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PREFACE

This report is published to provide coastal engineers with an analysis
of wave-induced forces on a submarine pipeline near the ccean floor._ The
work was carried out under the structural design program of the U.SJAArmy
Coastal Engineering Research Center (CERC).

The report was prepared by George L. Bowie, Research Assistant,
University of Califormia, Berkeley, under CERC Contract No. DACW72-74-

- C-0004.

The author acknowledges the help and advice of Professcr R.L. Wiegel,
Professor J.W. Johnson, and Dr. J.D. Cumming, throughout different stages :
of the project. Many thanks also go to Dr. M.F, Al-Kazily, J. Allison, ]
and L. Magel for their help in designing and setting up the instrumentation :
for the experiments, ard to W. Krogmoe, E. Parscale, and W. hatthew for
their skillful assistance in building the models. O

Dr. J.R. Weggel was the CERC contract monitor, under the general
supervision of .M, Watts, Chief, Engineering Development Division.
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Comments on this publication are invited. :

o

Approved for publication in accordance with Public Law 166, 79th
Congress, approved 31 July 1945, as supplemented by Public Law 172, 88th
Congress, approved 7 November 1963,
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Colonel, Corps of Engineers
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U.S. customary units of mcasurement used in this rcnort can be converted
to motric (SI) units as follows:

FET TR T Y e, T T T R LT

! Multiply by To obtain
inches 25.4 millimcters
. 2.54 cantimeters
= - square inches 6.452 square centimeters
f : cubic inches 16. 39 cubic centimeters
} - feet 30.48 centimeters
E ’ . 0.3048 meters
- i square feet 0.0929 square meters
1 cubic feet 0.0283 cubic meters
3 3
E ‘ yards 0.9144 meters
k square yards 0.836 square meters
f ! cubic yards 0.7646 cubic meters
i
- ¥ miles 1.6093 kilomcters
E ] square miles 259.0 hectares
knots 1.851%2 kilometers per hour
F
F— ; acres 0.4047 hectares
E 1 foct-pounds 1.3558 newton meters
| ¢
¢ ; { millibars 1.0197 x 1073 kilograms per square centimeter
' ounces 28.35 grams
i
§ pounds 453.6 grams
i 0.4536 kilograms
i ton, long 1.0160 metric tons
‘ . ton, short 0.9072 metric tons
degrees (angle) 0.1745 radians
- Fahrenheit degrees 5/9 Celsius degrees or Kelvins!
ITo obtain Celsius (C) temperature readings from Fahrenheit (F) readings,

use formula: C = (5/9) (F -32).
To obtain Xelvin (K) readings, use formuwla: K = (5/9) (F -32) + 273.15.
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SYMBOLS AND DEFINITIONS
projected area of pipe section
orientation angle with respect to wave crests
coefficient of drag
coefficient of latt
coefficient of transverse force due to eddy shedding
bottom clearance
coefficient of mass
stillwater depth
pipe diameter
total wave-induced force
drag force
horizontal component of drag force
vertical component of drag force
iorizontal component of toral wave force
calculated horizontal force at position ei in wave cycle
inertial force
horizontal component of inertial force
vertical component of inertial force
lift force
transverse "lift" force due to eddy shedding
observed horizontal force at position Gi in wave cycle
observed vertical force at position 6, in wave cycle
vertical component of total wave force

calculated vertical force at position ei in wave cycle
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SYMBOLS AND DEFIN ITONS--Continued

H wave height

k negative fraction of lift force cycle

L wavelength

T wave period

t time since last wave crest passed over center of pipe
section

u horizontal component of water particle velocity if pipeline

was ~bsent

Uoax max>imum hurizontal water particle velocity if pipeline was
absent

v voiume of fluid displaced by pipe section

v vertiral component r¢ wvater particle velncity if nipeline

was absent

i e P+ L DS

Voax maximum vertical water particle velocity if pipeline was
absent
z vertical distance of center of pipe section above _ottom :
3
du/ovt horizontal component of water particle acceleration if pipe- 3
i

line was absent

ov/ot vertical component of water particle acceleration if pipe-
line was absent

s AT

0 2mt/T = position of wave cycle over center of pipe section
with respect to time

. L
Y.

\V kinematic viscosity of fluid k
P mass density of €luid
¢ phase shift of maximum lift forces with respect to wave cycle

Computer Programs

Input Parameters:

ANGLE orientation ang'e

oot 50 0 . T et NEb L el B S e i

C calibration factor for manual digitizer
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SYMBOLS AND DEFINITIONS--Continued
E CFD downward force calibration factcr
E CFuy upward force calibration factor
; CL bottom clearance
g DF downward force calibration factor .
f 3 f DIA pipe diameter .
| { DN negative wave (trough) calibration factor -
% § FI(I) wave force readings
? % FO zero point of wave force record
{- d1(1) wave surface readings
E' % N number of wave force readings
% § T wave period
{ UF upward force calibration factor
UP positive wave (crest) calibration factor
WO zero point of wave record
XC length of pipe test section
XF ‘amplification factor for force record
Xw amplification factor for wave record
YI{I) wave surface readings

Program Variables:

ANG orientation angle (in radians)
ANGLE orientation angle (in degrees)
CDH horizontal coefficient of drag
cby vertical coefficient of drag

bottom clearance
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i
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Ry
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CLV

CLVA

CLvVU

DIA
FDii
rpv
FH(1)

FI(I)

FLV
FMAX
FMH
FMIN
FMV
FP(1)

FV (1)

HI (1)

SYMBOLS AND DEFINI[ICONS~-Continued

coefficient of 1lift (cal:ulated using horizontal velocity
in direction of wave advance and proijected area in plane
parallel to the pipelinz axis)

coefficient of 1ift (calculzted using horizonral velocity
in direction of wave advance and projected area in plane
normal to the direction of wave advance)

coefficient of 1ift (calculizted using the couponent of the
horizontal velocity in the direction perpendicular tc the
pipeline axis and the projected area in the plaine parallel
to the pipeline axis)

horizontal coefficient of mass
vertical coefficient of wmass
stillwater depth
pipe diameter

/ e
1/2 o Admax

2
1/2 P A Vmax
calculated horizontal wave force

measured wave force readings (in grams for two-dimensional
data; in 10-grams for three-dimensional data)

2
1/2 p A Urax

maximum positive wave force (measured)

v s

p (Bu/dt)maX

maximum negative wave force (measured)
av/it

oV (/)

measured wave force readiags (in pounds)

L1

calculated vertical wave force

wave height

wave surface profile readings
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PI

RES (1)

SF

XK
XL

yAY

ANG
CDH
Cbv
CLER
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SYMBOL3 AND DEFINIIICNS--Continued
phase-shift parameter ¢ of modified 1lift force equatiocn
i
mass density of water

difference between measured wave force and calculated wave
force

wave force averaged through wave cycle
wave period

maximum horizontal water particle velocity
length of pipe section

parameter K of modified 1lift force equation
wavelength

vertical distance from botrom to center of pipe saction

Tabulated Experimental Data

orientation angle of pipeline with respect to wave crests
horizontal coefficient of drag

vertical coefficient of drag

bottom clearance

coefficient of lift (calculated using horizontal velocity
in direction of wave advance and projected area in plane
parallel to the pipeline axis)

coefficient of lift (calculated using horizontal velocity
in direction of wave advance and projected area in the
plane normal to the direction of wave advance)

coefficient of 1lift (calculated using the component of the
hori zontal velocity in the direction perpendicular to the
pipeline axis and the projected area in the plane parallel
to the pipeline axis)

horizontal coefficient of mass
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verticcl coefficient of mass

pipe diameter

arerape horizontal force (averaged over complete wave cycle)
wave height

parameter k of modifie& lift force savation

wavelenéth

phase shift parameter ¢ of modified 1lift force equation
wave pariod

maximum horizontal component of water particle velocity at
center of pipe section if shsent
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FORCES EXERTED BY WAVES ON A PIPELINE
AT OR NEAR THE OCEAN BOTTOM

by
George L. Bowie

I. WAVE FORCE ANALYSIS

1. Wave Force Components on Pipelines Near the Bottom,

The most common method of analyzing wave forces on pipelines is
the application of the Morison equation (Morison, et al., 1950). Using
this approach, the total wave-induced force on a pipeline can be broken
into several components, depending on whether the components are due to
the water particle velocities or accelerations. These force components
can, in turn, be separated into horizontal and vertical .omponents
by using the horizontal and vertical components of the water particle
velocities and accelerations in their respective force equations.
Where there is no lift effect and no eddy-induced forces, the vertical
component, F,, of the total wave force is

]
Fy = (F1), + (Fp), = Gy o V 5% +1/2Cpp A v|v| (1)
and the horizontal component, Fy, is
d
Fp = (Fp), * (FD), = M p V 3% +1/2Cp p A ulul, 2)

where

(FI)v = vertical component of inertial force

(F1) = horizontal component of ine.stial force
h
(Fp) = vertical component of drag force
Dy, mp g

(FD)h =  horizontal component of drag fcrce

v =  vertical component of water particle velocity if
pipelire was absent

u = horizontal component of the water particle velocity
if pipeline was absent

%% = vertical component of water particle acceleration

if pipeline was absent
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3t = hqrizonta? component of water particle acceleration
if pipeline was absent
A = projected area of pipe section
v = volume of fluid displaced by pipe section
P = mass density of fluid
3 ¥ = coefficient of mass .
%:J Cp = coefficient of drag

For a pipeline located near the ocean bottom, the water particle
orbits are flattened parallel to the boundary. Assuming a horizontal
: bottom, the vertical motions of the water particles are small in com-
: parison to the horizontal motions, especially in shallow-water depths
: relative to the wavelength. As a result, the vertical components of
3 the water particle velocities and accelerations are much smaller than
= , the horizontal components, and correspondingly the vertical components
of the drag and inertial forces will be smaller than the analogous
| horizontal forces.

Since the water particles at the bottom are effectively oscillating 4
in a horizontal plane, the vertical excursions of the water particles
will generally be less than the diameter of a submarine pipeline lying
on or near the bottom. Therefore, the vertical drag forces are
generally insignificant, and could probably be neglected from the
vertical wave force equation.

Pipelines near the bottom are subject to vertical lift forces.
These forces are the result of the asymmetric distortion of the flow
field due to the proximity of the bottom boundary, which induces dif-
ferences in the horizontal flow velocities and corresponding pressure
distribution over the top and bottom of the pipeline. Since the water
) particle velocities near the bottom are at a maximum in the horizontal
5 plane, the 1lift forces induced by these horizontal motions will gener-
j ally be the predominant force acting in the vertical direction. §

Bty il e e
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Transverse "1ift" forces due to eddy shedding may also be an

important component of the vertical wave force, since these forces are v
also due to the horizontal water particle velocities and excursions ;
which are maximum in the horizontal direction. Certain values of the :
Keulegan-Carpenter parameter and Reynolds number must be attained for .
the eddy release¢ phenomenon to occur. The proximity of the bottom :
boundary will probably have some effect on the iormation and release :
of the eddies, both because it is a solid boundary, and because it |
affects the orbital motions of the water particles induced by the
wave action.

hanlRLEE 30 A Robky tethcHERS - SUSTHRLEINNEE S A SN SE NN

PRI ST Y




AP e a1

Although the eddy-induced component of the vertical wave force may
be significant when compared to the relatively small vertical drag and
inertial forces, the experimental results of this investigation show
that the eddy-induced lift forces are much smaller than the "Bernoulli-
type" lift forces for pipelines located near the bottom. At large
clearances above the bottom where the Bernoulli-type lift effect becomes
negligible, the transverse lift forces due to eddy shedding may become
a significant couwponent of the total vertical force. At the same time,
as the pipeline is raised farther from the bottom boundary, the verti-
cal inertial and drag forces also beccme more significant.

9
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The vertical component of the total wave-induced force acting on a
pipeline near the ocean bottom thus consists of four components--the
- lift force, the inertial force, th: drag force, and the transverse lift
force due to eddy shedding. Using the Morison approach, the total ver-
tical wave force is expressed as the sum of these components:

Ao i e A —— AT, o SOOI, W ot P

A T L

F, = Fy+ (FpD (FD)v + B (3)

Nt

4

N _ where F is the 1lift force and FL' is tke transverse lift force due to
! eday shedding.

P

2. Wave-Induced Lift Forces.

T
e it £

Consider a pipeline in contact with a horizontal rigid, impervious
bottom. Water cannot flow between the pipe and the bottom boundary, so
the flow must be aiverted over the top of the pipe. The asymmetrical i
distortion of the flow field results in maximum velocities over the top
of the pipe section and minimum velocities over the bottom, with zero
velocities at the stagnation point on the upstream side of the pipe
bottom at the point of contact with the sea floor. Correspondingly,

’ the associated pressure distribution will induce an upward 1lift force

4 : for any velocity field acting on the pipeline. The stagnation pressure

i : at the bottom of the pipe section will increase with increasing veloc-

ity, while simultaneously the pressure distribution over the top of the

pipeline will decrease with the increased velocities of the flow di-

verted over the top of the pipe section. The wave-induced lift forces

will thus act in the upward direction throughout the wave cycle, in-

; creasing with the horizontal water particle velocities to maximum mag-
nitudes under the crests and troughs of the passing waves, and

. diminishing to zero at the points of horizontal flow reversal.
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In contrast, a pipeline located at a small clearance above the
bottom boundary is subject to a more complex type of lift phenomenon.
At the phase in the wave cycle where the horizontal component of - :
water particle velocity reverses direction, the horizontal velocity B
over the pipelins is approximately zero. As the wave crest or trough
begins to approach the pipeline, the wave-induced horizontal velocities ’
are initially low, inducing unrestricted fiow at low velocities over
both the top and bottom of the pipelinz. However, the water flows
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faster through the bottom clearance constriction than over the top of
the pipeline, so the corresponding differences in the pressure distri-
bution exert a downward (negative lift) force towa.d the bottom bound-

ary (Fig. 1, a).

At first, the negative lift force will increase with the increas-
ing horizontal water particle velocities of .he approaching wave, since
the flow velocities increase at a faster rate through the bottom clear-
ance constriction than over the top of the pipeline, thus producing
larger differences in the corresponding pressure distributions over the
top and uottom of the pipe section (Fig. 1, b).

This continues until viscous effects begin to restrict the flow
through the narrow bottom clearance. For a given small clearance and
a given amount of energy in the horizontal water particle velocities
approaching tne pipeline, the velocities and flow rates of a viscous
fluid through the bottom clearance constricticn can attain only certain
maximum values. Thus, a '"choking" effect is exerted on the restricted
flow through the small hottom clearance, and the remainder of the wave-
induced fiow is forced to flow nver the top of the pipe section. Ccr-
respondingly, the stagnation point will shift downward, increasing the
pressure on the lower upstream side of the pipeline. The larger the
proportion of the flow diverted over the top of the pipe, the lower the
stagnation point.

At the same time, the increasing velocities associated with the
approaching wave crest cause the restricted flow through the bottom
clearance to form a turbulent jet with the generation of eddies behind
the jet. The generation of increased turbulence and eddies results in
an energy loss in the water flowing through the bottom constriction,
decreasing the velocities under the pipe section behind the jet.

The above effects associated with the choking phenomenon limit the
maximum flow velocities and minimum pressures under the bottom side of
the pipe section. In contrast, the unrestricted flow velocities over
the top of the pipeline increase freely with the increasing horizontal
velocities of the advancing wave. The increased part of the approach-
ing flow that is diverted over the top of the pipe section due to the
shift in stagnation point produces a further increase in the flow
velocities over the top. Correspondingly, the pressure distribution
over the top side of the pipeline decreases at a faster rate than the
associated pressures along the bottom side, so the negative lift force
gradually decreases and eventually becomes positive (Fig. 1, c, d, and

e).
At this stage, the upward lift force becomes larger as the hori-

zontal velocities acting on the pipeline increase further with the
advancing wave crest or trough (Fig. 1, f).
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Figure 1. Change in lift with increasing velocity.
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As the wave crest or trough passes, this series of steps in the
lift forcve phenomemon is reversed. The horizontal velocities approach-
ing the pipe section begin to decvease, resulting in a decrease in the
positive lift force exerted or the pipelin:. As the velocities decrease
furither with the passing wave, the flow under the pipe section begins
&n tecone less ses...Cled. The choking effect thus decreaszes, and the
turbulence and eddies near the bottom clearance gradually Jdiminish. As
the flow under the pipe section ceaszes to be restricted, less of the
horizontal flow approaching the pipeline is forced to flow over the top
of the pipe, so the stagnation point will accordingly shift upward, .
closer to the center of the pipe section.

