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ABSTRACT 

The celerity of a shoaling wave was measured and plotted ' as a 
function of the parameter d/L0 and compared to linear wave theory. A 
noticeably higher celerfty was measured in the free stream than was 
measured by hot film shear sensors in the boundary layer. 

Hot film shear sensors were also used to determine the phase 
relationship between shear stress and free stream particle velocity . 
Data re.sults indicate that the maximum shear stress in an oscillatory 
flow field leads the maximum particle velocity by approximately 30°-35° 
and that this has increased with distance from the bottom. The phase 
difference was also found to be dependent upon the length of the incident 
wave. · 

It is hypothesized that the boundary layer growth and particle 
velocity increase in an alternately accelerating and decelerating flow 
field are rt;iated such that the maximum velocity gradient d·u/dy wi 11 
occur == 30° prior to the maximum particle velocity . 

... .... 
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INTRODUCTION 

Within the last four years a large amount of basic res~arch, 

both theoretical and experimental, has focused on the velocity field 

of water waves traveling over an uneven bottom--primar11y at steadily 

decreasing depth. · Simultaneously, experimental hydrodynamics research 

has enjoyed a significant boom with the introduction of flush-mounted 

7 

hot film shear stress sensors and wide-spread use hot film cylindrical 

sensors for particle velocity studies. To date, however, only Iwagaki and 

Sakai (1970) have made a systematic investigation of water wave particle 

velocity profiles using hot film velocity probes, and a search of current 

literature reveals no documented research employing hot film shear stress 

sensors in wave studies. 

The validity of hot film flush mounts as sensors of the true wall 

shearing stress has been established theoretically by Liepmann and 

Skinner (1965) and Ludweig (1950) among others, and experimenta,ly in 

water by Johnson and Barchai (1968), Mies (1967), Geremia (1970), and 

in air by Liepmann and Skinner (1965) and Bellhouse and Shultz (1966). 

Their use has been limited, however, to turbulant boundary layer and 

steady flow laminar boundary layer studies. There is no doct.111ented 

research involving hot film shear stress sensors 1n oscillatory systems, 

specifically in wave studies. The utility of such sensors in shoaling 

wave studies is questionable, particularly fn the near breaker zone 

where bubble entrairwnent and mixing by circulation cells creates the 

very real problem of two phase flow. Such flows have a decidedly 

detrimental effect on the sensor output signal, as will be later shown. 



~n light of the ~~ve observ~tf~ns, the primary objectives of 

this project have been twofold: 

(1) To evaluate the utility of hot film sensors in near breaker 

zone wave studies; and 

{2) To detennine the phase relationship between the bottom 

wall shear stress and the particle velocity profiles as a 

function of location in the water column and wave length. 

8 
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PRELIMINARY DISCUSSION 

In spite of the quickened interest in breaking waves and~ pro­

liferation of water wave theories, the shape of the shoaling wave ~front 

ranains unaddressed. Several experiments have investigated the particle 

velocity amplitude _variation with depth, however, no attempt has been 

successful in detennining the phase change with incursion depth. 

In speaking of breaking waves, it becomes necessary to limit the 

area of discussion by definition. Only shoaling waves, as opposed to 

deep water breaking waves, were considered in this study. ·Shoaling 

beach waves may be further divided into three distinct fonns, depending 

on wave geanetry and beach characteristics. Wiegel (1964) categorized 

them according to the following characteristics: 

(1) Spilling wave: Characterized by white water at the crest, 

breaks gradually and the crest appears to slide down the 

face of the wave. Occurs of H
0

/L
0

>.O6 on all beaches and 

.O6>H0/L
0

>.O3 on flatter beaches. 

(2) Plunging Waves: Characterized by curling over of the crest 

and rapid descent of the top. Thrown spray usually accan­

panies this process. Occurs for .O6>H
0
/L

0
>.O3 on steeper 

beaches, .O3>H
0
/L

0
>.OO9 for all beaches, and · .OO9>H

0
/L

0 
on 

flatter beaches. 

(3} Surging Waves: Characterized by peaking as if to plunge but 

instead the base surges up the face of the beach. The wave 

appears to break upside down and the crest seems to disappear 

in the surging base. Occurs on steeper beaches for .OO9>H
0
/L

0
. 

This project will limit itself to plunging waves on~y. Galvin(1969)established 

• 
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plunging weve criteria by laboratory experiment using the deep water wave 

height-to-length ratio and beach slope as parameters. H1s results indi­

cate that for: 

(1) 

where, 

m • beach slope 

Hb • wave height at break point 

H
0 

• deep water wave height 

the wave will plunge. 

The most comnon tools used in velocity profile studies are hot 

film velocity sensors and hydrogen bubble injection. The most recent 

study, employing both methods, was the investigation of Iwagaki and 

Sakai (1970). The study was an experimental investigation into the 

vertical distribution of horizontal particle velocity for a shoaling, 

finfte amplitude wave. In the hot film portion of the study, only 

particle velocity at a uniform pofnt of absolute phase (the wave crest) 

and the probe depth were recorded. Since this phase was not time 

referenced to any constantly occurtng event, no time comparison between 

points of different depths ts possible. Thus, while the absolute phase 

of the wave ts recorded, the phase of any depth relative to the phase at 

any other depth at any single instant of time ts not recorded and the 

vertical phase p~oftle cannot be calculated. 

Hotfllm sensor can be adapted to celerity studies by placing 

twQ or more probes along a longftudtnal line parallel to tank bottom. 

Two probes separated longitudinally by some 61, and at the same depth, 
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wtll measure some specific wave event, such as a crest, sequentially, 

separated by a time dt. This time will be dependent upon the celerity, 

which may be calculated by the simple speed-time-distance relation: 

..................... 

By varying the depth of the two probes the celerity amplitude 

profile can be plotted as a function of depth. 

(2) 

Velocity sensors could also be used to detennine the vertical 

distribution of phase by holding one probe in a constant position and 

varying the depth of a second probe directly below the first. This 

11 

method was rejected because of the anticipated size of the time variations 

over the entire vertical ·range. From top to bottom only a 10°-15° change 

was expected, w~ch represents a time variation of only 20-30 msec. This 

was considered to be too small for accurate detennination utilizing the 

correlation techniques available. 

Iwagaki also used hydrogen bubbles injected along a vertical axis 

and subsequently photographed after some 6t to calculate the horizontal 

particle velocity. Vertical distribution of the bubble generating sur­

faces allowed simultaneous detennination of the entire vertical velocity 

profile. Error was estimated at less than 3%. This method was considered 

as a possible means of physically observing and photographing the wave 

front. however, it was rejected as being unworkable. 

Consider the arbitrarily assumed linear nonvertical wave front in 

Fig.(2). At some injection time t•0 the particle velocities can be repre­

sented by the vector quantities shown. Since wave period remains 

approximately constant throughout the vertical distribution over any short 

longitudinal distance, injected hydrogen bubbles will return to their 
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original relative orientation at injection after each wave period. There 

w111 be small variations caused by varying mass transport rates over the 

vertical distribution of the velocity field, however, they can be neglected 

· for this example since they are not a mechanism of the wave action per se. 

During the wave cycle, the bubbles will follow widely different 

path lines unless the injection profile is coincidental with the wave 

front. At time t • w/2 the bubbles injected along A-A' at t•O will have 

the approxi~ate path lines to the position shown at w/2. The orbital 

centers were determined by the intersection of a line normal to the vel­

ocity vector at t•O with a line of constant velocity. Corrections were 

made for the decreasing vertical velocity with depth. The indicated 

wave front (celerity profile) has been detennined by connecting the 

bubble positions at w/2. Similarly, the wave front has been detennined 

at t• w, lw/2 and 2w. Ass&111ing a zero or approximately constant (over 

the vertical distance) net mass transport, the bubbles will never approach 

the true celerity profile of the wave crest since the orbital center of 

each bubble is cocked in the opposite direction at the time of injection. 

The problem of detennining the time-dependent celerity profile 

required a fixed phase event for reference and a fixed position reference. 

The wave crest was used as the reference and a flush-mounted shear stress 

sensor was used for a reference-time history of the wave over a fixed 

point. 

The process of detennining t '·e celerity profile using a shear 

stress sensor is a simple concept. A shear sensor is mounted flush to 

the beach at some fixed point. Immediately above it, or displaced 

slightly to either side to prevent thermal interference, a horizontal 

velocity probe records the time-history of the particle velocity. Asst.m1ing 
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the shear stress is exactiy tn phase wtth the particle velocity, any phase 

diffirence between the shear record and the particle velocity record will 

be the result of a deviation frmn the vertical lfne through the two probes. 

