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ABSTRACT

The interaction of waves and currents and their relationship to the
forces on submerged pipelines was investigated at Texas A&M University.

A model pipeline in a wave-current test facility is used to obtain ex-
perimental force values which are compared to values predicted by wvarious
theoretical methods of representing wave propagation in a current.

The Morison equation is employved to evaluate the forces on the hori-
zontal cylinder. The major input parameters required by this equation
are the water particle kinematics of velocity and acceleration and the
coefficients of drag and inertia. Each of these parameters is investigated
inaividually in order to ensure that compensating errors in the force cal-
culations are eliminated. The coefficient of drag is determined from the
simultaneous measurements of the horizontal water particle kinematics and
the fluid force on the cylinder. Several wave theories for waves propa-—
gating in still water are modified to include currents by various com-
binations of their respective horizontal velocity fields. These water
particle kinematics are compared directly to experimentally determined
values.

The measured forces are compared to the forces cbtained by the Mori-
son equation with the coefficients determined in this study and the
kinematics predicted by the modified wave theories. The data are also
compared to previous results for the individual cases of waves or currents.
These comparisons demonstrate the changes of the coefficients of drag for

the combined wave and current conditions.

ifi



The primary purpose of this paper is not to provide explicit proto-
type design criteria, but to provide the design engineer with an iﬁ—
sight into the fluid force parameters of interacting waves and currents.
The results are presented in a manner that demongtrates the apparent ac-
ceptability of superimposing the velocity fields of the wave and current
to prediet the total velocity field for the determination of the fluid

force by the Morison equatiomn.
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INTRODUCTION

Offshore industries have long recognized the importance of under-
water pipelines as a vital link for the transmission of materials between
onshore and offshore facilities. Although these pipelines are costly at
sea, they remain the most feasible and therefore the most economical
method for transporting materials continuously over relatively short
distances. To ensure their continuous operation, adequate design criteria
are required. In some cases, a lack of the necessary information for
their design has led to high safety factors, which in turn have increased
the cost, Additional information concerning the hydrodynamic loads can
help reduce the uncertainty and therefore the cost.

The hydrodynamic loads on an offshore pipeline resting on the bottom
are a function of parameters associated with the waves and currents act-
ing near the pipeline. There have been many studies conducted to develop
the criteria needed to estimate the hydrodynamic loads imposed by waves
and currents. Many of these studies have investigated the effect of these
phenomena individually, but to date only limited research has been directed
towards evaluating the combined effect. In general, the investigations
of the interaction of waves and currents and their effect on the fluid
force have been directed toward vertical piles and structures in a random
wave field with a current present, but the fluid force of waves in the
presence of currents on pipelines has not been directly addressed.

The purpose of this research is to investigate the interaction of

waves and currents and its relationship to the forces on submerged pipe-



lines. A model pipeline in a wave flume is used to obtain experimental
values, which are compared to values predicted by various theoretical
methods of representing waves propagating in a current.

The Morison! equation is used to evaluate the forces on a horizontal
cylinder resting on the bottom. The two major inmput parameters required
by this equation are 1) the water particle kinematics and velocity and
acceleration and 2) the coefficients of drag and inertia. FEach of these
parameters is investigated individually in order to ensure that compen-—
sating errors in the force calculations are eliminated. The coefficient
of drag is obtained directly by the simultaneous measurements of the
water particle kinmematics and the fluid force on the cylinder. The hori-
zontal velocity predicted by Airy and Stokes third order wave theories in
still water are combined with a current by the algebraic addition of their
respective horizontal velocity fields at a specific elevation. These
velocities are compared directly to experimentally determined values.
Measured forces are compared to the forces obtained by the Morison equa-
tion, using the coefficients determined in this research and the kinema-
tics of the modified Airy and Stokes third order wave theories. The
error associated with the algebraic addition assumption is investigated.

Many wave and current orientations are possible in the field, but
only the case of a wave propagating in the direction of the current is
investigated. It is felt that this orientation will represent the most
severe condition that will be experienced in the field. Further investi-
gations will be needed to verify this assumption. 1In order to determine
the individual effect of currents on wave forces, the fundamental problem
of monochromatic waves and currents must be evaluated before other ef-

fects such as random waves can be attempted.



.The primary purpose of this research is not to develop explicit
prototype design criteria, but tc provide the design engineer with an
insight into the parameters governing fluid force in combined wave and
current conditions. The parameters for fluid force are affected by‘the
interaction of waves and curtrents, and the variations of these para-

meters are presented.



LITERATURE REVIEW

The mechanism by which currents affect surface gravity waves has
occupied the thoughts of theoreticians for many years. The early works
by Longuet~Higgins and Stewart?>3 are considered classics. Other in-
'vestigations by Jonsson, et al." provided the design engineer with a
practical knowledge of the wave-current interactiom. They presented
methods which could be used to predict the changes in wave heights, wave
lengths, and celerities for a wave propagating in a current. Many more
investigations followed. The majority were theoretical studies of the
interaction processes. Some researchers, such as Hales and HerbichS,
experimentally measured the changes in wave parameters to contribute a
further understanding of the interaction phenomenon.

Recently, the investigations of the wave-current interaction problem
have been expanded to consider the effect of this interaction on predic-
tions of the forces on submerged structures. Dalrymples, using methods
which he had developed previously, analyzed the field data of '"Wave Pro-
jeet Two." He determined that the coefficients required by the Morison
equation were biased due to the wave—current interaction, so that error
could be introduced if this effect was ignored for fluid force calculations.

Considerable work has been accomplished by Tung and Huang7’8 who
investigated the effect of wave-current interaction on random wave fields.
They developed an expression which includes a current when computing an
energy spectrum for a given wind speed. Including a current will change

the energy of a'given random wave field, and therefore the response of a



structure to this wave field will change.

The effect of currents on the forces on submerged pipelines has not
received the same degree of attention as have other submerged struc;ures.
There has been an abundance of research on submerged pipelines concern-
ing only the conditiom of wave forces. In these investigations, the ef-
fect of roughness, distance from the boundary, and angle of incidence of
the approaching waves have been investigated to determine the coefficients
required by the Morison equation. The changes in these coefficients due
to the interaction of waves and currents are the main focus of this re-
search.