The flow velocities decrease simultancously over the top and bottom
of the pipeline as the wave passes, but the rate of decrease is faster
over the top of the pipe than in the vicinity of the bottom consiric- {
tion. The positive lift force decreases untii eventually, the flow
velocities, location of the stagnatior point, and associated pressure
distribution are such that the pressure integratcd over the pipe sec-
tion ayain results in a negative lift force. The downward lift force
then increases as the flow through the bottom clearance hecomes less
restricted with the decreasing velocities of the passing wave. £

This 1ift phenomenon, as shown in Figure 2 for a passing wave crest,
is repeated twice during each wave cycle as the direction of the wave-
induced horizontal velocities reverses under the crests and troughs of
the passing waves.

In reality, the horizontal flow reversal occurs almost instanta-
neously, co the negative lift force does not returr to zero at the
point of zero velocity when the flow reverses through the bottom clear-
ance constriction. The instant of zero velocity cccurs only at the i
center of the pipe cross section (the reference point). Since the ‘
pipeline has a finite diameter, the wave-induced flow acting on the 1
pipe section at any instant includes the sum of the €low condi-
tions induced by the part of the wave covering the entire Jiameter of |
<he pipeline. 350 instead of going to zero with the passing wave crest,
and then increasing initially with the approaching trougl:, the lift
force remgins negative during the period of minimal velocities as the {
flow reverses under the pipe section. ;

In a similar manner, the lift force does not become positive as . |
soon as the choking effect occurs in the bottom clearance constriction. ‘
The development of the choking phenomenon involves the formation of a ]
turbulent jet through the constriction, and a downward shift in the

stagnation point as more water is diverted over the top of the pipe i
with increasing restriction of the flow through the clearance. The .
corresponding changes in the velocities, flow pattern, and azsociated 1
pressure distribution over the top and bottom of the pipe section pro- i
duce the transition from negative to positive lift. This process

requires some small but finite amount of time. Conversely, the reversal
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of these procusses with the deciveasing velocities of the passing wave
crest also involves a small but finite amount of time. Thus, there will
\ be a slight timelag in the point of maximum pusitive lift with reference
to the instant of maximum velocity as the wave crest (or trough) passes
, over the reference point. The smaller the amount of positive lift rela- o
! tive to the amount of negative lift, and the later the positive lift }‘

pa i o, -
[P IR
A gt i

T, T

i occurs in the wave cycle, the greater the timelag.

! An example of the lift force phenomenon over a complete wave cycle
for a small bottom clearance is shown in Figure 3,

pad

vF

For a given pipe diameter and wave condition, as the bottom clearance .
is increased, higher velocities are necessary to produce the choking :
eftect in which the flow becomes restricted through the bottom clearence s
constriction. Thus, as the bottom clearance is increased, the flow under Cg
the pipeline begins to become restricted closer to thc approaching wave
crest or trough, where the horizontal velocities are at a maximum; this
choking effect also diminishes soon after the wave crest or trough has T
passed. Therefore, as the bottom clearance is increased, the downwvard P
lift force occurs during a larger part of the wave cycle. o

—

il BN LIS

- o ———

Lo i o

o I T

At the same time, larger clearances permit greater maximum velocities
and ccrresponding lower pressures under the pipe section. Since higher
flow rates are possible under the pipe section, less of the wave-induced
flow must be diverted over the top of the pipeline. As a result of !
these changes, the negative lift forces reach a greater magnitude before
the choking effect begins, and these maximums are attained later in the
wave cycle.

[P
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Correspondingly, the upward 1lift forces occur during a smaller part
of the wave cycle, and the maximum magnitude these forces attain decreases
1 with increasing bottom clearance. These maximum values are also reached
¢ later in the wave cycle.

If the clearance is increased further, a point is eventually reached
at which the clearance is large enough so that the choking effect does
not occur. At this stage, the velocities are higher through the bottom i
clearance constriction than over the top of the pipeline during the
entire wave cycle. So the associated pressure distribution results in
a negative lift force throughout the wave cycle, with maximum downward
forces occurring under the crests and troughs of the passing waves. The 4
negative lift diminishes to zero at the points of horizontal flow reversal. '

T T SR Y S Y % JPO S-S S g
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As the bottom clearance is increased further, the downward lift effect I
is gradually reduced. The phase of the force cycle relative to the wave .
cycle remains the same, but the magnitude decreases. Eventually, a
point is reached where the bottom clearance no longer acts as a constric- s
tion to the wave-induced flow. The flow pattern becomes approximately s
symmetrical, and the increased velocities of the horizontal flow diverted
over the top and bottom of the pipeline, along :'ith the corresponding
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3 ,!
3 E (a) Uurestricted flow through the bottom clesrance st low velocities :
3 resulte in dowoward 1lift force. -
* I (b) Uniestricted flow through the bottom clearance at higher velocities :
3 A increases the negative 1ife. : . !
,‘ :

(e) Choking effect beging, so downward lift force decreases.

-~

-

(d) Velocities increasa and pressures decrease at a faster rate over the
top of the pipe section than in the restrictea Zlow throuzh the bottom
clearance, so the 1ift force becomes positive.

(e) Upward 11ft force increases with increasing velocities.

‘ (f) Positive lift reaches a maximum.

M (g) Positive liftr force decreases and choking effect diminishes with
decreasing velocities of the passing wave crest.

, (h) Lift force again becomes negative as the £low through the bottom
' v clearance becomes less restricted.

(1) Unreatricted flow through bottom clearance at low velocities results
in downwerd 1lift forcs.

(J) Lift fcrce cycle is repeated as the flow reverses with the approaching
wave trough.
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pressure distribution, become approximately equal over both sides of the §
pipe section. At this point, the lift effect is no longer present, and :
the 1lift force term may be neglected in calculating the wave-induced

forces acting on the pipeline.

The transition in the 1lift ferce cycle with increasing bottom
clearance is shown in Figure 4.

3. Model for Wave-Induced Lift Forcsas.

T L T TR TR RO W AR,

The traditional 1lift force equation, derived for unidirectional
steady-flow situations, is expressed as F, = 1/2 CL p A u?, where CL is
the coefficient of 1lift. This equation has been applied to wave-induced
lift forces, using the horizontal component of the oscillating water )
particle velocity, u, in the relaiionship. The 1lift force expressed in
this way assumes that the force acts in one direction only (either upward
or downward) throughout the entire wave cycle.

A, ST TR TR T T LSRR Y
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A pipeline located on the ocean floor with no clearance will
experience an upward lift force throughout the entire wave cycle,
increasing with the horizontal velocities to reack maximum values under
the crests and troughs of the passing waves, and diminishing to zero
as the horizontal velocities go to zero at the point of flow reversal.
Thi< phenomena is described adequately by the above lift force equation
with a positive coefficient of 1lift C.

i i e

A pipeline located at a large enough clearance above the bottom so ;
tnat the choking effect does not occur will experience a downward lift i
force throughout the wave cycle, since the flow is always faster through '
the bottom constriction than over the top of the pipeline. Again, this
negative lift force increases with the horizontal water particle veloci-
ties, reaching maximum magnitudes under the crests and troughs of the
passing waves, and decreasing to zero as the flow reverses. This phe-
nomenon is also suitably expressed by the traditional 1ift force equation,
but using a negative coefficient of 1lift.

Sprha

These two situati represent the extreme cases bounding the 1lift
force phenomena. However, the choking phenomenon will occur at any
clearance between these two limits, and the traditional 1ift force
equation cannot be used to accurately describe the forces exerted on
a pipeline. This egration must be replaced by a model developed speci- .
fically for wave-induced lift forces. The experimental results of this }
investigation demonstyate that the largest wave-induced iift forces
occur at these intermediate clearances, where the choking phenomenon
does develop.
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Since the 1lift force phenomenon is repeated *twice per wave cycle
with the reversal of the horizontal flow pattern, the 1ift force can
be described mathematically by a sinusoidal function of twice the fre-
quency of the waves. 7Tn addition, the mathematical expression must
allow for description ot the following 1lift force properties:

i i
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(a) The lift force may be positive during part of the wave cycle
and negative for the rest of the cycle. The proportion of positive 1lift
to negative lift may range from all positive 1ift to all negative 1lift.

(b) The positions of the maximum values of both the upward and
downward 1lift forces will shift with respect to the position of the
wave cycle as the bottom clearance is increased (for a given pipeline
and wave condition).

(c) As the clearance is increased, the maximum value of the upward
lift force will decrease, while correspondingly the maximum value of
the downward 1ift force will increase.

(d) When the bottom clearance is increased to a point at which the
1ift effect is downward throughout the entire wave cycle, further
increases in clearance will result in decreases in the maximum magnitude
of the downward li.t force, but without a shift in the position of the
maximum lift force with respect to the position of the wave cycle over
the pipeline.

A 1ift force equation of the form,
Fi = 1/2 Cp 0 A upay’[cos® (6 - ¢) - k], (4)

allows an adequate mathematical description of all the above properties
of the wave-induced 1lift force phenomena. This equation fits the experi-
mental data reasonably well over thc wide range of conditions tested.

The parameters involved in this modified form of the traditional
lift force equation are:

CL = coefficient of 1lift

p = mass density of fluid

A = projected area of pipe section

Unax = maximum value of horizontal component of water

particle velocity at center of pipe section if
pipeline was absent

6 = = = position of wave cycle over center of pipe section
with respect to time, where T is the wave period
and t is the time since the last crest passed over
the center of the pipe section (see definition
sketch in Fig. 5). The wave crest correspords to
® = 0° (0 radians) or 2mt/T = 0 radians. The wave
trough correspords to 180° (7 radians) or

2nt/T = m radians

28
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) = phase shift of maximun 1ift forces with respect.
to wave cycle

k = negative fraction of lift force cycle

The parameter, k, represents the increase in the magnitude and
duration of the negative lift forces acting on a pipeline with increas-
ing bott.am clearance, and the corresponding decrease in the magnitude
and duration of the positive 1ift forces. The valus of k variss from a
minimu of 0 to a maximum value of 1. k = 0 correspcids to the case of
a pipeline lying on the bottom with no clearance, in v¢nich the lift
forces are positive throughout the wave cycle. k increases with
increasing bottom clearance to a maximum value of 1, which corresponds
to the case of a pipelirn. located at a sufficient clearance from the
bottom so that the chokiag phenomenon dees not occur, and in which the
1.ft forces are therefore negative throughout the wave cycle.

The phase shift parameter, ¢, represents the shift in the position
of the maximum vazlves of both the positive and negative lift forces
with respect to the wave cycle as the bottom clearance increases. The
value of ¢ may range from 0° to a maximum value of 90°. ¢ = 0° corre-
sponds to the case of a pipeline located on the ccean floor with no
bottoa clearance, in which the lift forces are positive throughout the
wave cycle with maximum forces occurring undcr the crests and troughs
of the passing waves. ¢ increases with increasing bottom clezrance to
a maximum value of 90°, corresponding to a pipeline located above the
bottom at a sufficient clearance so that the choking effect does not
occur; the 1lift forces are negative throughcut the wsve cycle with maxi-
mums occurring under the crests and troughs of the waves. As defined,
¢ = 0° when k = 0, and ¢ = 90° when k = 1, or vice versa.

The coefficient of 1lift, C;, in this form of the lift force equation
will always have a positive value, since negative values of the 1lift
force are accounted for by the value of the parameter, k. The lift
force equation is shown graphically in Figure 6.

To apply the 1lift force equation to a practical design situation,
values of Cp, k, and ¢ must be determined for a given set of pipeline

and wave conditions correspording to the particular case under considera-

tion. Selz2ction of tne appropriate values requires quantitative knowl-
edge of the functional relationships between these parameters and the
wave conditirns, bottom clearance, and pipeline size and configuration.
The development of these relationships was the purpose of the experimen-
tal part of this investigation.

In a resi situation, a pipeline on the ocean floor is often laid over
an irregular bottom, suppoited by the high points in the bottom topography

but probably spamning the depressed areas. In this case, the pipelire
must be broken into component sections of the same approxiuate hottom
clegrance for a separate aralysis of each saction. The results of the
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analysis will yield the lift force record (both magnitudes and time
history) of each separate component pipe section, which may then be
integrated in the appropriate manner to determine the maximum wave-
induced stresses exerted on the pipeline at any critical section.

This is important because the maximum 1lift forces may act upward
on a bottom-supported section of a pipeline, while acting downward on
the adjacent sections of the pipeline spanning the bottom at a small
clearance. Maximum values of hoth the positive and negative lift
forces acting in opposite directions could easily occur at the same
point in the wave cycle (under the crests and troughs), thus exerting
stresses on the pipeline twice as high as would be calculated consid-
ering any pipe section alone, or in using some average clearance for
a long section of the pipeline.

4. Zxtension of Model to Higher Order Theories.

The 1ift force model (eq. 4) is based on linear theory, assuming
the 1ift force phenomenon is identical as either the wave crest or
trough passes over the pipeline. Such a symmetrical expression is not
flexible enou;h to consider slightly different kinematics under the
wave crests and troughs, which are expressed in higher order theories.
Thee different kinematics would, in reality, produce slightly different
lift Jorces under the crests and troughs of nonlinear waves.

The 3ift force model described above was derived as a modification
of the tiaditional lift force equation using linear wave theory to
express the horizo.ital water particle velocities. Using linear wave
theory, the traditicnal 1ift force equation can be expressed as:

F,=1/2C p A umax2 cos? (). (5)

This equation was modified to make it a suitable expression for wave-
induced lift forces by adding the phase shift parameter, ¢, to account
for maximum lift forces occurring in places other than the crest and
trough in the wave cycle, and by adding the parameter, k, to account
for positive lift forces during part of the wave cycle and negative
forces during the rest of the cycle. This modified equation fits the
experinental data very well for all conditions tested in this investi-
gation.

The model was developed after thorough inspection of the experimental
data. For a given pipe diameter and wave condition, the force record
followed a sinusoidal relationship of twice the frequency of the waves.
As the clearance increased, the maximum positive forces gradually dimin-
ished while continuously shifting to a maximum of 90° from the wave crest
as the forces went to zero (Fig. 4). At the same time, the maximum
negative forces slowly grew from a minimum value of zero at a position
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4 90° from the wave crest and increased while continuously shrftlng posi-
' tions to reach a maximum negative value at a position 180° from the
f wave crest (Fig. 7, a).
? Since a sinusoidal function of twice the frequency of the wave
P (sin 20 or cos 20) can be expressed as cos?9, using the appropriate trigo-
3 nometric relationships, and since the lift force is a function of the hori-
3 zontal velocity squared (umayx cos 6)2, using linear wave theory, the 1lift
N force equation was expressed as F; = 1/2 CL p Au___? [cos? (6 - ¢) - k].
1 max
' * However, it is the symmetrical properties of this equation and linear

wave theory that allow this expression to woik so well. When higher

'R order wave theories are applied to this rela:ionship, problems due to

3 T nonsymmetry are encountered. This is easily scen by graphically compar- -
.’ ing the transition from positive to negative lift forces with increasing

bottom clearance with this 1ift model, using both linear and higher order

N theories.

e T ey

L e

TN T R T L s WP T TS TP TWER LU oo §
o gt

: The horizontal component of the water particle velocity for both )
g Stokes' third-order waves and linear waves is shown in Figure 8, along E
- with the corresponding lift forces on a pipeline for the two extreme 2
o ° cases of: (a) a pipeline on the bottom with no clearance, and (b) a

| pipeline with a large enough bottom clearance so that the choking phe- 4
Ry nomenon does not occur. By gradually shifting the linear theory 1lift 3
] force ave for case (a) (no bottom clearance) to the right 90° from
e the w  crest, while simultaneously lowering it so that the forces

E become negative, the lift force curve for case (b) is obtained (com-
pare Figs. 7 and 8). This same transformation of the wave force record
we: served with increasing bottom clearance in the experimental data.

e
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. vwever, if this procedure is repeated with the Stokes' third-order E
- 1y lift rce record, the correct force record for case (b) is not obtained :
ak (compare Figs. 7 and 8). In reality, rather than a mere shift of the :
P force record downward and to the right with increasing bottom clearance, 4
a simult neous transformation of the shape of the lift force record k
would also occur for highly nonlinear waves. This gradual transforma-
tion ¢ ‘he shape occurring simultaneously with the shift would provide
a contisavus change in the 1lift force record with increasing clearance
between the two limiting cases (a) and (b) (Fig. 8). :