By varying the depth of the velocity probe the phase deviation at the 

crest at several points along the vertical axis may be determined. Know­

ing the wave celeri.ty, from the c/L
0 

-vs- d/L
0 

curves and the deep water 

celerity frmn Fig.~6), the time lag can be converted to distance using 

Equation (?). 

The ass1111ption that the particle velocity and shear stress will be 

in phase ts by no means an obvious one, nor is it undisputed. Lamb {1963) 

derived the equation for the particle velocity in an oscillatory fluid as: 

CD 
. • • • • • • • . • • • . • ( 3) 

! ~ exp [(t--r)a2
] af~ia da 

For sufficiently large -r the third term. disappears. Since the shear 

stress is related to the particle velocity by the relation: 

T • µ(~) t•O 
W ut 

the time-dependent shear stress may be derived from (3) as: 

f • ;t9 e·t/l'l sin(t--r+t/m -

1 

(4) 

COS(t•T+t/m • 7r S1n(t-T)•COS(t•T) .. .. .. .. {5) 

Letting t•O in (3) and (5) and plotting T as a function of --r, the 

phase relationship between the particle velocity (from (3) U
0 

= sin( ~--r )) 

and the shear stress (-rw/A • sin(t--r)-cos(t--r)) can be readily seen in 



Ft~. ( 3 l. For this s1mp 11 fted case, where the third tenn has gone to 

zero, the shear stress will lead the velocity by w/4. 

lwagaki et. al.(1967) perfonned the integration of (3) and arrived at 

the relation for shear stress 

where 

'tw 1 2 [ 1 pu;'° Re • sin{t-"t-w/4) + £ 21[ + 

( ft -W- ) sin 2(t-'t) + 

c1111a - 4n11a1 cos 2ct-T>] + oc.1 

£. w(H/L) 
sinh kd 

u 2T 
Re• ..ll_ l 

\I 2ir 

• • . . . .. . • . . . . . ( 6) 

This relation was progranmed in BASIC on the Naval Academy's 

GE-635 and plotted in Fig.(4). The conditions of the experiment were 

used to calculate the parameter£, i.e., a constant depth and varying 

wavelengths within the limits of the wave generator. Two things should 

be noted from this figure: 

(1) The shear stress definitely leads the free surface; and, 

(2) The phase lead will increase for an increase in wavelength, 

both at the trough and the crest. 

The reason for this indicated phase lead is not entirely clear. 

It does point out, however, the necessity of investigating the laminar 

boundary layer beneath the wave as an integral factor in the time 

dependency of the shear stress . Unfortunately, the boundary layer 

thickness has not been clearly formulated as a time-dependent function. 

14 
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rhe most noted authority, Sch11chtfng{1960) fonnulated the approximate 

boundary layer thfckness over an oscfllatory plate as a constant~ where, 

(7) 

Using wave periods of .765 sec, 1.09 sec., 1.33 sec. (correspond-

_ing to L
0 

• J', 6' and 9'. See Appendix C for lfnear wave theory conver­

sion), theoretical boundary layer thicknesses of 1.16xlo-3 feet, 1.38xl0-3 

feet and 1.53xl0-3 feet, respectfvely, were calculated. These are 

constants, however, and offer no fnsfght 1nto how the boundary layer 

thickness fluctuate,. 

According to steady flow boundary layer theory the boundary layer 

thickness will vary fnversly proportionally to the free stream velocity 

generating ft. That is, 6 ~ 1/Re ~ 1/U
0

• In the case of a shoaling wave, 

however, the fluid is in a state of continual acceleration, alternately 

positive and negative. The effect of this acceleration apparently has 

not been accounted for in the Schlichtfng approach. 

Recent experimental work done by Teleki and Anderson (1970) suggests 

that the boundary layer is of a much greatertttickness--on the order of 3 

to 8 times as large as that predicted by Schlichting. They also noted 

that the boundary layer appeared to be thicker for a crest than a trough, 

despite a higher measured particle velocity. Several explanations are 

possible, two of which are pertenent to this paper. The investigators 

were using a full round Preston tube 5.2xlo-3 feet in diameter as a 

measurement devfce for shear stress. The theoretical boundary layer is 

on the order of 1/3 this size and the experimental results on the same 

or~er of magnitude as this size. It is anticipated, therefore, that 

significant flow distortion occurred. A greater distortion would occur 
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for the higher velocity, thus giving a possible higher value of 6 for 

the higher velocity of the wave crest. 

In the same experiment, Teleki and Anderson plotted th~ vertical 

distribution of horizontal particle velocity in the vicinity of the wall. 

A bulge of approximately lOS in the horizontal velocity profile was 

observed at a distance from the wall of approximately 2-4 times the 

boundar~ layer thickness • 



INSTRIMENTATION 

Velocity measuranents were made using TSI model 1210 and 1211 

cylindrical hot film sensors with a .002 11 sensor diameter. Shear 

measuranents were made with TSI model 1237 flush-mounted sensors. The 

sensors were connected to a TSI model 1050 two-channel constant tempera­

ture anemaneter (See Appendix A) coupled to an isolated TSI model 1050-6 

power supply. The TSI 1210 velocity probes were aligned parallel to the 

longitudinal axis of the tank. Thus, assuming a zero or slowly changing 

transverse current, the maximum velocity sensitivity would ·occur for 

17 

pure vertical flows. Similarly, the TSI 1211 probes were aligned verti~ally 

with the supports transverse to the tow tank. Assuming a near zero trans­

verse flow, the maximum output would represent a _purely horizontal flow. 

Two dimensionality of the incident wave was assumed throughout the 

experiments. 

The output of the anemaneter was monitored on a Hewlett-Packard 

(H/P) model 181A dual trace variable persistance oscilloscope. A simple 

switching box allowed quick monitoring of all signals. A visual record 

of the anemometer output was made on a Clevite mk 280 two-channel strip 

chart recorder. A 0-10 volt positive D.C. zero suppression permitted 

sensitivities on the order of 125-315 mv/cm. A H/P model 3960 4-channel 

frequency modulated instr1.1nent tape recorder was used to record all 

signals for later analysis. 

Signal analysis was performed in the Naval Acadmey's data 

acquisition laboratory using the existing time series analysis equipment. 

The recorded outputs were passed through a Rockland model 1022F dual 

Hi/Lo filter set to high pass above .OSH1, thus blocking the D.C. signal. 

The signals were then passed through a Krohn-Hite model 3202R low pass 
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filter set at 40 HI to filter out extraneous random noise and tank vibra­

tfon. The f11 tered wavefonns were moni'tored on a H/P 1201 B vari ab 1 e 

persistance dual beam oscilloscope and patched into a Time Data/100 time 

series analyzer. 

The Time/Data is a two-Cllannel, high-speed, real-time, all digital, 

hard-wired program -processor with pushbutton selection of the basic time 

series algorithns. The cross correlation algorithm was the only one of 

concern in this project. For cross correlation, the T/0 100 employs a 

2002 word input frame with 8 bit resolution and outputs 1001 positive 

lags and 1001 negative lags with 18 bit resolution. A/0 aperature time 

is 1 µsec and processing t1me 5 sec. (See Appendix B) 

The T/0 100 was coupled to a PC102 display coupler which linked it 

to a H/P 7004B X-Y recorder for automatic plotting. A Tektronix C-27 

oscilloscope camera was also attached to the T/0 100 output oscilloscope 

to record selected sample outputs. 
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TOWit«J TANK AND BEACH 

Waves were generated and measures in the Naval Academy's ship 

model towing tank. Though designed primarily for testing of ship models, 

it is equipped with a pneumatic wavemaker designed for model seakeeping 

tests. The tank measures 85' in length, 41-3/4 inches in depth, and 

approximately 70" in width. The width varied from 69.5" to 71.5" depend­

ing on where the measurement was made. While this variation could be 

neglected ·as far as its effect on the waves, it posed a very real problem 

when designing a beach to fit snugly against the tank walls, yet which 

could be insta led and removed with only a minimum of difficulty. The 

tank is of steel construction bolted to studs imt2dded in the concrete 

floor slab. 

The wavemake~ is of pneumatic design employing a 60 cycle motor 

rated at 3/4 HP at 1725 rpm coupled to an air blower. Frequency is 

regulated by a Bodin Type ASH502 DC motor control modified later in the 

experiment to accept a ten turn potentiometer for better frequency 

resolution and more steady operation. The standard model was found to 

experience significant drift even after several hours wann-up time, 

apparently as a result of thennally caused resistance changes. 

