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1.0 ABSTRACT

A 12.75-inch diameter vertical cylinder was subjected to large
laboratory waves with Keulegan-Carpenter number up to 17 at the
local force transducer (20 at the still water surface) and Reynolds
numbers up to 2.7x10° (3.2x105 at the still water surface). Local
force, local pressures, total force, and the elements for determin-
ing the overturning moments were measured. The purpose was to
produce a high quality data set in the wave regime where both the
velocity and the acceleration-dependent components of the wave
forces are important. It was found that the forces were more accel-
eration-dependent than originally anticipated.

The local forces were predicted quite well with the two-term
Morison equation using the kinematics from the measurements, the
linear, and the stream funﬁtion wave theories. The best predictions

used the measured kinematics.






2.0 INTRODUCTION

2.1 Background

On 27 September 1982 a contract was established between the
Naval Civil Engineering Laboratory (NCEL), Port Hueneme, California,
and Oregon State University (OSU), to conduct an experiment pertain-
ing to wave forces on a 12./5-inch diameter vertical cylinder. The
design work for the equipment began in October 1982, and the equip-
ment was delivered on site in February 1983. |he laboratory tests
were performed in the period from 12-26 April 1983 and data analyses
were completed during the Fall 1983. lhese final data analyses were
made possible by a modification to the original NCEL contract with
finding from the Minerals Management Service (MMS) through NCEL.

The Morison equation relating wave forces on vertical cylinders
is given in the following equation. I|he force per unit of cylinder
length, f, is expressed by

2
F=Cqp2ult) [u(t)] + ¢, Bg—p G(t) (2.1-1)
where C4y and C; are the empirically determined drag and inertia
coefficients, respectively (Cp =1 + Ca, where Ca is the added mass
coefficient), D is the cylinder diameter, p is the mass density of
the surrounding water, u(t) is the horizontal water particle veloci-
ty, and U(t) is the local fluid acceleration 3u/3t.

Many data have been generated from experiments by many investi-
gators to determine the drag and inertia coefficients as functions
of the Keulegan-Carpenter number, K (= UmT/D, where Um is the maxi-

mum water particle speed and T is the wave period), and the Reynolds
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number, R (= Umd/v, where v is the kinematic viscosity of the
water). However, many reportings have been questioned for one
reason or another and only a few have very reliable values for these
force transfer coefficients. One reliable source is from planar
oscillatory flow laboratory experiments. However, they are limited
because the flow is not truly that of waves. Other data sources
have their own limitations. For example, field experiments rely
heavily on current measurements that are made at some distance from
the force transducer and wave theory is ultimately used to extend
the measurement to the force transducer location. 1o our knowledge,
no set of well-documented, thoroughly instrumented measurements have
been made in a truly controlled wave condition and reported on in
the open 11terature;

Even the data from planar oscillatory flow have some scatter
and indicate that Eq. 1 may be improved to reproduce well the forces
acting on a cylinder within certain ranges of K. Therefore,
Sarpkaya (1981) suggested the use of a so-called four-term Morison
equation, wherein two terms are added to Eq. 1 to take into account
energies in the force spectrum that occur at the 3rd and 5th harmon-
ics of the fundamental wave frequency. The coefficients for the
added two terms can be determined, essentially, from the drag and
inertia coefficients as determined from the two-term equation.

The form of the four-term MOJS equation used for this work is



Do D% . DU
F=Cy 5% u(t) lu(t)] + C, 7o U(t) + EXT7Z [A.3*B.3exP(C 5a)]

2
) 5DU
cos{3ut-A ]/2[A¢3+B¢3exp(C¢3a)J} + EXT?Z [A 5B sexp(C_ga)] -

. cos {5t - A" V/? [A, 5 B, exP(C, g)] (2.1-2)

¢

where o = (K - 12.5)%, w = 20/T, K = UyT/D, & = (CX - C_)/KC4 (C* is

the potential flow value--for a cylinder, Ca = 2.9), and

Acz = 0.01 B,y = 0.10 Cc3 = -0.08
Ay3 = -0.05 B,3 = -0.35 Cp3 = -0.04
Acs = 0.0025 Beg = 0.053 Cc5 = -0.06
A5 = 0.25 Byg = 0.60 Cy5 = -0.02

Only two terms were added to the Morison equation because the
spectrum analyses of the residues from the U-tube experiments
(Sarpkaya, 1981) showed appreciable energy from only these two

higher ordered terms.

