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PREFACE
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clusions are those of the author and are not necessarily accepted by CERC
or the Corps of Engineers.

The report was prepared by Mr. Kevin Bodge while in graduate study at the
University of Delaware and under the general supervision of Dr. Robert G. Dean.

CERC Technical Monitor for the work done under CERC Contract Number
DACW72-81-C-0025 was Dr. Todd L. Walton, Jr.

Technical Director of CERC was Dr. Robert W. Whalin, Ph.D., P.E., upon
publication of this report.

Comments on this publication are invited.
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approved 7 November 1963. v
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CHAPTER I

INTRODUCTION

1
_—bi

The need for widespread wave data of improved quality has
been recognized by the ocean science and engineering community for

some time. In an editorial in Shore and Beach (October,1974), M. P,

N '-. ) . : ..
b
raakhds oo

O'Brien noted that:

Observations and measurements of ocean waves
have been made at points along the coasts of the

At k.“l.l" .

United States -- at some locations over a
considerable period of time -- but the accumulated
data fall short of the need in geographical
distribution, duration of the records, and detail of ]
wave characteristics.... [Data)...suffers from a
number of deficiencies, notably the lack of wave
direction measurements.... ;i

Significant strides have been made in the measurement and

recording of wave amplitude and period since Dean O'Brien's

'
i TR R
o bl o aaaaa'ad

commentary, but the success of these systems has not been matched by
the development of numerous reliable wave sensors with directional

capability. Despite the importance of directional wave information

to offshore and coastal engineers as well as ocean scientists, the

development of directional wave sensors has lagged behind other ocean ‘

Yy T T
T o (MR
!




instrumentation advancements. Indeed, a recent conference of
scientists and engineers skilled in wave measurement <cited the
improvement of the measurement, analysis, and reporting technology of
directional wave spectra as the first priority of future ocean wave

research and development {(Dean,1982).

Some directional wave data are available today using both
remote sensing and in-situ techniques. Remote sensing, a promising
alternative for the future because of its capability to monitor large
ocean surface areas, presently suffers from the expense and lack of
availability of air and space craft platforms as well as sometimes
lengthy and expensive data analysis. Further, the development of
remote sensing still requires dependable ground verification,

Although in-situ systems are single point sensors, they offer some

advantages over remote sensing techniques. In-situ instruments can
monitor the sea surface continuously, are composed of less expensive
and less complex hardware, and can generally offer relatively
inexpensive data reduction that approaches real-time. Although more

difficult to install and service, submerged in-situ systems offer

advantages over surface riding or piercing instruments in that
submerged hardware is less prone to loss, does not interfere with the
propagating wave field, and is more likely to operate without

malfunction during extreme wave events. Such underwater systems,

)

T however, are generally limited to use in near-shore applications or
;1j at a shallow depth from a fixed platform in deep water.
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Several types of wunderwater in-situ systems hLave been
suggested; some of which are operational presently. Such
instruments include tri-axial current meters (van Heteren and
Keyser,1981), bi-axial current meters with one pressure transducer or
wave staff (Aubrey,1981; Nagata, 1964; Bowden and White,1966;
Simpson, 1969), arrays of pressure transducers (Peacock,1974;
Seymour, 1978; Mobarek, 1965 Chakrabarti,1971; Chakrabarti and
Snider,1973; Panicker and Borgman,1970; Ploeg,1972), and
measurement of the bi-axial components of the force on a sphere
together with bottom pressure fluctuations (Suzuki,1969). A review
of many procedures that have been used to make directional wave
measurements is presented by N. N, Panicker (1974), K. Rikiishi
(1977), and more recently within the Proceedings of the National

Reasearch Council Workshop on Wave Measurement Technology (1982).

Data from some current meter systems is often suspect after
deployment because of the suseptibility of the instrumentation to
bias from bio-fouling and corrosion. Bottom-mounted pressure
transducers, on the other hand, have been used with considerable

success for wave sensing for several years (Forristall,1981).

The concept of measuring the directional characteristics of
waves 1is fairly ;traightforward. If one considers a long wave crest
approaching parallel to the alignment of two pressure sensors, as in
Figure 1I-1, it is easy to imagine both sénsors recording the crest

passége simultaneously. If the wave crest approaches obliquely to

endent
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the pressure sensors, as in Figure I-2, one could imagine that one
sensor would report the passage of the crest before the other. The
difference in pressure over time between the sensors' records can be
analyzed by well-known techniques and a first estimate of the wave
direction calculated, (Longuet-Higgins,Cartwright,and Smith,1963).
There is, of course, a directional ambiguity with only two sensors

since a wave approaching as 1in

Figure 1-3 would create the same
Wave Crest prescsure record over time as in
Figure I-2. Such ambiguities may
+, +,
1 2 be resolved by additional
-1
sensors,
.,,,,_,,.,,lﬁﬁéiéjéﬁﬁgg— Presently, the analysis
of data from bottom~mounted
+ o ~
1 2 arrays of pressure sensors
12 usually develops pressure
differences through the sub-
+ + traction of individually meas-
A =
~._~\\~\-‘-N--~§\§\~ ured absolute pressures.
Wa ve
(:Pest However, instantaneous differ-
1-3

ences in the transducers' records
FIGURES I-1,2,3: Approach of

a long-crested wave to two due to wave action are typically
adjacent pressure sensors.