The control acted as a rheostat to a DC .motor coupled through a cam on 

the rotor to flapper valves on the air blower outlet pipes, thus modulat­

ing air flow to the wave generator air chamber. 

A simple check made to determine wave amplitude variation with 

wave length indicated that wave height was independent of generated wave 

length. Thus, the wave generator efficiency varied with wave period 

and. a constant setting could be set on the blower motor for a constant 

wave height regardless of wave length. The wave height chosen as best 
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suited for these experiments was 1.88". The wave period was monitored on 

a Beckman 6144 EPUT and timer. Wave frequency was monitored on a H/P 5214L 

preset counter set to a 10 second period, and recorded on a H/P 562A digital 

recorder. Input to both the Beckman and preset counter was from a photocell 

modulated by a 10 slit disk attached to the D.C. motor rotor. 

Wave freque·ncy and pert od for a given wave 1 ength was determined 

by a computer program anployfng linear wave theory. The program was run 

for the specific depth of the USNA tow tank {42") and is tabulated in 

Fig.{5). 

The waves were allowed to propagate the entire length of the tank 

and shoah:d on a sani-rfgid, variable slope beach. The _slope {m) of the 

beach was detennined using Galvin's {1969) criteria for plunging waves: 

Ho .09 < Loin'"< 4 .8 ................. (1) 

A median value of 2.6 was selected to allow maximum variation of 

L
0 

on either side of the design wave. Using a design wave height of 2" 

and design wavelength of 6.5 1
, the beach slope was calculated to be 

m • .12 or approximately 7°. 

The initial beach constructed was 192" x 69" and constructed of 

1/2" exterior grade plywood reinforced by 2"x8" sections along butt 

joined seams on the underside. Three coats of Rust-0-Leum were applied 

to inhibit warping. The beach was installed resting on the existing 

pennanent, variable slope stainless steel beach with the upper edge of 

the· plywood beach protruding from the water on clamped to this base. The 

beach extended to 18" below the sti 11 water level and was restrained by 
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the devices shown in Fig.(6). The large net positive bouyancy and 

relattvely Sfflllll force of the plungfng waves posed a restraint problem 

apparently of hold-down alone. The beach motion due to wave action was 

ass11ned to be negligible. As is discussed in the error analysis, this 

was not the case. 

After approximately 8 weeks of intennittent in111ersion the beach 

had warped considerably and was not acceptable as a primary measurement 

platfcnn. ·Data taken was also found to be probably affected by the 

shallowness of1he beach, and a second beach section was con~tructed. 
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The second beach was 96 11 x 69" and constructed of 3/4 11 marine grade 

plywood coated with a primer and 3 finish coats of Rust-0-Leum. Transverse 

support was supplied by 3 lengths of 2" x 1/411 ah111in1111 angle bolted to 

the underside of the beach. A slot 81 11 long and 211 wide, with 111 wide 

and 3/811 deep rabbits on each side was cut down the length of the beach. 

Plexiglass strips 1/2 11 thick were machined to fill this slot and were 

screwed in place, flush to the beach surface. Two TSI model 1237 shear 

stress sensors were mounted on 211 centers along the longitudinal axis of 

a 311 long plexiglass block. Modeling clay was used as filler between 

strips to smooth any incongrueties in the region of1he probes. 

The second beach was installed, using a system similar to that of 

the first beach, and butt joined to the first beach, which was pushed to the 

tank bottom. Due to certain configurations of gear in the tank, the maxi­

m1.111 depth the first beach could be fixed at was 33 11
• Both beaches were 

set at a slope of .12. Continuity of the beach surface at the butt joint 

was preserved by fixing a 411 wide strip of 1/16 11 aluminum sheet to the 

upper beach, and bending it downward at a 10° angle. The first beach was 
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allowed to rfse untfl the aluminum made a snug fit over its entire 

width. 

Dye fnjectfon tests on 4 Aprfl 1972 demonst,·ated the ex-fstence 

of cfrculatfon cells fn both a transverse direction across the top of the 

beach from one side of the tank to the other and back again underneath 

the beach, and around the perimeter of the beach surface. The transverse 

circulation was apparently due to the gaps left between the tank walls 

and the beach edges and was corrected by filling those gaps with foam 

rubber. The circumferential circulation was ascribed to a transversely 

non-horizontal condition, and hence an uneven wave break. When the wave 

began to break sooner on one side than the other, it canted the wave 

break line and set up a ·net positive particle velocity toward t~e far 
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side. This mass transport at the break point was countered by a flow in 

the opposite direction at a point approximately 4 •·-s I from the break point. 

This effect could be limited by leveling the beach as much as possible, 

but could not be eliminated. The velocities were found to be of a 

relatively small order at magnitude and their effects were neglected. 



" . -

• 

EXPERIMENTAL .PROCEDURE 

A. Celerity Investigation 

An investigation of the varying wave celerity of a shoaling wave 

was made using two methods--constant wavelength, var~ing depth and 

constant depth, varying wavelength. Two particle velocity probes were 

mounted a measured distance apart {usually around 15") along the longi­

tudinal axis of the tank. Probe inmarsion was the same for both probes, 

around 3.511 below SWL. Waves of 6.5 1 length were generated and allowed 

to travel the length of the tank and break on the beach. A-11 measure­

ments using tbfs method used only the single 192" beach on a slope of 
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.12. The probes were suspended from 2"x1/4" aluminum angles running 

transverse across the tank. Because of vibrations from the wave generator 

transmitted to the probes through the steel walls of the tank, the 

aluminum angles were placed on cedar blocks isolated from the tank by 

foam rubber pads. 

The two anemometer outputs were recorded on the mk 280 strip 

chart recorder and cross correlated on line on the T/D 100. The time 

lag was averaged over 10-12 cycles to obtain a mean time lag. Celerity 

was calculable using the relation c • Al/At where Al• probe separation 

distance. The parameter d/L
0 

was calculated using the mean depth of the 

two probes. 

The second method made use of the fixed position shear stress 

sensors. Wavelength was incremented from 2.0'to 10.0 1 at .5' increment 

and the outputs cross correlated on line. Once again celerity was 

calculated using the probe separation distance. 
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B. Velocity Profile 

To accurately detennine the velocity profile of a wave, it is 

necessary to establish a fixed frame of reference, both in ti~e and 

position. The wave crest was chosen as the time reference and the flush­

mounted shear sensor used as position reference. Two flush-mounted films 

were imbedded in p1exiglass on a 2" center and bolted to the 81 beach 

section. Directly above the forward shear stress sensor a horizontal 

particle velocity probe (TSI 1211) was mounted on a vertical traversing 
• • I • 
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device. A strafght edge was leveled and used to ~nsure vertical alignnent of 

the two sensors. The signals from all three sensors were recorded on the mk 

260 strip chart recorder, monitored on a dual trace variable persistance 

oscilloscope, and recorded on an FM tape recorder. 

Cross correlation of the two shear stress sensors yielded a time 

lag from whicn celerity was computed and compared -to the previously 

detennined curves. Cross correlation of velocity probe against the shear 

sensor directly below also yielded a time variation, 6t, which was con­

verted to a phase variation. 

The i11111ersion depth of the velocity was varied to traverse the 

entire distance from just below the wave trough to the beach bottom. 

The time variation was measured at each point and used to calculate 

phase an.d position parameters. 
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RESULTS 

Initial celerity studies to detennine the c/c
0 

-vs- d/L0 curve for 

the 16' beach were carried out 21 February 1972 and 11-12 March 1972. 

The second beach was added 1 April 1972 and further celerity studies and 

initial shear stress investigations were made over the weekends of 8-9 

April 1972, 15-16 April 1972 and 29-30 Apt·il 1972. Analysis for time 

variation was carried out on the T/D 100 while monitoring the filtered 

output signals on a dual trace oscilloscope. Data sections which exhib­

ited irregularities and non-periodic incongrueties not associated with 

wave phenomen were edited from the analysis. Data marked by such 

irregularities as sudden shocks to a sensor, cocked waveforms from 

mis,ltgned probes, and bubble entrainment and shedding were excluded 

from the analysis. A minimum of at least 10 samples, usually at a 5 msec. 

sampling rate, were obtained from each run and the average of the 

resultant valves at the time of the first correlation peak were calculated. 