Longuet-Higgins and Stewart? studied the changes in the form of
short gravity waves on long waves (such as tides) and currents. Short
gravity waves, when superimposed on much longer waves, have a tendency
to become both shorter and steeper at the crests of the longer waves,
and longer and lower in the troughs. The changes in the amplitude and
wavelength of the shorter wave train were rigorously calculated. The
results differed essentially from those previously predicted by UnnaZ.
Unna showed that the reduction in wavelength when waves meet an adverse
current causes a reduction in their celerity and the speed of their energy
propagation through the water. He assumed the period of the waves with

reference to a fixed point in space is constant and derived an expression

for the new wave celerity as:

C 1 21d 40 2ud
= = = Badatod + =2 Lh
CO 5 tanh - (1 _J/l + Cl coth T 5 SR 4 ) |

where C is celerity of the wave in the presence of a current of intensity
U, and Co is the celerity of the wave in still water. Unna assumed that

the wave energy is propagated at the group celerity plus the speed of the



current. Based on this assumption, in deep water when U = —-% C0 the net
group celeriFy is equal to zero and no energy can be transmitted, so that
the wave must break. These assumptions by Unna stated that there could
be no interaction between the wave and current. Longuet-Higgins and
Stewart later developed an expression which include an interaction term
designated as ''the radiation stress."” It was shown that when a train of
gravity waves of amplitude "a" ride upon a steady current U, the trans-

fer of energy across any vertical plane normal to the motion is the sum

of four terms:

EC +EU+ S8 U +-£ hU'3 T
g x 2

where E denotes the mean energy density, Cg denotes the group velocity

and U' is a modified stream velocity. Sx is given by:
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The first term of equation (2) is the transport of energy of the group
velocity, and the second term represents the bodily tramsport of the
free—stream velocity. The last term.of equation (2) represents the trans-
port by the stream U of its own kinetic energy. The third term SXU repre—
sents the work done by the current U against the "radiation stress" of

the waves. These results were applied to develop relationships for the
changes in amplitude and wavelengths for short gravity waves moving on a
current or long tidal waves.

Peregrine10 states that an appreciable error can be introduced be-
cause of the significant difference in the dispersion relations for waves
propagating on still water and waves propagating on a uniform current.

Airy theory was used as a basis to determine the dispersion relationships

for both conditions. These two conditions differ, since a wave propagating



on a current has a different celerity due to the interrelationship of the
wave number, position vector, and uniform current for the combined condi-
tion. Peregrine expanded the graphical technique of Jonsson" to determine
the solution of dispersion relationships for the combined condition. The
difference between the dispersion relations of a wave in still water and
wave on a current can be an appreciable source of error if the presence
of the current is overlooked. These errors are greatest when relation-
ships among the wave properties at the surface (such as measurements of
surface profiles) are used to determine bottom particle kinematics. An
example of this type of error is the determination of surface amplitudes
from bottom pressure measurements. The minimum period of waves for
which a current of 0.5 m/sec (1.65 ft/sec) may be ignored in calculating
surface amplitudes from bottom pressure measurements (as calculated by
Peregrinew) is presented in Table 1.

Table 1 - Minimum period of waves for which a current of 0.5 m/sec

(1.64 ft/sec) may be ignored in calculating surface amplitudes
from bottom pressure measurements.10

Depth (m)
1 2 5 10 100
Period with error of 5% (sec) 4.5 5.4 6.9 8.0 14.0
Period with error of 20% (sec) 2.7 3.2 4.3 5.3 11.0

Generally, forces on submerged structures are computed from kinematics
determined from surface characteristics. Peregrine states that these
computed kinematics will be in error; therefore, the calculated forces
will be affected by this error.

Dalrymplell developed a numerical model for waves propagating on

shear currents. He used a bi-linear and linear medel to represent ocean



currents. These models represent an extension of the Stream Function
theory described by Deanl?, which generates a wave propagating on a cur-
rent with a veloecity profile which is constant in magnitude over the
depth. Dalrymple stated ﬁhat using a shear current model better repre-
. gents the actual conditions in the ocean. He also stated that one
further advantage of these models is that they converge directly on a
desired wave height. To develop these models, he had to use several
simplifying assumptions. First, he assumed the effect of viscosity could
be neglected over short periods of time so that the current profile is
well established; secondly, he assumed that the directions of the waves
and currents were the same; and thirdly, he assumed the wave to be per-
iodic in space and time. The last assumption neglects any interaction
between wave and current because the interaction would cause changes in
wave amplitude and wavelength. He compared the results of his model to
results obtained by direct superposition of the velocity profile due to
a wave in still water and the velocity profile of a current. From these
comparisons he concluded that direct superposition of independent velo-
city fields is not valid because of nonlinear interactions of wave and
current. However, in deep water, the errors of superposition are very
small.

Jonsson, et al.* presented theoretical results of a study of the
interaction among surface gravity waves and a steady current. They as-
sumed irrotational flow and a second order Stokes wave motion to intro-
duce the concept of the "mean energy level" for periodic wave motion with
a steady current superimposed. This concept can be used to solve the
dispersion relationship of a wave propagating in a current. They presented
a simple graphical technique which allows using this concept to predict

both the wavelength and the wave height for waves in the presence of currents.



There have been several investigations by different authors, who
studied experimentally the interaction of waves and currents. One such
study was conducted by Sarpkayala. The main objectives of his work were
a) to determine the conditions of stability of progressive, oscillatory
gravity waves in water flowing over smooth and artifically roughened
surfaces, and b) to evaluate the combined effect on the wave propaga-
tion of various interrelated characteristics of flowing water, such as
viscous shear, turbulent mixing shear, and nonuniform velocity distribu-
tions. From the tests, conducted in a wave flume, Sarpkaya concluded
that for a given flow, there is only onme neutrally stable wave. All
other waves show either exponential damping or amplification during their
propagation along the channel. He presented a graphical method for
determining this neutrally stable wave for various wave and current
parameters. He also concluded that the characteristics of waves propagated
in flowing water are not identical with those propagated in still water.
Thus, the principle of superposition is not applicable.

One of the first three-dimensional tests on the interaction of waves
and currents was conducted by Herbich et al.l% o determine the attenua-
tion of waves by a jet—induced current. This process is referred to as
a hydraulic breakwater in technical literature. The study aimed to pro-
vide an indication of the area that would be protected by the hydraulic.
breakwater, and the effectiveness of such a system for wave attenuation.
Experimental data are presented in figures that show numerical values of
wave attenuation in the protected zone. The conclusions indicate that
the current discharge requirements depend upon wave characteristics such
as length, height and water depth. Tor high values of attenuatiom,
higher current velocity is required for steep waves; however, the efficiency

is much higher for steep waves than for flat waves.



Additional three-dimensional tests were conducted at the Waterways
Experiment Station by Hales and Herbich® to investigate the effect of
currents on waves in a tidal inlet. They investigated the manner in
which nonuniform currents affect the characteristics of a superimposed
surface~gravity wave train. The work was conducted in a three-dimensional
wave basin which simulated a tidal inlet. Nonuniform currents could be
created in both an ebb and flood direction. The current was required
to build up on its own accord from essentially zero at the ocean, to a
maximum at the inlet throat, to zero again in the bay. From the test
results; it was concluded that the changes in the wave parameters due to
interaction processes were dependent on the current parameters as ex-
pected, buﬁ.the interaction also was dependent on other parameters such
as the water depth and wave steepness. The results of the investigation
were presented graphically as a function of various wave and current
parameters.