very small when compared to the

large pressure values that they
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are required to record. Hence, the pressure difference across an
array 1is calculated by subtracting two large numbers in order to
generate a very small number. Such a system lends itself to inherent
inaccuracies. For example, a bottom—mounted transducer in twenty
feet of water records the passage of a three foot wave crest of nine
second period with a value of 24.78 psia compared to the 23.64 psia
reading under still water. A similar transducer placed twenty feet
away at a 45 degree angle to the wave crest would report 24.69 psia
at the moment the crest passes its neighboring gauge. (Linear wave
theory 1is wutilized for this example.) The arithmetic difference
calculated between the transducers, 0.09 psia, is less than one half
of one per—cent of the still water value each transducer would record
or less than nine percent of the dynamic pressure c;used by the
passing wave. The difference can be improved by increasing the
distance between transducers -— at the expense of a more physically
unmanageable array, greater error in the assumption of linear water
surface slope, and introduction of directional ambiguities for the

higher frequencies present.

It is the contention of this thesis that the accuracy of the
directional wave spectrum calculated from such small differences
between large pressure values is questionable. The accuracy and
physical size of the pressure sensor array can be improved by
utilizing differential pressure transducers designed to record small

pressure differences between two points. This thesis will document
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the design, installation, and performance of such an instrument as
carried out at the University of Delaware and the Coastal Engineering
Research Center's test and field research facilities in Fort Belvoir,

Virginia, and Duck, North Carolina.

Since the majority of industries and machinists associated
with the project's instrumentation work in the English system of
units in the United States, the English system was used in the

development and reporting of this project.
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CHAPTER 11

CONCEPTS OF A DIFFERENTIAL PRESSURE GAUGE SYSTEM

A. DPG Response to Surface Waves

As previously mentioned, it is the difference in pressure
between points that must be considered in the determination of wave
direction. Differential pressure transducers generate an electrical
voltage proportional to the f£fluid pressure diffe;ence on opposite
sides of a mechanical diaphragm. Absolute (or gage) pressure
transducers report only the fluid pressure at one point. Using
absolute (or gage) transducers, the difference in pressure between
two points must be arithmetically created by subtracting the
pressures reported at each of the two points of interest. Since the
differential transducer measures pressure differences directly, the

differential gauge can be considered to be an inherently more

effective instrument for determining wave direction. Furthermore,
the response with depth of the differential pressure is a maximum
over a range of frequencies that is more representative of typical

ocean gravity waves. For a pressure transducer located at height s
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above bottom, the dynamic pressure at the sensor can be expressed

over time t as:

H
den(x,y,s;t) =y E-Kp cos (k _x + kyy - ot +€) (2.1)
where K = SO_Shﬁ
o) cosh kh

and H = wave height
k«= k cos3 = wavenumber in the x—direction
ky= k sin® = wavenumber in the y-direction

wave direction

S)]
o]

L[]

wave frequency
= water depth
Y = specific weight of water

€ = phase angle

The components of differential pressure differs in phase and by a

factor of wavenumber:

cos 6
apP(x,t,s;t) = - vy E'k K sin(kxx + ky
sin © b (2.2)
9X
- ot +€)
0

.4 _ ' . -
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A current meter similarly located at a depth s will record a

signal under waves such as:

.} -
U(x,y,s;t) = > Ku cos(kxx + kyy ot +€) (2.3)
where : - cosh ks
u sinh kh

Although the magnitude of both the pressure and current
decreases steadily over increasing frequency, the differential
pressure signal reaches a maximum at an intermediate frequency. This
is 1illustrated graphically in Figure II-1, which depicts the dynamic
response of pressure and differential pressure gauges 1located near
the bottom with a wave crest of 2.5 foot amplitude. In the
upper-most curves, the differential gauge is assumed to sample two
points separated by three feet coincident with the wave ray. The
lower curve represents the difference in pressure monitored by two
absolute pressure gauges separated by twenty feet along the wave ray.
Each curve is normalized by typical values of the rated capacity of
the instruments, (35 psia for the pressure transducer, and +0.5 psid
for the differential transducers). Figure II-1 represents a water
depth of fifteen feet, while Figures I1I-2 and I1I-3 represent twenty
and twenty-five feet water depths respectively. In each case, the
transducers are located three feet off the seafloor. It is clear

that the differential pressure signal utilizes a greater portion of
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FIGURES II-1,2:

Sensors are three feet from the seafloor.

Instrument response to a five-
foot surface wave in varying water depths.
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8 PERIOD (sece )

G © 7 p 4 p 18 a_
">

35 = :

8.00

8.0

~—

PERCENT INSTRUMENT RANGE UTILIZED
0,00

\\\
ho2Z3 ft.o H=J fo. S

.00 g.%0 1,00 1.80
FREQUENCY (red/sec)

FIGURE I1I-3: Instrument response to a five-
foot surface wave,, (continued from previous
page) .