L b s TR0

3f ; However, the 1lift force phenomenon is not a direct function of the i
- instantancous water particle velocity acting at the center of the pipe :
P& section if the pipeline was absent. Rather, it is a complicated function !
ﬂ?j‘ of the asymmetrical distorted flow pattern and accelerating velocity

| ' field acting on tche pipeline, which in turn causes the choking phenomenon

to occur, with the resulting change in the relative differences in the

o flow velocities and corresponding pressure distribution over the top and

' bottom of the pipeline. Boundary layer flow through the bottom constric- i
tion, the formation of a turbulent jet and associated eddies, and a cyclic i
change in the location of the stagnation point with the accelerating :
velocity field further complicate matters. In addition, the eddies and

(e o i, e
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a. Linear Theory b. Stokes' Third-Order

0° 90° 180° 270° 360° g‘ 90° 180° 270° 360°

R

INCREASING BOTTOM CLEARANCE

- ~

Figure 7. Comparison of linear and Stokes' third-order theories.
Simultaneous shift of lift force record as ¢ increases
from 0° to 90° and x increases from 0 to 1 with
increasing bottom clearance.
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increased turbulence generated by the jet may be swept back through
the bottom constriction as the flow pattern reverses with the passing
i waves,

Because of this, development of an accurate mathematical description
of the lift yorce phencmena for nonlinear waves that would cover the
! I complete transformation of the lift force record with increasing bottom
i ‘ tlearance, and y2t Le flexible enough to allow application of any higher
! order theory, would be a formidable, if not impossible, task. Since the
i lift force model developed for linear theory seems to fit the experi-
i mental data reasonably well, even for waves that were obviously nonlinear,
t
b}

R T b DL FE T aaad e L R T

it should provide a useful tool for engineering calculations, e.>n though

it may not be flexible enough and theoretically correct to allow the use

of higher order wave theories. The value of the maximuwr herizontal -
; velocity, up,y, can be calculated under the wave crest using any higher g
j order wave theory; this value can then be used in the linear 1ift force "
: model, possibly giving a tetter approximation of the lift forces induced 4
oy highly nonlinear waves. E

AR Te o b

I

E II1. EXPERIMENTAL INVESTIGATION 9

E | ‘ 1. Experimental Equipment. i‘
4 :

Model experiments were performed in three different wave tanks. The
two-dimensional tests were done in a 1-foot-wide wave channel in the
Hydraulic Engineering Laboratory (HEL) at the University of California, 1
Berkeley. The three-dimensional tests were started in the 8-foot-wide ;i
Naval Architecture (NA) tow tank, and then continued in the 8-foot-wide ]
] HEL wave tank where the majority of the experiments were conducted,

: both located at the Richmond Field Station of the University of California.

3 The 1-foot wave channel is 100 fe=t (30.48 meters) long; the 8-foot HEL i
5‘ wave tank and NA tow tank are 180 and 200 feet (54.86 and 60.96 meters)
¥ long,respectively. All tests were conducted at approximately the middle »;?
?' of the tanks. A stillwater depth of 2 feet (60.96 centimeters) was used
oy in the two dimensional tests, and a 3-foot (91.44 centimeters) water

i depth was used in the three-dimensional experiments.

Y e M i e kil

A flapper-type generator is located at one end of each of the HEL
wave tanks; the NA tow tank has a piston-type wave generator. The wave s
period is controlled by varying the speed of the electric motors which
drive the wave generators. A cem mechanism with a variable stroke length
is connected between the drive motor and the flapper, and the wave height
is varied by changing the stroke length. A wave filter, consisting of a
series of vertical screens, was placed in front of the wave generator in
the 1-foot-wide wave chaunel to smooth out any irregularities in the
generated waves due to refiections from the flapper. A permeable beach
was installed at the oppusite end of each of the tanks to absorb the
wave energy and minimize the wave reflections from that end of the wave
tank.
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The wave-induced forces on the model pipe section were measured by
a wave force meter designed and built by Al-Kazily (1972). A few modi-
fications were made to make the instrument more suitable for this inves-
tigation. The same transducer unit was used in all of the experiments,
but fittings of different sizes were made to accommodate test cylinders

of various diameters. .

The force transducer consists of a strain bar mounted between two
supports. The model pipe section is mounted to the strain bar in such
a way that forces on the pipe induce bending stresses on the strain bar.
These forces are measured by four strain gages mounted to the strain
bar at sections of maximum strain, with two gages in compression and the
other two in tension. The strain gages are wired in a Wheatstone bridge,
which is connected to a carrier amplifier which amplifies the output from
the strain gages. The signal is then recorded on a strip-chart recorder.

The original strain gages were Bean-type BAB-13-125DD-120S, and were
mounted to the steel strain bar with EPY-150 two-part epox ', and then
coated with Dow Corning Silastic RTV silicon rubber for 'aterproofing.
Shortly after the beginning of the three-dimensional test:, problems
were encountered in the operation of the transducer. These problems
were caused by the deterioration of the original strain gage adhesive
and coating, so new strain gages weve installed on the transducer unit.
The new gages were Micromeasurement-type EA-06-125AD-120, bonded to the
strain bar with Micromeasurement M-Bond 610 two-part strain gage adhesive,
and then coated with Micromeasurement M-Cuat D and M-Coat G fer water-
proofing protection. About halfway through the three-dimensional tests,
further problems were encountered in the operation of the transducer unit,
probably due to water leakage into the waterproof coating. There was
also evidence of corrosion on the steel strain bar, so it was decided
to build a new force transducer using a stainless-steel strain bar to ;
minimize corrosion, and encapsulated strain gages to minimize problems
with water leakage. The new strain gages were Micromeasurement-type
CEA-06-125UW-120. The same strain gage adhesive and waterproof coatings
were used, with Micromeasurement M-Coat B along the lead wires to mini-
mize the change of water "wicking'" along the lead wires to the inside

of the coating materials.

it
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The transducer mounting arrangement was different for the two-
dimensional and three-dimensional experiments. The test cylinder and
transducer unit for the two-dimensional tests were mounted between two
support brackets on each side of the 1l-foot wave channel. For the
three-dimensional experiments, the tost cylinder and transducer unit
were mounted between two long dummy pipe sections, which were in turn
mounted to a steel base. The force meter and mounting arrangement is
shoewn in Figures 9 and 10 for the two-dimensional tests, and in Figures
11 to 15 fcr the three-dimensional tests.

R T Y SV I NP PN R
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A parallel-wire resistance-type wave gage was used to record the waves
passing over the model pipe section. The gige was mounted directly over

el iy}
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the center of the test section, so that the wave records could be cor-
related directly with the resulting weve-induced force record.

A Brush dual-strain ge,. amplifier was used in the experiments,
with one channel connected to the wave gage, and the other channel
connected to the force meter. The amplifier was connected to a Brush
two-channel rectilinear writing recorder which continuously recorded
the waves and corresponding wave-induced forces on the pipe section

(Fig. 16).

An electronic digital data acquisition system (Paulling and Sibul,
1968) was used in the three-dimensional experiments. The digitizer was
connected in parallel with the strain gage amplifier to record simulta-
neously the wave and corresponding force data on magnetic tape, while
at the same time the data were being recorded continuously on the strip-
chart recorder (Fig. 17). The digitizer sampled alternatingly from
both the wave record and force record at a rate of 100 samples per
second, resulting In 50 sauples per second from each of the two chan-

nels.

2. Procedure for Two-Dimensional Experiments.

a. Calibration. Both the wave gage and the force transducer were
calibrated before each set of experimental runs. The wave gage was
calibrated statically by raising and lowering the gage in increments of
U.Ud 100t (1.5< cent meters) and recording the output. The force meter
was also caliorated statically by hanging weights in increasing equal
increments from a system of pulleys connected to the force meter and
recording the output on the strip chart. The force transducer was cali-
brated in both the upward and downward directions by rearranging the
pulley system and repeating the above procedure. The calibration method

is shown in Figure 18.

b. Procedure. After cal1brat1ng the force meter, the model pipe
section was lowered and fixed in a horizontal position at the desired
clearance above the bottom of the wave channel, with the long axis of
the test cylinder parallel to the approaching wave crests. A sliding
point gage was mounted to the wave channel above the pipe section and
was used to accurately set the model pipe to the cesired bottom clear-
ance and aline the pipe section parallel to the wave crests. Once the
model was in the correct position, the mounting brackets and support
struts were clamped to the sides of the wave channel. The force trans-
ducer was mounted in such a way that it was sensitive only to forces

acting in the vertical direction.

After the model pipe section was mounted in position, the wave gage
was lined up directly over the center of the pipe section with a plumb
bob and then clamped in position. The wave gage was then calibrated as
described above. The experimental arrangement is shown in Figure 19.
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The pipe model and wave gage were mounted in a glass-walled part
of the tank near the middle of the wave channel to facilitate the vis-
uai observation of the phenomenon being studied. For each bottom
clearance tested, a series of runs was made with waves generated at
19 different wave periods, covering a range of 0.95 to 2.5 seconds.
Seven wave heights were generated for each wave period, rsuging up to
0.34 foot (10.4 centimeters).

After these runs were completed, the pipeline was set at another
bottom clearance, and the procedure was repeated. Seven bottom clear-
ances were tested for each wave condition, ranging from 0.001 foot,
1/16, 1/8, 3/16, 1/4, 1, and 2 inches (0.305, 1.59, 3.18, 4.76, and
6.35 millimeters, 2.54 and 5.08 centimeters), respectively. The mini-
mum clearance tested (0.01 foot) was that which placed the pipe sec-
tion as close to the bottom as possible without touching the bottom
when the waves passed over it. This was necessary to measure any down-
ward forces exerted on the pipe section due to the wave action. The
2-inch bottom clearance placed the pipe section far enough from the
bottom so that the vertical lift forces were insignificant.

These experiments were carried out with a 4-inch-diameter (10.1o
centimeters) test cylinder. The experiments were repeated with pipe
sections of 2-, 2%-, and 3-inch (5.08, 6.35, and 7.62 centimeters)
diameters, but only three bottom clearances were tested--0.001 foot,
1/8 inch, and 1/4 inch. The wave conditions covered the same range of
wave heights and periods, but were not quite as extensive in number.

In addition to the vertical force measurements, a series of experi-
ments was performed to measure the horizontal forces acting on the pipe
section, so that the resulta t wave-induced force could be determined
throughout the entire wave cycie for several of the experimental condi-
tions tested. Only the 4-inch-diameter test cylinder was used in these
experiments, since the corresponding vertical experiments were the most
extersive for the 4-inch cylinder. The horizontal forces were measured
by rotating the force traasducer 90° so that it was sensitive only to
forces acting in the horizontal direction. The calibration procedure
was the same as described above for the vertical force measurements
except that the system of pulleys was rearranged so that the calibration
weights exerted forces in the horizontal direction only.

Al]l seven of the bottom clearances used in the vertical experiments
were also used in the horizontal tests. The wave periods covered the
samne range as the vertical experiments, but only 6 of the 19 wave peri-
ods were used--0.95, 1.25, 1.5, 1.85, 2.25, and 2.55 seconds. Two of
the seven wave heights coriesponding to each wave period ir the vertical
experiments were used in the horizontal tests.

The stillwater depth was held constant at a depth of 2 feet through-
out the two-dimensional tests.
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i 3. Procedure for Three-Dimensional Experiments.

g e g g

a. Calibration. The wave gage and force meter were calibrated

| before each set of experimental runs. The wave gage was calibrated in
! the same manner as the two-dimensional tests, but 0.l-foot (3.05 centi-
| meters) increments were used rather than 0.05-foot increments, since
larger waves were used in these experiments.

Yrr

' ' The force transducer was calibrated in the upward direction in the
| i same manner as the two-dimensional cests, by hanging weights over a

1 pulley to a string attached to the pipe test section. However, because
the three-dimensional model was mounted to a base with a small! bottom

| Cclearance, it was impossible to calibrate the transducer in the down-

l : ward direction by using a system of pulleys, since there was no room
|

e,

for a pulley between the pipe section and the base to which it was :
mounted. Rather, the force meter was calibrated in the downward direc- 4
; tion by placing the weights directly on top of the center of the sub-
v merged test section and using the submerged weight or the weights in 1
- : calculating the calibration curve. Weight increments of 50 grams wcre
L { used in calibrating the transducer. The calibration method is shown in
o . Figure 20.

T TR Y AT I Y O T T TR et
- b

<7 b. Procedure. An overhead crane was used to lower the pipeline
{ model and base into the wave tank. The assembly was first submerged to
{ a depth of about 1} feet (45.7 centimeters). The model was tilted at
. both ends to remove all air bubbles from the system, and the ends of
the dummy pipe sections were stoppered to prevent waterflow through the
pipeline model. The bottom clearance between the base and the pipe
model was adjusted by placing spacers on the support rods between the
base and the dummy pipe sections, and then tightening the nuts on the
support rods above the dummy pipe sections. The test section was tnen
centered and adjusted carefully to the exact bottom clearance desired
> : with the aid of 10 adjusting screws. The calibration string was

i E attached to the test section, and the assembly was lowered to the
= bottom of the tank.
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The calibration string and pulley system was algzned diectly over
the center of the test section with a plumb bob, an. the pul ey sup- ;
ports were then clamped to the sides of the wave tank. The transducer
was first calibrated in the upward direction, after which the calibra- o
tion string was removed, and the transducer ‘was calibrated in the down- '
ward directicn, as described above. j

deradtens! i G

The pipeline model was positioned at thv desired angle of orienta-
tion on the tank bottom by lining up one of the long edges of the model
base parallel to the corr:ct line marked on the bottom of the wave tank.
Lines were marked on the tank bottom in 15° increments from 0° to 75°,
where 0° corresponds to a pipeline parallel to tihe approaching wave
crests. After the model wvas calibrated and placed in position, the _
wave gage was lined up directly over the center of the test section with i
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a plumb bob, clamped ‘n position, and then calibrated as described
above. The experimental arrangement is shown in Figure 21.

For each bottom clearsnce, six angles of orientation (0°, 15°, 30°,
45°, 60°, and 75°) were tested. Fifteen runs with different wave con-
ditions were made for each bottom clearunce and orientation angle.

These runs covered four wave periods ranging from 1.4 to 2.6 seconds,
with waves generated at four heigbts for each period, ranging to a maxi-
mum of about 0.7 foot (21.3 centimeters). Eight bottom clearances were
tested, ranging from 0.001 foot, 1/16 inch, 1/8 inch, 3/16 inch, 1/4
inch, 1/2 inch, 1 inch, end 2 inches,

The above experiments were done using a 3-inch-diameter pipeline
model. The tests werc then repeated using a 2- and 4-inch-diameter
pipeline. The 1- ard 2-inch clearances were not tested because the lift
torces at these clearances prover insignificant in the previous tests.
Also, the tests at an orientation angle of 75° were eliminated, since
the previous experiments demonstrated that the vertical forces measured
at this angle were insignificant, and too small to be measured with any
accuracy. Aside from these changes, the 4-inch-diameter pipeline was
tested at the same bottom clearances, orientation angles, and wave con-
ditions as the 3-inch-diameter model. The 2-i..h-diameter model was
tested at the same bottom clearances and wave conditions, but only three
of the five orientation angles (0°, 30°, and 60°) were tested.

The stillwater depth in the wave tank was held constant at 3 fcct
throughout the three-dimensional experiments, but since the base of the
pipeline model was located 2-7/16 inches (6.19 centimeters) above the
tank bottom, the effective stillwater deptk over the pipeline base was
2.797 feet (85.25 centimeters). The defini.ion sketch for the three-
dimensional experiments is shown in Figure 22.

4. Data Reduction.

The wave force data were taken on a two-channel strip-chart recorder
with the paper advancing at a speed of 25 centimeters per secund. One
channel recorded the forces while the other channel simultaneously re-
corded the wave surface profile directly ~ver the center of the pipeline
test section, thus allowing direct correlation of the two records.

The two-dimensional experimental data were digitized mcnually using
a Gerber digital Jata reduction system connected with a card punch to
automatically punch the digitized values on computer cards. Using a
variahle linear scale, each force r2cord was first .. vided into 20
equally spaced intervals per wave, each interval representing a time
interval of T/20, where T is the wave perio:i. Each force record was
digitized at these points over an interval of two consecutive waves
(beginning at the wave crest), thus giving 'U yilues for the analysis
and averaging the wave forces over two wave cyles.
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Figure 22. Definition sketch for three-dimensional experiments.
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The points in the force records corresponding to the wave crests
were chosen as the origin (and end) of the digitized records. These
points were determined by averaging the midpoints of three or four hori-
zontal lines drawn through the crests of the wave record at several
elevations above the stillwater level (SWL). These midpoints were
approximately identical except for some of the larger, lcnger waves in
which the peak of the wave crest did not exactly coincide with the mid-
point of the zero crossings of the wave crest. A sample data record is
given in Figure 23,

The three-dimensional experimental da®a were handled differently;
the data were recorded on magnetic tape with an electronic digital data
acquisition system. This instrument sampled alternatingly from the two
channels (wave and force) at a rate of 100 samples per second, result-
ing in 50 samples per second from each cnannel.