The effects of interacting waves and currents were extended to
fluid force determination on submerged structures by Dalrymple®, who in-
vestigated the field data of 'Wave Project Two." The data of ﬁWave Pro-
ject Two" were from full-scale tests in the Gulf of Mexico. These data
included the force on a test structure during Hurricane Carla. It has
been estimated that during this hurricane currents as high as .762 m/sec
(2.5 ft/sec) should have been experienced. This current would have had
a significant effect on the measured wave forces. Three particular as-
pects of the wave-current interaction problem were investigated: 1) the
effect of a mean current in biasing the drag coefficient required by the
Morison equation; 2) the approximate determination of mean currents
from wave force dataj; and 3) the effect of wave and current direction

on the forces. Dalrymple presented the methods and results of

10



Aagaard and Deanl!® for the coefficients of drag and inertia without in-
‘cluding the effects of the current. These results are shown in Figures

1 and 2. Dalrymple assumed that the inertia coefficient would not be
affected by the current, and that the current was in the same direction
as the wave. With the above assumptions, Dalrymple derived the following
expression for the relative error in the coefficient of drag (CD) as a
function of the ratio of the current velocity (U) to the wave-induced

velocity ({d):

D D _ 64 .U 4 U2
Y 3 G . . . . ()

where Cé = drag coefficient determined without including the effect of

the current. This expression is presented.graphically in Figure 3 as

the upper curve. The error, at least for currents in the direction of

the waves, is always positive, which indicates that the drag coefficients
obtained without assuming a current are larger than the real CD value,
Dalrymple then took another approach to the problem. He computed the

drag coefficients by averaging force over the period to determine the
zero-force condition. He then computed the relative error in CD associated
with using this averaging process, and presented this error in Figure 3

as the lower curve. Dalrymple concluded that if the effect of the cur-
rent was not included in the drag coefficient, the value of these coeffi-
cients would be greater than the real values, and that the coefficients
determined by including the currents are only applicable to the same de~
sign situation. He developed a technique that would allow for a determina-
tion of the mean current from the force data by minimizing the squared
error in the wave forces. He concluded that currents flowing in direc-—

tions other than the wave direction will result in reduced wave loadings

11
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on the structure., Dalrymple states "For relatively small currents in

drag-dominated cases, the in~line component of the current is important

in modifying the wave form and increasing (or decreasing) the total forece."
Tung and Huang7’8’16 investigated the effect of currents on the

statistical properties of waves. An expression for the frequency spec~

trum of a random wave field was derived based on the Kitaigorodskii-

Pierson-Moskowitz spectrum using small amplitude wave theory. The ex-

pression for the combined spectrum is

49_(n)

¢(n) = 4Un

(1+ 1+ —g—)lﬁ) (L + %);5 4Un

+ (1 + —EMO)

in which n = frequency; g = gravitational acceleration; U = current
speed; and ¢O(n) = frequency spectrum of the waves without the influence
of the current. The surface elevation spectra, velocity spectra, and
acceleration spectra for a 40 mph wind are shown in Figures 4-6, res-
pectively, for various current speeds. They were determined using the
relationship in equation (5).

These results were extended to the dynamic response of a structure
under the influence of waves and currents by Wu and Tung17. The Morison
equation was used to compute the hydrodynamic forces. Four structures
were used for the dynamic analysis using an ideal lumped-mass system in
conjunction with the normal-mode technique. The method of analysis was
a standard method except for the fact that the kinematics of the water
motion were determined by the vector summation of the current velocity
and the wave-induced velocity. This assumption was introduced into the
equations of motion through the linearization of the Morison equation as
18

proposed by Malhotra and Penzien The equations of motion were solved

for the four structures using the normal-mode superposition technique.

14
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Using the technique described above, four structures were investi-
gated for varying wind and current conditions. Three different wind
conditions of 50, 75 and 100 ft/sec were used as input to the Pierson-
Moskowitz wave spectrum to determine an expression for the random sea
state. These wind conditions were applied with a current of either 1,

2, 3 or 4 ft/sec to determine the forces on the structures. The rasult-
ing maximum displacements for each of the conditions were compared to
explain the effects of currents on the response of the structures.

The main result of this study was that the influence of a current
on structural response is significant, especially when the structure is
tall and flexible; however, the effect of the current is smaller when
the wave forces due to the wind become larger. There seemed to be a
large increase in the displacements due to the base shears and gverturning
moments. This is probably due to the additiomal force of the current.

Wu and Tung leave out two important facts by their assumptions. The

first is that the particle motion can be explained by the direct vector
addition of the waves and currents. This assumes that there is no inter-—
action between the waves and currents causing some modifications to the
momentum. The point that some changes can be expected because of this
interaction is noted, but documentation of this fact is still needed.
Secondly, the authors made no mention of how the values of CD and Cm were
chosen. The values of CD and Cm may not be the same for interacting waves
and currents. This may be a reasonable assumption, but verification is
still needed.

Sekital® experimentally determined the coefficients of drag and in-
ertia for a fixed platform structure. He simulated the current by towing
a model of the structure in a test tank where waves were being generated

in still water. He determined that the additional force of the current

16



could be directly added algebraically to the wave forces without a cur-
rent. Since the waves were propagating in still water, the prineciple
of superposition should be valid. This way of representing the current
does not, however, represent the interacting process of the waves and
currents.

The effect of the current-wave forces interaction has been studied
less extensively on submerged pipelines than on other submerged structures
such as vertical piles. Much work has been completed on the case of in-
dividual wave forces on offshore pipelines and the coefficients required
by tﬁe Morison equation for this configuration. A report by Davis and
Ciani?? reviewed the present (1976) design aids for determining the fluid
force on submerged pipelines. Their main thrust was to present the litera-
ture associated with determining the fluid force on the pipeline due to
wave forces. Results from many authors were presented and compared.

Much of the literature reviewed concermed the determination of coefficients
of drag and inertia used in the Morison equation. Several graphs are
presented to determine the coefficients of drag and inertia for various
wave parameters such as the Reynolds number and the period parameter
suggested by Keulegan and Carpenterzl. Davis and Ciani concluded from
their review that the Morison equation has been broadly accepted as
reasonable for design and that the velocity and accelerations predicted
by Airy wave theory are adequate for the prediction of the kinematics

for use in wave force estimates despite its limitations. Also, they con-
cluded that the empirical estimates of the wave force coefficients are
for the most part determined in the laboratory and their extension to
prototype design is questionable because of scale effects and inconsis-—
htencies among the data for the coefficients as presented by different

authors. Davis and Ciani presented methods by which the fluid force

17



could be determined if a current were present, but made no recommendation
for a procedure when both waves and currents were present.

Many additional studies have evolved recently on the wave forces on
submerged pipelines. In these studies for the most part, the Morison
equation or a modified Morison equation is used to calculate the wave
forces. The thrust of the current literature is to determine the coeffi~-
cients of drag and inertia at high Reynolds numbers, which are most re-
presentative of the prototype conditions. This type of research is
needed, but it also is necessary to expand the knowledge of the drag
force coefficients for offshore pipelines under the combined wave-current

condition, which is the objective of this research.

18



THEORETICAL CONSIDERATIONS

The definition sketch of the idealized two-dimensional wave-current
problem for offshore pipelines is given in Figure 7. This configuration
may represent a pipeline resting on the ocean bottom. The cylinder has
both horizontal and vertical forces acting on it due to the passing wave
and current. Only the horizontal force is investigated in this research.

1 equation is used to predict the horizontal

Generally the Morison
forces on a cylinder resting on the bottom. The limitations of the
wave characteristics on the applicability of the Morison equation are
best described by Figure 8 (From Garrison and Rao??) ., The areas of ap-
plicability are described in terms of two dimensionless parameters. This
figure shows that for small ratios of the diameter to wavelength and
large ratios of wave height to diameter (H/D), the Morison equation is
valid and drag forces are the predominant forces. Typical values for
the H/D and P/L ratios for this research are 5.0 and 0.02, respectively.
These values indicate that the Morison equation is wvalid for the fluid
force prediction in this research for waves and is assumed to be wvalid
for the combined wave-current condition.