8 PERIOD (oece)
G z P & 2 28 2
4P STONAL SENSOR HEIOHT ABOVE BOTTOM
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~=w= 4 fees
% g
e
h=25 Fo.» HeS f4. RN
200 0.80 1.00 1,50 2.00 2.80 "800 850

FREQUENCY (red’eec )

FIGURE II-4: Differential pressure transducer
response to a five-foot surface wave in
twenty-five feet of water with varying
deployment depths.
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the instrument's dynamic range and reaches its greatest response
level for waves between four and six second periods. Sensitivity to
longer period waves increases with increasing water depth.
Differential pressure response increases as the transducers are
raised off the seafloor, as expected, and the greatest sensitivity

shifts to waves of higher frequency (Figure II-4).

In Figures II-1 through II-4, the response of the
differential transducer was developed over a pressure sample spacing
of only three feet -- less than one-sixth of the gage length of
conventional pressure sensor array systems. Typical arrays generally
develop two orthogonal measurements of water surface slope by
sampling points separated by twenty to thirty feet. The differential
pressure gauge concept, then, suggests that more efficiently measured
directional information can be obtained with a considerably smaller

instrument than is presently used.

B. The Differential Pressure Gauge Directional Wave Monitor

To test the effectiveness of an array using differential
pressure transducers, the diff;rential pressure gauge directional
wave monitor (DPG) was developed. Using small distances between
differential pressure sampling points, it was possible to design a
system which directly measures the water surface slope yet 1is

physically smaller, more manageable, and potentially more accurate
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conventional pressure sensor arrays.

FIGURE II-5: Schematic representation of the DPG.

The DPG samples the pressure about

absolute pressure transducer and

differential pressures on the bow, port, aft, and starboard sides

simultaneously
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the instrument center using four differential pressure gauges,
(Figure II-5). The differential gauges directly infer water surface
slope, and since there are two such measurements along two axes
through the instrument center, it 1is possible to arithmetically
develop the water surface curvature along each axis. It will be
demonstrated in Chapter IV that these measurements permit the
estimation of the first seven Fourier coefficients of the directional
wave spectrum. Conventional analysis from submerged pressure sensor
arrays arithmetically develops one measurement of the water surface
slope along each of two axes. Typical surface riding buoys similarly
measure the slope along each of the two axes. This data, along with
the water surface displacement record, permits the generation from
these systems of the first five directional Fourier coefficients.
The cloverleaf buoy, a cluster of three surface riding buoys, is
capable of estimating the first nine Fourier coefficients,

(Mitsuyasu,1973; Cartwright and Smith,1964).

It can be shown that it is possible to generate up to the
first M(M-1)+1 directional Fourier coefficients for an array with M
number of gauges (Borgman,1969). Using this technique, pressure
sensor arrays such as the Scripps Sxy gauge (Seymour,1978) could
generate the first nine directional Fourier coefficients. The DPG,
in the configuration described, could develop the first eleven
coefficients. The DPG could potentially develop the first twenty-one

coefficients with the same number of transducers in a different

N S e Seane siua)

Iy

Y WP TR\

!
Y




1

LARSE e e aid

AN & LA e R

configuration. This analysis technique is discussed in Appendix E.

C. Selection of Transducers and Gage Length

The selection of the gage length between the two points to be
compared by the differential pressure transducers is depe dent upon
three criteria: (1) the characteristics of the transducer, (2) the
error in approximating the water surface slope as a linear function
between two sampled points, and (3) reasonable size limitations of
the instrument. The third criterion limits the gage length per
transducer to a maximum of about five feet if one imposes a design
constraint of easy instrument manageability. At such small spacings,
the maximum error in linearly approximating the water surface slope
between sample points is less than one and one-half percent for the

shortest waves of interest, (say, 3.2 seconds).

Having satisfied the second and third criteria, the first
criterion remains. In the selection of the differential transducers,
one must consider the physical size, ruggedness, cost, and
availability of a transducer that can measure small ‘“wet"
bidirectional pressure fluctuations. The desired rated capacity of
the transducer is a function of the maximum wave height expected and
the ability of the transducer to detect and report a pressure
difference of a3 minimum wave condition beyond the ambient and

electrical noise level. One might determine the rated capacity by
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first selecting an instrument deployment depth according to the site
and the wave frequencies that are of most interest or are most likely
to be encountered -- remembering that deeper installations require
more sensitive transducers. A maximum wave height at the most
sensitive frequency for the chosen depth is then considered with the
manageable gage length restriction in mind. The maximum differential
pressure is then calculated from Equation 2.2. The result is an
estimate of the rated capacity of the transducer needed. This
estimate is then used to select a transducer available from industry.
One next considers the noise level of the system to determine whether
the selected instrument is capable of reporting the minimum
differential pressure of interest, (i.e., a small amplitude wave of
frequency higher or lower than that of the instrument's most
sensitive range at the chosen depth). Satisfied with the results,
the gage length, ox, is fine-tuned based on the rated capacity of the

transducer, R, and the maximum wave of interest. From Equation 2.2,

R

bx = Y Hk cos 6 l<.p (2.4)