2.2 Purposes of Test Program

The major purpose of this program was to provide a high quality
set of data of force measurements and pressure measurements for a
vertical smooth cylinder of appreciable size (12.75-inch diameter)
in real waves with a reasonable range 6f Keulegan-Carpenter and
Reynolds numbers so that different methods of analyses can be exam-
ined (for this and future efforts). Also required were comparisons
of the force transfer coefficients from different methods of analy-
sis and comparisons of forces, using the differently derived coeffi-

cients.




2.3 Scope

The work entailed constructing a 12.75-inch diameter test
cylinder equipment, conducting the laboratory model tests, recording
and analyzing the data, and production of the reports. The test
cylinder equipment was of all new construction. Local forces, total
forces, and the elements for determining the overturning moments
were measured. In addition, eight pressure transducers measured
peripheral time-dependent pressures around the center of the local
force transducer. Wave water particle velocities were measured
opposite the center of the local force transducer, in line with the
wave axis (crests). Ihe water surface profile was measured in line
with the wave axis and the center of the cylinder.

A minimum of 26 runs were required to satisfy the requirements
of the statement of work (SOW). However, a total of 47 runs were
made since testing time did permit them. Data from 26 runs were
analyzed as required in the SOW. len waves in a sequence were
recorded from which eight were later extracted for the analysis.
The eight wave periods, beginning at any time in the sequence,
allowed for seven complete peak-to-peak waves to be defined.

The force transfer coefficients, Cd and Cm, were derived with
least square methods, using linear and stream function wave theories
and the measured kinematics. In addition, C4 and Cp were determined
from the Wave Project II data, where Cm is constant and Cd varies
with time through the wave cycle (Hudspeth, et. al. 1974), and from
Sarpkaya's U-tube results (Sarpkaya, 1981). The predicted forces
were then compared against the measured forces, wherein the pre-

dicted forces included calculations using Eqs. 2.1-1 and 2.



In summary, the analysis included 12 combinations of time-
dependent force determinations. Using the kinematics from each of
the linear wave theory, the stream function wave theory, and the
measured kinematics, the time-dependent forces were determined for
both the 2-term and the 4-term Morison equations, using C4 and Cp
determined from the least squares method, Wave Project II data, and

the U-tube data.







3.0 EXPERIMENT SETUP AND PROCEDURES

3.1 MWave Research Laboratory

The experimental work was done in the O0.H. Hinsdale Wave
Research Laboratory at Oregon State Univergity (WRL). The overall
length of the wave flume is 340 ft., of which 129 ft. constitute the
length in which tests can be performed well beyond the evanescent
modes of the wave board and in front of the toe of the beach. The
location of the test cylinder in the WRL is shown in Fig. 3-1.
Good, repeatable waves can be produced ranging from a high frequency
of 1.0 Hz to a low of about 0.12 Hz. For these tests, the wave fre-
quency range was from 0.5 Hz to 0.12 Hz. Up to 16 channels of
information were recorded digitally in real time on a PDP 11 com-
puter. Other channels of information were recorded on an analogue

tape recorder and then digitized at a later time.