Results from the initial celerity investigation are plotted in 

Fig. ( 15). The rise in celerity at a d/L0 of = .18 was assumed to be a 

result of the principal of conservation of energy, this being the region 

of minimum wave height. The loss of potential energy of the decreased 

wave heig_ht would be balanced by a kinetic energy increase in the fonn 

of higher celerity. When the beach was extended to the bottom of the 

tank by the addition of the second beach section, however, this rise 

disappeared. The most probable explanation is that the first beach, 

extending to a depth of only 18", was too shallow and acted as a shelf 

cutting off the entire lower half of the wave. The upper half was suddenly 

without a significant portion of its energy and slowed down. It was, 
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however, still essentially a deep water wave, though now in shallow water, 

and sped up to the shallow water velocity. From then on it followed the 

normal celerity curve for a shoaling wave. Thus, in actuality~ the observed 

rise was not a rise at all, but merely a return to normal celerity from an 

unnatural drop in celerity caused by the shelving effect of the beach . 

This hypothesis is confinned by comparison of the c/c0 -vs- d/L0 waves 

plotted from data taken 21 February 1972 anJ 11-12 March 1972 with 11 .,ear 

wave theor_)'. 

It should be noted that the comparison of this data with data 

taken 8 April 1972 (Fig.(16)) will show significantly higher celerities. 

This can be accounted for as the effect of beach friction present only on 

8 April 1972, and due to the extension of the beach ~everal feet in front 

of the measurement point. The c/c0 -vs- d/L0 curve plotted from data 

taken 8 April 1972 was accepted as the standard curve for the beach on a 

slope of .12. 

A comparison was also made between the celerity measured beneath 

the boundary layer by the shear sensors and the celerity measured in the 

free flow measured by two colinear negative probes. The two celerity 

curves are plotted in Fig.(17) with the linear theory presented as a 

reference. 

No explanation is offered for the higher celerity in the free 

stream than in the boundary, particularly in light of the higher particle 

velocities measured in the boundary layer by Telaki and Anderson (1970) and 

Jonsson (1963). There is also an unexplained anomaly in both data curves 

at d/lo- It may be only a coincidence of normal experimental data scatter, 

however, the close correlation between the two lines suggests this is an 
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ar~a worthy of further investigation. These data were taken at a constant 

position (constant depth) for varying wavelength, hence be,ach anomalies 

should not seriously affect only a single range of wavelengths. 

Phase relation data was taken 8, 15 and 29 April 1972 and reduced 

on the T/D 100 in the same manner as the celerity data. Time variation 

was converted to phase by the relation: 

e • (6t)(fo)(360°) ( 8 ) 

where fo is the wave frequency recorded on the H/P 561 digital recorder. 

This phase was plotted in Figs.(18-20) as a function of vertical probe 

distance (1) from the shear sensor (1 • d - dp where dp • probe inmersion 

depth at SWL) the trend appears to predict a divergent velocity-shear 

stress phase shift as • approaches the free surface, and as wavelength 

increases. The increasing value of the velocity gradient between 1 = .5" 

and the free surface for increasingly longer waves tends to suggest a 

depth dependency in the curvature phenomena observed in these intennediate 

water waves. 

This gradient is more readily seen when phase is converted to a 

distance displacement by the relation 1 • c6t. The resultant curves for 

the three wavelengths investigated are presE•nted in Fig. ( 21). The values 

of c were taken from the c/c0 -vs- d/L0 curve of 15 April 1972. 

Fig.(21) may be interpreted as a plot of the locus of points in 

phase with the shear sensor at that point in time when the free surface 

wave crest is felt by the shear sensor. No<ther relationship between the 

shear sensor and the celerity profile may be implied since the phase 

relationship between the physical occurace of the maximum particle 

velocity and the maximum shear stress. The lines in Fig. (21) are 
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stmply in the shape of the advancing wave front. as measured between the 

free surface and some distance outside the boundary layer. 
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DISCUSSION 

The interpretation of the data presented in Figs.~s-20) is subject 

to several possible explanations, only two of which will be presented here. 

An attempt has been made to explain the phenomena observed and reconcile 

it with accepted boundary layer theory and docL111ented observations. The 

state of oscillatory boundary layer theory being what it is, however, it 

was not held as law and has been challenged somewhat by these explanations. 

Ass1111ing the velocity profile data from Teleki and Anderson (1970) 

to be correct, an amplitude bulge exists in the particle velocity at the 

base of the wave. This bulge appears to be in the vicinity of the laminar 

boundary layer. A similar bu1ge in the profile was observed by McConnick, 

Johnson, and Lee {1972) for the steady flow case. As the fluid progresses 

up an inclined beach, it is being channeled as a result of squeezing frr.,111 

the bottom. Water is basically incompressible, hence the excess fluid 

from this channeling effect is forced forward through the •,oundary layer 

closest to the squeezing wall at a higher velocity than the free stream 

velocity. 

The phase results indicate that a physical bulge, as well as a 

velocity amplitude bulge, is present for the shoaling case. This is a 

necessity if the velocity bulge is accepted, since the mass flow rate will 

be increased for a higher particle velocity. 

Applying this theory of a water bulge preceeding the wave to these 

results, it is apparent that the bulge would have to lead the wave front 

by approximately 30° to account for the shear stress lead. This is 

assuming, of course, that the maxim1111 shear stress occurs for the maximum 

particle velocity in an oscillatory flow. It is also apparent that the 

size of this bulge is dependent on1he parameter d/L
0

• An artist's 

concepti on of the wave front predicted by this theory is presented in 
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Fig.{21). This plot may be interpreted as representing the locus 

of points experiencing thetr respec~fve maximum forward particle velocity 

simultaneously. Note that for the 9.0' wave this fs very nearly the 

w/4 phase difference between shear stress and the free surface predicted 

by Iwagaki {1966) and Jonsson {1965). 

The theorized high velocity water bulge is predicted to oscillate 

with the same frequency as the rest of the water column, but approximately 

30° out of phase. Thus it would lead the trough by 30° as well as leading 

the crest. This constant phase lead at all points of oscillation is con­

sfs ant with the observed results taken from strip chart recordings. The 

driving force of the boundary layer bulge would come fr~ the comprassion 

of the flufd caused bythe succeeding wave. Thus, the bulge would be 

expected to grow as ft progressed up the beach, i.e., as the parameter 

d/L
0 

decreased. Again, this fs borne out by the data as phase lead 

increases for the longer wavelength at the same depth. 

The bulge theory appears to explain most of the observed phenomena 

including a greater inshore mass transport rate of dye injected at the 

beach surface that is the free flow. However, the concept of a physical 

intrusion of a small water layer, on the order of a few hundredths of a 

foot thick, sandwiches between the boundary layer and the free flow, 

oscillating out of phase with both of them and subject to the requisite 

shear stresses on both sfdes i and yet continuing to grow in length to 

the point where ft fs 30° ahead of the wave front, stretches credibility 

to the breaking point. As a more plausible explanation for the observed 

shear stress lead, the natur.e of the time-dependent boundary layer 

thickness must be detennined. 



The fluctuating boundary layer is a significant area of interest 

in any shear stress investigation involving fluctuating flow since 

• du ¾ µ~ 

and both velocity and the boundary layer thickness are time dependent. 

A possible explanation for the observed 30° phase lead is that the 

boundary layer thickness is not fluctuating in phase with the particle 

velocity causing it. The breaking wave case may be defined essentially 

as an alternating accelerating and decelerating flow over an inclined 

flat plate. Flow visualization studies by M.I.T. (National C01111littee 

for Fluid Mechanics Film) indicates that for a sudden flow acceleration 

in a channel the boundary layer grows out from the wall, thickening as 

the fluid accelerates~ Any further increase would result in a thinning 

of the boundary layer, as per accepted steady state boundary layer theory. 

The maximum shear stress will be registered not for the maximum velocity, 

but for the maximum velocity gradient. _It is the opinion of the author 

that this gradient reaches a maximum at some point of phase leading the 

free stream velocity the magnitude of such phase lead being dependent 

upon the magnitude of the maxim1111 horizontal particle velocity in the 

free stream, and hence upon the wavelength. This hypothesis explains the 

large initial value of the phase lead as being a result of the phase 

relationship between shear stress and free stream velocity, and the 

increasing phase lead with increasing i as being an indication of the 

wave front curvature. 

This hypothesis is strongly supported by the results of Jonsson 

(1963). In a study of the vertical distribution of horizontal particle 

velocity in an oscillating water tunnel, Jonsson determined particle 
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velocity versus depth for the entire wave period 1n 15° increments. 

Hts results show the velocity gradient is greater for 135° than 180° 

(the trough was used as 0° phase reference. Thfs 45° fs very similar to 

the results obtained fn this study. 