The instrument's response to a minimum wave condition 1s checked
again using the newly calculated gage length to ensure that a
reasonable signal to noise ratio is maintained for small amplitude,

long period waves.
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The installation site of the DPG was propoced as the United
States Army Corps of Engineers Field Research Facility (FRF) at Duck,
North Carolina, operated by the Coastal Engineering RKesearch Center
(CERC) . The instrument was to be placed near and hard-wired to the
Facility research pier. After examining the bathymetry near the pier
and considering the high cost of underwater cable, a nominal
deployment depth of 20 feet was selected. This indicated that the
instrument would be most sensitive to waves of about 5 second period,
(Figure II-2), This was considered acceptable at the time since the
mean monthly nearshore wave periods for this site were reported
between 4.8 and 6.5 seconds (SPM, Figure 4-11, 1977). (It was
discovered much later that this estimate was poor. A better estimate
is given as about 7.5 seconds from Birkemeier, et.al., (1981).) A
design wave height of 16 feet was chosen and considered with a gage
length of five feet. This suggested the use of a +0.6 psid
transducer which was wunavailable. A +0.5 psid transducer was
selected instead, mandating a gage length of 4.15 feet (1.27 meters)

using Equation 2.3.

The overall dimensions of the final instrument, then, became
9 feet - 9 inches (2.97 m) along each axis (including protective caps
on the ends of each arm) and 40 inches (1l m) in height to accomodate

the electronics package.
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The response of an instrument of this configuration in
varying depths of seawater is illustrated in Figure 1I-6. The
contours represent lines of equal transducer response per 5 feet of
wave height normalized by the rated capacity of the transducer. The
fields of highest value indicate the environmental conditions

conducive to greatest instrument performance.

The absolute transducer was selected with a rated capacity of
50 psia (because of cost and availability) which provides the DPG the

capability to measure a pressure head of over 75 feet.
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CHAPTER 111

DPG HARDWARE

A. INSTRUMENT, SERVICE BOX, AND CRADLE

1. Introduction

The in-situ instrumentation is contained in a poly-vinyl

chloride (PVC) structure that is secured to a steel cradle moored to
the seafloor. The PVC structure, or "instrument', as it is hereafter
called, «consists of a central tube, or '"fuselage', and four "arms"
that extend from near the top of the fuselage. A plexiglass service
box, also attached to the cradle, provides storage for eighty feet of
unarmored cable at the installation site. Figure IT1I-1 illustrates
the instrument and Figure III-2 depicts the steel cradlie with the
instrument in pla;e suspended under the Field Research Facility's

CRAB vehicle.

This chapter describes the DPG system as instalied at the
FRF, Duck, N.C. Several components of the system were altered from
the original design during DPG assembly and laboratory testing. The

discussion of these modifications 1is presented in Chapter V.
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FIGURE I11-3: Rendering of the DPG fuselage, arms, sensors, and
water-tight instrumentation cylinder.
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2. The Instrument Fuselage and Arms

The fuselage section of the 1instrument is ten inches 1in
diameter and forty inches in length, (Figure III-3). It secures a

circular plate with five pressure-sensing '

'isolation'" diaphragms and
a water-tight cylinder that contains the pressure transducers. Both
ends of the fuselage are covered by plexiglass plates to prevent
large marine animals from entering the inside of the instrument. The
top plate contains a number of 5/8 inch holes to allow the fuselage
to flood and ensure that the pressure—sensing diaphragms therein are
communicating with the outside. The bottom plate has a one inch wide
slit cut across its radius to allow the cable entry to the fuselage
and water-tight cylinder. Both plates are secured to the cylinder by
titanium bolts attached to PVC blocks on the inside of the fuselage.
The blocks are made fast to the fuselage by adhesives and nylon

sScrews.

Each of the four arms penetrate the fuselage and are held
therein by a PVC 'spider." A spider is a common plumbing junction
which connects four pieces of tubing at ninety degree angles to one
another. Four bolts are tapped through the spider to secure the
arms. In this way, any or all of the arms can be disconnected for
greater ease in transportation, or potentially, a change in arm

orientation.
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The arms are three-inch diameter PVC pipe and fifty-two
inches 1in length. Each contains a pressure-sensing diaphragm near
its end. The extreme end of each arm 1is covered by a threaded
pipe-cap which can be removed to inspect the diaphragm and replace
copper scouring pads placed near the diaphragm to reduce biological
fouling. The arms are punctured with 11/16 inch diameter holes about
their ends to allow diaphragm communication with the environment.
Each arm is labelled with strips of white cloth tape to identify the

differential transducer channel corresponding to that arm.

3. The Transducers

A typical differential pressure gauge senses the pressure
difference between the diaphragm at the end of an arm and one of the
five diaphragms mounted inside the fuselage. The differential
pressure transducers are located inside the water-tight cylinder.
The differential transducers are Setra Systems Model 228. They are a
high line, low-differential wet-wet capacitance type sensor with
infinite resolution and a +0.5 psid range. Transducer output noise
is rated as below 100 microvolts RMS. Burst pressure is 2500 psid
(either side) such that there is less danger of catastrophic failure
during construction or installation. The differential transducers
require 28 volts DC nominal excitation and feature 0 to 5 wvolt
positive output. The transducer circuits have'internal protection

against reversed excitation voltage for at least 5 minutes,
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short-circuit of signal output leads, and short duration power line !
t transients up to 150 volts. Each is supplied with independent remote R
zero adjustment, although this feature is not used in the present DPG

model.

