, these gauges were calibrated at
the beginning of each run. But later, theﬁyunxzcalibrated

after every 4 runs.

.

+

One gauge was located parallel to the test pile

and the other at about 10 ft up-stream of the test section.

Wave trains were recorded and the wave celerity was

f co determined.

\ T?.determine the capacitance gauge response lag

’

- differences (if any) ,”between th¢ two wave -gauges, the gauges
were placed parallel and wave trains werc reébrded. The

o L : ¢ . s
resulting response records are shown in I'ig.4.7.
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4.4 EXPERIMENTAL PARAMETER SELECTION

4f§.l Wave Parameters

The dimension of wave tank and lécation of observa-

tion windows required that the water depthﬂfor all ekperi— "

<

ments vary between 50" to 28". Therefore, 4 depths of 45",

40", 35" and 30" were chosen.

The wave generator could generate waves having ' ‘

.

34 seconds to 1/3 second period. The waves of period’ less

than 1 secdond were not used for this study. The chosen

pexiods were 4,3,2 and 1 seconds to avoid the range of

Reynolds numbers belonging to the super-critical regions.’
. » 14

N « The maximum amplitude for the above chosen wave
periods, which could be controlled independently by the servo-
mechanism, was 12 inches. However, depcnding upop the depth

‘ . - + M va ¢
of the water, 8 inch amplitudes were gencrally considered

%

as the limit.

4.4.2 System Interaction

/' B J
A block diagram of the system interaction is given

hd

/
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WAVE HISTORY RECORDERS Lt
(CAPACITANCE GAUGES) !

g

POWER

3

SE§V0 MECHANIAM——*[HYDRAULIC POWER SYST?MP——*

- WATER BODY ’

[

*| STRUCTURE SYSTEM
(TEST BODY) ’

S l

FORCE HISTORY SYSTEM
(FORCE GAUGE) -

@ - ) \I A

SCOPE;MONITOR}———MODULATION, AMPLIFICATION
NOISE FILTER SYSTEM

o
&
i -

FINAL WAVE AND, FORCE

\ . “louTpPUTS RECORDING svswpnr“‘“

°

Figure 4.1 (g) shows the'iﬂ%t;umentqtion set-up.

*

In general, the total system functioned well.

Despité

very sensitive  set-ups and complicated circuiting, the initial

time to debug the whole system was relatively short. All the

gauges and instrumentation functioned with a high degree of

stability.
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' CHAPTER 5 \ .

RESULTS AND DISCUSSIONS

5.1 RESULTS OF PRELIMINARY TESTS.

The range of variables fox the present study is

shown in Fiqure 5.1.

N

5.2 LONGITUDINAL FORCES

Longitudinal forces were measureced for ,the pile set

.

~at both vertical position and non-zero yaw position. The yaw

éaé'limited.;o 14° measured from vertical..

- g
, The drag coefficient is plotted against Reynold's

‘number R. For plotted data from the prrsent experiments
there appears to be some correlation between CD and

Reynold's number (Fig. 5.2).

' ~

The pile was swung from the vertical (zero yaw) ; -
. position to the 6.50, 10° and 14° inclinationsAand forces
due to the waves werg’measured. From this totpl‘force data,
the dr;g coefficient’ CD' was obtained an?{plotted against

. ¢
the corresponding Keulegan Number. The drag coefficient

CD for zero yéw case is also plotted (rig. 5.3).

From this figure, it appcars that yaw introduces
regular reduction of;&he dragrgﬁeffigicnt. This reduction
., 18 nearly constant between Keulegan Numbers of 3 to 9.

Y . .

.
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v
[

\ The maximuﬁ values of drag coefficient CD' Qere

associated with zero yaw (vertical pile) .
I Vo
5.3\ LATERAL FORCES

\
'

13 \
i
During the.same tests, the lateral forces for the

pile were also recorded. The lift coefficient CL calculated
Vi " from tﬁis data is plotted against the Keulegan Number and
the Reynold's Number'(Fié. 5.4):
: Both the Keulegan Number and the Reynold's Number
) show dcnsidera;le scatter.‘ The numerical value of éL
drops\from a maximum of 0.8 to 0.5 between.;he Keulegan Number

.0f 1.0 to 5.0. The same drop of CL corresponds to the

Reynold's Number rénge-of 16" to 2 x 10" (Fig. 5.5).

- l ’ " .
(; : Photographic observations (Fig. 5.6 (a) and (b))

~ , with‘%egqrd to eddy formation lead to the following conclus-

ions:

v

1) Keulegan Number < 2, no separation 71amplitude

| of motion legs than pile diameter.
| ﬂ I .

- ® ' 2) %eulegan Number 2-3 - some sepaxation, at least
- BN -

one eddy is shed.

.
‘ , ~
Y

— —3) Keulegan Number 3-4 - more than 2 eddies are -shed

within the half-cycle.




’

-—p

4) Keulegan Number slightly in excess of 4 - wake

becoming turbulent. Additional eddies -are shed
where sweﬁt back.
L ° ‘

v

?

5) Kepleéan Nﬁmber - very large values - extremely
TURBULENT.

5.4 REPORTED RESULTS

\ - Q

: e | *

>

3

’

Only the results of a few tests are reported. The

) where [27].

reduced data for all the tests conducted are reported
Vi
’
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and wave force records //
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‘ .+ _CHAPTER 6 .