The Morison equation considers the total horizental force (fﬂ) as

the sum of the horizontal drag force (fD) and the horizontal inertial

force (fI) (all forces expressed per unit length of cylinder):

fH = fD f fI e €2

The drag force is a function of both a drag coefficient (CD) and the

horizontal component of the water particle velocity (u) if the structure

18
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were absent or:

C

D
fD == pD ulu] e
where D = the diameter of cylinder,
p = mass density of the fluid.

The inertia force is a function of the Inertial coefficient (CI) and the

horizontal particle acceleration (1), or:

e P €:)

To clarify terms, the coefficient of inertia includes a coefficient
of added mass (Cm) and a pressure coefficient equal to the pressure acting
on an imaginary cylinder in an accelerated flow field divided by ﬁhe dis~
placed ﬁass_pf tﬁe fluid. For a uniformly accelerated flow, this pres-—

sure coefficient is equal to 1.0, thus:

¢ = L0+ G v v e e e e e e e e e e e (9)

TW6 ﬁf.fhe major input parameters required by the Morison equation
are the coefficients of drag and ineriia. These coefficients must=be
determiged experimentaxly. This is accomplished by measurements or
theoretical predictions of the horizontal water particle kinematics in
conjunction with fluid-force measurements. The coefficient of drag can
be determined when the horizontal acceleration equals zero by the fol-

lowing equation:

2f
- D ... .(10)

CD = Eﬁ—ETGT e e e e e e e e e e e e e e e e e e e e

when fI = 0. TFigure 9 shows qualitatively the local fluid velocities

and accelerations for the wave condition and for the combined wave-
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current condition in a Lagrangian reference frame. Tt can be seen from
this figure that under the crest and trough, the horizontal acceleration
equals zero.

Likewise, the coefficient of inertia can be determined when the

horizontal wvelocity is equal to zero by the following equation:

4E
T R & )|

p':ruD2

when fD = 0. These points are well defined for the wave only condition
as seen'in:Figure 9: but for the combined wave-current condition, these
points are not well defined because the horizontal velocity does not
equal zero. An assumption is made that at phase angles of (¢, m, the
total force, is the sum of the drag force due to the current and the in-
ertiai-férce due to the wave. To calculate the coefficient of inertia,
a drag force due to the current velocity at that elevation (fDC) is sub-
tracted from the total force, so that the resulting force is only due to

the acceleration of the wave, or:
f. =f£, - f T T T .(12)

The inertia force determined by equation (12) is used to determine
the inertia coefficient in equation (11). The coefficients of drag and.
inertia are generally presented as functions of two dimensionless para-
meters. The first parameter is the Reynolds number (NRE). The Reynolds
number can Indicate the dimensionless ratioc of the inertial forces to

the viscous forces in fluid motion, or:
b
A ¢ K )

where D = characteristic length (diameter)
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u = horizontal component of the particle velocity if the
structure were absent at the time of interest,
v = kinematic viscosity.

Figure 10 shows the coefficient of drag for a smooth cylinder in a
steady flow as a function of the Reynolds number, which demonstrates
that the coefficient of drag changes dramatically when the flow changes

from subcritical to supercritical.

100 T T T i I T T T
10 -
c Subcritical Super
D eritical
1 . o
1 I 1 1 L 1 I 1 !

190 10° 10t 10 10? 10% 10% 10% 107
Reynolds Number

Figure 10 - Drag Coefficient Versus Reynolds Number
for a Smooth Circular Cylinder in a Steady Flow

The second parameter, developed by Keulegan and Carpenter, is re-
lated to the coefficients of drag and inertia. This dimensionless para-

'and it relates the maximum

meter is also known as the ''period parameter,'
amplitude of the oscillating particle velocity including both wave and

current (umax) and the period of the oscillatory motion (T) to the dia-

meter of the cylinder (D):

u
_ max
NKC e~ L R O L(14)
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This parameter has been found to be related to the coefficients of drag
and inertia for a very wide range of data.

The coefficients of drag and inertia determined experimentally in
this research are presented as functions of these parameters.

Two other major input parameters required by the Morison equation
are the particle kinematics of velocity and acceleration.

For a pipeline located mear the ocean bottom, the water particle
orbits are flattened (parallel to the bottom) for waves where the wave-
lengths are large compared to the water depth. The orbital motion changes
to a horizontally oscillating flow when the water depth is small compared
to the wavelength; therefore, in this condition the variation of veloecity
over the height of the pipe is insignificant. This fact allows the velo-
city at the midpoint of the cylinder to represent the velocity uged in
the calculation of the fluid force by the Morison equation.

Several methods have evolved to predict the horizontal velocities
under a wave propagating in a current. One simplifying assumption that
can be made is to use Airy'523 linear wave theory. If a uniform current
is assumed, the velocity potential of Airy wave theory (¢1) {derived from
Laplace equation and linearized boundary conditions) and the velocity
potential of the uniform flow field (¢2) can be added directly to obtain
the velocity potential (¢) of the combined wave-current condition since

both potentials are solutions of the Laplace equation.

I T R 2
and

¢1 = CO cosh ko (Z + d) sin (kox - wot) e e e e e e e e e e s W(16)
¢2 =1 x
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where 2z, d, 2z, U are defined by Figure 7,

27 , ,
ko = - = wave number for wave in still water,
2m . ;
w, == frequency for wave in still water,
CO = celerity for wave in still water.

The horizental velocity is given by:

g 2% 99y
=0 T e + el +Cok0cosh ko(z+d)cos (kox - wot) +Uu ... .17

e
I
l
i

Rearranging and using the definitions of the wave amplitude and the dis-

persion relationship, the horizontal velocity u can be written:

cosh ko(z+d)
o ¢ sinh k 4
o

W

rol

) cos (kox - mot) FU v h e e e e e e e . (18

In a similar manner the horizontal acceleration can be written:

9 (cosh ko(z + d)
o sinh kod

) sin (kox - mot) A 8 5))

These equations agree with a basic assumption used in practice:
that the velocity field of the wave in still water and the velocity of a
current can be summed algebraically to obtain the total velocity field.
It should be pointed out that this practice is valid only if the two
velocity potentials are solutions to the linear Laplace equation with
linear boundary conditions at the surface. This is not the case for
steep waves, for which nonlinear boundary conditions are generally ap-
plicable resulting in the nonlinear wave theories. Also, if shear cur-
rents are present, the superposition principle is not valid. In some
cases when steep shallow water waves are present with nonuniform currents,

the principle of superposition is still used even though theoretically

27



it is not valid.

Stokes third order wave theory is also used in conjunction with
the current to predict the combined flow field. Im this case, the para-
meters of wave height (H) and period (T) are considered to be the pro-
perties of a wave progressing in still water. These parameters are used
with the water depth (d) to predict the velocities under a wave if no
current were present. These resulting wave velocities are combined
algebraically with the current velocity profile to predict the combined
velocity profile. The equations and methods to determine the horizontal
wave particle velocities were those presented by Skjelbreiaaq. The com-—
puter programs used to calculate the particle motion are given in Appendix
I for linear and Stokes third-order wave theories.