-

The fifth pressure—sensing diaphragm in the fuselage supplies ;f

a signal measured by an absolute pressure transducer also located

_" inside the cylinder. The absolute gauge is a Setra Systems Model
; 205-2 of 50 psia range. It also operates on 28 volt DC nominal

excitation for a 0 to 5 volt positive output. k

4. The Isolation Sensor Diaphragms

The stainless steel diaphragms of the transducers are

protected from the harsh marine environment by the nine "isolation"
- diaphragms located within the fuselage and arms, (Figure III-4). The

isolation diaphragms are made of 13 mil DuPont Fairprene® elastomer

mounted on an acrylic housing. Fairprene® is a durable nylon
material, coated with neoprene, that is flexible perpendicular to the

plane of the fabric. The elastomer is sealed to its acrylic housing

by a 90-10 copper—nickel alloy ring. The 90-10 alloy was picked for
its anti-fouling properties. Bio-fouling across the diaphragm ring
could puncture the elastomer or restrict its ability to deflect and
t} thereby introduce a bias., The rings are designed to last at least
five years assuming a corrosion rate of 1.0 mpy, (Dexter,1979). The

ring is secured to the diaphragm housing with six Monel! 1/4 inch
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bolts. Diaphragm housings are 2-7/8 and 3 inches in outside diameter
within the arms and fuselage respectively, and 2-5/16 inches long,
including the Cu-Ni ring. The diameter of the elastomer exposed by
the ring is 1-5/8 inches on all diaphragms. The acrylic housings

behind the elastomers are hollowed to a conical shape that funnels to

"/’7”' ‘\ %\
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Cu-Ni Ring

Acrylic Housing
Z Elastomer Diaphragm
Tubing & Connector

FIGURE III-4: Assembly drawing of an isolation sensor diaphragm.
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FIGURE III-5: 1Isolation sensor diaphragms shown at- A
tached by flexible and nylon tubing through the top -
of the water-tight instrumentation cylinder and into
the transducers.
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a small opening in the back. This opening mates with 1/4 inch (1/8
inch I.D.) flexible teflon tubing which leads to the sensing ports on
the pressure transducers inside the water—-tight cylinder. The
flexible tubing, manufactured by Cajon®, is armored with stainless
steel braid. Specifically, it connects to the back of the 1isolation
diaphragm chamber and is fastened to the top of the water-tight
cylinder with Swage-Lock® connectors, (Figure III-5). The connectors
penetrate the top of the cylinder and connect to nylon tubing inside.
Nylon tubing is used inside the cylinder because of its parti.l
flexibility and transparency. (Nylon is easily impregnated and
hardened by seawater and is used outside the cylinder only as a
permanent fastener, (Dexter,1979).) The nylon tubing is heated and
bent to shape to mate with the transducer pressure ports. The
housing and tubing assembly is filled with fluid which transmits the
deflections of the elastomer to the stainless steel transducer
diaphragms. The fluid is dyed with food <coloring for ease of
identification and inspection for air bubbles that might be seen in

the nylon tubing or acrylic housings.

During assembly, the isolation diaphragm housings are drawn
through the arms and secured inside them by brass screws which
penetrate the arm walls from the outside. The five isolation
diaphragms inside the fuselage fit snugly through three-inch holes in
a circular plate positioned just above the spider. A two-inch hole

is cut in the center of the plate for ease in assembly.
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FIGURE III-7: The transducer stack before insertion in-
to the instrumentation cylinder.
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5. The Water-Tight Instrumentation Cylinder

The water-tight cylinder, located underneath the spider, 1is
an anodized aluminum pressure-tested housing developed by Sea—-Data
Corporation. Four sacrificial zinc anodes are positioned about the
top of the cylinder. All of the pressure tubing penetrates the top
(removable) section of the cylinder, while the power and data cable
connects to the bottom via Brantner underwater XSL-20 connectors,
(Figure III-6). The cylinder is held in place within the fuselage by

PVC blocks bolted to the fuselage walls with Monel fasteners.

The transducers are held inside the cylinder by a series of
five wafers separated by acrylic rods. The bottom two wafers support
two of the differential transducers, the middle two support the
remaining two differential and one absolute transducer, and the upper
attaches to the underside of the cylinder top and suspends the wafer

assembly. The wafer and transducer stack is shown in Figure III-7.

6. The Cable and Service Box

The instrument is cabled to shore for power requirements and
data delivery. Eleven hundred feet of Blake BC 4960-1 double armored
cable is laid between the instrument and the land-based recording
facility. The cable is an eighteen conductor (18 gage - tin/copper)
strand wrapped around a polypropylene filler. The conductors are

water-blocked, wrapped in mylar tape, and sheathed under a
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polyurethane jacket with double steel armoring and an external

polyurethane jacket. The cable weighs 0.98 pounds per foot in air.