The origin at the wave crest and the w.ve period were determined
from the digitized wuve records, rather tihan directly from the strip-
chart records. Sinre positive readings of che wave profile corres-
pended to the crest and negative :eadings corresponded to the <trough,
the point of origin of the wave crest was determined by taking the mid-
point of the positive readings between zero crossings on the wave
profile. The crest was thus defined as the data point closest to the
midpcint of the zero crossings. Tie wave period was determined from
the number of readings betwesn two succassive crests, since there was
a time interval of 1/30 second between cach resd.ng. Thus, the wave
period was determined ts the nearest 0.02 second.

The origin of the force record waz taken as the force ieading cor-
responding to the defined origin at the center of the wave crest surface
prueiile.  In reality, there was a small timelag of 1/10C second between
the wave profile readings and the corresponding force readiugs. This
small timelag was lgnurced in the analysis, since it was felt thut the
accuracy of the defined origin at the wave crest was only good to the
reavest 1/50 secord, the time interval between successive readings of
the wave record.

Only one wave cycle was used for analysis of the electrunically
digitized data. Since the data were on magnetic tape, it was impossible
to determine that two successive waves had exactly the same period and
height until after the calculations were completed on the computer.
Thus, if tke waves had slightly different neriods, tine time phase cor-
relation of the corresponding force readings would be slightly in ervor
when taken over two wave cycles. In addition, since the accuracy,
1eaviutivii, aind rapid sampling 7atc of the electronic Jdigitizix allowad
more readings per wave cycle than the manuval digitizing method, a suf-
ficiently large number of force readings could be obtained in one wave
cycle,
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An estimation of the accuracy of the experimental measurements, along
with the sources of error, is tabulated in the Table.

A least squares analysis was performed on the digitized force data
to calculate the parameters, Cp, ¢, k, Cy, and Cp, of the vertical wave
ferce equation, and the coefficients, Cy and Cp, corresponding to the
horizontal wave force equation. Using this approaci, values of the wave
force parameters that best fit the force data throughout the entire wave
cycle can be determined. These values were then substituted back into
the wave force equation to calculate the force over a complete wave cycle,
thus allowing comparisovn of the results with the original data. The
least squares analysis is given in Appendix A. The computer programs
used for the analysis are given in Appendixes B, C, and D; the tabulated
results of the analysis are ir Appendixes E, F, and G. Examples of the
computer output showing comparison of the original data with the forces
calculated using the vesults of the ieast squares analysis are given in
Figures 24 and 25.

ITI. RESULTS AND DISCUSSTON

1. Resultant Force Through Wave Cycle.

Both horizontal and vertical force measurements were made for some
test ccnditions in the two-dimensional experiments using the 4-inch-
diameter cylinder. The resultant force throughout the wave cycle could
thus be determined for these conditions. Figures 26 to 32 show the
resultant force plotted for each bottom clearance under the same wave
condition, a period of 1.85 to 1.86 scconds and a wave height of 0.24
to 0.25 foot (7.32 to 7.62 -entimeters). Values from the corresponding
horizontal and vertical force records were plotted at 20 evenly spaced
intervals (18°) through each wave cycle. The forces were plotted for
two consecutive wave cycles to indicate the degree of scatter in the
data. A rectangle was drawn at each plotted point to illustrate the
horizontal an.! vertical range of the force data over the two wave cycles,
and an envelope curve was drawn over these points.

Examination of these plots as a group (Fig. 33) shows the transition
of the resultant wave-induced force with ircreasing clearance for the
given wave conditicn (T = 1.85 to 1.86 seconds, H = 0.24 to 0.25 foot).
The verticai component of the wave force is dominated by the lift force,
while the horizontal component of the resultant force is due to the iner-
tial and drag forces, with the inertial forces predominating for the
experimental conditions tested.

For the smallest clearance (0.001 foot), in which the pipeline is
almost in contact with the bottom, tlie resultant force attains a muximum
upward value under the crests and troughs of the passing waves. The
total wave Jorce acts in the upward (positive) direction throughout the
complete wave cycle, except for small Jownward forces in the vicinity of
90° and 270°, where +tne horizontal flow revcrses.
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As the ciearance is increased to /16 inch, the maximum upward
focrces decrease in magnitude, and 11sc occur slightly later in tie wave
cycle. Ar th> same time, the dow-ward forces increase, reaching tneir
maximum values at approximately 90° a~d 270°.

Further incrcases in the bottom clearance ypreduce a continuous chift
of the positions of both the maximum upward and maxipam downward forces
later in the wave cycle. Simultaneously, the forces become downward
rather than upward for a larger part of the cycle. At the same time,
the verctical components of the wave force under the craeis and troughs
become negative and increase in the downward directiun, while the negative -
forces at 90° and 270° gradually decrease tn zero.

Ac a l-inch clearance, the resultant force acts downward tbroughout .

almost the complete wave cycle, with maximum downward forces occurring

under the crests and troughs of the passing waves. The verticel forces

are zero at 90° and 270°, the positions of the waximum horizonial iner-

tial forces. licwever, the lift effect is not very large for the 1l-in:h

clearance. The resultant force plot for the 2-inch clearance shows that

the lift effect is still present, but is relatively small, even in com-

parison to the small vertical inertial forces.

J N i ot im Saa

At a slightly larger ciearance, the 1lift effect will disappear, and
the vartical ferces will be due alinost entirely to the inertial torces,
since the vertical drag forces are nezgligible near the bottom. At this
clearance, the inertial force will act upward under the trough and down-
ward ander the crest, so the resultant force plot will take the form of
an approximately symmetrical ellipse. This condition is slown in
F.gure 34 for a4 smaller wave period (1.23 seconds), with a l-inch bottom -
clearance. The ellipse is distorted slightly, due to the smali drag :
forces acting in the horizontal direction, 90° out of phase with the :
larger horizontal inertial forces.

g e
e i e

e

™

The horizontal components of the resultant wave force are also
affected by the proximity of the bottom bormdary. Although the borizon-
tal water varticle velocities and accelerations increase with distance
abuve the bottom, the corresponding horizontal drag <nd inertial forces
are larger when the pipe is close to the bottom than when it is located
above at larger cle-rances.

e i b

et 4t Wl o

Figures 35, 36, and 37 show thc¢ resultant force plets at both large
and small bottor clearances, for a wave with a period of 0.95 to 0.96 )
second and . height of 0.24 to C¢ 25 foot. Beczuse the wave period is
small, the hcrizontal excursions of the water particles at the bottom
and the duration of the hosrizontal flow are fco small for the lift .
effect to develop. So the forces acting iw both the bhorizontal and ver-
tical directions are mostly inertial, with a small drag component ir the
horizontal direction. The resultant force plots therefore tzke the form
of an ellipse.
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However, the horizontal conpcnents of the resultant forces are larger
at the smallest bottom clearances, cven though the 1lift phenomenon is
absent. The presence of the bottom boundary produces an asymmetric flcw
field around the pipeline. The resulting velocities and accelerations of
the water particles over the pipe section are thus modified by the presence
of the boundary, and the associated horizontal forces are larger than they
would be if subject to the same kinematics in the absence of the boundary.
The increased hori-ontal forces on pipelines located close to the bottom
are reflected in increased values of the coefficients of mass and drag,

Cyq and Cp.

2. Orientation Angle Considerations.

The coefficient of 1ift calculated in the least squares analysis of
the experimental data was computed using two alternative approaches
(Fig. 38): (a) the total horizontal water pacticle velocity in the
direction of wave advance, with the projected area of the pipeline in the
plane perpendicular to the direction of wave advance; and (b) only the
component of the horizcntal-water particle velocity perpendicular to the
pipeline axis, with the projected area in the plane parallel to the pipe-
line axis.

After tabulating the data from the three-dimensicnal =2xperiments, it
became apparent that the second method gave consistent values of the
coefficient of 1lift for all angles of orientation. In contrast, the values
of C; obtained using the first method gave values that were low, and which
decreased with increasing angles of orientation (where 0° corresponds to
a pipeline parallel to the wave crests).

Relationships between the coeffici: nt of 1ift, Cy, and the parameters,
¢ and k, of the 1ift force equation were the same for all angles of orien-
tation when Cj was calculated considering only the component of the hori-
zontal velocities perpendicular to the pipeline axis.

In .ddition, relationships involving any of the parameters of the lift
force equation (Cy, ¢, or k) and various dimensionless parameters defining
the wave and pipeline conditions were consistent for all angles of orien-
tation wher the horizontal water particle velocity acting on the pipe
section was treated by considering only the component perpendicular to the
pipeline, and completely igno~ing the parallel component.

Thus, the results of this investigation show that the modified 1ift
force equations presented in this report cen be applied to pipelines
located at any angle of orientation with respect to the wave crests.
However, only the component of the horizontal water particle velocity
perpendicular to the pipeline axis should be considered as contributing
to the wave-induced 1ift force acting on ihe pipeline, Using this approach,
the parameters, Cp, 9, and k, lefining the 1lift forces exhibit the same
quantitative relationships bet ~en the various dimensionless parameters de-

fining the wave and pipe conditions, regardless of the angie of ovientation.
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3. Interrelationships Between Cp, ¢, and k.

¢ and k were defined as varying from 0° to 90° and 0 to 1, respec-
tively, with increasing clearance. ¢ = 0° and k = 0 correspond to the
case of a2 pipeline in contact with the bottom (no clearance), while the
maximum values of ¢ = 90° and k = 1 correspond to the case of a large
enough clearance so that the choking phenomenon does not occur at any time
throughout the wave cycle. Since a simultaneous increase of both parameters
was noted in the data for increasing clearance between the two limiting
cases, it was suspected that a direct relationship may exist between ¢ and
k. Such a relationship was found, as shown in Figure 39. The same rela-
tionship held for all three pipe diameters tested, regardless of the ori-
entation angle, indicating that the relationship was independent of these
two factors, and was thus valid for any pipeline configuration in which

the 1lift effect was present.

In this plot and the ones that follow, the data for orientation angles
from 0° to 30° were plotted for each pipe diameter, without differentiating
the data corresponding to each angle. The relationships shown were found
to be valid regardless of the angle of orientation, provided the data were
handled as discussed above (using the component of the horizontal velocity
perpendicular to the pipeline axis). The data corresponding to each pipe
diameter are distinguished by using different plot sywbols. The same
relationships hold for orientation angles of 45°, but these data were not
plotted in order to minimize scatter so that differences between the pipe
diameters could be detected more easily. In general, the same rclation-
ships held for orientation angles up to 60°. But in some cases, the lift
effect was negligible at high orientation angles, so thz values of the
associated parameters (Cp, ¢, and k) were less accurate. Thus, plotting
all of the data corresponding to the larger orientation angles would intro-
duce additional scatter, obscuring the valid relationships which were
consistent when the lift forces were significant.

A relationship was found between the coefficient of 1lift, Cy, and the
parameters, ¢ and k (Figs. 40 and 41). Cj appears to be better correlated
with k than with ¢. Note that for minimum values of k and ¢, corresponding
to the case of a pipeline in contact with the bottom, the value of Cf, is
approximatcly 4.5. This value is of interest, since it agrees with the
potential flow solution (Cp = 4.495) for the value of the coefficient of
lift for a circular cylinder in contact with a plane wall, subject to an
inviscid steady flow (Yamamoto, Nath, and Slotta, 1973).

Maximum values ¢f Cj occur at approximately k = 1/2, corresponding to
maximum 1ift forces that are equal in both the upward ond downward direc-
tions. The average value of the coefficient of iift at this puint is about

9.0, with values extending up tc about 10.5. These maximum values of Cy
are attained at approximately ¢ = 25° to 30° in the ¢ versus Cp plot.

Since the coefficient of 1lift, C;, defines the combined magnitude of
both the positive and negative lifts, it can be separated into two parts:
(a) the part defining the megnitude of the positive lift, Cj(1-k), and
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(b) the part defining the magnitude of the negative lift, Cj;(k). The
quantities, Cy(1-k) and Cp(kj, can be referred to as the effective posi-
tive coefficient of lift and the effective negative coefficient of 1ift,
respectively. Since Cy, = 9.0 for k = 1/2, both Cj(1-k) and C (k) are
equal to 4.5 at this point. This means that the lift forces can reach
the same maximum magnitude in both the upward and downward directions as
are attained in the upward direction only for the same pipe in contact
with the bottom (where C[(1-k) = 4.5, but C; (k) = 0).

The effective positive and negative coefficients of 1lift are plotted
versus both ¢ and k in Figures 42 to 45. Again, the correlations are
much better with k than with ¢. The average value of C;(1-k) drops only
siightly between k = 0 and k = 1/2, but for values of k greater than 1/2,
the effective positive coefficient of 1ift drops rapidly to a value of
0 when k = 1.

The average value of Cp{k) increases with k until it reaches a maximum
value of about 6.C when k = 0.75, and then decreases to about 4.5 when k == 1,
Individual maximum values of Cp(k) attain values slightly greater than 7.0
in the vicinity of k = 0.75. But even the average maximum value of 6.0 for
tne effective negative coefficient of lift indicates that the downward
lift ferces may attain maximum values 33 percent greater than the maximum
possible 1ift forces acting in the upward direction. Maximum values of
C,; (k) corresponds to a value of ¢ of about 45°, which is half way through
the phase shift cycle.

The potential flow theory gives a value of Cf = 4.495 for zero bottom
clearance, with a discontinuous jump to very high negative values of Cf,
for a very small clcarance (Yamamoto, Nath, and Slotta, 1973). In the
potential flow solution, the value of C, depends only on the relative
clearance; i.e., the ratio clearance-diameter. The coefficient of 1lift is
negative whenever the pipe is not in contact with the bottom, and its
magnitude decreases 2s the relative clearance is increased.

Although the potential flow solution appears to work reasonably well
when a pipeline is touching the bottom, this approach does not work when
there is a small clearance. This is because viscous effects are very
important for the flow through the narrow bottom clearance constriction.
The choxinyg phenomencn limits the maxirmeam flow velocities and corresponding
pressurce drops on the bottom side of the pipeline, thereby limiting the
maximum possible downward 1ift forces.

The results of this investigatior indicate that the effective negative
coefficient of 1ift, C;(k), can attain a maximum value of only 7.0. This is
much less than the values of Cj suggested for small relative clearances by
pectential flow theory. The coefficient of lift is obviously not a simple
functiom of relative clearance, since for a given clearance and diameter,
both the lift effect and the coefficient of 1ift will vary with the wave-
induced flow conditions. For the smallest relative clearances, the positive
lift forces were iarger than the negative lift forces, especially where
the horizontal water particle velocities and excursions were high.
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The largest negative lift forces do not occur at clearances where the
choking effect is absent (corresponding to k = 1 and ¢ = 90°). Rather,
the largest values of the effective negative coefficient of 1lift correspond
to values of ¢ = 45° and k = 0.75. Interestingly, when k = 1 and ¢ = 90°
where the positive 1lift forcis have decreased to zero and the choking
effect does not develop, the .aximum effective negative coefficient of
1ift is approximately 4.5, the same magnitude as the potential flow solu-
tion for the positive coefficient of lift for zero bottom clearance.
However, as the bottom clearance is increased further, k and ¢ remain
at 1 and 90°, respectively, while the effective negative coefficient of
1lift decreases to zero (with the diminishing 1ift forces).

The significance of these results is easily seen by following these
relationships for a given pipe and wave as the pipeline is raised from the
bottom, and k goes from 0 to 1. In the interval from k = 0 to 1/2, the
magnitude of the maximum upward iift forcss remains the same, which is
zpproximately equal to the potential flow solution for a cylinder in
contact with the bottom (Cp, = 4.5). However, at the same time, the nega-
tive lift forces increase continuously, reaching a magnitude equal to the
positive lift forces at k = 1/2 (Cp(4-k) = Cy(k) = 4.5). Simultaneously,
there is a shift in the positions of both the maximum positive and nega-
tive lift forces, since ¢ increases from 0° to 30°.

In the interval k = 1/2 to !, the maximum positive lift rorces
continuously decrease to zero. At the same time, the maximum negative
lift forces increase to reach a maximum value at k = 0.75 (where Cp(k) =
6. or 7.), and then decrease back to a maximum corresponding to CpL(k) =
4.5 at k = 1. The point of maximum negative 1ift corresponds to ¢ = 45°,
the midpcint of the phase shift cycle.