The effect of the viscous boundary layer of the wave was neglected
in the calculation of the horizontal wvelocity near the bottom. Since
the actual current velocity profile was used for superposition, the
boundary layer due to the current was taken into account. Therefore any
error in the boundary layer was due to neglecting the boundary layer in
velocity prediction of the wave theories.

The forces on submerged pipelines are related directly to the velo-
city field near the structure. The accurate prediction of the horizontal
velocity fields is essential for the proper prediction of the forces on
submerged pipelines. The error associated with the prediction of the
combined horizontal velocity field will be directly related to the error
in the calculation of the horizontal force of a submerged pipeline. A
knowledge of this error will provide the design engineer an insight into
the error associated with the use of the superposition principle for wave-

current force calculations.
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EXPERIMENTAL APPARATUS AND EQUIPMENT

The experimental study was conducted in a two-dimensional wave-
flume facility of the Ocean and Hydraulic Engineering Group at Texas
AGM University. The dimensions of the wave flume are 45.72 m (150 ft)
in length, 0.46 m (1.5 ft) in width, and 1.22 m (4.0 ft) in depth. The
test section was located approximately 18.29 m (60 ft) from the wave
generator, Figure 11 shows the general layout of the test facilities.

The wave flume is constructed of a metal and wood frame with one
wall consisting of plywood and the other of Plexiglas. Currents are
produced by a pumping systém capable of developing currents of 1.22 m/sec
(4.0 ft/sec). The water depth for any specific flow rate was controlled
by an adjustable weir located at the end of the tank.

A wave absorber was constructed to reduce the reflection of the
waves. The design permitted large volumes of water to be transmitted
through the abseorber so that significant currents could be produced.
The absorber was comstructed of layers of expanded metal and rubberized
horse hair material. Gaps of 50.8 mm (2.0 in) were left between the layers
of matrerial to allow the fluid to pass through the abosrber at a high rate.
The flow—through capacity was further increased by constructing vertical
openings midway on the bottom side of the absorber, connecting the in-
terior of the absorber to the flow downstream., These gaps provide flow
paths so that the current could pass through the absorber which effectively
reduced the reflected waves. A schematic drawing of the absorber is

shown in Figure 12, and a photograph of its installation in the flume is
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shown in Figure 13. The absorber was found effective for reducing wave
reflections for the range of waves used in this research. The maximum
yeflection coefficient calculated was 12 percent, which was for long,
shallow water waves. The absorber was capable of passing currents as
high as 0.9144 m/sec (3.0 ft/sec) without significantly reducing the
flow of water through the wave flume. The absorber reduced the reflec-
tive waves at higher current values, due to the fact that the current
swept the reflected energy downstream into the absorber.

A photograph of the wave generator used in this investigation is
shown in Figure 1l4. The generator produces a wave by the plunging motion
of a wedge. The generator is driven by a hydraulic system. The speed
of the generator is controlled by an electronic valve which controls
the flow rate of oil to the hydréulic motor.

The period of generator (and therefore the period of the wave) is
adjusted by this valve. The range of periods that could be generated
are limited due to the seiching in the wave~basin gemnerating area. The
range of periods which could be generated without distortion was 0.8-1.3
seconds. For periods outside this range, the wave produced by the oscil-
lation in the generation area caused secondary waves to be superimposed
on the desired wave. The height of the wave was controlled by varying
the depth of the plunger. A wide range of wave heights could be gemnerated.
The height of the propagated wave was determined by the depth of the
plunger and the depth of water.

Filters were used in the locations designated in Figure 11. These
filters were constructed of 0.6 cm (0.25 in) wire mesh screen which re-—
moved the small surface ripples from the generated waves.

The facilities included two measurement stations as shown in a

photograph displayed in Figure 15. Station one was for the measurement
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of surface parameters and water particle kinematics; and station two as
shown in Figure 16 was for fluid-force determination. Station one was

used to gather the 1nformat10n for comparlng the predicted water par-

ticle to the théoreticalgﬁalues as discussed in the previous section. Sta-
tion two was usea to détérmlne the fluid force on the test structure. Since
the dlstance betwéen the two stations is 1 26 m (4.13 ft), it is assumed
that the wa&e characteflst;cs do nothhange between the stations. There-
fore, théﬁfeéﬁlté.ébtained aﬁigéaéién:one'can be used at station two.

The ‘test. cyllnder was - constructed of poly-vinyl chloride (PVC) pipe.
Its out51de diameter Was 44 5 mm (l 75 1n) The pipe was located 1.58 mm
(.0625 in) above the bottom of the tank.; This small gap was to provide
the free movement of the cyllndér so that the unrestricted movement is
transmitted to the load cell which converts this movement to an applied
force. Since only horizontal components of force were being measured
the effect of the gap is minimized. The spacing of the cylinder from
the boundary has been shown to. be a major factor for vertical forces but
is 1n51gn1f1cant for horlzontal forces when the gap is small compared to
the diameter. The test cyllnder extends through the walls of the test
tank. This extension helps to‘reduce end effects, whlch,supports the
two~dimensional assumptiﬁn:.. - .

Station one consisted of a capacitance~type wave gauge and a hot-
film anemometer probe as‘sﬁown:in Eigure 17; The capacitance-type wave
gauge was used for surface'pfofile measurements of wave height and period
because of its availability and lineérity{ _The results were recorded on
a Hewlett Packard Model 74024 oscillographic étrip recorder. This re-
corder is capablé of providing a time reference on the recorded data.

The period of the wave was determined by measuring the time between two

successive wave crests. The capacitance~type wave gauge was used with
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Figure 15 - Experimental Stations One and Two

Pigure 16

Experimental Station Two. Wave Force Determination
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a Hewlett Packard Model 17403A Carrier preamplifier. This preamplifier
contained the full-bridge network required by the capacitance-type wave
gauge. The output of the hot—film anemometer was amplified by a Hewlett
Packard Model 17402A Low-Gain preamplifier before the output was recorded
on a strip recorder.

A Thermo-Systems Model Series 1050 hot—-film anemometer was used for
the particle velocity measurements. This series consisted of a Model
1050A constant-temperature anemometer, a Model 1051 monito; and power
supply, a Model 1055 linearizer, and a Model 1057 signal conditioner.

The transducer used with the anemometer is a small resistance ele-
ment which is heated and controlled at an elevated temperature. A
Model 1210-20 hot-film transducer (probe) was used in this research.

The amount of electrical energy dissipated in the sensor is a measure
of the cooling effect of the fluid flowing past the heated sensor. The
cooling effect of the fluid passing over the sensor depends on both the
mass flow and temperature difference between the sensor and the fluid.