T/D 100 

While on lfne analysis of the anemometer output signals would 

seem to be a desirable feature as a time saver, ft wa~ found fn truth to 

require an excessive amount of run time to generate a sufficient number 

of correlations. The computer, as linked, had a mfnfmum recycle tfme of 

approximately 20 seconds: 5 seconds data acquisition, 5 seconds process­

ing, 5 seconds correlation output, 5 seconds for the x-y plot, manual 

reset of the PC102, and restart of the algorithm. Thus, from any 20 

second real-time ron, only 5 seconds of data could. be analyzed, represent­

ing a maximum data utilization efficiency of 25%. Because the water 

surface deteriorated wfth time from wave reflection effects, the excessive 

time required to obtain a correlation series reflected an unacceptable 

inefficiency. It is therefore recommended that on lfne analysis not be 

attempted except as a preliminary check on results for correct system 

operation. The H/P 3960 FM tape recorder proverb invaluable in recording 

signals for later playback analysts. Shorter real time runs were thus 

possible by repeated replays of the recording to obtain the necessary 

number of correlations. It is highly unlikely that any two correlations 

reflected identical data s•ples, thus the possfbflity of undue biasing 

from repeatedly analyzed data was minimal. 

Throughout this project a qualitative evaluation has been made of 

the performance of the hot film sensors. The observations included are 

based on 6 months of use. 
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Probe Evaluation 

The utilfty of hot fflm velocfty sensors was found to be without 

serious drawbacks. The probes provided an accurate wave record ·as long 

as they were tnmersed at least .5 11 below the minimum wave trough water 

level. A wave gage, therefore, is required to record the free surface 

time hfstory. 

Probe orientation was found to be a critical factor in eliminating 

distortion, .particularly fn the case of longitudinally oriented vertical 

velocity probes (TSI 1210). A very small angular shift off ~he 

longitudfnal axis was sufftcfent to fmpart a horizontal velocity component 

--;k-~ 
nonnal to the film surface, thus sfgnificantly distorting the vertical 

velocity record. Examples are shown in Fig.(30-31). 

Angular orfentation of the flush-mount sensor face was found to be 

far less critical than for the velocity probes, primarily because there 

was essentfally only two-dimensional flow. Huang and Dlysy (1969) found 

the directional response of the shear probe to be proportional to the 

cosine of• up to a - o1 50 degrees where - is defined as: 

/ 
In order to define as small a point as possible as the reference 

origin, a - of 90° was used on both shear sensors, thus reducing the 
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long1tudin1l length of measurtment to be the width of the heated element. 

\c u 
H 

The center of this element was used as the fixed reference point. 

An 1n1t1al attempt to confim the angular relation of Huang and 

Dlysy was abandoned after a problem of air bubble entrainnent was encoun­

tered. Ai.r bubbles were included in the breaker zone and mixed through 

the shoaling region by1he circulation cells previously dis~ussed. The 

heated element of the shear sensor seemed to attract these bubbles, 

severely altering the heat transfer characteristics and ~hanging 

magnitude of the output~ Fouling seemed to be dependent on both time 

and bubble concetration. It was necessary to clean the probe faces 

imediately prior to the beginning of each data run. This was accomplished 

by lightly brushing the bubbles clear with the fingertips. The effects 

of bubble entrainnent were sufficient to indicate that calibration of 

the shear sensor would be uncertain if not impossible. In the shoaling 

region an example of the results of air bubble entrainment and the effects 

of brushing away t he bubble is shown in Figs.(25-26). 

It was noted that for both the velocity probes and the shear sensors 

the signal output never crossed through the zero flow value. Since the 

frequency response of both types of sensors is on the order of at least 

1000 HI it can be inferred that the lack of a zero flow signal represents 

the continuous presence of a flow, rather than a lack of pro~er sensor 

frequency response. However, the nature of oscillatory flow dictates 

that the flow must stop in order to reverse itself at each horizontal 

extremety at the oscillation. Thus it would appear that the flush-
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mounted hot film ts sensitive to velocity gradients at end near wall and 

that the mintm1111s of each are out of phase. 

The flush mounts were also found to exhibit a much shorter 

lifetime. Though considerably less prone to breakage than the velocity 

probes, two of the three specially modified TSI 1237 sensors flooded after 

less than 36 hours constant i11111ersion. The flooding process was indicated 

by severe fluctuations in the output voltage and an inability to adjust 

the refer~nce voltage to a steady value. After approximately 3-4 minutes 

the probe would short and burn out. It was found that sensor life could 

possibly be prolonged by switching the anemaneter to standby at the 

first indication of trouble, disconnecting the probe cable entirely from 

the ananometer and removing the probe fran the water to dry. In any case, 

it is recomnended that all probes be removed and dried following each 

day's run. Easy accessibility and sensor removal -should therefore be 

incorporated into the beach design. 

Conclusions I Rec011111endatfons 

This project was one of an exploratory nature, and several 

questions have come to light, questions on which more attention should 

be focused. The most important of these is the phase relationship of 

the fluctuating boundary layer thickness and the free stream velocity. 

This must be developed to determine a meaningful measure of the boundary 

layer while in a state of constant flux. 

A closer investigation into the observed water bulge near the 

boundary layer is also warranted. While this bulge might be unacceptable 

as the sole explanation for the shear stress lead, it is nonetheless of 

significance from the standpoint of its possible effect on mass transport 
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at the beach surface. The bulge stze and velocity should be detennined for 

several wavelengths at several points along the full length of the shoaling 

beach. 

A more definitive investigation of the depth dependency of the wave 

front also needs to be carried out. As presented, only wavelength was 

varied in changing the parameter d/L
0

, hence celerity and particle velocity 

was likewise varied. To obtain a more accurate concept of the relationship 

between the wave front profile, the free surface profile and the beach 

slope, further tests have to test new variables. 

It is rec011111ended, however, that no further wave investigations 

of this nature be conducted tn the current tow tank configuration. 

Problems of tank scheduling, the transient nature of any beach, poor wave 

gage instrumentation and a poorly designed wave generator doom to failure 

almost any serious investigation into the finer areas of wave research. 

Fortunately, the new Engineering Studies Complex wtll provide much 

needed facilities in which these investigations may be carried out. 
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~- ANALYSIS 

There are several factors acting as possible sources of error, 

some of them capable of exerting signfficant impact on the test 

results. 

In the early test runs from which c/co was calculated in Fig ( 15), 

the frequency regulation of the wave generator was very poor and varia­

tions of t3-41 were recorded during single runs. As m~y be ascertained 

from Ff g. { 5 ) , an increase of • 03Hi from a reference 6. O I wave 

{approximately .924 Hi) increases the wavelength .4' (6.7%) and increases 

the celerity .18 FPS {3.3%). After the installation of ·a ten turn 

potentiometer on the frequency control unit, the frequency was steadied 

to well within 1% and any variation was to all extent nullified by taking 

a cross correlation sample input span of 4-6 wave periods. Frequency 

variation was not considered to be a significant source of error in all 

runs made after 1 April 1972. 

A more noticeable defect fn the experimental apparatus was a 

slight "breathing" motion of the non-rigid beach. Under excitation of 

the incident waves, the upper beach section pivoted about the upper end 

clamped to the pennanently installed stainless steel supporting beach, 

and the lower section pivoted about the lowest point of negative support. 

Movement was most evidenced at the two section interface where each sec­

tion traversed a vertical distance of approximately .25". · To minimize 

flow field distortion beyond the joint, foam rubber padding was squeezed 

between the two overlapping sections, thus preventing flow through the 

"solid" bottom boundary. The possible effects on the shear stress sensors 

37 



was assumed to be negligible, although the boundary layer may have been 

affected. This is one possible reason for the inconsistancies between 

successive weeks' runs. It would be impossible to quant.itize .this 

effect, however, hence it has been neglected. 

Possible longitudinal misalignnent of the velocity probe above 

the shear stress sensor offers a third possible source of error. Since 

any offset would be constant error, while the wave period and celerity 

vary for variations in wavelength, any misalignnent would result in a 

non-constant, non-linear error. For example, a negative .5 11 error 

{shear sensor oriented .5 11 behind the velocity probe) would lower the 

calculated phase lead of the shear sensor 7°, 4°, and 3.3°, for 31
, 6 1 

and 9 1 deep water wavelengths, respectively. The method of calculation 

was: 

[ 

(L/L0 ) L0 -(.5/12) l 
A8. 1 - (l/l) L X 360° 

0 0 

where L/L
0 

• c/c
0 

and is taken from -Fig . ( ). 