The phase shift of the maximum lift forces is only half as much in the
interval k = 0 to 1/2 (where ¢ goes from 0° to 30°) as in the interval
k = 1/2 to 1 (where ¢ goes from 30° to 90°).

At k = 1, cnly negative lift forces exist, and these go to zero as
the bottor. clearance is increased further.

All of the above interrelationships between ¢, k, Cp, Cp{l-k), and
Cr(k) were the same for all pipe diameters tested, regardless of the angle
of orientation (provided that Cj was calculated considering only the com-
ponent of the horizontal velocity perpendicular to the pipeline axis).
Thus, for the range of conditions tested, these interrelationships were
independent of the scale and configuration of the pipeline. Also, theve
is no mention of the wave conditions, which indicates the interrelation-
ships are independent of the wave conditions as well.

The rclationships between the parameters, C), ¢, and k, defining the
1lift force equation are useful, since if either ¢ or k is known, the
other two parameters can be determined. Al] that is needed is a rela-
tionship between ¢ or k and the wave and pipeline conditions.
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There appears to be a better correlation between k and the parameters
involving C;(Cp, C (1-k), and Cp(k)) than between the analogous relation-
ships using ¢, so %he former relationships should be used. Also, in com-
| ¢ paring the plots of Cp(1-k) versus k (Fig. 42) and Cy (k) versus k (Fig. 44),
v the scatter appears minimal in the plot with Cy (k) for the interval of k
AN between 0 and 1/2. For the interval ox k between 1/2 and 1, the scatter
o is much less on the plot between Cp(1-k) and k. Therefore, it is suggested

that when determining a value of C; for a given value of k, the plot of
] CL(k) versus k be used for values of k less than 1/2 (except for k close
. to 0), and the plot of Cp(1-k) versus k be used for values of k greater
. than 1/2 (except for k close to 1) (see Fig. 46). For k close to 0, it
can be assumed that CL = 4.5, However, for k x 1, the value of Cf can
; vary from about 4.5 to zero, since as the clearance is increased from the
l . point where ¢ = 90° and k = 1, both ¢ and k remain at their maximum values
of 90° and 1, respectively, while the lift effect diminishes to zero.

B, T T P SR

LR TR T R T IR e T LT
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When the above relationships between ¢, k, Cj, Cp(1-k), and CL(k) are

. . plotted for only the 4-inch-diameter pipe model, the scatter is reduced.
f Although the data for all three diameters completely overlap (showing the ;

same relationships hold for all diameters), the amount of scatter increases o
with the smaller diameter models. This is because the data extend to Co
higher relative clearances (clearance-diameter) for the smaller diameter
models than the corresponding data for the 4-inch-diameter model, since all
models were tested at the same actual clearances.

N AR S TR O T TR A

Babit e S iala sl ML et R 1

Since the lift effect diminishes at high values of the relative
. clearance, the lift forces on the swmaller diameter models at the largest
- ‘ bottom clearances were very small in many cases. This is especially true 3
- ! for the smaller waves and highe ' orientation angles, where the horizontal
velocities perpendicular to the pipeline were very low. In such cases,
the 1ift forces were often insignificant, so the values of Cj, ¢, and k
calculated from the least squares analysis were not as accurate.

: . In addition, as the 1lift forces decrerase with high relative clearances, @

‘ eddy-induced forces may approach the magnitude of the lift forces, thus }

introducing furtiher error in the calculated values of Cps o> and k. ;

4 : The 1lift forces were generally significant for all clearances tested g
: ‘ using the 4-inch-diameter pipe section, and since the measured forces were

larger, the experimental error involved in measuring them was less than
for the smaller diameter models. s

Because of this, the data taken for very large bottom clearances were o
not included in the plotted relationships. For higher clearances, values
of k and ¢ equal to 1 and 90°, respectively, would be expected, since the
choking phenomenon would not occur throughout the vave cycle. However,
as the clezrance is increased, the lift effect diminishes, resulting in v
decreasing values of the coefficient of lift. ;
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If such data were included in the plots of C. versus k and ¢, values
of C; ranging from 0 to the muximum values shown in Figures 40 and 41
woul& be present in the vicinity of k = 1 and ¢ = 90° in the respective
plots. The same applies to the plots of CL(k) versus k and ¢.

"\ These trends were observed in the data taken for the largest bottom
clearances (1 and 2 inches). However, since these 1lift forces were so
small, a significant amount of error could be introduced into the cai-
culated values of C;, ¢, and k because of the presence of eddy-induced

. forces, as discussed above. Therefore, these data were omitted from
the plotted relationships, since errors in ¢ or k corresponding to low
values of C; would produce considerable scatter, obscuring the valid
relationships showr.

O I

TIPS T I P I T 1 [ TR g

- ' 4. Relationships Between ¢ and k and Parameters Defining the Wavs and
Pipeline Conditions.

P
. -~

f To use the above relationships between Cps ¢, and k to determine ,

B the wave-induced 1lift forces acting on a pipeline, either ¢ or k must _ 3
] be known. Thus, a value of one of these parameters must be determined
from relationships of ¢ or k with the wave conditions and pipeiine con-

3 figuration.
E‘ The 1ift forc. phenomenon is a function of the following variables: ; 4§
4 \ (a) Pipeline configuration r

(1) Diameter
: (2) Clearance
- ; (3) Orientation angle

(b) Fluid properties

: (1) Density
o (2) Viscosity ;

{c) Wave-induced flow cunditions 3

(1) Maximum horizontal water particle velocity perpendicular
to the pipeline axis
. (2) Wave period, which represents the duration of the flow in
one direction
(3) Length of the horizontal excursions of the water particles

. perpendicular to the pipeline axis (this quantity is di- %
rectly proportional to the product of the above two param-
eters)

Assuming that only water with a limited range of temperature is being .
dealt with, the fluid properties will be ignored for the present. The
orientation angle of the pipeline can be handled as discussed above,
considering only the components of the hori.ontal fluid inotions
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perpendicular to the pipeline axis. Since the length of the horizontal
water particle excursions is directly proportional to the product of

the wave period and the maximum horizontal water particle velocity, cnly
four independent variables are left: diameter, clearance, horizontal
water particle velocity, and wave period. Thus, any single parameter
used to relate C,, ¢, or k to the wave and pipeline conditions must
include these four variables. This constraint is necessary if the rela-
tionship is expected to be valid for general application under any set
of wave and pipeline conditions.

The four variables can be arranged into several dimensionless param-
eters. The important parameters should include the following:

(1) relative clearance, clear/Dia

where clear = bottom clearance
Dia = pipe diameter

(2) Keulegan-Carpenter parameter, Uoax T/Dia

where T = wave peiiod
Upax = component of maximum horizontal water particle
velocity perpendicular to the pipeline axis

d a {
{3) Cl“ar’umax T

NOTE.--Not all of these parameters are necessary to describe the system
since some are redundant, but some muy be more useful than others.

Since viscosity is an important variable involved in the choking
phenomenon, the Reynolds number, uTax Dia/v, and a Reynolds number for
the clearance, Unax clear/v, are also important parameters (where v =
kinematic viscosity).

The dimensionless parameters, clear/umax T, Upax T/Dia, Upna clear/v,
and uEl x Dia/v, were plotted versus the 1lift force parameters, EL’ ¢, k,
Cp(2- ?, and CL(k), for constant values of the relative clearance,
clear/Dia. The correlation was not good with the parameters involving
the coefficient of 1ift (C;, Cy(1-k), and C(k)). However, good cor-
relation was found between several of the dimensionless parameters and
the quantities ¢ and k.

The parameter, clear/um T, exhibited the best correlation with
both ¢ and k for euch relative clearance, although there was some varia-
tion in these relationships for the data corresponding to the different
pipe diuameters (see Figs. 47 to 52). Although the differences are not
large, tuc data do indicate the presence of a scale effect in these
relationships.
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¢ and k were alsc correlated with the Keulegan-Carpenter parameter,
Unax T/Dia. However, these relationships were rnot the sane when the
data corresyonding to a given relative clearance were compared for dif-
ferent pipe diameters. The relaticnships were the same for a given
absolute cl:arance, rather than a relative clearance (cleay/Dia). These
relationships are shown in Figures 53 and 54 for the combined data from
all three pipe diameters.

CERIROEAT

The parcmeter, uy clear/v, demonstrated correlation with both ¢
and k, but these relationships also exhibited a scale effect, such that
the relationships for a given relative clearance were not the same when
conparing the data for different pipe diameters. Figures 55 and 56 are
examples of these relationships for the 4-inch-diameter pipeline.

D

Correlation between the Reynolds number, uy,. Dia/v, and the p.ram-
eters, ¢ and k, was not good, especially when comparing the data for
the different pipe diameters.

WEIORENTE TR Ly R
et e ———— .

Since none of the above dimensionless parameters alone could be
used to deterwine a value of ¢ or k for any given pipe diameter, clear-
ance, and wave condition due to the presence of scale effects, several.
of the parameters were combinad in various ways to form different dimen-
sionless parameters containing all four of the important variables
(clear, Dia, up,y, and T). An attempt was made to find a single param-
eter centaining all of the important variables that was well correlated
with & or k for all wave conditions, pipeiine sizes, and configurations.

e B SR e e B

AL
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Several relationships were found that exhibited good correlation for
all the wave and pipeline conditions tested. However, since this is a
model study and, therefore, limited to lower values of the Keulegan-
Carpenter parameter and Reynolds number than prototype design situations
in the ocean, caution should be used in extrapolating these results. '

]
|
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{
i
|
FI
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The dimensionless combination, (clear/uﬂ X T) (Dia/uy,,T), demon-
strated the best correlation with both ¢ an ak for all conditions
tested. These reclationships are given in Figures 57 and 58. Since bnth
k and ¢ define the point at which choking occurs in the wave cycle, it
appears that the chokinz phenomenon is directly dependent on the water
particle excursions relative to both the pipe diameter, (Dia/umax T),
and the bottom clearance, (clear/up,, T).

iRt attta Gl oo e
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P
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e 1 I Xy, o AT A N BRI g

Although the parameter, (clear/umax T), is equivalent to the ratio
of the bottom clearance to the horizontal excursion of the water pacti-
) cles (differing only by the constant 1/m), the quantity (uy,, T) should
not be thought of only as defining the length of the water particle

excursiors. Botb variables, up,, and T, are independently important in

defining the choking phenomenon. The larger “¥ax' the socner the chok-

ing conditions will develop in the wave cycle for a given clearance and

pipe diameter. Similarly, since the wave period, T, defines the duration

of the horizontal flow in one direction, the larger the wave period, the :
sooner choking will develop relative to the temporal length of the wave :

cycle.
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The slight amount of scatter in these plots in the vicinity of k =
1 and ¢ = 90° is due to the error in calculated values of ¢ ‘and k for
the largest hottom clearances where the lift effect was small (as dis-
cussed above).

Larger values of‘the dimensionless combination, {clear/umax T)
(Pia/ug. o 7)» than given in the piots would correspond to larger bottom
clearances and pip:c diameters relative to the maximum velocities, wave
periods, and water particle excursions. For these conditions, the
values of k and ¢ would remain at 1 and 90°, respectively, while the
1lift affect would eventually diminish to zero with increasing values of
this parameter. These trends are evident in the data token at the
largest bottcem clearances (1 and 2 inches), although these data were
not included in the shove plots.

Similarly, lower values cf the dimensionless parameter than given
in the plots would correspond to higher maximum velocities, wave peri-
ods, and water particle excursions relative to the smallest bettom
clearances and pipe diameters. So for lower vaiues of this parameter,
both k and ¢ should remain at their defined minimwa values of 0 and 0°,
respectively, corresponding to lift forces acting in the upward direc-
tion only, with very little or no¢ flow possible under the pipe section.

Although ¢ was defined as varying from 9° to 90° only, negative
values of ¢ are exhibited in the data for the lowest values of the
dimensionless parameters plotted. However, since most of these data
points correspond tv the smallest diameter pipeline mocel tested ({2
inches), this could be partly due to experimental error, since the measured
forces were smallest for the smallest model. Also, part of this dis-
crepancy could be due to the difficulty of accurately defining the peck
of the wave crest in the experimental wave records. This point was
arbitrarily defined as the midpoint of the zero crossings on either
side of the wave crest in the digitized data records. However, in some
cases, the waves were not perfectly symmetrical, so the maximum eleva-
tion of the water surface did not coincide exactly with the midpoint of
the zero crossings. This was especially true of the largest waves with
the longest periods, which in the plotted relationships would correspond
to the minimum values of the dimensionless parameters (at the lowest
bot.tom clearance tested). Thus, the actual kinematics under these waves
would be slightly out of phase with the calculated kinematics, resulting
in an error in the calculated value of ¢. However, this source of error
should be the same for the large-diameter models as for the smallest models.

5. Relationships Between ¢ (clear/Dia) and k (clear/Dia) and Parameters
Defining the Wave and Pipeline Conditions.

Many other useful relationships were found by multiplying ¢ and k
by the relative clearance, (clear/Dia), and plotting these dimensionless
products versus various dimensionless parameters defining the wave and
pipe conditions. Figuves 59 to 62 are examples, althcugl. several other
parameters also showed good correlation with ¢ (clear/Dia) and k {(cleax/
Dia).

104
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% L Both ¢ (clear/Dia) and k (clear/Dia) are correlated with the dimen-
: : sionless combinations (clear/uy,, T) (clear/Dia) and »’Dia/umax T

: (clear/u,,,1 x T) (clear/Dia). However, k (clear/Dia) appears to be better
O correlatéa with the first parameter, while ¢ (clear/Dia) shows better

f C correlstion with the second parameter.

It is clear that for values of the dimensionless parameters lower
than those shown on the plots, both ¢ {clear/Dia) and k (clear/Dia)
D will remain at a value of zero. This would correspond to situations
. where the clearance was minimal relative to the hori. ontal velocities,
Lo wave periods, and horizontal excursions of the water jarticles. Thus,
' both k and ¢ would be expected to equal zero and 0°, r.spectively, and
the relative clearance would either equal or approach zero.

P Large values of the dimensionless parameters correspond to situa-

i tions where the clearance is large relative to the horizontal veloci-

: ties, wave periods, and horizontal excursions of the water particles.

For these cases, k and ¢ will remain at maximum values of 1 and 90°,

i respectively, while the relative clearance, {clear/Dia), will increase
i with increasing values of the dimensionless parameters. But as the
: relative clearance is increased beyond this point, the 1ift forces will
: decrease to zero, so extension of the plotted relationships to much

larger values of the dimensionless parameters is of little value.

} 6. Relationships Between the Coefficients of Lift and Parameters
Defining the Wave and Pipeline Conditions.

The coefficient of lift, C;, the effective positive coefficient of
lift, Cp(1-k), the effective negative ccefficient of 1lift, Cj(k), and
the maximum effective coefficient of 1lift (maximum of C,(1-k) or Cp(k))
were plotted against various combinations of the dimensionless param-
eters. The parameter, (clear/up,, T)(Dia/upyxT), which previously
gave the best correlations with ¢ and k also demonstrated the best cor-
relation with C;, Cp(1-k), and C,(k). However, these relationships
exhibited more scatter than the previously discussed interrelationships
between the coefficients of 1ift and the parameters, k and ¢, so it is
suggested that the previously discussed relationships be used for design

purposes.
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7. Relationships Between the Lift Forces and Parameters Defining the
Wave and Pipeline Conditions.

R T

As with the coefficient of lift, the total 1lift force (FL =
1/2 C; p A uy, ) can be partitioned into the maximum positive 1ift,
FL(l-k), and tﬁe maximum negative 1lift, Fi (k) (Fig. 6). These three
forces, as well as the maximum lift force (maximum of either F; (1-k) or
F (k)) were plotted against various combinations of the dimensionless
parameters. Only onc relationship exhibited good correlations for the
data fcom all three diameters plotted together. This was the Reynolds
number, upyyDia/v, versus the maximum 1ift force (either Fp(1-k) or Fr (k),
whichever is greater) (Fig., 63). ;
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This relationship shows that for any pipe diameter, orientation angle,

! or bottom clearance, the maximum lift force increases with the Reynclds

! number in a regular manner, at least over the range of the data in this

; i investigation. The maximum 1ift force may occur in either the upward or

; ; downward direction, depending on the magnitude of the bottom clearance

| i relative to the wave conditions and pipe size. This relationship does

! not hold for the maximum upward 1lift or maximum duwnward lift alone, but
only for the largest of these two forces in any given situation.