-

CONCLUSIONS

3

The equipment for measure¢ment of wave forces q@n

o

cylindrical piles was develope?/to pfovide wave profile

'/ A} } -
Up to a range of 9 inches the wave heights can

.

be registered and theﬁﬁauge(output was. linear

. 4
and noise-free.

AN

L

The use of two wavrcgauges provided,a means to 7
determine the wave length, L; independently.
The§e values of 'L' checked well with the efpect—

ed values of 'L' from the Airy Theory.

-

The force gauge was extremely scnsitive and had
3
a natural frequency 'Fn' of 2.31 cycles per

secbnd,cdnsidered adequate to hcasure oscillat- =

ing forces up to tle vortex sﬁedding frequency °
! » © "

. of about half the natural .frequ~ncy (= 1.15 cps).

kY

The gauge was\lineaq up to 35 lbs.

With minor‘*modifications, one can mdnsure forchs

on piles which were set at specific yaw angles
N N

. to the oncoming wave train.. ‘

f !

e




vy o~

PR / .
! 1N
" . - 1

'5) A few preliminary tests ﬁ;re made to check the «
. :

' j
_could be obtained. The tests included both

(
’
-

]
and drag force measurements.

type of wave force and wave profilé records ithat
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T CHAPTER 7 ‘
, o NEED§ FOR FURTHER STUDY

.’ R

' T ot‘ - ' ) . - \
. ' tail the depend-

It is necessary to investigate 'in

, ' . ence of C
AN e , D
J . e

and Ch on both the Reynold’s number and the »

Keulzgen-Carpenter Number.- To obtain a %etter understanding
. . 4 . . 1 .
.~ Of these functional relationships, the experimental work

,Should be directed towards direct measurements of pqrticlé‘
: velocities and actelerations. - , ekf T :
o ) R ) ) , " ‘

- Be51des stqdylng ‘the total average forces, stﬁdles

LN

o

f
should’ be directed towards measuring thc local pressures$ on

the surfaqg ofj/}eﬁ¢est body.

arlier, studiéé

, P

'
< P
s

[1,7'26]~ large valﬁes of Cp

/;ef? reported,(as in the present study, eSpe01ally when small :

amplitude waves were conSIdered. 'Some qtuﬂles should Be

-

: .
i . . - -,

directed to find the cause of thisferrornorféonfirm the pre-

’ .

Ao sent findings:

For waves of relatlvely large‘%ave Iengths a

‘-51mp11f1ed soihtlon for yawed test body regponse was adopted

» \

"‘ * , in the present seudy. , R ‘ 5 by

~ . i . ) e ‘ Ll

The study should bé .dxtended to‘cdﬂhr smailcr wave

;) lehgths and the 'results should be checkcd on the'HaSLS of a
’ . e o LA M >
Lﬁ,ﬂ vplau51b1e theory. S
P b . .
: - ot L ; S .
L e Ty o . - ).’ o ‘v J
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Modifications to the design of the force gage o

'should be made to meésure’bqth the longitudinal and trans-

verse forces, simultaneously.

~

The integration of pressure at different depths yields
. .

~

the Fforce per unit length of the pile. A detailed study of e

this forqg dlstrlbutlon is necessary sxnce the force components
f} .

are expented to possess a span-wise distribution.
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[] FIC. 3.1‘3)

VARIATION OF -INERTIA CO-
EFFICIENT OF CYLINDERS

N
ol
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FIG. 4.1 (e)*  TEST SET-UP
(1) Test Pile ’ ' (4) Mounting for Yaw Testing.
. (2) Force Gauge . . (5) Bridge and Its. Motorized

(3) water_ Profile Probe -

System. i
(6) Stream‘Lini?g Foil
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BASIC PARAMETERS’ - Q — |
Water depth in tllxe channel-h 2.50 < h 3.79 feet B)
Wave amplitude - H - 0.17 < H > 0.83 feet’
Wave“length 'L’ 7.0 <L 38.5 &et N
Time period of wave - L - 1.0 < T 3,.0' secs.
o Angle of yaw - o - 6.5 < a > 14.0 degrees &+
DIMENSIONLESS PARAMETERS
o Relative water depth h/L 0.481 h/L > 0.097
Wave steepness - H/L . H/L 0.045 >
Reynold's Number R 10" R > 108
Keulegan Carpenter Number K.C. 1.0 K.C. > 11.0
7 Drag coefficient, zero yaw 4.0 CD "> 1.0
Drag coefficient, non-zero: yaw 2.9 ¢, > 0.19
l . . Li;Et coe'efficient (vertical ,0.77 CL - 2 0.04
f ‘ I \ p:l.le)CL ~
.
~ \ y .
| 7 -
5.1 RANGE OF VARI 2'
- * ’ ¢ .
- ) . ’ ’ " - . :
! \ ‘ ~ - y —n ”
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Program listing
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| PRDARAM GNULAHHNPU'.OUTPU!QYAQF%‘INUUT'
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VNIIZ0.00001
ca ARFAZOREN . N )

” RHOE | 7 a‘. . .
: DITTN Y eRaakyeAOFAJUINY SUINY : ) . ) !
CLINMIFINITOITIONY . .
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