The net results of .5" position errors, both positive and 

negative are shown in Figs. {33) and (34). As is evident, a negative 

shear sensor displacement tends to lower disperse the three wavelength 

curves while a positive displacement collapses the curves at a higher 

phase difference. The actual magnitude of error was probably within 

+ .13 11
• 

Probably the most significant source of error was in the vertical 

alignnent of the flush mount shear sensors. As has been noted using 

Schlichting's approach (Eq.7), the thickness of the laminar boundary 

layer is on the order of .0015 feet. Even accepting the experimental 
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results of Teleki and Anderson (1970) the boundary layer thickness is 

still on the order of only .012 feet. In real tenns, a positive 

misalignment of .00063 1
, less than 1/128" would place the pro~e face 

over 401 of the way through the Schlichting boundary layer and through 

5S of the Teleki and Anderson boundary layer. While the flow might not 

be significantly disturbed, there would be an unneasurable net change in 

the point of measurement of the shear wave. Trends in phase difference 

with changing depth would remain approximately constant for very small 

differences in vertical probe alignnent. However, the absolute value 

of the phase difference would vary significantly for small vertical 

shifts because of the apparent steep phase gradient within the boundary 

layer. It is the opinion of the investigator that such a misalignnent 

is responsible for the similar trends and constant phase difference 

between runs taken of 8 April 1972 and 29 April 1972. It is also the 

investigator's opinion that the shear sensors were vertically misaligned 

on 15 April 1972 to such a magnitude that they either disturbed the 

fluid flow or were outside the laminar boundary layer. An intrusion of 

1/64" above the beach surface would be sufficient to create either 

situation. 

There also exists possible human bias error in the visual analysis 

of the cross correlations. The corr-elation peaks were individually 

establi.shed by eyeball and the total averaged for each run. Realistic­

ally speaking, errors on the order of lOS for the 31 waves and 5-81 for 

the 9' and 61 waves were quite possible. Consistancy of results indicate, 

however, that this error was, in all probability, a constant one. 

During the course of running the shorter wavelength, a standing 

wave was eventually set up in the tank. For the 2' and 3' waves, the 
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tinNt required was tn the order of 2-3 minutes. Since it was usually 

necessary to take data for some time past the initial establishnent of 

the standing wave, fts effect on the cross correlation was of some 

interest. After comparing n1111erous correlations, it was determined that 

the standing wave would visibly alter the shape of the cross correlation, 

but not the time to the first correlating peak. This being the case, no 

further concern was in order over the existence of the standing wave, 

except as it modulated the sensor output amplitudes. 
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FIGURE (1) 41 
Shoaling ~ave characteristics 
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Ill 
Wave generation air chamber. Floating board was tried as a means of 
smoothing out surface wavelets, The attempt failed and the board was 
removed prior to any recorded tests. 
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Apparent ettect ot bubble entrainment on the heat transfer oharact•r­
istios ot the after shear sensor. Note +~•t only ti. after shear sen­
sor is atrected - thoro 11 no unusual 1 ... _ _ disturbanoe registered by 
the other shear sensor or by either ot tho volocit:, p-obe1. 
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The ettect et bruahing th• 1hear sensors lightly with the ti;gertipe 
is clearly •••n in th11 recording. 1-ediaiely at'terward, th• th• 
output increased, bower began a rapid decline, apparently a• the 
now disturbance caused by the ting•r• died away. Th• sensor surtacH 
wo began attracting bubbles imledi ately, which decr.ued the out­
put. By the end or the run ( 2 111.n. later) the output l GHls had 
returned to their original. condition. Data fro• 15 AFR 72 
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A central facet of this project was the application and evaluation 

of hot ftl• sensors tn shoaling wave studies. To evaluate thetr. uttltty, 

tt ts first necessary to have 1e1111 understanding of what a. hot ftlm 

_an•0111ter 1s and how it operates. 

77 

There are two basic parts to any hot fil• syst•: the sensor probe, 

and the a1l1111G111eter. The sensor probe 1s essentially a 4th leg of .a 

whetstone bridge tn the feedback loop of the an ..... ter. ~hystcally, the 

probe tak,s many fonns--cylindrical, conical, flat, paradol~c. etc. The 

three probe types used tn thts project are tllustrated i~ Ftg.CJS-36). All 

have one thing in common--they all have sensor surfaces consisting of a 

thin quartz-coated platin1111 film fused to a supporting glass fonn. The 

electrical resistance in the film causes it to heft when a voltage supplied 

by the anemometer 1s applied across it. The ftl• ass11111s a higher temper­

ature than the surrounding water and a heat transfer ,,ccurs. The rate of 

heat transfer ts proportional to the velocity or velocity gradient of the 

fl u1d fl ow. nonna 1 t, the ftlm surface. As the ftlm 1 oses heat due to the 

cooling effect of the flutd flow, its resistance decreases. Thts results 

in a voltage decrease, thus changing the tnput to the anlfllOmlter ampltfter. 

The construction of the amplifier ts such that this decrease tn input 

voltage results 1n an increase in the amplifier output current to the 

sensor. Thus, any resistance change 1n the sensor film ts innedtately 

corrected for by. a countering change in the sensor current. This 1s known 

as a constant temperature anemometer. 

The heat transfer rate between the film and the flutd 1s related by 

King's fonnula, which ts, in terms of the bridge voltage: 



• 

I I 

t 

where 

KEb 2 • CA + aun.) At 

Eb• bridge output 

Kand B • constants of probe geanetry and 
heat transfer characteristics of 
fluid 

U • mean fluid velocity 

n • probe constant (1/2 for conical I parabolic 
sensors, fy cylindrical) 

At• temperature differential between the fluid 
and sensor 

The constants A and B can absorb K: 

Thus. 
Et,• (A1 + e1un) At 

Differentiating (1A), 

2 Eb d(Eb) • Tl e, At un.-l dU 

and .sw1111ing with (1A), 

2 Eb d{Eb) dU 
• n 2 2 er 

Eb - Ebo 

(1) 

{lA) 

(2) 

(3) 

where Ebo• A1At {since the tank is essentially a constant temperature 

system, '1t will remain approximately constant) 

fThe higher order tenns are generally neglected. 
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From this expr~ssion it is evident that there is no simple expres­

sion to relate the bridge output of the an91K111eter with the fluid velocity 
. . 

flowing past the probe. The simplest method of relating the two is to 

detennine the constants A1 and a1 and put them into a linearizer which will 

then produce a straight 11ne voltage-velocity approximation curve. The 

accuracy of the approximation varies with the design, however Dreyer (1967) 

found it to be quite good for TSI's conical sensor. 

For lack of a linearizer, an alternative point-for-point calibra­

tion was made. The method described by Dreyer was used, with the exclu­

sion of the linearizer. The bridge output was passed through a vidar 

model 240 voltage to frequency converter and recorded on an H/P 651 

digital recorder with carriage velocity, integrated over a set 15 ~ec. 

period. The Naval Acadany's IRA designed data acquisition system was 

also used, with the output of bridge voltage carriage velocity and 

tfme printed on c01hp~ter tape for direct feed into the GE-635 computer. 

The computer ~rogram on page 95 was used to compute mean bridge output 

and carriage velocity and print them on a data file for plotting by a 

typagraph tenninal using the BASGRAF...., program. 

Velocity was incranented at .2 FPS intervals between O and 3 

FPS. The resultant calibration curves were plotted on both linear 

(Fig. ) and logarithmic scales. The tranendous sensitivfty of the 

cylindrical sensor is quite in the linear scale plot. A voltage gradient 

on the order of 1.8-1.9 volts/FPS is not unco;;mon for the low velocity 

region. 



. . 
, 

The tr,wing carriage system as c ,rrently designed is n~t capable 

of operating at velocities between O and .2 FPS, hence experimental data 

in this critical region was not taken. The curve was interpolated using 

a complete calibration curve for a similar probe supplied by Mr. R. 