; 8. Relationships Involving the Vertical Coefficients of Mass anu Drag
. and the Vertical Inertial and Drag Forces.

"Both the vertical coefficient of mass and the vertical inertial
forces were plotted against several dimensionless parameters defining
the wave and pipeline conditions, but no useful relationships were
feund. This is not surprising when considering that the vertical iner-
tial forces are relatively small, and thus subject to error Ffrom the
transverse eddy-induced forces which were not accounted for in the

§ i least squares analysis.

e o gt e Sty

e n ——— e

; ; No attempt was made to plot relationships involving the vertical drag
¢ forces or drag coefficients, since these forces were negligible, i

: 9. Relationships Between the Horizontal Coefficient of Mass and
? Parameters Describing the Wave and Pipeline Conditions.

e A G Sl B e B Tt s e g B B s L S e o ptE et L S A PR E R N e

A limited number of horizontal force data were taken using the 4-inch-
diameter two-dimensional :nodel. Values of Cy and Cp were calculated
from the least squares analysis, and an attempt was made to relate these
coefficients to various dimensionless parameters describing the wave and

pipeline conditions. :

i

b T

.{ ) Figure 64 shows the horizontal coefficient of mass plotted versus the
relative clearance, clear/Dia, together with the potential flow solution

for a circular cylinder in the vicinity of a plane wall subject to a

uniform flow with constant acceleration (Grace, i1974). The data follow

the potential flow solution reasonably well, although for a given rela-

, tive clearance, there appears to be some variation in the value of Cy

{ with varying wave conditions. Also, the wave force data give slightly

higher values of the coefficient of mass for the highest bottom clearances
:\ tested. Although the experimental data are limited, they indicate that

; ‘; the potential flow solution may be very useful in determining a value for

! the horizontal coefficient of mass, at least for wave conditions where the

: inertial forces predominate over the drag forces.

ATy

T stapmem g T T
i S el . i it i

SR I  ,

;! E However, since there was some variation in the values of C, for
different wave conditions for the same relative clearance, an attempt
L , was made to determine relationships between the horizontal coefficient o
o ! of mass and the various dimensionless parameters defining the wave and 3
pipeline conditions. Reasonably gocd correlations were found between
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several of the parameters. Figure 65 shows the relationship for Cy
versus clear/up,,T.

10. Relationships Involving the Horizontal Coefficient of Drag.

The horizontal coefficient of drag was plotted against several
dimensionless parameters, but no useful relationships were found. This i
was expected since the horizontal drag forces in this investigation ware '
much smailer than the inertial torces, due to the 1imited horizontal !
excursions of the water particles relative to the diameter of the pipe-
line.

11. Example Problems.

GIVEN: A design wave with height, H = 10 feet and period, T = 10 seconds
acts on a pipeline with a diameter, Dia = 8 feet in a water
depth, d = 80 feet. The pipeline is oriented at an angle of
30° with respect to the wave crests. Section A of the _ peline
is in contact with the bottom; section B spans the bottom at a E

= clearance, clear = 6 inches.

FIND: For both sections A and B, find

(a) the values of the lift force parameters (Cy, ¢, and k);

{b) the maximum positive and negative lift forces;

ey
o o NS i e

B

f (c) the positions of these maximum 1ift forces in the wave ?

§ cycle; and é
A 4
S (d) the lift force at 6 = 120° in the wave cycle. %
X 3
- %t SOLUTION: i K
$ E
i Y 2 : é
i Lo = §2- = 5.12 (10)? = 512 feet
s ¥
- d 80 4
P — = == = 0,1562 k
] ‘ LO 512 i
Using tables, 3 = 0.1885, so L = —20 _ = 424 feet

/ € * T : ’ 0.1885

sinh 2—:‘1 = 1.481

g z = distance from bottom to center of pipe
A sections.

I3
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For section A (clear = 0)

(a)

(b)

(c)

(d)

z = 4 feet
z _ 4
I 737 ° 0.00943
From tables, cosh 3%5 = 1.0017
212
cosh(=—)
mH L m(10)(1.0017
umax Bt e e o 3 J___T.___l = 2.12 feet per second
T sinh(zzd) (10)(1.481)

Component of uy,, perpendicular to the pipeline axis is

Upax (cos 30°) = (2.12) (0.866) = 1.84 feet per second

Since the pipe is in contact with the bottom, (clear = 0),
¢ = 0° and k = 0. From Figure 40, C; = 4.5.

Maximum positive lift (per unit length)
FLO-K) = 3 Cp 0 A gy ? (1-K)
-;- (4.5) (2) (8) (1.84)2 (1-0)

= 121.9 pounds per foot.
Maximum negative lift (per unif length)

Since k = 0, there is no negative lift, and the 1ift force is
positive throughout the wave cycle.

Since ¢ = 0°, the positive lift forces are maximum at 0° and 180°
in the wave cycle (under the crests and troughs), corresponding to
the points of maximum horizontal velocities.

The 1ift does not become negative, but diminishes to zero at 90°
and 270°, the positions of horizontal flow reversal in the wave
cycle.

At 8 = 120°

1

5CLpA Upax> [cos?® (6 - ¢) - k]

% (4.5)(2) (8) (1.84)2 [cos? (120° - 0°) - 0]

Fy,

"

30.5 pounds per foot
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i For section B (clear = 6 inches) £ ;
£ z = 4.5 feet 1
1 2«23 0.0106 3
L From tables, cosh Z%E.. 1.0022 ! ?
) 2z : 3
. ~_nd RGP n0).0022) 2.13 feet cecond 1
3 Ymax ¥ TF T and- (!_%%7“7)‘10 T-381) - 2-13 feet per secon .
sieh ) <4
é‘ % component of u,,, perpendicular to the pipeline axis is E
Et g Upax (cos 30%) = (2.13)(0.866) = 1.84 feet per second : §
3 P ;
5' (a) Use Figure 57 to determine a value for k H ;
3 ] k
g X f
s [eoor = tmevdord ey ¢ 00
& max max : ' & :
& 3 f
: so from Figure 57, k = 0,67 % E

. and from Figure 58, ¢ = 45°. ! :
3 Alternatively, either ¢ or k could be determined from Fig. 39, 3 g
g once the other is known. } ;
1 Lo 3
N From Figure 46, for k = 0.67, g g
. 3
:\ - = ‘ g
3 CL(1-k) = 2.75 ! ?
§ . 2,75
és so Cp, TT—:—37373- = 8.3. é :
; (b) Maximum positive lift (per unit length) é
d 1 2 {
: F (-k) = FCLPAUL, (1-k) i

= -;— (8.3)(2)(8)(1.84)* (1 - 0.67)
= 74.2 pounds per foot
e
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Maximum negative 1ift (per unit length)

1

- Fi(k) = - 3 CL o Auga® (K)

= - = (8.3)(2)(8)(1.84)% (0.67)

2

1

2

= - 150.6 pound : 'per foot

(c) Since ¢ = 45°, the positive 1ift forces are maximum at 0° + 45° =
45° and 180° + 45° = 225° in the wave cycle, and the negative lift
forces are maximum at 90° + 45° = 135° and 270° + 45° = 315° in
the wave cycle.

(d) At 6 = 120°

FL = 5 Cp P A upg,® [cos? (120° - 45°) - 0.67]

(8.3)(2)(8)(1.84)2 [cos? (120° - 45°) - 0.67]

= - 135.6 pounds per foot

Again, it should be stressed that the relationships involving the
lift force pavameters, Cp, ¢, and k, were determined from model studies
conducted «¢ much lower values of the Keulegan-Carpenter parameter and
Reyno'ds nuvmber than those encountered in full-scale situations in the
ocean. Therefore, caution should be used in extrapolating these results
to prototype designs.

Further studies usirg a larger scale facility are necessary to
evaluate the importance uf rcale effects in these relationships, to
determine their limitatiouns, avd possibly tu cxtend or modify them so
they are valid for any scale.

IV. CONCLUSIONS

1. The traditional steady-flow 'ift fi.rce model, expressed as
FL=1/2CLp A 1%, is not a svitshle model for the description of wave-
indvced lift forces. This model assuimas that the 1ift force acts in
one direction only (upward or duwnward) throughout the entire wave
cycle.

2. For pir>'ines located at a small clearance above the boc.tom,
a viscous choking effect limits the maximum velocities through the
constriction formed by the bottom clearance. Correspondingly, the
pressure drop on the bottom side of the pipe section is also lirited.

In contrast, the flow velocities and corresponding pressure drop

over the top side ¢f the j.ipeline are not limited. As the choking
effect develops and the flow becomes restricted through the bottom
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clearance constriction, more of thke flow must be diverted over the top
of the pipe section, resulting in a downward shift in tha stagnation
point, us well as an increase in the flow velocities and associated
pressure drop ovir Llo lup side of the pipeline.

The induced changes in the flow pattern, velocities, and associated
pressure distribution over the pipe section due to choking through the
3 botcom clearance constriction resuit in an upward lift force, rather
£ than the downward lift force predicted by potential flow theory.

}f \ 3. Thus, for an oscillatory wave-induced flow, the lift force acts

B . downward in those parts of the wave cycle where the horizontal water

pa-ticle velocities are not high encugh to produce choking through the .
bottom clearance, In this case, the unrestricted flow is faster through

the bettom clearance constriction than over the top of the pipe section,

3 so the corresponding pressure distribution results in a negative lift

- toward the bhottom boundary.

e However, in those parts of the wave cycle where the horizontal
velocities are sufficient to induce choking thiough the bottom clearance
constriction, the lift force acts in an upward direction,

4. For a given pipe diameter and wave condition, as the bottom
clearance is increased, higher velocities are necessary to produce the
choking effect. Thus, the negative lift force can reach a greater b
magnitude and occur later into the wave cycle before the choking condi- A
tion is induced. k

Correspondingly, the positive lift that occurs only after the

i choking condition develops is limited to a smaller part of the wave
b ; cycle, and the maximum magnitude of these forces decreases with
: : increasing clearance. In addition, since there is a small timelag
involved in the development of the choking phenomenon and the transition
from negative to positive lift, the maximum positive lifr occurs later
into the wave cycle, although its magnitude is diminishing.

i
3
3

5. All major features of the wave-induced lift force phenomenon
can be described adequately by a modified lift force equation, Ff =
1/2 CL 0 A “maxz [cos? (8 - ¢) - k], where ¢ represents a phase shift ‘

bt e,

! in the position of the maximum positive (upward) lift force ielative

1 to the point of maximum horizontal velocity at the center of the wave
crest, and k represents the proportion of the total lift force cycle
that acts in the negative (downward) direction. The values of ¢ and

k vary from 0° and 0, respectively, for the case of a pipeline touching
the bottom, and increase with increasing clearance (for a given pipe-
line and wave condition) to maximum values of 90° and 1, respectively,
when the pipeline is far enough from the bottom so that the choking condi-
tion does not develop. ¢ = 0° and k = 0 correspond to lift forces that
are positive throughout the wave cycle, with maximums occurring at the
points of maximum horizontal velocity under the wave crests and <roughs.
¢ = 90° and k = 1 correspond to negative lift forces thrcughout the wave
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cycle, Jith maximum downward forces occurring under the crests and
troughs of the passing waves. These two cases reprasent the extreme
condicions bounding the 1ift force phenomena. At any intermediate

.earafics between these limiting casas, both positive and negative
iift forces will occur at different parts of the wave cycle, and the
positions of the maximum upward and downward lift forces will not
coincide with the positions of maximum horizontal velocities in the
wave cycle,

In order to use this lift force model, values of the parameters,
CL, ¢, and k, must be determined for the given set of wave and pipe-
line conditions. A model investigation was carried out to determine
reiationships between these parameters and various dimensionless param-
eters defining the wave and pipeline conditions.

6. A direct relationship was found between the lift force
parameters, ¢ and k. Relationskips were also found between the
coefficient of lift, CL' and both ¢ and k. In addition, C can be
partitioned into the positive effective coefficient of lift, C; (1-k),
and the effective negative coefficient of lift, CL(k). Both of these
parameters are also related to both ¢ and k. The correlation is better
with k than ¢ for the relationships involving CL» CL(1-k), and Cp(k).

All of these relationships were the same for all pipe diameters,
bottom clearances, and wave conditions tested.

7. The average value of C; at k = 0 and ¢ = 0° (which corresponds
to a pipeline in contact with the bottom with no clearance) is 4.5.
This is the same as the potential flow solution for the lift force on
a circular cylinder against a plane wall subject to a steady, inviscid
flow parallel to the wall.

8. Maximum values of Cj occur at k = 1/2 and ¢ = 30°, where
CL = 9. In the interval fromk = 0 to 1/2 and ¢ = 0° to 30°, the
effective positive coefficient of lift Cp(1-k) remains at approximately
4.5, while the effective negative coefficient of lift C, (k) increases
from 0 to 4.5. In the interval from k = 1/2 to 1 and ¢ = 30° to 90°,
CL(1-k) decreases to 0, while Cy (k) increases to reach a maximum of
about 6 or 7 at k = 0.75 and ¢ = 45°, and then decreases to a maximum of
4.5 at k =1 and ¢ = 90°.

9. Using the above relatioaships between Cp, ¢, and k, if either
¢ or k is known, the remaining two parameters can be determined.
Therefore, an attempt was made to find relationships between ¢ and k
and various dimensionless parameters defining the wave and pipeline,
conditions.

The best correlation was found in the relationships between ¢ and
k and the parameter clear/ug,,T for constant values of the relative
clearance, clear/Dia. However, comparison of the data corresponding to
the different pipe diameters indicates a slight scale effect is present.
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¢ and k were also related to the parameter u,, . .clear/v for constant
values of clear/Dia, although the scale effect was worse for these rela-
tionships. ¢ and k showed very good correlation with the Keulegan-
Carpenter parameter, T/Dia, aithough these relationships were the
same for a constant absolute clearance, rather than a constant relative
clearance. Correlation between ¢ and k and the Reynolds number was
poor.

10. Because a scale effect was evident in the above relationships,
several of the dimensionless parameters were combined to form new
dimensionless parameters that contained all of the important variables
(clear, Dia, upg,, and T}. An attempt was made to find a singlc param-
eter that was related to either ¢ or k for all wave and pipeline condi-
tions tested in this investigation.

Both ¢ and k showed very good correlation with the parameter
(clear/uma T)(Dia/“TaxT)‘ These rejationships were valid for all pipe
diameters,xbottom clearances, orientation angles, and wave conditions
tested.

In addition, the relative clearance was combined with both ¢ and
k to form the quantities ¢(clear/Dia) and k(clear/Diaj, both of which
exhibited very good correlation with more of the dimensionless combina-
tions than either ¢ or k alone. k(clear/Dia) was best correlated with
(clear/up, (T) (clear/Dia). ¢(clear/Dia) was also correlatrd with this
parameter, but exhibited better correlation with the parameter

/ﬁia/umaxT (clear/umaxT)(clear/Dia).

11. €, CL(1-k), ana Cj (k) were correlated with the same parameter
as ¢ and k, (clear/umaxT)(D1a/uma T). However, these correlations were
not as good as the previous correlations between the coefficients of
lift and k or ¢. -

12. For a pipeline that is rot parallel to the wave crests, the
lift forces are apparently due unly to the components of the horizontal
water particle velocities perpendicular to the axis of the pipeline.
Using this convention, consistent values of the coefficient of lift,
Cy, are obtained for all angles of orientation. In addition, the rela-
tionships between the lift force parameters Cp, ¢, and k, as well as
relationships between these parameters and various dimensionless param-
eters defining the wave and pipeline conditions, are ideutical for all
angles of orientation.

13. The maximum lift force (F|(1-k) or Fy(k), whichever is greater)
exhibited good correlation with the Reynolds number, (up.,Dia/v). This
relationship did not hold for the maximum positive 1ift ?E (1-k)) or
the maximum negative lift (Fp(k)) alone, but only for the &argest of
these two forces in any situation. Th?2 relationship was the same for
all diameters over the range of conditions tested.
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14, The horizontal coefficient of mass, Cy, showed excellent
agreement with the potential flow golution fur a circular cylinder in
the vicinity of a plane wall subject to a uniform flow with constant
acceleration. These results indicate that the potential flow solution
may be useful for selecting a value of Cy for wave-induced forces, at
least for situations in which the inertial forces predominate over the
drag forces. The horizontal Cy was also correlated with several of the
dimensionless parameters defining the wave and pipeline conditions,
such as the parameter clear/ug . T.