3.2 Experimental and Data Acquisition Equipment

3.2.1 Test Cylinder

The design of the test cylinder required that it be stiff for
the applied loads so that the natural frequency of the lowest mode
would be relatively high with respect to the forcing frequencies.
From impulse response tests, where the cylinder was hit with a
rubber hammer and the time response was measured by strip chart
recorder, the local force transducer demonstrated a natural frequen-
cy of 8.2 Hz when submerged. The highest wave frequency in this
test was 0.5 Hz. On some runs, a distinct transverse force was

experienced, due to vortex shedding, that had frequencies higher




than the wave frequency by up to approximately three times. In
addition, other turbulences may cause transverse forces. The ampli-
tude spectra for transverse forces in Vol. Il were examined for
maximum significant frequencies. An approximate value of 1.5 Hz was
determined as a conservatively high estimate, even though the ampli-
tudes therefrom were fairly small. Some other very small energies
exist at 5.0 Hz and at 8.0 Hz for the center force, east direction
(probably due to the vibration of the local force transducer from
near-impact loads in steep waves). Thus, the Tlargest ratio of
importance of excitation frequency to transducer frequency was about
1.5/8 = 0.19. The largest ratio of fundamental wave frequency to
transducer frequency was .5/8 = .062. [herefore, vibrations of the
local force transducer had a negligible effect on.the measurements
as can be seen in any reference on dynamics for the response curve
of a one-degree-of-freedom vibrator. The signals were also filtered
with a two-pole Butterworth filter with a cutoff frequency of 8
Hz. However, the signals were recorded filtered and unfiltered in
case future reference is to be made to the unfiltered signals.

Another design criterion was to size the test cylinder so that
the component parts could be handled relatively easily at the wave
flume. It was decided to provide a stiff inner core structure with
a removable shell surrounding it.

Figure 3-2 gives the general concept of the test cylinder.
Figures 3-3 and 4 are photos of it during installation, where Fig.
3-4 has only one-half of the lower skin in place. Figure 3-5 shows

the strain gauges on the bottom support; Fig. 3-6 shows the bolt-
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down arrangement at the bottom; and Fig. 3-7 shows how the bottom
skin covered the supporting core.

The upper support consisted of a 1.5-inch round stainless steel
rod, 30 inches long, inserted into roller bearings and supported at
its upper end with a U-joint identical to the one at the bottom
support, as shown in Fig. 3-2. Thus, the structure was completely
statically determinate and no longitudinal forces could be applied
to the structure from temperature variations or other longitudinal
stresses from construction because of the upper roller support.

It was necessary to design the local force transducer for much
smaller forces than would be measured at the top and bottom trans-
ducers and to make it fndividua]]y statically determinate and free
from the small deflections of the central structure. Details of the.
local force transducer (LFT) are shown in Figs. 3-8 and 9. Photos
of the strain bar supports and the interior of the LFT are given in
Figs 3-10 and 11,

The test cylinder was supported at the upper end by an 8x12
steel tube that spanned the 12 ft. clear distance between the wave
flume walls, to which it was securely bolted. The wave profiler was
mounted in this beam with the center of the profiler in line with
the center of the test cylinder, perpendicular to the Qa]]. It was
mounted 3 ft. from the east wall, mid-way between the wall and the
cylinder center line. A Marsh-McBirney current meter was mounted
with the sensing elements directly under the wave profiler at a
level of 3.7 ft. below the still water surface--the same level as

the center of the local force transducer. A second Marsh-McBirney
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current meter was mounted directly in line with the first one, but
on the opposite (west) wall. The sensors of the second meter were
about 1.2 ft. from the face of the west wall.

The test cylinder was carefully assembled so that the center
line was vertical. The local force transducer was separated only
1/16-inch from the rest of the cylinder, but the surface was slight-
ly out of alignment with the smooth cylinder skins. Figures 3-12
and 13 show the best and worst alignments. Several measurements
were made of the misalignments and they are summarized in Table 3-
1. The table shows the LFI was slightly larger in diameter than the
adjoining test cylinder by 0.7 mm, which had a negligible influence
on the resu]fing measurements.

After the Druck pressure transducers were installed and the LFT
was mounted, the surface around the pressure transducers was filled
with a paint-like substance and sanded smooth with the surrounding

cylinder surface.