Eighty feet of the seaward end, stripped of its armoring, is
stored in an 18 1inch square by 9 inch plexiglass service box just
before mating with the instrument. The top plate of the box 1is
removable by unthreading four titanium nuts. This accesses the spare
cable if the instrument is to be moved or taken to the surface. 1f
the instrument requires service in the boat or on shore, the cable
may be disconnected above water, sealed with a dummy connector, and
released. A dummy connector is then attached to the instrument for
safety. For re-installation at some later time, the cable is
recovered, re-connected in the boat, and the instrument is brought
underwater, It is hoped that operating the underwater connectors
only above water will help alleviate some of the flooding and
corrosion problems experienced in the past with underwater-pluggable

connectors.

7. The Electrical System

Fourteen of the available twenty conductors are utilized.
Ten carry the five transducers' signal outputs, two carry the
positive excitation voltage (one for back-up), and two carry the
negative excitation ground, (one for back-up). Each of the
transducers share the excitation positive and negative leads. A

simple RC network can be installed at the landward end of each signal
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output as a passive low-pass filter. The network is easily designed
for 3 dB attenuation at 50 cycles per second with the aim of
eliminating 60 hertz noise from the power supply and local electrical
systems. Such high frequency noise would alias into the calculated
water wave spectra and bias the analysis results. An active filter
is, however, more strongly recommended. To guard against the
possibility of unwanted output oscillation caused by the capacitance
introduced by the long cable to shore, 100 ohm resistors are
installed in series in each of the output 1leads inside the
water—tight cylinder. Since the electrical circuitry of the
transducers is equivalent to a 4-terminal network which can be
grounded at only one point, it is essential that the negative output
leads of the transducers not be commoned since the negative

excitation leads are already commoned inside the instrument.

A complete wiring diagram is presented in Figure III-8.

8. The Instrument Cradle

Both the instrument and the service box are mounted onto a
steel cradle secured to the seabed. The cable is constructed of
C4x5.4 steel channel and 3/4 inch thick steel plate, two inch steel
pipe legs and Llx1x1/8 angle iron stringers. The channel is
connected primarily by the steel plate. A break is made in one plate
to allow the cable to slip through the structure when the instrument

is pulled out of the cradle. This is closed by a plate which bolts
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over this area to retain structural integrity after the instrument is
installed. The legs are welded onto the underside of the channel
such that they balance the <cradle about 1its center when no
instrumentation is installed upon it. Onto the bottom of the forty
inch legs are welded 10 by 12 inch thin steel plates to reduce burial
into the seafloor. The cradle is secured to the bottom using 5/16
inch galvanized chain that attaches underneath each channel and
cinches tight with a chain binder to one of four screw anchors driven

into the seafloor.

The instrument arms lay into the steel channel and the
fuselage slips into the center of the cradle. The arms are made fast
to the cradle with heavy electrical cable ties. The sevice box is
mounted onto the <cradle by four titanium bolts secured through the
bottom of the box. Attaching plates and rings are welded throughout
the cradle for buoy markers, flotation devices, pingers, diver—assist
lines, and weights to balance the asymmetrically placed service box

if necessary.

9. Biofouling and Corrosion Protection

The cradle was saﬁdblasted, primed, undercoated, and then
covered with anti-fouling paint. All surfaces of the plexiglass
service box and the PVC instrument structure (with the exception of
the fuselage end-cover plates) were sanded and also coated with

anti-fouling paint. The paint used was red PETIT BIOGUARD 1665 with
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19.14% active ingredient bis(tributyltin)adipate.

B. Data Retrieval

At the FRF installation site, the cable 1interfaces with
Facility equipment at the seaward end of the pier. The power supply
board is located inside a trailer at the seaward end and the
[‘ transducer output leads are hard-wired down the length of the pier
and recorded on a NOVA computer system located inside the facility's

main building on shore. The computer digitally records the

<

transducer signals at 1/4 second sampling for a 17 minute period

. 1
every six hours.
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C. Some Considerations of the Hardware Design
1. Fuselage Isolation Diaphragms

The absolute pressure measurement and one side of each of the
differential pressures are all to be taken at the instrument center.
Five individual diaphragms in the fuselage are employed for this
task. Since not all of the diaphragms can occupy the center of the
instrument in one plane, there is a small error inherent when saying

that the differential measurements are exactly adjacent and share an

endpoint with the absolute measurement. The midpoint of the fuselage

isolation diaphragms are each about two inches (7.1 cm) from the
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actual fuselage center. Further, the arrangement of the dP3, dP2 and
dP4 diaphragms within the fuselage is such that they are not
precisely aligned with the x— or y- axes respectively. This design
was the result of space allocation problems within the top of the
fuselage. The errors are such that the sensor alignment of dP2 is
91°, 178° for dP3, and 269° for dP4 with respect to dPl = 0°. It was
considered that these one and two degree errors were negligible for

the present investigation.