Sathyak1111ar of Thermo Systems, Inc. 
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Vertical Velocity 
sensor 

PIGUU (35) 

GOLD PLATED 
STAINLESS STEEL 
SUPPORTS 

· _/ GOLD PLATING DEFINES SENSING LENGTH 

4ARTZ COATED PLATINUM FILM SENSOR 
ON GLASS ROD (0.001 11 TO 0.006" DIAJ 

CYLINDRICAL HOT FILM 

Shear Stre~UARTZ COATF.'.D 
•ensor HOT FILM 

ON SURFACE--~, 

STAINLE~S STEEL TUBE SHIELDING QUARTZ ROD 

FLAT SURFACE HOT FILM 

Horizontal Velocity 
~~:;: @; !CE ACTUAL SIZE 

SENSOR MOUNTED PARALLEL TO THE PROBE. 

sensor 
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APPENDIX B 

CROSS CORRELATION 

The cross correlation algorithn was computP.d on the Time/Data 100 

to detennine time variation between sequentially occuring events in the 

time history of two hot film sensors. The cross correlation is a measure. 

of the similarity of two wave funns as a function of the time shift 

between them. Given two sample wave fonns A{t) and B{t) in Fig. ( 38), 

their cros.s correlation may be expressed by the relation 

T 
RAB {T) = f A{t) A(t-T) dt 

-T 
(B-1) 

In practice, th~ first sample point is defined as zero time 

reference and dt is replaced with the finite sample period at 6t where 

~t • T
5
/2000 (Ts being the total sample period). Equation (B-1) then 

becomes 

(B-2) 

where successive values of An and Bn are separated by 6t seconds. 

Physically speaking, the two wavefonns are multiplied, point for 

point, and the products sunrned. Thus sunmation represents the first 

point in the cross-correlation. The second function {B(t)) is then time 

shifted 6t seconds to the right and the two wave forms again multiplied 

point for point and summed. After 1001 time shifts the two sample wave 

fonns have been completely shift~d relative to one another and a 1001 

point cross correlation ha~ been computed (Fig. 39 ). 
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j 

j 

This process may be better understood by looting at the mathemat­

ical fomulation for the process just described for the pos1tfve lags 

(B shifted while A held constant). 

RAB(O) • Ao8o + A1B1 + ••• + A100081000 

RAB(lTo) • AoBl + A1B2 + •.. + A100081001 

RAe<12To)• Ao812 +A1 813 + • • • + A100081012 

RAe(lOOOTO). Ao81000 + A1 81001 + ... + A100082000 . 

Similarly, the cross correlation of B against a time shifting A 

may be thought of as a negative lag and computed as 

Again, the fonnulations are 

ReA(lT) • RAe(•lTO) • 80A1 + 81A2 + ... + 81000A1001 

ReA(1000To) • RAB(-100To) • BoA1000 + 

The cross correlation RA8(t) is described in Fig.(38-c). 

85 

Note that while A(t) and B(t) are functions of time, RA8(T} is a function 

of the relative time shift. The first peak in the correlation indicates 

that A(t) leads B(t} by a time shift at 2 T
0

• The period of A(t) and 

B(t} may be detennined as the time separation between corresponding peaks 



of equal . size. No interpretation is associated with the magnitude of 

the correlation, except as peaks and trc>'Jghs are·sized relative to one 

another for any one correlation. 
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APPENDIX C 

The Naval Acadelqy's GE-635 ttme-shartng coq,uter system was used 

extensively in this project as both a data reduction tool and an inves­

tigative aid. The language •sed was edition 6 BASIC, although some of 

the earlier programs may use edition 5. The programs are included as 

89 

the best explanation for what processes were used to detennine the various 

calculated parameters used in the study. The graphical outputs were 

obtained u~ing a typagraph tenninal and the BASIC program BASGRAF...., 

stored in the Acadefl\Y'S disk file program library. 

The first program, WAVES, was originally suggested by Dr. Bruce 

Johnson as a course requirement. It employs linear wave theory to calcu­

late the frequency and celerity of an incremented set of desired wave­

lengths. The output from this program (Fig.(5 )) was used to set the 

wave generator for the desired wavelengths. A later version employed a 

FILE output at d/L0 and c/L0 and was used to plot Fig.(«>). 

The second program, SHOL3, utilizes an iterative process with a 

cascading incrementation to calculate various inshore parameters for 

an incremented deep water wave length passing a depth of .75883 feet. 

The iterative loop is contained in statements 200-290 and solves the 

equation: 

L • gT2/2wtanh 2wd/L 

Again, the calculated parameters were stored on files and used in con­

junction with BASGRAF...., to plot the various linear wave theory plots in 

the text. 
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60U8E2, the th~rd ~rogr~ p~unted, 1s sillll)ly a solution of 

Iwagaki's equation for the ti• dependent sh11r stress (equation (6)) 

for T • 0 to 500 degrees (Oto 2.77,r). The 11111 iterative loop used 
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. in SHOL3 11111 be recognized in statlllents 140-230. Here it was used to 

coq,ute the linear theory wavelength of the three deep water waves at 

.a depth of .75833 feet. Thus, the par11111ter £ represents the linear 

theory approximation of the ~roject conditions. The free surface lirof11e 

q ts plotted for reference and phase coq,arisons. 

The fourth progr•, BRIDGE2, represents an abortive· atteq,t at 

calibrating the particle velocity probes. The data stat11111nts were fed 

in by a paper tape which was punched by the IRA data acquisition system. 

When the sys teni was working, it worked fine, however, it has been 

plagued by severe trouble throughout the year. The probes were calibrated 

by towing thenl in the carriage sub-ass..,ly in Fig. (43) and 1000 count/sec 

values of velocity, ti• and probe voltage output (converted to frequency 

by a Vidar 240 V to F converter). BRIDGE2 reduces these outputs to 

velocity and voltage and stores them on file for plotting. 

Att•ts at probe calibration were suspended until 29 April 1972 

due to problllllS with the data acquisition system. At this time the H/P 

52142 preset counters and 562A digital recorder were substituted and a 

calibration attempted. A malfunction in the anemometer aq,lifier burned 

out the velocity probe, however, and the calibration attempt was aborted. 
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1C DF.F FNlflYJ•INTIY•11.4+C•51/1l4 
2C PRINT •INPUT WATER DF.PTH,IN n:r.r•; 
25 INPUT D 
'D· PRINT 
3C PlfINT•INPUT WAYF.LF.NCTHSI SHOkTF.ST,LONCIST,INCkF.MF.NT•; 
3fi INPU'f M , N, I( 
4C PRINT 
5C PlfI NT •,o VJi'LF,N; TH· ,•er.LERI TY• ,•prlfI oo•,•J1fr.C1•, •011 r.r, • 
9C LET P•?•~•141~ 
1 cc rm L•M TO N STf.P IC 
11C Lf.T X•P•DIL 
12C LF.T A•nPIXJ 
13C Lf.T l'•f.X Pl -X I 
14C LET J•IA-PJ/IA+~J 
15C Lf.T Jf-..~?•?•LIP 
1 fiC LET S•SOJf I If I 
17 C Lf.T U•SOJf I J J 

JAC LET C•S•U 
19C Lf.T T•L ,r, 
2cc U:T G•1 ,r 
21C LET H•1?•Ll11C•PJ 
22C Lf.T E•D/IT•TJ 
2f.C Plf I.NT L, rtflfl CJ, FNRI Tl, FN'IHG h Flflf I f.J 
2AC Nf.XT L 
3CC END 
If EA DY 
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SHCl.3 C5 MAY ?2 11134 

1C FILE #1:•cvsD· 
2C FILE #2:•Hvso· 
3C FILr. #3a•ccvsnLo-
4C SCUTCH #1 
5C SCJfATCH #2 
6C SCJOTCH #~ 
7 C DEF FNZIX l•f F.XPf XJ-EXPf-X 11 /f EX Pf Xl+EXPf -XI I 
AC DEf FNJflYl•INTfY•tF.5+C•51/1E5 
9C PJflNT • LC•,• D/LC•,• 
1cc PJflNT 
11C LET ~•3?•? 
1?C LF.T Y-.~ 0 14159 
1 ~C LF.T HC••7 5A33 
14C F Qt M•? TO 1C STF.P •5 
15C LFT L•1 CC 
16C LET .LC-=L 
17C LET H• HC•LC/OB 
1AC f,f.T T=L/ISOJffG•Lll?•YIII 
19C LET 11•1 
2cc I.ET X•l2•Y•HI/L 
?1C LET 7.-=FNZfXI 
??C L~T L2•1G•T•2•7.l/r_,.YI 