3.2.2 Force Beam Gauging

Forces were measured with strain gauge force dynamometers.
Metal foil strain gauges were used of 120 ohms each. The gauging
stations are referred to as the top gauge,.the local force trans-
ducer, and the bottom -gauge. lhe top and bottom gauges were wired
as shown in Fig. 3-14,

The local force transducer was wired as shown in Fig. 3-15.
Each of the four 5/16-inch square support beams had four gauges,
intending to have two complete circuits for each of the in-line and

transverse directions. However, small torsional 1loads from the
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calibration string gave inconsistent results so the two in-line and
two transverse circuits were added together. This action nullified
any influence on the readings from torsional loads. All strain
gauge bridging was conditioned with Vishay signal conditioners.

The Vishay strain gauge conditioner contains two sections. The
first is a precision adjustable voltage regulator. The output of
the regulator is used as the excitation for the strain gauges. For
this work it was adjusted for 10.00 volts. The exact value is not
critical if the instrument to which the gauges are attached is cali-
brated at that voltage, whatever it is. The second section includes
several stages of amplification to the very small voltage changes
coming from the strain gauge bridge. lhe first stage is a differen-
tial-type amplifier which will detect and amplify only voltage
potentials which exist between the two return Tleads from the
bridge. Any potential between ground and one lead or in common with
both will not be amplified. This last stage then provides isolation
from many noise problems. The other stage of the amplifier section
provides further adjustable gain which can be set to obtain a usable
voltage output within a desired range from the conditioner box.

Auxiliary circuits in the conditioner provide bridge balancing
circuitry to nullify any static offset so that a maximum gain may be
used for very small bridge outputs. Circuitry for different types
of bridges and amplifier adjustments for best output are included.
Outputs from the conditioners were input to the Rockland 8.0 Hz low

pass double pole filters.
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Selected outputs were then passed into summing-type inverting
operational amplifiers with a gain of very nearly -1.0. The exact
value, again, does not matter if the instrument is calibrated using
the output of the last piece of electronic equipment. The summing
amplifier has a very 1large bandpass from DC to several thousand
hertz and therefore will cause no measurable phase shift at our
frequencies.

Some of the characteristics of the general operation amplifier
are that it has a very high input impedance and low input current
(useful to prevent loading of the preceding instrument). Because of
this very high input impedance, the current drawn by the ‘op amp' is
negligible and therefore point 'A' (see Figure 3-16) is very nearly
at ground potential, or zero volts. Because of this, the current
drawn through the input resistor Ry and Ry, Ii’ is equal to the
current through Rf, the feedback resistor. Upon solving for these
relations (without including every step here), we find that Vo/Vip =
-Re/Ry. Our Re/Ry is set to be 1.0.

In the more specific case of the summing op amp, the current I
is the sum of the currents I.1 and [0 and so we arrive at the rela-

tion (again without showing all the intermediate steps):
WV /Re = V /Ry + Vo/R, (3.2.2-1)

In our case Rl/Rf = 1.0 and R2/Rf = 1.0 and so we have as a final

output the sum of the inputs:

(3.2.2-2)

-Vo = V1 + V2
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This being the last instrument we have our final output voltage
corrected for torsion and other unwanted bending moments and with
very reduced noise ready to be digitized by the computer.

In summary, Fig. 3-17 shows the test cylinder with only one of
the four cylinder skins attached to the core beam. Figure 3-18
shows three of the four skins bolted on. Figure 3-19 shows the
completed assembly just prior to testing. The west wall Marsh-
McBirney current meter is shown on the left side and east wall

installation is shown on the right side of the photograph.

3.2.3 Data Acquisition

The signals were routed as shown in Fig., 3-20. A maximum of 16
channels of information can be digitized simultaneously with the
PDP-11 computer. The remaining channels were recorded on analogue
tape for digitizing at a later time. The analogue tape introduced
additional high frequency noise so the signals therefrom were again
filtered prior to digitizing.

The analogue filter is a two-pole Butterworth filter manufac-
tured by Rockwell. The digital recording was done with a PDP-11
minicomputer. The analogue tape recorder was a Bell and Howell
model CPR-4010. The digital information was stored on an ll-track
mag tape and a copy of all data recorded were provided to NCEL.