The relationship between bridge voltage and mass flow or mass flux is as

follows:
E2R %
7 = A+ B (pv) (tS - te) RN ¢{1)
{R+R.,)
3
where

A,B = constants depending on fluid and type of sensor
p = density of fluid
v = velocity
n = exponent (close to 2)

t_ = sensor operating temperature

t. = fluid or environmental temperature
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tot, = typically 40°C in water
R = sensor operating resistance
R3 = registor in series with sensor {usually 40 ohms)
E = bridge voltage

In operation, a current flows through the bridge. The amplifier
senses any off balance, and feeds back more or less current until the
bridge comes into balance. This additional electrical energy is outputted
as a bridge voltage which is amplified and recorded om the oscillographic
strip recorder. It can be seen from equation (20) that this output vol-
tage is related to the velocity by a highly nonlinear relationship.

The following section describes the methods used to calibrate this device
in oscillating flows.

It can be seen from Figure 17 that three locations were used for
water particle measurements. They were at 0.6L m (2.0 ft}, 0.31 m (1.0 ft)
and at the mid height of the cylinder at the bottom of the tamk. The
particle kinematics were compared at these elevations. The particle
velocity at the mid height of the cylinder was used with the measured
fluid force to determine the coefficient of drag. The probe was extended
into one side of the tank a distance of 0.15 m (0.5 ft). This distance
was selected so that the measured particle velocity would be out of the
boundary layer, but the distance was short enough to reduce the effect of
probe vibrations due to vortex shedding. The orientation of the probe in
the fluid flow is important, because by aligning the probe perpendicular
to the flow, only the horizomtal component of the velocity is measured.
The velocity parallel to the probe is not significant and can be assumed
to be zero. With the orientation shown in Figure 19, only the horizontal

velocity component was recorded. Only horizontal velocities and forces

38



UOEIB1S 159 PROT TOpoR ‘oal Uoriels o wexSeT( oT1v¥WR|DS -~ QT 2anSTg

Ll \\\\.“\\.;U\W\\ r.a N A S A rd A S A i
H J—y 4/:.
Jeputjin 1se)
| 1 :
T T | A b
i juiod 10aid —t
N poy Builosuuod =
aotnaq
Guuds — 112D peo

er T

S|jeM Nue] @sied
S|IeM Huel

39



were lnvestigated in this research.

Station two comnsisted of a capacitance~type wave gauge and a mechanism
to transmit the horizomntal forces on a horizomtal circular cylinder rest-
ing near the bottom to a load~cell device. A schematic of station two is
shown in Figure 18. The cylinder was connected by two arms which rotated
about a pivot point. This rotation transmitted the horizontal fluid force
on the cylinder to a load cell located on the top of the tank. The load
cell has a capacity of 1500 grams (=3.0 1bs). The load cell was conmected
to the rotating mechanism by a rod which was pointed on both ends and
which is held in place by a sgtiff spring. These pin-point connections
were used to reduce friction. This total mechanism was capable of trans—
mitting the positive or negative fluid force to the load cell without
disrupting the fluid flow near the model. The device was balanced around
the pivot points, so that any inertial force of the mechanism would pass
through the pivot points. This device was found to be very effective in

measuring the fluid force on the horizontal cylinder.
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CALTBRATION AND PROCEDURE

All the equipment used in this investigation was calibrated using
known values which were related to the output on the oscillography re-
corder. All equipment was re-calibrated at each major test except for
the hot~film anemometer which had to be calibrated periodically during
the testing due to drift of the output.

The capacitance-type wave gauge was calibrated in calm water before
the testing began. The device was connected to the carrier preamplifier
which contained the bridge network required for the device. The gauge
was balanced by the recommended procedure of Hewlett Packard. The
balancing consisted of adjusting the internal resistance and capacitance
of the bridge in order to balance the resistance and capacitance of the
gauge and connecting cables. This procedure assured that any change in
the capacitance across the bridge was due to the change in the elevation
of water detected by the capacitance network of the gauge. Once the
balancing procedure was complete, known changes in the water elevation
were applied to the gauge and the resulting movement of needle on the
recorder was noted. These changes were accomplished by moving the gauge
a known distance 30.5 mm (0.1 ft) typically in the water. From the num-
ber of divisions that the output changed for each increment of depth at
the gauge, a ratio was calculated that related the change in elevation
of the water to the number of divisions recorded. This ratio was used
to determine the elevation of the water surface as a function of time.

The ratio was computed at all increments so that the linearity of the
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gauge was confirmed. The gauge proved to be linear throughout the actual
testing period of the research.

The load cell was calibrated and balanced in a manner similar to
the capacitance-type wave gauge. A known load was applied to the test
cylinder, and the output of the bridge network was recorded on the os-
cillograph recorder display. The applied load was transferred through
a system of pulleys and weights described by the schematic diagram shown
in Figure 19. The total force applied to the cylinder is equal to the
suspended weight multiplied by the length ratio of the arms around the
pivot point. Any losses due to friction were neglected. The known load
is related to the output voltage recorded on the oscillography display by
a linear ratio. A sample output of the oscillograph recorder for the
known loads is shown inFigure 20. This output shows that the load cell
device was linear, and the ratio was calculated with an error range of
plus or minus 6%. Additional calibration tests were conducted for
larger applied loads in both directions. These tests supported the
fact that the load to a maximum of 500 grams (1.102 1bs) in either direc-
tion was represented by a linear ratio. TFigure 20 shows that as the load
was released, the bridge output voltage veturned to zero. This indicates
that at zero applied load, the recorder returns to the zero output volt-
age, and the load cell is well within its linear range.

Calibration of the hot-film anemometer proved to be difficult, due
to its nonlinear output and the constant drift of the output voltage.
The hot-film anemometer was calibrated by means of known velocities
created by a forced pendulum. A schematic of the forced pendulum is
shown in Figure 21. The angular velocity (wl) of the driving mechanism

is related to the velocity of the probe by the following equation:
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velocity of probe (ft/sec) = .7857 (ml) R X ]

v

P velocity of probe (m/sec) = 0.2395 (ml) Y 43

Four angular velocities were used to calibrate the probe. The angular

velocities and the related velocities are listed in Table 2.

Table 2 - Velocity calibration points

Calibration Angular Velocity (w) Velocity of Probe (V)
Foint rad/sec m/sec ft/seg

1 4.7306 1.1328 3.7166

2 1.8938 0.4535 1.4879

3 0.9492 0.2273 0.7457

4 0.4728 0.1132 0.3715

These four known velocities are used as calibration points for the hot-
film anemometer. These velocities were measured using the same apparatus
as the wave particle kinematics. The number of divisions for each cali-
bration point was related to the velocity by fitting the data to a power
curve. A sample of the output of a calibration test is shown in Figure
22, The graph showing the calibration points and the computed curve of
the curve fitting process is shown in Figure 23. This figure shows that
there is agreement between the calibration data and power curve fit.

An inherent problem of the hot-film anemometer is that the calibra-
tion will drift in a relatively short period of time. It was determined
that significant drift occurred in a period of several hours. To over-
come this problem, the drift as a function of time was investigated.

It was detérmined by ruﬁning successive calibration tests during a period

of one hour. Figure 24 shows the calibration drift of each calibration
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point at four intervals of 15 minutes. The drift during the hour period
was reasonable linear. Calibration tests were run perilodically during
the test periods. Graphs similar to Figure 24 were constructed and

the calibration points for the curve—-fitting program were determined
from the graph at the time the individual test was conducted, This pro-
cedure proved successful for calibrating the hot—film anemometer.