2, Height of Sensors

Once again due to practical space allocation, the instrument
was designed such that the center isolation diaphragms are nine
inches (22.9 cm) above the arm diaphragms. The pressure response
function is developed during data analysis for the mean of these two
elevations above the seafloor. In 20 feet of water, the error
between the pressure response function for the actual sensor height
and the mean sensor height is less than two-and-one-half percent for
the highest wave frequencies of interest (periods of 3.14 seconds)

and less than one percent for wave periods greater than four seconds.
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D. Cost -

The hardware used to construct and install the final DPG
prototype at the Field Research Facility cost approximately $13,000.
Machine shop fees for the entire project were $3090. The total
project cost, including design, development, laboratory testing,
hardware, travel, computer time, salaries, and indirect <costs was

approximately $31,000.
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CHAPTER IV

DPG SOFTWARE

A. Introduction

The theory of data analysis and computer software for the
original design of the DPG were developed during the drafting and
machining stages of the project. The complete theory and software to
directly develop the first seven directional Fourier coefficients for
a fully functioning 4-arm DPG are presented in this chapter. After
initial evaluation of the instrument's first sets of field data, it
was considered that only one differential pressure gauge on each axis
was reliably accurate. Hence the software package, as used at the
FRF installation site, analyzes only two orthogonal differential
pressure channels along with the absolute signal. The FRF package,
then, is an abridged version of the program described herein. It
develops only water surface slope in the x and y directions and
vertical displacement, and the first five directional Fourier

coefficients.
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B. Theory of Analysis

Selecting the x-y coordinate system in the horizontal with
the origin at the instrument's center as in Figure IV-1, the DPG is
assumed to faithfully record the water surface displacement 7 (x,y,t)
at the center, the slopes n, at A and C and Ny at B and D. The
curvatures n,, and Nyy 3across the center can be arithmetically
approximated by (n.(a) - 1n,(C))/ax and (qy(B) - ny(D))/ay
respectively. With the present DPG configuration, it is not possible
to arithmetically create the cross curvature term Nxy+ An additional

measurement would be necessary to define such a term.

Y
|
B
Y dp2
dp3 dpl
L;c g ———— A—f—>x
i ax — Ax———%
ay dp4
lﬂ

FIGURE IV-1: Coordinate system adopted for DPG analysis.
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The analysis procedure follows from Longuet-Higgins,
Cartwright, and Smith (1963). The water surface displacement is

expressed in terms of the complex directional amplitude spectrum,

F(6,8), as:

© 2m .
nix,y,t) =J f Flo,0)e’ Ot KXk Vag o5 (4.1)

where G = frequency
B = direction (assuming © measured counter-clockwise
from the positive x—axis)
kx = kcosB, wave—number in the x-direction

ky = ksinB, wave-number in the y-direction,

and JT = -1.

The water surface slope and curvature follow from (4.1) as:

® 27

] j - -

3-3- (x,y,t) = J J -ik cos © F(o,e)elwt kxx kyy)ae 0 (4.2)
-0 0

an ® o2 i (ot-k_x-k

5—; (x,v,t) = J J ~ ik sin © F(o,e)el TE=R X yy’ae 3o (46.3)
-0 0

2 o 27

a i - -

—-—g (x,y,t) = f J - k2 cos? 8 F(o,e)el(ct KX kYY)ae 50 4.4)
ax -0
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T ey

i (ot—kxx-kyy)

a2 S 27 2 2
——D-(x,y,t) = J J -k~ sin” 8 F{o,0)e 90 30 4.5)

3y2 0

Information providing a partial description of the
directional energy spectrum S(6,8), (equal to |F(6,9)|2), is :
contained in the auto- and cross- spectra of the water surface i{
displacement, slope, and curvature terms. These spectrs are obtained _;

through Fast Fourier Transform procedures using: o

21 ji

2

. Sy 0) = fo [F(o,0) < a8 (4.6)
m r2‘n‘ 5
- s (o) = - ik cos8|F(c,0)|“ 48 %.7)
. nn J
;_ X 0
r..
‘Il 2w 2

: S (o) = - ik[ sinelF(o,e)l dae (4.8)

nnY 0
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b 2 2‘“ 2 "9
[ s (0) = k J sin® cos8|F(c,0)|” de (4.9) !
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Wy 0 ]
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s (0) = k J cos“8|F (0,01 | a8 (4.10)
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2T
S (0) = k> J sin®6|F(c,0) |2 as

2w
S (o) = ;i.k3 I cos36|F(o,6)[2 de
nxnxx 0
2m
s, , (@ = ik> J sin8|F (0,0 |2 de
Y'Yy 0

The directional spectrum at a frequency & is

6.11)

(4.12)

(4.13)

then expressed

as a partial Fourier series in terms of the wave direction B as:

N N
S(0,8) = a_ + ) a, cos n b + ) b sin n 6
n=1 n=1

The Fourier coefficients are determined in the

as?:

1 27
= — 4
ao(o) o Jo S(o0,6) do

1 2n
an(G) = — I s(o,8) cos né dé

(4.14)

usual manner

(4.15)

(4.16)
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1 27
b (o) = —-I S(0,6) sin no 4de 4.17)
n w 0

The first seven Fourier coefficients in the Fourier series
representation of the directional spectrum, Equation 4.14, (i.e.,
N=3), are obtainable from the auto- and cross—-spectra, (Equations 4.6

through 4.13):

ay = 57 Spn(9) (4.18)