In order to help synchronize all channels in real time, a 5-
volt step function signal was generated by the computer and recorded
on one channel. This 5-volt "switch" was activated at the start of
digital recording. This signal was also recorded on the analogue
tape. The data analysis used this "“switching" technique to help

phase all information.
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3.3 Test Procedures

3.3.1 Calibrations

The completed cylinder was calibrated in four force directions
corresponding to the four points of the compass. In addition, one
horizontal diagonal calibration was made to illustrate independence
between the N-S and E-W force measurements. Two ranges of forces
were used for the top and bottom force transducers in order to check
their linearity. One range had a maximum load of 201.44 pounds and
the other was 16.56 pounds, as shown in Table 3-2. Force calibra-
tions were made at one or more of the five elevations as shown in
Fig. 3-21. One measurement was made with the forces applied simul-
taneously at locations 2, 3, and 4. These were compared with force
calibrations at position 3 alone. The purpose of this was to
determine if distributed loads, which create bending in the overall
structure, would influence the force measurements at position 3
alone. When the forces were applied simultaneously to positions 2,
3, and 4, it is designated as the XXX test. In that case, the light
calibration was applied at position 3 while the heavy calibration
loads were applied to positions 2 and 4 with approximately the steps
indicated in Table 3-2. (This loading at positions 2 and 4 could be
approximate since it was only intended to provide a significant
general bending of the core beam to see if it influenced the cali-
brations of the LFT.) When the force was applied to position 3
only, it is designated as the OX0 calibration. It was found that
force measurements from the local force transducer were independent

of the general loading on the cylinder. Of course, during tests the
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sensors for the local force transducer and the bottom force trans-
ducer were submerged. They were therefore calibrated 1in the
submerged condition.

The XXX calibration arrangement is shown in Fig. 3-22, Figure
3-23 shows a calibration in progress at position 5 (submerged).
When calibrating at position 3 in the north or south directions, it
was necessary to provide a horizontal truss at the correct level to
take the horizontal and vertical thrust from the calibration
loads. It is shown in Fig. 3-23.

Linear regression analysis was used to obtain the calibration
coefficients. The measured calibration data values, fj, were ap-
proximated by a linear relation to the measured voltage, X;»

according to

foo=moxg + b i=1,2,000, N (3.3.1-1)

where the slope, m, and the intercept, b, were determined by a best
least squares analysis. [he correlation coefficient, R was computed
by
2
[z fix; -2 f.rx./N]
2 i V1o v
R® = v (3.3.1-2)
)

" 2 2 2

and is a measure of the goodness-of-fit of the two regression coef-
ficients since 0.0 < R2 < 1.0. If R were identically equal to 1.0,
the data would be perfectly linear.

The results of the force calibrations are shown in Tables 3-3

through 3-10.
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The low range of calibrations are consistently steeper than the
high range of calibrations, but they only differ by less than 3.3%
for the instruments used in the analysis. The calibrations were
quite linear and consistent. In summary, the force calibrations
were consistent, linear, and very repeatable between the beginning
of the tests and the end of the tests for all of the data channels

used in the NCEL data analyses. Table 3-4 shows that TEl Ch #3 was

not consistent and should not be used in future data analyses of the

transverse force and moments.

The cylinder was also calibrated at 1location 5 with the
cylinder in torsion. That is, the forces were applied to the edge
of the cylinder as shown in Fig. 3-24. This was done in both the
c]éckWise'and counterclockwise directions. It was found that tor-
sional loads had very little effect on the output from the force
transducers. Therefore, if any torsional loads were applied to the
cylinder (and they could only have been so from uneven boundary
layer development between the east and west sides of the cylinder)
they would not influence the force measurements.

One calibration result for a pressure meter is shown in Fig. 3-
25. A1l of the amplified individual calibrations are available upon
request. They were all very linear except for P6 (the 240°
azimuth). Figure 3-26 is typical of the linear calibrations and
Fig. 3-27 shows P6. The calibration was made when the wave flume
was being filled or emptied. Some pressure meters had a consider-
ably larger calibration constant than others, but the calibration

values remained constant and the pressure measurements were consis-
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tent and reasonable for the measurements in waves. The pressure
calibrations are summarized in Tables 3-11 and 12.