The velocity measured by the procedure outlined above was checked
against an electromagnetic current meter. Even though the electro-
magnetic current meter was a much coarser Qelotity measurement device,
the values measured by both devices agreed reasonably well. The com-—
parison of the two devices is summarized in Table 3.

Table 3 - Comparison of velocities of electromagnetic current meter and
hot-film anemometer

Electromagnetic Hot-Film
Current Meter Anemometer
m/sec (ft/sec) m/sec {(ft/sec)
0.0000 (0.00) 0.0000 (.0000)
0.0366 (0.12) 0.0151 (.0497)
0.0640 (0.21) 0.0618 (.2027)
0.1219 (0.40) 0.1432 (.4698)
0.1829 (0.60) 0.1751 (.5745)
0.2438 (0.80) 0.2352 (.7717)

The testing program was divided into two major stages. . One stage
was the determination of the water particle kinematics at three eleva-
tions with the wave surface parameters; the other was the measurement
of the simultaneous fluid-force measurements and particle kinematics

measurements reguired to determine the coefficient of drag.
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The procedure for stage one began with the calibration of the capa-
citance-type wave gauge and the hot-film anemometer in still water. The
wave flume was then drained, so that the probe of the hot-film anemometer
could be removed from the calibration apparatus and inserted in the wave
flume. Thé probe and probe holder had to be moved as a unit so that the
calibration would not change. For the first set of tests, the.probe waé

inserted at an elevation of 0.6l m (2.0 ft) above the flume bottom. The

wave flume was then refilled to the desired water depth. Tests were con
ducted in still water over a range of water depths with varying wave
heights and periods. The time at which each measurement was taken was
noted. These times were used to determine the calibration data for the
hot—~film anemometer és discussed previously. Currents of varying magni-
tude were then produced in the wave flume. Tests were conducted at each
current velocity for a range of waves and water depths. This process
was continued for other current velecities. Re—calibrationeﬁfthe.anemo—
meter was conducted at hourly intervals. At these times the flume was
drained, the probe and probe holder were removed and connected to the
calibration device, and the calibration test was conducted noting the
time. The flume was again drained, and the probe was switched again to
the flume. This process was continued until the required data cases
were completed,

A1l data were recorded on the oscillograph recorder and digitized
and then used as input for a computer program which fitted the velocity
data to a power curve. This program then wrote the calibrated data and
other parameters of the particular test to a computer data file, where
it was stored for computer analysis.

The above procedure was repeated for a particle velocity measurement

at an elevation of 0.3048 m (1.0 ft) above the bottom.
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The second stage was completed in a similar manner to that of stage
one, the difference beding that simultaneous force data were taken. The
velocity used to determine the coefficient of drag was measured at an
elevation of half the pipe diameter above the bottom.

For each particular wave test, the data at the velocity measurement
station were related to the force measurement by the wave surface para-
meters, although the data for each statlon was recorded on separate os-
cillograph recorders. It was assumed that the velocity under the crest
determined at station one was the velocity that would be experienced at
the test cylinder under the crest. The velocities were digitized in con-
junction with the force measured at the crest, trough, and upcrossings.
All measurements were stored on data files by a computer program which
performed the necessary calibration.

The data were analyzed by a Interdata 5-16 micro-computer lecated
at the Hydrodynamics Lébératories at Texas ASM University. The computer

programs used to perform the calibration and data analysis are given in

Reference 26.
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DATA ANALYSIS AND RESULTS

The results obtained from the testing program are based on several
assumptions. First, the wave reflections from the sides and end of the
wave tank are considered to have very little effect on the measurements.
Secondly, the flow was assumed to be essentially two-dimensional. This
is supported by the fact that the aspect ratio of the model was 10.274.
Thirdly, the flow was considered irrotational, and the fluid was inviscid.
This assumption, which is vital for the validity of the superposition
principle, has been found to be incorrect for currents with a varying
velocity profile. The quantification of the error associated with this
assumption was the basic goal of the research,

The thrust of the data analysis was two-fold. One task was to deter-
mine the error associated with the superposition of the current velocity
field and the velocity field generated by a wave propagating in still
water. This was accomplished by directly measuring the error over a
specific range of waves and currents. The velocity field of the waves
was predicted by both Airy and Stokes third order wave theories.

The other task was a comparison of the measured forces on the pipe-
line model with the forces predicted by this superposition principle.

'The experimental drag coefficients were determined by the simultaneous
measurement of horizontal fluid velocity and fluid force. Comparisons were
then made to the coefficients determined from the superposition principle
using Airy or Stokes third order wave theories.

For the first task, kinematic measurements were taken at three elevations
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as discussed previously. The second task employed a fourth test to
measure forces on the model pipeline. The range of wave parameters and
currents tested are presented non-dimensionally in Table 4. Since tests
3 and 4 were conducted simultaneously, the range of values for both
tests was identical.

The raw data for tests 1-3 consisted of wave heights, wave periods,
and a continuous measurement of horizontal fluid velocity over the wave
period. The raw data for test 4 included a continuous record of hori-
zontal fluid force over the period. The estimated error associated
with each of these input variables is presented in Table 5. The largest
error was associated with the fluid velocity measurements of the hot-
film anemometer. The error reached its maximum at the lower velocities,
which were not within the range of the calibration curves.

The continuous force and velocity recordings over each wave period
were digitized at four equally spaced points. These four points and the
corresponding phase angles in the Fulerian reference frame are presented
in Table 6.

Data polints 1 and 3 correspond to the wave crest and trough, respec-
tively, and data points 2 and 4 correspond to the upcrossings for Alry
wave theory (and are near the upcrossings for Stokes third order wave
theory). These four points were chosen because of their Importance in
determining the fluid force on the test cylinder. The maximum positive
and negative drag forces (fd) correspond to the data points one and three,
respectively. The maximum acceleration occurs at the upcrossings, which
correspond to data points 2 and 4.

The relative error of the superposition principle of the horizontal

velocities can be expressed as a dimensionless difference (E):
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Table 6 ~ Definitions of raw data points for continuous force and
velocity records.

. £ _ _ =2mt
Data Point T 8 = Wot = T
1 0.0 0.0
2 0.25 -1.5708
3 0.50 -3.1416
4 0.75 ~4.7124
u - u
_ mea tot
E = --?ﬁ§-~"— N )
T
where u ca = the measured horizontal velocity at elevation (z),
Uior = algebraic sum of the horizontal particle velocity at

elevation (z) predicted by either Airy or Stokes third
order wave theory and the current velocity,
H,T are defined previously.
The difference was non-dimensionalized by dividing by the Airy deepwater
horizontal velocity at the still water elevation.
The dimensionless difference (E) was found to be a function of a
dimensionless parameter (R) relating the magnitude of current to the

horizontal particle velocity of the wave in still water:

R =2 Y 79
u
calc

where U = current velocity at elevation (z)

Uiile — horizontal particle velocity predicted by either Airy or
Stokes third order wave theories in the absence of a current

at elevation (z).
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The relationship between the dimensionless difference (E) and the
velocity ratio (R) for the three elevations at data point one are shown
in Figures 25-27 for Airy wave theory and in Figures 28-30 for Stokes
third order wave theory. Similar plots for data point three are shown
in Figures 31-33 for Airy wave theory and in Figures 34-36 for Stokes
third order wave theory.