V. RECOMMENDATIONS FOR FURTHER RESEARCH

1. Experiments similar to this investigation should be carried out
in a larger wave tank facility. This would allow the testing of larger
diameter pipeline models as well as experiments at higher Reynolds
numbers and higher values of the Keulegjan-Carpenter parameter. Such
an investigation is necessary to determine the vaiidity of extrapolat-
ing the results of the present study to design situations in the ocean,
and to point out any weaknesses or limitations of the proposed lift
force model due to scale effects.

2. It would be of intexrest to perform experiments to evaluate the
magnitude, phase, and frequency spectra ot the vertical transverse
lift forces due to eddy shedding for a horizontal cylinder subject to
oscillatory horizontal flow velocities. This could be done by oscil-
lating a test cylinder horizontally in still water away from a boundary,
or by using a pulsating flume facility. The horizontal flow patterns
at the bottom could be simulacved, but without the 1lift force phenomenon
due to the boundary. Only the transverse lift forces due to eddy
shedding would act in the vertical direction, so the magnitude and time
history of these forces could be easily measured.

A thorough analysis of the eddy forces for different pipe diameters
and flow conditicns would allow an evaluation of their importance rela-
tive to the Bernoulli-type 1ift forces, and at the same time explain
some of the variations in the vertical wave force parameters calculated
from an analysis which neglected the eddy forces because they could
not be separated analytically becausc of their random nature. Adequate
knowledge of the eddy forces would allow the addition of the eddy lift
force term, F|, = 1/2 ClL.pA umaxz’ to the Morison equation with appro-
priate values of the coefficient C] for any given set of wave and pipe-
line conditions.

It should be noted taat evaluation of the eddy forces for a cylinder
away from a boundary would only give an approximate estimate of the
eddy release phenomenon for a pipe located near the bottom. The presence
of the botitom boundary changes the flow pattern, velocities, and pressure
distribution around the cylinder, and therefore would be expected to
have some effect on the formation and release of eddies.

12!

A L # e A

W R I W PPN Ton 14

S i,

ekl

[ P



Z N . 3 o
g 3. Since the restricted flow through the narrow bottom clearance

- constriction is the critical part of the lift force phenomenon, the
3 effect of pipeline roughness and bottom roughness on the. wave-induced
4 1lift forces should be stvdied. This has practical significance, since
- the ocean floor is not necessarily smooth, and pipelines installed in
3 marine waters may soon become encrusted wlth marine organlsms, thus
- i increasing their surface roughness. :
? 4. The effect ocn the 1ift force phenomenon of a horizontal bottom
2 current superimposed or the oscillatory motions of the wave action ¢
. 1 should be investigated.
. _
3 ﬁ 5. The effect of porosity of the bottom on lift forces should also .
] § be investigated.
.
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APPENDIX A

LEAST SQUARES ANALYSIS OF EXPERIMENTAL DATA

Using Morison's method for the calculation of wave forces on a

pipeline, the vertical component of the wave-induced force may be
expressed as:

Fy

L]

!
(FD), + (Fp), + Fy + F|

i

v
Cy o Vgp+ 1/2 Cp o Av |v]

+

1/2 Cp p A upay® [cos? (8 - ¢) - k]

+

1/2 CL, p A up,,>. (A1)

Since the transverse 1lift force associated with eddy shedding (FL) is
a. random phenomenon, there is no way to handle its time history in
analyzing a wave force record with several other forces occurring
simultaneously. Because the Bernoulli-type 1lift forces were much
larger than the eddy-associated forces for a pipeline located close to

the bottom, the eddy-associated lift force term was dropped from the
analysis.

The vertical components of the water particle velocities and
accelerations near the bottom are small in comparison with the corre-
sponding horizontal components. As a result, the vertical lift forces
due to the horizontal components of the water particle velocities are
generally much larger than the vertical drag and inertial forces. The
drag forces are especially insignificant since the vertical excursions

of the water particles near the bottom are smaller than the diameter
of the pipeline.

Using linear wave theory, the kinematics of the wave-induced water
particle motions with respect to time can be expressed as:

27m2
ah cosh (-TTJ

*T —'—"—-'Z—ﬁ'a-" cos 6 (AZ)
sinh (—TTJ

sinh (-2-;"1
- Sad-  Sin ] (A3)
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| , 212
| av _ _ 2n2y Sinh ()
1 3¢ .r.z 2nd Ccos 9, (A4)
sinh (—~— T )
o where
L H = wave height 3
é ; T = wave period §
. b
E f L = wavelength 3
o '
? ’.} d = stillwater depth , 4
‘ i
E 1 z = vertical distance above the bottom g
P 8 = g%r.—t- = position of the wave cycle with respect to time. ]
. Lo
E Substituting these expressions into the vertical force equation yields: 1
£ _ 4 j
- sinh (2%) | I
¥ Fo o= - C pv2mn2H L
P v = - Uy cos O R
». | . 2 - ,27Td . E
B T sinh {—=—) W
oo — o L
P — L
Py 2,2 Sinh? (—*ZNZ)T ¥ 3
oo . PAT“H L . . 3
- - Cp >ea| sin 0 |31n 8| i
- 2T sinh® (55) o
ko) 3 s
k. 1 4
f—ll oAn?i2  €osh’ (Z—EZ--) , i
S + Cp Srd [cos® (8 - @) - k] (AS) i
; 212 sinh? (59 i
y 5 L] 1
or
F, = -CyFy, cos® - CpFp  sind |sin8| + C;Fy, [cos? (6 - ¢) -kI, (A6)
where -
- 2Tz
pV2w 2t sinh (=)
Fuy =
2 sinh (59 (A7) )
. ,2T2
DAT\'ZHZ 51nh2 [—-——L )
Fpy = 2
2T sinh? (E%d—) (A8)
12€




cosh? (Z%EJ

e
" znd

FLv Zz -
2T sinh® (—TTO

(A9)

The exp.-2ssions, Fy,, FDv' and Fp,, are constant for a given set of
wave and pipeline conditions.

Linear wave theory was used in the analysis because, as discussed
previously, there seems to be no obvious way of accurately describing
the 1lift force phenomenon mathematically using higher order theories.
Since the 1ift forces 2.+ much larger than the vertical drag or inertial 3
forces, with the drag forces being almost completely insignificant, 3
there was no point in using higher theories to expgress the vertical
components of the drag and inertial forces.

For any vertical wave force record in which the corresvonding wave : 3
and pipeline conditions are known, a least squares analysis can be f &
performed on the data to determine the values of the unknown parameters ‘ E
Cys ¢, k, Cy, and Cp in the vertical wave force equation. The least
squares analysis yields the values of these five parameters which best
fit the force data throughout the entire wave cycle. This is accomplished
by determining the values of these parameters which minimizes the sum of
squares of the difference between the observed force data and the corre-
sponding forces calculated with the mathematical model throughout a
complete wave cycle,

RS

Ao e atad e, A e

Using the appropriate trigenometric identities,

cos? (3 - ¢) = 1/2 + 1/2 cos 2 (8 - ¢)

1/2 + 1/2 (cos 20 cos 2¢ + sin 20 sin 2¢), (Al10)

so the lift force equation can be expressed as:

FL = 1/2CLpAumax2[1/2cos 2¢ cos 206+ 1/2sin 2¢ sin 20 + 1/2 - k] (A11)

el A e e B u s et

or F = Aj cos 20 + By sin 20 + () (A12) :
A

where Ay = 1/4 C p A up,,? cos 26 = 1/2 Cp Fy, cos 2¢ (A13) 3
By = 1/4 C; p A up,,® sin 2¢ = 1/2 Cp, ¥py sin 2¢ (A14) :
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C,=V2C pAu " (1/2-Kk) =C F_ (/2 -K). (A15)

In an analogous manner, the vertical components of the inertial and drag
forces can be written as:

- 3V, =
(Fy = Cy @ GGdpay 0% © = D, cos @ (Al6)
and (FD)v = 1/2C, pA v, 3in 8 |Vmax sin 6] = E, sin @ |sin 8], (A17)
where D, =Cyp (2Y) =-CyF (A18)
1 M P 8t pax M My
. 27
v 2n?y  Sinh ('IEJ
(539 -T2 2nd (A19)
max T sinh (—TTQ
E,=1/2C pAv . |vmax| = - Cp Fp, (A20)
H sinh (2%59
Vmax = ° T T wd (A21)
sinh ('——L—-)

The total vertical wave force at any position ei in the wave cycle can
then be written as:

Fv (ei) = FL + (FI)v + (FD)v = A1 cos zei + B, sin zei + C

1 1

+ D, cos ei + E

) sin 8, |sin Gil.(AZZ)

1

The parameters A;, B;, C;, Dy, and E; are constant for any given values
of C;, ¢, k, Cy, and Cp, corresponding to the particular wave and pipe-
line conditions under consideration.

The sum of squares of the differences between the observed vertical

forces, FO (8;), and the corresponding calculated forces, Fv(ei), is
written as:

128

CRNTRRRLE N E Y

AR S 1 ot

e T It S R mr i A2




n

n
2 - <
121 (F, (8;) - F, (8,)]" = 51 [A; cor 26, + B, sin 20, + C, + D, cos 6,

i 1 1

i

+ E;sin 0, Isineil - Fov(ei)]z. (A23)

To minimize the sum of squares of the differences, the derivative of

this expression is taken separately with respect to each of the five

unknown parameters A., B., C., D,, and E,, and the resulting expressions
. are set equal to zer&. ylelding l system of five simultaneous equations
with five unknowns. The system of equations is then summed for each
interval, i, over a complete wave cycle, and the resulting expressions
are solved for the values of the unknown parameters Al’ B., Cl’ D,, and
E. which thus minimize the sum of squares o: the differen%es. Thé
derivatives are:

3lF,(8.) - F__(8.)]1?
1 ov*'1 - 2 .
EY 2A1cos 2ei + 28181n 2ei cos 2ei

1

+ 2C.cos 28, + 2D_cos 6. cos 260.
1 i i i

1
+ 2E;sind, |sin ail cos 20,

-2 Fov(ei) cos 29i = 0 (A24)

a[F_(8.) - F_(8.)]?
v'i ov''i . .2
: =5 2A1cos 26i sin ZBi + ZBls1n 2ei

1
+ 2C151n ZBi + 2D

cos O, sin 20,
1 i i
+ 2E;sin 8; |sin Gi‘ sin 26,

- ZFov(ei) sin 29i = 0 (A25)

3[F,(6;) - F_ (8,01

= 2A,cos 20. + 2B.sin 20.
i 1 i

3C, 1
k . + 2C1 + Zchos Oi
+ 2E;sin 8, [sin 8, |
1 1

- ZFOV(B = 0 (A26)
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a[F.(8,) - F_{8;)]% | o
voit oviito | oa4e ,
28.cos 20, cos O
‘551 i i i
+ 28151n 26i cos ei + zclcos ei
2 . .
+ 2 Djcos® 8, + 2E;sin 8, |sin @, | cos N
- ZFov(ei) cos 6, = 0 (A27)
aF, (o) - F. (6,)]2 . -
i kA SO ) Al ¢ - Lo : 3
s : 3, 2A[cos 26, sin B, |§;n eil
% + 2B sin 20, sin 8, |sin Oil
A . .
: + 2C;sin 8, [sin 8|
2 + 2D.cos 6. sin 0, |sin 0_|
: 1 i i i &y
- . 2 .
; + 2B (sin @, |sin 6, ]) ;
] - 2F _ (6.) sin 6, |sin 6,| = 0 . (A28) ;
3 ov i i i :
;; For an even number of equally spaced time intervals, ei. summed over 3
% 4 complete wave cycle, many of the terms cancel out due to the symmetry %
3 of these sinusoidal functions. Thus, 3
: I cose, =0 | (A29)
:
? n ﬁ
] ] cos 26, = 0 (A30) 1
e 1 3
' i=1 {
|
E n i
3 ) .
E i=1 sin ZBi 0 (A31) ;
3 5
3 n _. "
4 sin 6, |sin ¢ | = 0 (A32)
E‘ 2 1 1 b
E, i=1 ,%
g cos Bi cos 20i = 0 (A33)
i=1
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n |
.{1 cos 8, sin 20, = 0 (A34)
1=

n
1 cos 8, sin6, [sin 6| =0 (A35)
i=1
n A
Z cos 268, sin 20, = 0 (A36)
i=1 8 .
) |
izl cos 26, sin 8, |sin eil =0 (A37)
n :
izl sin 20, sin 8; |[sin 6,] = 0 (A38) 5
3
g
when taken over a complete wave cycle, As a result, only the squared "
terms, and the terms involving the observed forces, F, (ei), remain in é
these equations. The resulting expressions are: g
4
n . n : %
.Al_g cos® 26, ~ J F_ (8;) cos 28, =0 (A39) i
i=1 i=1 :
1
n \ n §
31_2 sin? 20, - _2 F,,(8;) sin 28, =0 (»40) :
i=1 i=1
i
13 ) ;
c i- F_(6.) = nC,~ F_(6.) =0 (Ad1) 4
1i=1 jep OV 1 1 jeg OV 1 )
i
n ) n ;
D1.2 cos® 8, - .2 Fov(ei) cos 6, =0 (A42) 3
i=] i=1 %
&1

134

el s TS PR s T et g tatan T s e




n
- 5 2
Elizl (sin 6, | sin Oil)

n
- 12'1 F,,(8;) sin 6, |sin 6, = 0 (A43)
where n is the total number of values taken from the vertical wave force
record (from zn even number of equally spaced intervals per wave cycle, y
> and over any number of complete wave cycles), and i is the number of the
interval. '
5
These expressions are easily solved for the unknown paramete; - Al’
‘ Bl' Cl’ Dl’ and El, yielding:
£ ! n
é izl F,,(8;) cos 26,
§ A1 = ~ (A44)
I cos® 20,
i=1
n
igl F,,(8;) sin 26, ,
Bl = ’2‘ : (A45)
sin® 29,
,f i=1 t
!A
Eﬂ
| n
1 izl l:ov(ei)
e (ate)
n
_ igl F,,(8;) cos 8, |
cos® 0,
i=l .
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n o '

. i§1 F, (8;) sin 6, |sin ol

T jsin ot -
(sin 0, |sin 0_})

ixl h t

With these relationship33 the corresponding vaiues of the parameters
CL' ¢, k, Gy, and Cp in the vertical wave force equation which best
fit the data throughout the complete wave cycle can be obtained.

The coefficients of mass and drag, Cy and Cp» are obtained directly
from the parametsrs 01 and El' since

n
D, i§1 Foy(8y) cos 8,
M CECoC n (A49)
My Fyy, L. cos® 8
i=1
£, igl Foy(8;) sin 8, |sin Bil 5
Ch= ~7—= - = . (AS0) |
bv F,. )} (sin @, lIsin @_|)? ;
Dv (4 STy SIR Ty g
!

Since A; = 1/2 CL FLV cos 2¢ and By = 1/2 CL FLy sin 2¢, the phase
shift parameter $ can be obtained from:

. B
¢ = 1/2 (24) = i/2 tan™? [%—;%) = 1/2 tan™! (ﬁ] (AS1)

B
since 1/2 C, F,  cancels out of the expression -l-. Thus,
L "Lv A

n n
( F__(6.) sin 20 sin? 26
_1\121 ov' i i izl i

n n
. N 2
(izl Foy(8;) cos 261//221 cos 29iJ

(A52)

¢ = 1/2 tan

-
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After ¢ is known, the coefficient of lift, C;, can be obtained from
either A} or Bj, since

n
Al 121 Foy (i) cos 26;
CL= 1/2 FLy cos 20 n (A33)
- 1/2 Fy;, cos 2¢ ) cos? 20,

i=1

Il.M=
fo

Bl FOV (Gi) sin ZOi

C = 1
or L ® 172 F, sin 20

(A54)

- n
1/2 F, sin 2¢ ] sin® 26;
i=1

Alternatively, Cj could be obtained from A; and B; directly without first
solving for ¢, since

-

Y a2+ 812 = (172 Cy Fp, cos 20)% + (1/2 Cp Fyy sin 2¢)°

Y(1/2 C, Fy)*® (cos® 2¢ + sin® 2¢)

= 1/2 ¢ F, . (AS5)
Thus,
S~
¢ - M By
L
FLv
n 2 [n 2
1 Foy (8;) cos 28; ! Foy (83) sin 26;
2 i=] is]
n n
1 cos? 26; I sin? 26,
i=1 i=1 '
= . (A56)

FLv




o T e et R s T T P S

FmaIIy. the parameter k can be obtained from C, knowing the value
of Cp, .since

Ci z Fov LG ) ,
1 /s

(AS7)
CL Fry CLF

k=12 -

Thus, once the vertical wave forces on a pipeline are measured
experimentally, the values of the parameters C;, ¢, k, Cy, and Cp of
the vertical wave force equation which best f1l€ the data throucvhout the
entire wave cycle can be determined for the particular set of wave and
pipeline conditions tested.