The east current meter had been previously calibrated by Dibble
in (1980) at 20.77 fps/V, and after this testing by Kim in June 1983
at 20.47 fps/V (a 1.5% difference). A value of 20.6 fps/V was used
in the NCEL data analysis. This meter was more consistent than the

West meter and was the one used in the data analysis.

3.3.2 Test Plan

The test cylinder was designed and constructed in the Fall and
early Spring of 1982-83. Prior to assembly in the WRL, the force
dynamometers were bench tested to ascertain their workability. The
equipment was then completely assembled. Calibrations of force
transducers were made. The primary current meter (East side) had
been previously calibrated. The pressure transducers were cali-
brated as thé wave flume was filled and emptied. The cylinder was
then subjected to 31 periodic waves to satisfy all requirements of
the SOW, plus a few extra waves. Then four random wave sequences
were generated according to the SOW. Some time remained in that
work day so 10 more periodic wave runs were made at three wave
periods--to fall in between the wave periods previously tested.
(However, only 26 periodic wave runs were processed, according to
the SOW).

The flume was then pumped down and calibrations were made for
the force transducers for comparison with the calibrations prior to
testing. The Tlog of runs, Table 3-13, is self-explanatory, com-

pleting the description of the test plan.
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Some photos of the cylinder subjected to the waves are given in

Figs. 3-28, 29 and 30.
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4.0 DATA ANALYSIS

Periodic wave data were collected on 22 April 1983 and the
random wave data on 25 April 1983. A total of 21 channels of elec-
tronic data signals were recorded during the NCEL tests. Table 4-1
identifies these 21 data signal channels and their method of record-
ing during both calibration and wave measurements. Only 16 channels
of analogue-to-digital (A/D) were available on the PDP-11/E10 used
at the WRL. These 16 channels are identified in the column titled
"A/D Run Ch., #" in Table 4-1. The remaining five channels of data
recorded during wave tests were recorded on a Bell and Howell CPR-
4010 analogue tape deck and are identified in the column titled
"Analogue Tape Ch.#" in Table 4-1,

The Tocal force transducers 9 and 10 were combined to A/D Cali-
bration Channel #9 as a single signal for both digital (A/D Run
channels #5 and #7) and in analogue (analogue channel #l) format
(see Fig. 3-20). A five-volt step signal was used to reference the
analogue time series to the discrete digital time sequence. This
five-volt step signal was sent by the PDP-11/E10 to the Bell and
Howell CPR-4010 analogue tape recorder at the instant digital
recording began. The local wave force transducer signal was
recorded simultaneously on two A/D channels in order to determine if
there was any significant phase shift introduced by the 8 Hz Rock-
land filters. The A/D Run channel #5 was filtered by the Rockland
filter while A/D Run channel #7 was not (see Table 4-1).

The data recorded on analogue tape were passed through the

Rockland two-pole Butterworth filters before recording. These
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analogue data signals were again passed through the Rockland filters
before being digitized in order to filter out undesirable high fre-
quency noise introduced by the analogue tape recorder. The water
surface profiler was not filtered by the Rockland filter because of
signal distortions which are introduced into the record due to
“drop-outs" in the data. These distortions are characteristic of
all sonic sensors. The question of phase-locking the data properly
to the water surface then becomes important. All the data records
were filtered to produce the proper signal amplitudes and phase
angles with respect to the water surface. The theory behind these
filters is presented below.

Six channels of data were also recorded for immediate observa-
tions by a stripchart recorder. A sample record 15 shown in Fig.

4-1.