-1

-_—8 (o)
1 itk nnx

(4.19)

N
a, = — [Sn n (o) - sn n (o)1 (4.20)

Tk X X Yy

4 [32 4.21)
a,=——|2k°s__ (o) +s (o)] (4.
3 iﬂk3 4 nnx nxnxx

b, = == IS (0)] (4.22)
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2 3 [sn n (0)] (4.23)

2k (4.26)

o
]
L
=
& i
I ml
3
543
<o
3+
i
N
n
oo |
o=
<2

The truncated Fourier series directional spectrum is now

easily developed from Equation 4.14,

If two measurements each are accurately made of‘f]x and Ny it
would be possible to generate all of the first and third coefficients
four different ways and the second coefficients two different ways
using various combinations of the differential gauges in auto- and
cross-spectra., The instrument software, (re-printed in Appendix F),
generates each of the possible coefficients. There are two
advantages here. The program will use the mean value of each
calculated angular Fourier coefficient in generating the directional
spectrum if it is decided that each transducer is working correctly.
If it is concluded that a transducer is malfunctioning during a
sampling interval, the program will disallow that transducer's signal
during the final coefficient calculation. The redundancy of the
transducers' measurements, then, would offer a potentially more
accurate estimate of the directional Fourier coefficients as well as

a first-stage failsafe mechanism 1if one of the differential
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transducers fails. This was indeed the case in the field evaluation.

C. Correction for Centering of Measurements

The analysis theory used herein assumes that all of the water
surface measurements are taken about one point in the generation of
the first five directional Fourier coefficients. However, the
physical orientation of the instrument is such that the water surface
slopes are each taken about a point midway along each arm
(approximately two feet from the instrument center in the present
design). This analysis difficulty can be overcome by averaging the
two slope measurements along each axis and using the resulting mean
slope values in the analysis. This is done in the present program if

both transducers along an axis are deemed operational.

The measured slope values could be transferred to the center
of the instrument using a complex response function. If one
considers, for example, the absolute pressure signal to be monitored
at the instrument center (xo,¥o), and an x-axis differential pressure
signal measured at (x,,y,), the water surface and displacement terms

could be expressed (from Equations 4.1 and 4.2) as:

G 27 .
n{xg,y ,t) = j J F(G)el(Ot_kxxo—kyyo)ae 3o (4.25)
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= oq2m i(ot-k_x. -k y.)
nx(xl,yl,t) = -1k J J cosf F(o)e x"1 le 38 Jo0 (4.26)
Y- o]

The cross—-spectrum of water surface displacement and slope as

measured, then, would be

2m .
s* (o) = -ik J coso |F(o,0) | 2e L Ry (X17%0) +k, (¥4 ¥ ) 1 4

nn_ o (4.27)
1
However, the analysis requires that
2 2
s (o) = - ik j cos8|F(g,8) |~ a6 (4.28)
nn *
b4 0
Hence, the measured spectrum is corrected using
2T 5k, (x,~% ) +k_(y.-y )]
Snnx(o) = S:‘mx (o) Jo e x 7170 y "1l 70" 46 (4.29)

1

Similarly, the correction for a slope measurement along the y-axis at

(x,,y,) would be

2,
Sy (9 = S8 (0) f el [Ky (Ry=Xg) 4k (¥5-¥o) ] 49 (4.30)
Yoy 0]
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and for the cross-correlation of slope:

2 .
s, . @ =85 (0 J B LA P S TR (4.31)

where the starred spectra are those measured by the instrument.

The transfer function alters only the phase, not the
amplitude, and 1is a function of wave frequency, direction, and gage
length of the instrument arms. The corrections require one to know
the wave direction of each frequency component a priori. These can
be calculated (if two transducers along an axis are functioning

properly) using the simultaneous solution of a set of equations such

as:
2T ik (x,=x)+k_(y,-y.)]
S (o) = s* (o) I e x'"1 70" Tyl 0”7 de
nn nn
x X 0
1
. (4.32)
S (o) =s* (o) f el IRy (X3=xp) 4k (Y5=¥) ] 44
nn nn
X X 0
3
or
2T k(%= ) +k_(Y,=y )]
S (o) = s* (o)f et x Ko)WY g
nn nn
y Y, 0
CLI - - (4.33)
S (o) =s* (o) j et IRy (XX ¥k (v =Y) T 4
nn nn
% Y4 0
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where (xq,yy), (x4,y3), and (x5,y2), (x4,y,) are the known positions
of the Xx- and y-axis slope measurements, respectively.
Alternatively, the analysis could be carried out with the
non-corrected spectra, the directions at each frequency estimated,
and the process repeated using spectra corrected by the previously
estimated direction Lto yield continually more accurate directional
information. This analysis, however, can correct only for the

principal direction.

Such corrections are assumed small enough to be neglected in
the present analysis. For the worst case of small period waves,

(say, 3.2 seconds), the phase shift is less than 1 degree.

D. Program Operation Notes
1. 1Introduction

The FORTRAN analysis program, presented in Appendix F,
accesses and analyzes the five raw digitized voltages recieved from
the DPG data storage tape. A crude flow chart of the program is

shown in Figure IV-2.
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