.In an analogous manner, the least squares analysis car be applied
to the horizontal wave force data. Ouitting the horizont-1l force
associated with eddy shedding, tl.e horizontal component of the wave-
induced force can be expressed as equation (2):

Fh o= (Fp)y + (Fp), = Gy oV g%+ 1/2 € p A ulul. (2)

The data from the horizontal force measurements show that the horizontal
eddy forces are insigniricant in comparison to the horizontal drag and
inertial forces for the erverimentsl conditions tested.

Using linear wave theory, vhe horizontal components of the wave
kinematics with respect to time can be expressed as:

2nz
T sinh (~2"—d)
2mz
du _ _ 27 cosh (7))
= = sin 0. (A58)
ot T2 sinh (31'9)
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Substituting these expressions into the horizontal wave force equation

B yields:
2
: 212
3 PATZH? cosh? G )
Fp = Cp — 554 cos 6 |cos 6|
H 2T Si.l'lh2 (T)
b | §
&l .
q 2ne ]
y 2y cosh (5) :
T sinh (-——L ) -
ji §
i or F, = Cp Fpy cos 8 |cos 8] - Cy Fyg, sin 6 (A60) ;
| where ‘
h | A
| ii
' 2wz cosh? (313 .
i FDh = pPAT l: z,l;d (A61) \ E
k| 2T sink® (5P 3
i E Y
i!‘—
pV2w2H cosh (a“—;"-‘?-) 5
Fvh = — —¥5 (A52)
T sinh (59 §
B! The expressions Fp, and Fy, are constant for a given set of wave and l;
e pipeline conditions. :
| 3
: The horizontal component of the wave-induced force can also be g
written as: {’ ]
" - F, = Ay cos 8 |cose| + B, sin 6 (A63) ;
1 where if
Ry = Cp Fpy = 172 Cp p A g, up,,| (A64)
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Gl

=t e I Dy o, v abr

7H cosh (2%59
Umax = T g (465)
T s (&
' oJu
max
2nz
Q2w O L) (A67)
ot max T2 sinh (2%?5

Thus, the total horizontal wave force at any position 6; in the wave
cycle can be expressed as:

Fp (85) = (Fp), + (Fp),

A, cos 6; [cos 8;] + By sin 6, (A68)

where the parameters A, and B2 are constant for any given values of Cp
and Cy, corresponding to the particular wave and pipeline conditions

under consideration.

The sum of squares of the differences between the observed horizontal
forces, Fon (91), and the corresponding calculated foices, Fy (ei), is

written as:

1

P~

n r
Zlth (8;) - Fgy (8;)1% =

{Ay cos 63 [cos eil
i= 1

+ By sin 8; - Fo (8;)]%. (A69)

The derivatives of this expression taken with respect to the unknown
parameters A; and By and set equal to zero give the following equations:

3[Fp (01) - Fgp (3117

= 2 A, (cos 8 [cos 8;] )2

FAZ

Sk s

P
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+ 28, sin 8, cos 6, [cos 6,|

- 2 F (6;) cos 8, | cos eil

=0 (A70)

- . d[F, (8,) - F_ (8.)]2 .
h h ;
j _ = 5§£ 2 = = 2 A, cos Gi | cos eiI sin 6,

.2
+ 2 B2 sin Bi

s e A

: -2 Foh (ei) sin Gi
}

( = 0. (A71)

- B ]

e

n
: A Since ) sin 6
v 1 i=1
’ spaced intervals ei summed over 2 complete wave cycle, the resulting
summed expressions for the derivatives set equal to zero are

; cos 6, [cos 6,] = 0 for an even number of equally

ST ol T e
‘ i s B s v N i B

[ e I=]

Fop (6;) cos 6 | cos eil =0 (A72)

{

i ) |cos 6,1)2

3 (cos 0, |cos 6.])2 -
| h2 i=1 ! 1 i=1
:

! E Yy
; ! B sin® 6. -
5 | 2 12 g

I e~3

i ¥
F. (6.) sin 6, = 0. (A73) *!
1 oh i i

s R aclh

‘ These expressions are easily solved for the unknown parameters by and ¥
! BZ’ yielding: 3

-
© Lt

S0
bt A e

L Fp, (8;) cos 6, |cos Gil

y) T (A74)
| 'X (cos 0, | cos Gi])2
i i=1

|

i . E
i

i

i
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(A7)

The coefficients of mass and drag which best fit the horizontal wave
force data throughout the entire wave cycle can thus be obtained directly
from the parameters A2 and B2 since

n
A, izl Fop (8;) cos 0, | cos Bil
Ch = = (A76)

n
FDh izl (cos Oi |cos 9i|)2

igl Foh (ei) sin ei
— (A77)

By
e S = n
W g, Byn ] sin® 6,

i=1 '
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APPENDIX B
ANALYSIS (TwWO-DIMENSIONAL DATA)

COMPUTER PROGRAM FOR VERTICAL LEAST SQUARES

o —7 s e
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plhe g Ty

%
b
d

R T S

¥

o e+ ——

§ e,

N
g R TN . AN M PO

A1),FP(a1),F (81D,

-

ZED DATA
NoUF yOF yDTA 4 XC

Ny XW XF CoMIyFO (MICI),I01,48)
yiut a0}

2F 3409 2F3e 3)
302¢1292F205,47F3.0)

* C OETERMINE waVE HE IGWT
00 11 1s1,4
IF(HI(1)-wD)21,23,23
21 HX(I)m=(wO-HI (]} IS (ON/C)I®(1 o/XW)
GO TO 11
23 RX(1)a(HIC(I)-wO)IS(UP/CIS(Lle/XM)
) 11 CONTINE
He (HXCL) ¢HXL2)~HA( I )-HX( &) ) /2.
€ CALCULATE CONSTANTS IN FORCE EQUATION
PlIs3e 141592¢836
RAnl1,930
CALL WAVEL(T,D,xL)
IVSCL (oS80
ABEXP( (2 %PI®ZV)I/XL)
COSHARAG(L1e7A)
X SINMA=A-(147A)
O=EXNP({2,.%PI%D) /XL )
SINHSIB~(1/8)
CSsCOSHA/ SINHR
SSaSINHA/SI NS
CFIsREDIASXCENRP [EP /{248 TET)
FLVaCF | EHECSECS
FOVSCFaHE538SS
FMYsCFLSDIARP I *SS
Us (HSCSePT ) /T
C DETERM INE AVERAGE, MAXIMUM, AND MINIMUM FORCES
FMAXD-,S

[ 7]
"
=]
b ]
I3
»
-
-~
n
»
n
“

Fou s e R
»
-

e

e e

R

0
QIT70471,71
1)=FOIS(DF/C) 0002204/ XKF

1)=-FOIS(UFE/C)8,002204/ XK
TeFMAX)902,901
TeFUINIDO3 12

e
G Od
mwlCwll ~ %

e,

CONT INVE
SF=SF /40

141

wmﬂf‘ e
s
A

Fa TS AL WL i N OIS SN VPR O ikt i e ik s sk LU 7 e o et uba

e M S i o 43k o

i




c CALCULATE Sum -
‘Fatbo S OF SQUARES AND PROOUCTS

SFRale

Qe
OVae 314129165306
As=DT
00 1S 1s1,480
ASDT
X(1)=C0S (A)

sde
Y(l)=sCOS(B)

VY2AYS3FY
VAsAQ#SFQ
VIsAZeSFEZ
VRaSFF-VYX-VY=VI-VQ

CALCULATE COEFFICIENTS AND PARAMETERS PMI AND K
PHI=28,6478ATANZLAQAY)

IF(PHI L Te=45.)7999,87309

PHIPHI ¢ 180,

CONT INUE

YASSQRT(AJSAQ+AYEAY)

CLVS24 SYA/FLY

ANG = (ANGLE®P] 171800

CLVASCLVY/COS(ANG)

CLYUsCLVA/COS{ANG)

CHVa-AX/FNY

COvVa=-AZ/FODV

AR S=(SF/{CLYEFLV))

PRINT RESULTS OF ANALYSLS
PRINT 200

200 FORMAT(1M1)

PR IN

c

7999
8999

[4]

T A
4 FORMAT (10X ,GHY(SEC)

e TRoOMMT IFT )y 3K

IMAX(FPS) 384X, PHCLEAR(FT) 46X,y

THOIACFT),

WAVELIFET), 6
IXe12HCYL L

Ko THDEP(FE T) o4 Xy OHY
GTH(FT) 4K, BHANG(D

2€G))
PRINTY 300.7.H.XL.D.U.CL.DIA.!C.ANGLE
300 FOﬂﬂAT(ZX.FlJ.?.FISoJ.FlJ.ZQSFIJOJ.Fl!olllll)

PRINY 307
307 FORMAT(6X,12HTOTAL SU% SO.OKQSHCOSIA.IOI.SHQINZA'IIl.‘ﬂCOS\vO!'IOH

ety e

LA
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“-

* <

[ 4

14

NAZSINAZ 46X QHVARTANCE )
3014 Fﬂ‘ugf¢g‘t%"'V'oVO.vx.vz.va

310 rouuat(aox.anav.t;n aulo.lll.aﬂhl.lal.lnll.lqu!HVAI
BRINT 302,A¥ A0 AX ALy
02 o ﬂ;?(l!l.!&lb.tl‘

308 FOllAV(AII*SNFLV.‘tl.ahOuv.|tl.3ﬂ'0VD
PRINT 303, FLV FHV ,FOV
303 Fg?:l?(:ﬁ&.s?‘toillllb

10

IO“:?:‘:V(‘Glo5N.CLVvl°l.Sh CLVA 10X BH CLVUELINSH CHV 10Xy6H4 COV
PRINT so&.cuv.cuva‘cuvu.c-v COVy XK oPHI

308 FORMAT(SEIS.3,FiS, Fi8.2/007)

Rt 09
309 FORMAT{38x QHFAVG(LII.VI.QHFMARILB).rl..uFNIN(Llil
INT 308 ,8F FMAX,FMIN
3ce FoanAt(:ox.rie 180877771
PUNCH 387 DCL* ‘.‘N&.‘T sM XL U CLY CL'A CLYUPHL ¢ AKX yCMV 4 COV
307 FORMAT(FAL3 3. 3,F4e0, MM T D St e 2 T 10134 N SN TR

12,780
PLO;.?IIGlzlL DATA AND RESULTS FCR CONPARISON
26 PORMAT(SX,7H FPILED 3K TH FVILE) 22K, @M RESILE)/)
00 31 Lsis101
GIL =N
31 CORTINUE
25 131,40
PYCT)aAKBX(L)£AQRGL1DSAYEVL L IAZEZUT ) 0SF
RES(1)eEPLL)=FVIT)
28 CONTINUE
EeAES(FR(1))
00 89 =280
CsaBS(FV(I))
AABS(FPII))
IF(C=B)57,57,56
s6 Be
87 1F(A-8)59,59,58
8 = A
89 CONTINUE
s89./8
1F(88-800.)61,483,8)
61 1F(88-400s)62548 08
62, 1P (88-2000 163,853,488
63 1F(BB-100s)64,46,468
64 B850,
GO TO &7
43 880800,
GO YO o7
as 882400,
60 YO 47
s5 88200,
GO TO A7
46 088=2100.
o7 continue
| ]
G?Slialnl
JuS]e¢d0¢FEPL] )
ReS1e+BBeFVIT)
LaS)e¢+ABSRESII)
Gla)miHe
G(x)aine
SainT 100 (1) RER(3):6
¥ Al
100 wonnav(:ni.: 1008 ltl’*
AT
QIK)-lH
G(L)alM
32 CONTINUE
60 70 8
10 CONTinuE
Siarcurine uvn.n&omu
8232020747760 203
Tt t20 fats3
oleiecIPo) TaltlaL estinaiiz ron waveLEneTH
x aee
nALLOY WATER INLTIA ESTIMATE FOR WAVELENGTH
A e TesarT (D32 2
. x .:%'l"‘( TRD/RLX)
-
’x“ﬁa:s UKL X=KL )=0008) 88,8
s
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oo

-

:.570:00 )OI0.00I

()
-y
-y
l 3
we

932842133 012,002

-®

‘

GTu00 1008,9813
49806),M43
HM2)=xT3(1))

GO Dot oo
* o e

FY T ]
»x v
- min

~%

2
1-(!73-771)-.02
RielQ
lJJli00l

JuxtJd
£ CALCULATE CON’T;NSS IN FORCE_EQUATION

c

Pls3p i 419926
Re1,938

CALL vszLtT.o,xL)
lv-CLO: %

AsSEXO( (2.8P1I02V) /L )
COSHAsA®(L,/7A)
SInHABA=(Le 7A)
BeEXP( (2P IED) /L)
SINNBe3-(1¢/8)
CSsCOSHA/S INME
5S5sS5INHA/S INME
CELaRADI LS NCOHEP ISP/ {2%TST)
FLYaCE 1 SHeC34CS
FDv-CFlﬂNCSS‘SS
FUVACFISDIASP I 888
Us{HECSeD] ) /Y

DEfelnlne AYERAGE, NMAXIMUM, AND MINIMUM FCARCES

FHAXE~-,S

FNINE. S

$Fu0,

DO 13 (=t

PRI arl (1o TMI=1)%0,02200
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YA=SOAT ( AQS AQeAYSAY)
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N6 :g::::g.lxﬂlVOzglm':ﬂ’l.lﬂlo LBRsBWAR S L3R BWTA)

30e_PoRNATIOIR .
e u" l’ aBMP Y ¢ AR Xy NPV )
3 ;gm; 30 U2 o U
-mlama’\;hu A CLULIONGEN CLUALLON,BH CLWIGLIZIEN CHY 210X,4N COV o
T H VA, CHV (COV, XK, OHE
avmmnl .:wu.‘ HN772 71 Sl

{34
‘ll'!’ll ‘N'AV.(L'I.7l.Oﬂ'llllLllofl.."'ﬂlN'L.’)

PRAR
204 ro:nutm &h.o bl‘o‘;llli P
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€ CALCULATE CONSTANTS 1N ZORCE EQUATION
Plad, 14159268 3¢

: CALL WAVEL(TY,DyRL)
: IVeCL+( o 8801R)
ASEXP( (e ®PIRZV) /XL )
COSHA=AS 1o 780
S=EXP( (2.4P180) /XL )
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-
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1S CONTINUE
AP=SFEP /20,
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PRINY RESULTS OF ANALYSIS
FRINTY 200
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5§é§g¢ps).4x.9ncueaa3 16X, 7HOTACFTY, 3x, 12MCvL  LatHIPT) s ax, 8MANG (D
PRINT J300,ToHyXL oD 4U4CL (OIA,
300 :gg::r;gx.cxs.z.rni.s.rna.z.sri NSFisc 1o
320 FORMAT(26X,12HTOTAL SUM 307X, 3HSIN, 10X,8HCO8/COS/)
PRINT 33143FF c¥P o¥Z
331 FORMAT(20X, ¥1Se
PRINT 332
332 'ﬂﬂ.lT(‘QXQZHAP.lJXQZHll,
PRINT 333,AP
333 roanur¢:en.z¥xs.e/n
PRINT
334 'Oﬂ“hT(‘Ol JHNFMMHEL2X o 3HFDH)
PRINT 338 .FWH.FON .
333 FORMAT (38X, 2F18¢6/7/7)
PHINT 336
336 FORMAT (46X, 3HCMM 12X » 3HCDH)
PRINT 337,CMMH,COM
337 FORMAT(3SX,2F18e3/7/77)
PRINT 309
309 '0““‘7(JOK'QN"VG‘LU"7l|3ﬂ'..‘(L"'7!90"’“!N(LU))
PRINT 304,SF jFMAXyF
PR <L O 1 d St T it Lot AP
PUNCH ."79CL*D|A.AN“—! ToHeXL Uy CMHyCDOM,SF
307 FORMAT(Fée 3,880 3,F8e0,F302,FS.3,F6e2,F 60k 2F302,F10e6)
PLOT ORIGINAL DATA AND RESULT3 FOR COMPARISON
26 PCRMAT(AX,7H FPILB) »3X,7H FHILB) y2X,)84 RES(1.8)/)
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TABULATED VERTICAL FORCE DATA
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APPENDIX F

TABULATED VERTICAL FORCE DATA
FROM THREE-DIMENSIONAL EXPERIMENTS
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