4.1 Record Format and Filtering

Figure 4-2 demonstrates schematically the data recording pro-
cedure for the horizontal current meter measurement.
A recorded measurement, m(t), can be expressed as a linear sum

of cosines and sines by

m(t) =a_ +

=3
(=]
i1z

(amnc052nfnt + bmns1n2wfnt) (4.1-1a)

1]
-~

Hm(fn)exp(iannt) (4.1-1b)
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where m(t) is the raw (unfiltered) recorded value of the horizontal
current measurement, u(t), and agpy = <m>, the average value of m(t)
during the recording interval. The Fourier transform of m(t) is
given by

o«

H(f) = [ m(t)exp(-i2nft)dt (4.1-2)

where the complex-valued Fourier coefficient, H,(f), is defined as

H (F) = R (f) + i1 (f) (4.1-3a)

or H (f)

o |H_(f)|explis ()} (4.1-3b)

where the amplitude {modulus) is defined as

2 2,1/2

|Hm(f)| = (R + 1) (4.1-4a)
and the phase by
I (f)
- -1 m
8, = TAN {R f)} . (4.1-4b)
m
Substituting Eq. 4.1-3b into Eq. 4.1-1b demonstrates that
a = Rm(f), bm = Im(f). ’ (4.1-5)

For example, high frequency noise can be filtered from a
measured signal, if desired, by setting amn = bmn = 0 for f > fC
where f. is the "cutoff frequency." This type of digital filtering
will be termed the "FFT filter." High frequency FFT filtering was

done to many of the NCEL data records. For example, the high fre-
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quency noise above 1.5 Hz was filtered from the horizontal current
and force measurements (see Fig. 4-10). That particular cutoff
frequency is specified on graphic plots when it was used. It was
selected arbitrarily to be low enough to sufficiently smooth the
signals, but high enough so that most influences from vortex
shedding would not be filtered.

When an operation is made on a signal from a filter, the
Fourier transforms of the signal and filter are multiplied in the
frequency domain in order to determine the Fourier transform of the
output from the filter. If the signal is passed through two
filters, as shown in Fig. 4-2, there are two multiplications. Thus,

the Fourier transform of the recording can be found from

Ho(F) = [H,(F) exp{io, (F)} |H,(F) [explisy, (F)} [ Ho(F)|expCie o(f))

|H, (f)|exp{ie_(f)} (4.1-6)

where H is the transform of u, with phase eu‘(both quantities are
now sought); Hy is the transform of the meter, which introduces the
phase shift, ey; and Hp is the transform of the Rockland filter,
which introduces the phase shift, OR- fTo simplify the following
discussion, it is assumed that |Hp(f)| = 1.0 and ep(f) = 0. Later
the actual values can be considered and multiplied by the product of
the other two. Substituting tgs. 4.1-3a and 4.1-3b into Eq. 4.1-6

gives

X

—

—

~—
"

R.(f) + i I (f) (4.1-7a)

H (F)[Ry(F) + 1 L,(f)] (4.1-7b)
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from which
%N+IMM+1%N—Imn
Ry + Ty Ry + Ty

The FFT filtered horizontal current u(t) is determined from the

(4.1-8)

H,(F) =

inverse transform according to

u(t) = fw H (Flexp(i2nft)df (4.1-9)

-0

Marsh-McBirney Filter

The single-pole filter characteristics of the Marsh-McBirney

current meter are

1
W () = 753277 (4.1-10a)

1+ ()27 e 1= 2efed (4.1-10b)

where t is the time constant of the current meter and f 1is the
cyclic frequency of the signal in Hz.
The complex-valued FFT filtered signal, Hn(f)’ may be computed

from
|Hm|exp(1em) = |Hu|exp(ieu)|HM|exp(ieM) (4.1-11)

which may be used to compute the amplitude of the current from

|H,| = TRT (4.1-12a)

and the phase from

(4.1-12b)
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The value of the time constant t is selectable on the Marsh-
McBirney current meters. One experimentally determined value for
the east meter was t = 0.159 sec. (see Fig. 3 and Table 4-1 in

Dibble, 1980). From Eq. 4.1-10b the modulus of the Marsh-McBirney

filter is
|Hy| = [1+(20er)?17H/% (4.1-13a)
1
and 8, = TAN ‘(-2ncf) . (4.1-13b)

Table 4-2 summarizes the amplitude attenuation and phase shift in-
troduced by the Marsh-McBirney single pole filter in the NCEL data.