Several interesting results can be noted from these figures. The
wave theories tend to under predict (positive dimensionless difference
for data point one; negative dimensionless difference for data point
three) the horizontal velocity at elevation (z) when no current is pre-
sent (R = 0.0). As the current velocity increased relative to the wave
particle velocity, the error decreased to approximately zero to R > 1.0.
This trend is represented by the dotted lines on each of the figures.
This trend seems to indicate that the superposition of the velocity
fields approaches reasonable agreement with the measured values for R >
1.0.

| The most extensive tests were conducted at the 0.30 m (1.0 ft)
elevation which had the best correlation to this trend. Fewer tests
were conducted at the other elevations. The correlation was poor at the
0.61 m (2.0 ft) elevation, because significant error was introduced when
the probe was exposed to the air at the troughs of the larger waves,
causing extensive calibration drift.

The figures also suggest that the velocity error at the elevafion
of 0.02 m (0.073 ft) does not approach zero as fast as the velocities
at the higher elevations. This aﬁditiona; error must be primarily due
to inadequacies in the wave theories, since the actual current velocities

at this elevation were used for superposition.
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A slight tendency exists for Stokes third order wave theory to
predict the superimposed velocity better than the Airy prediction. This
can be seen by the mean error which is closer to the zero error line.

The fluid force data were analyzed at the crest (data point one)
to determine the coefficient drag. At this point the acceleratiomn is
equal to zero and only the drag force is present. The coefficients of
drag were determined by three methods. The first method used simultan-
eous measurements of the horizontal fluid force and velocity.

Kim and Hubbard?® state that "In the past, calculation of CD from
wave force measurements was based on inferred particle velocity from wave
elevation. A drawback of this approach is that steady current velocity
associated with wave-induced velocity cannot be explicity accounted for,
in spite of various approximations by different wave theories to célculate
particle velocities."

The second and third methods are based on the predicted velocities
of the superposition principle using Airy and Stokes third order wave
theories to calculate the coefficient of drag. A comparison of the
three methods is made to demonstrate the differences in the coefficient
of drag.

The coefficient of drag is related to the Reynolds Number (NR) and
the Keulegan-Carpenter number (NKC) as discussed previously. The coeffi-
cient of drag is plotted as a function of the Reynolds number in Figure
37 as computed by the simultaneocus measurements of fluid force and fluid
velocity; Figure 38 as computed using the superposition principle with
Airy wave theory; and Figure 39 as computed using Stokes third oxrder wave
theory. Similar plots for the coefficient of drag versus the Keulegan-

Carpenter mimber are shown in Figure 40 for the simultaneous measurements;
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Figure 41 for Airy wave theory; and Figure 42 for Stokes third order
wave theory.

These figures all show the same génerél trend of reduction in the
coefficient of drag with increasing Reynolds numbers and Keulegan-

Carpenter numbers. The results using the Keulegan-Carpenter number

U
( max
D

authors. This parameter generally is used to present data over a large

) seemed to be reversed from results presented previously by other

range of wave periods (T). However, since the results of this research
were for a narrow band of periods, the change in the velocity (Umax) is
more predominant than the change in period (T). Both the Reynolds number
and Keulegan-Carpenter number are attached by the increasing velocity

and exhibit the same trend.

Figures 37 to 39 show that the coefficient of drag is less when com-
puted from the measured velocity as opposed to the Airy or Stokes TII
velocities for the range of Reynolds nmumbers shown. This is related to
the fact that the wave theories used 1n conjunction with the superposition
principle have a tendency to under predict the horizontal velocity near
the bottom boundary as demonstrated by Figures 26 and 29 (pp. 61 and 63).

The relative difference between the coefficients of drag computed by
Airy wave theory and these computed by measured values are shown in Figure
43, This figure demonstrates that at low velocity ratios (R) the coef-
ficients computed using Airy wave theory are greater than the actual
values, but this difference decreases with increasing currents.

The coefficients of drag computed by the simultaneous measurements
of the horizontal fluid force and velocity are, by definitioﬁ, the actual

values. These coefficients can only be used if the actual horizontal

veloeity can be predicted. This supports the fact that the coefficients
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of drag are dependent on the method used to determine the horizontal
velocity. Therefore, the prediction of forces on a cylinder should be
consistent with the method which was used to determine the coefficients.

Figure 44 shows the actual coefficient of drag for the horizontal
cylinder for the steady-state current conditiom.

A small diameter test cylinder was needed to fulfill the assumption
of two-dimensional flow. A drawback of the small cylinder was that the
drag forces were small and the inertia forces were approaching zero.

The measuring device of this research was developed to determine the
small forces. However, during the testing, an inertial force of the
same order of magnitude as the drag forces was found in phase with the
fluid acceleration due to the inertia of the measuring device. This
inertial force overshadowed that of the added mass effect and therefore
the coefficient of added mass could not be determined.

Normally for an inertia-dominated test specimen, the order of magni-
tude of the total measured force is much greater than the inertia force
due to the measuring device, and the error of the device can be neglected.

The primary purpose of this research was to determine the drag forces
associated with the horizontal velocity. These drag forces were deter-—
mined when the velocity was maximum and the acceleration was zero.
Therefore, no inertial effects were present and the coefficient of drag

was unaltered by this effect.
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CONCLUSIONS AND RECOMMENDATIONS

The primary objective of this research was to investigate.thé effect
of a current on the horizontal vélocity field of a surface gravity wave
and the related fluid force on a horizontal éylinder near the bottom.
boundary. This objective was accomplished by a model testing progrém in
which simultaneous waves and currents were present. The superposition
principle was used with the horizontal velocity fields of the wavé and
current to predict the combined field. Since this assumption is not
valid for nonuniform currents, the error associated with this assumption
was determined.

The following conclusions were evident from the testing program for
the range.of’values tested.

1. Airy and Stokes third order wave theories in conjunction with
the Superpbsition principle predict the horizontal velocity
reasonably well for velocity ratios (R = g) greater than one.
For values less than one the velocities are under predicted.
The validity of superposition principle is further reduced
near the bottom boundary for the higher velocity ratios.

2. The coefficients of drag computed from Airy and Stokes thixd
order wave theories in conjunction with the superposition
principle are greater in magnitude thaun the values determined
by the simultaneous force and veloci;y measurement. This dif-
ference decreases with increasing Qelocity ratios.

The conclusions were based on a limited testing program. These
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results can be extended over a greater range of waves.and currents by
further tests. These additional tests will indicate whether any scale
effects are important.

Other conditions related to thé pipeline problem such as the dis-
tance of the cylinder from the boundary, the transverse (lift) force,
relative roughness and orienfation angles should be.investigated for
the combined wave-current condition.

Other theories developed for the interaction of waves and currents
should be tested experimentally to determine their accuracy for the
prediction of fluid force and particle kinematics.

In summary, the existing knowledge of wave forces should be expanded
to include ﬁhe éffect of a simultaneous current. This research only
seratches the surface of the knowledge neededrto understand the wave-

current problem.
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