The current meters used have time constants, t, with three or
four selections. For the NCEL tests, they were set on 0.2. Small
differences in phase can make appreciable differences in Cd or Cm,
depending on whether the wave is drag or inertia dominant. The time
constants used for the NCEL data reduction were v = 0.159 sec. for
the east meter and v = 0.20 for the west meter.

Since the amplitudes in the frequency domain are proportional
to the amplitudes in the time domain, Eg. 4-13a also expresses the
division correction factor for the amplitudes of each frequency
component of the water velocity signal. Likewise, the phase angle
properly defines the phase of each signal. A problem was encoun-
tered with the horizontal signal from the west current meter. The
source of this problem has not been determined. However, the east
current meter (the same one calibrated by Dibble, 1980) gave excel-
lent results and 1is the one that was used for the NCEL data

analyses.
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Rockland Filter

The Rockland filter is a two-pole Butterworth filter. The

filter function is given by

£2 £2

Ho (F) = 0 . 0 (4.1-14)
R (1£)%42g F ifHE0  (1F)042g,f iF+1

where f, is the cutoff frequency, f is the signal frequency in Hz,
B1 = 0.924, and Bp = 0.700 for the flat decay response. Introducing

a dimensionless frequency ratio, ¢ = f/f_, reduces Eq. 4-14 to

0
Hple) = 5 : . > : (4.1-15a)
(1-e )+i 1.848¢ (1= )+ 1.4¢
2.4 . 2
HR(E) = (1‘4.5872 €2+€4) -1 3.24828(1'62) 4 (4.1"15[))
(1-4.5872 ¢+ ') + 10.55 ¢ (1-2e "+ ')
The amplitude division factor, |Hp|, is
He| = L(1+1.415 e%4c*) (1-.00 2ty 71/ (4.1-16a)
and the phase angle, 6p, is
1 3.248 ¢ (1 2)
og = TAN! (- 2228 elloe } (4.1-16b)

I
(1-4.5872 82+e4)
Table 4-3 summarizes the amplitude attenuation and the phase shift

introduced by the Rockland filters in the NCEL data.

Digital Formatting

Exactly ten periods of data were recorded for each of the 21
channels of data measured during the periodic wave tests. These

data were reduced to exactly eight waves and were digitized at a
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sampling interval determined by the deterministic wave period, T,

and the FFT base 21l = 2048 according to
At = 87/2048 = T/256 (4.1-17)

Each single periodic wave in the eight-wave sequence thus contained
256 data values. This data digitization scheme was required in
order to insure that the data could be FFT filtered as previously
described using an FFT algorithm of base 2. The FFT algorithm was
taken from Bloomfield (1976). Only seven of the eight waves were
actually used in the final data analyses.

The sonic profiler used to record the instantaneous water ele-
vation occasionally suffers from data “drop-outs" or ‘“over-
ranges." These data are identified as "bad-points" and are removed
numerically by linearly interpolating between the good data
values. On rare occasions, these intervals of bad-points are ex-
cessively long and result in forming a fictitious wave (see Wave #4
in Run #5 in Fig. 4-5). These data have been ignored in the data
analyses because there were only two "bad point" waves in the total
of 182 waves recorded. These 256 data points per wave were reduced
to 33 data values (32 time increments) for each individual periodic
wave in the final data analyses for the force coefficients. The
total number of discrete data values digitized for the eight waves

in the 41 periodic runs that are identified in Table 3-13 was
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(41) runs - (21) channels . (8) waves (256) pts

NPTS runs channeTl * wave

1,763,328 pts

These data were FFT filtered to produce the records that were used
in the force coefficient analysis. The total number of discrete

data values used in the final force coefficient analyses was

(26) runs (21) channels (7) waves (33) pts

NPTS run channel wave

126,126 pts.

For the four random wave tests listed in Table 3-13, a total of
8192 data values were recorded during each test. The total number

of data values 