C,. •• 
V f 

?3C IF HSIL?-Ll<•CC1 THF.N ~cc 
?4C IF l,?.-L>•CC1 THEN ?7C 
?5C LF.T L=l,-1.1 
?6C ~ 0 TC: ?CC 
?1 C LET L•L+Ll 
2AC LF.T Ll •L1 /1 C 
?9C G O TO ?SC 

c•,·c,cc• 

3CC LF.T N•1 +I 4•X I /I F.X Pf ?•X 1-F.XPI -?•X 11 
31 C LF.T ff 5•H IL? 
32C LFT L2•L?/1CC 
33C Lf.T A2•SOHl1/IN•L211 
34C LfT H2•A2•4 
35C LET H4-H 11 CC 
~C LF.T L9-HC/H4 
:VC LET XC•,,.Y•4t•5/f12•L91 
38C LF.'r CC•IIG•L9•FNZIXCll /f~YII ••5 
39C LET C-=CC•L2 
4CC LF.T N2•1 /N 
41C PHINT L9,H4,FNJflCCl,FNJflCl,FNJflL21 
4?C PklNT #t:H4;•~•1FNklCI 
43C PJfINT #2:H41•,•;rNRfA21 
44C PJfINT #31ff4;•,•;FNJffL21 
45C NF.XT 08 
46~ PJflNT #31•1-cr.37,1.cr.:51• 
47C 
4AC )ff.AD OB,E1 
49C IF 08-=1 F.:51 TH EN MC 
sec tr.T H4.g.121,12•oe1 
51C PJfINT #3:H4;•,•;E1 
5~C 1 <' TO 48C 
53C DATA2,l•C4,?•5,•9?8,3,•A55,3•5,•A?8,4,•75,4•5,•75,5,•741,5•5,•ffi~,f,.~•1 
MC DATA6•5,o57A,?,.5~,A-5,•515,9,o494,9o5,•4A?. 
55C DATA tr.37, 1 F.37 
56C F.ND 
)ff.A DY 
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G cm E?. 12 MAY ?2 ?1111 

lC FILE #t:•GOOOEDAT• 
2C SCl<ATCH #1 
3C DEF FNSf X ·t •f.X Pf X t •EXPf -X t 
4C DEF FNCfxt•F.XPfXt+EXPf-Xt 
5C DEF FNTf X t •FN!HX t /FNCU t 
6C L :F.T G •m> ~? 
?C LF.T Y=..~•14159 
BC LET HC=•?!i833 
9C F ffi 08=3 TO 9 STEP ~ 
lCC J.F.T L=lCC 
11C LET H=HC•lCC/08 
12C LET T=L/fSO~fG•Llf2*Yttt 
13C LET Ltct 
14C LET JC=f ?•Y• 
15C LF.T i'=FNTf X t 
16C LET L2•fG•Tt2*Zt/f?•Yt 

• l?C IF Al!Sf L2-Lt<•CC1 THF.N ?4C 
18C IF L2-L>°CCt THEN 21C 

l 

19C LF.T J.=L-Ll 
?CC 1; ( TO 14C 
21C LET L•L+L1 
2?.C LF.T LJ=Ll/JC 
?3C GO TO l9C 
?4C LF.T F.=Y•t •875/f t?•FNSfX H 
25C Fffi T=C TO 2•77•Y STEP Y /36 
?6C LET 01=1 /f 2t 1 o5)+f 11 /18-5*?.t o5/1At•SINf 2•Tt 
nc LF.T 02•SINfT-Y /4) 
?BC LET 03•f 11 /18-4•2t 0 5/18 t•COSf 2•Tt 
?.9C f.'r TC=O?+f~t+OJt•F. 
3CC 'f.F.T ~•-T•f 18CIY t 
~tc P~INT #1:Tc;•,•;~ 
32C NEXT T 
33C Pl( I NT #l: •t • CF.37, 1 • CF.:_lli7• 
~C NEJT 08 
35C Fffi T-C TO ?•77•Y STF.P Y /36 
36~ LET N•SINfTt 
:VC LF.T H•-T•ft8C/Y) 
38C PhINT #tzN;•,•rn 
39C NEXT T 
4CC F.ND 
HF.ADY 
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Data reduction 

5 DI MS I l CC I , f I 1 CC I . 

l C Fl U:S • 
1n u :r N=C 
?~ FILF. #]:•PL~NE" 

program for velocity cal1b!-ation. Data in statements 
170-J10 is from 6DEC71 and plotted in 
Figs • ( 4) and ( 5) 

t?b U'!' Fs=·1 .cr37,1 .c~·3;,• 

" h ~: ~ D '!' 
n I F '!'=l F.37 TH F,N 5~~ 

A5 LF.'!' tl=N+ 1 
\l8 H•:~o ·s,,r,n,~'? 
1 C8 LF''!' S=S•l • f~U /I T•l C"C I 
1 "h LF'!' SI N·1 =S 
11 C U:'!' >:1 =F.l /1 '!'•1 CCC I 
l ?C U :'!' F.INl=F?ll'!'•lCCCI 
1~" 1-11 1~!' #l , S ;",";Ji'. ] . 
15C ,; (' '!'() fiC 

1, c D~'!'A 8~~•15?,CC~9Ul,CCCCCC,?985?A,:i,C~6f 

me DA!'A Cr9•8H3,C~A?9,CCCCCC,3:i,cm?,33C?9b 

19C D?'!'A C~C•?C9,C119?R,CCCCCC,~fih894,:-,5~15? 
?CC n~~·,A C?'J . [149 ,:::1 5rn:i, ,CCCCC8 ,3f57n? ,:-,f?l FC 

? l C DATA C?9°??F,CJ9461,CCCCCC,37ffiA5,3731A5 

??C D~!'~ C3C•?4C,C?3751 ,CCCCC",:i,95C1?,39C3f5 

?:5C DATA C3C•C5l ,C?'75ff.i,CCCCCC,4C3Cf'7,398C55 
?4C ll.A~' .A C?fi•5f>4 ,C?78 41 ,CCCCCC,~F4??l ,3593?fi 

?5C DAT~ C?~•949,C?A1AA,CCCCCC,~~5517,331]4C 

?6C D.ATA Cr1 •?Ffl,C??A45,CCC:~CC,3C4599,3CC?A1 
?7C ll.AH CW •f1l ,8?FR39,CCCCCC,?71~9?,?f?4?? 

?nc nn .A C]7 • Cf4 ,C?ffl?A , cccccc, ?f>?59R, ?4A'1l 4 
?9 8 o~·r.a Cl 5•9C1 ,C?7"~ ,CCCCCC ,?~5?R,?34?:'-4 
:i,c~ D.A'!'A C14•9F1,C?7:i,51,cccccc,????5C,??~3?7 

~1" IW:.A C.1 ~-8?1 ,C?7C5? ,CCCCCC,?1?C:i,?,?~4:-.C 

3-.;c nnA 1 F.37 

hCC PltlN'!' #l ,RI 

b l C Ji'Ot Y.=1 '!'C N 
fl?C l'l' I NT # 1 , SI Y I ; ,. , ,. H' I "I I 

5:'iC NF.Y ! ' "I 
t>4C Pl•IN T Ml , Jl l 

r CC F'Nll 
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Figure (40) 

C /CC VS D/LC CON~TAtf': DEPTH 
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+1 °CCl ..--~--+----+ __ ,.._ _ __,. __ • ____ ....,.. __ ~---+----+t 
• 

• 

• 

• 

• 

C +8•88.., • 
I 
C 
0 

+c., ~t 

+"•fiC1 

• 
• 

• 
• 

• 

• 

• 
• 

• I .. 

+c.sc11-----.1------+----+----+----~----+----+----t----+----.. 
+C•~C1 +2°CCC +3•CCC +4•CCC 

D/LO ., ~ -1 

SYMROL NO.PTS• LIXH:ND 
• 17 -? Ul11ABLF. WAVf.LF.NGTN t? ' TO JC' •5' INCRF.MF.NT~ 



PIGUU (41) 
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HIHC TS D/LC COISTAlt VUILDG'!'H 

·•tC+C +1•501.., ___ ,.. ____ .,_ ___ .,.. ____ .,_ ___ .. ____ ....., ___ ,.. ____ ....., ___ ,. ___ _,. 

H +1 • tC., 
I 
H 
I\ 
V 

+C•9C., 

+C•7 Ct 

• 
• 9• -- ............................................... . 

(. ... ·····-· . . ...... . .... . K: .. • • • .. , .... I.;....... . :,• ... 
6• ... 

• +c.5c<1-----+----~----+----~---•----.---- • ----,-----+----....... 
+C•CC1 +c.2cc +C•4CC +C• 6C1 +c.ecc 

D/LC 

SYMBOL NO.PTS• LMDD 
• 96 -? WAYF.Utcftf 1cc ,,.. fDEF.P WATDt 

I 

CHAIC ! F(J( NEXT RUN • ? ALL 
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SHCl.3 c2 MAJ 72 . ..ice 

{ 

l LC DILC cc C CICO 

r 2 0•3191~ 3•2015 3•1513 C•98432 2•5 0•30333? 3.51939 3•44546 0•96258 3 0•25211? 3•92101 3•66f51 0•93519 l ; 3.5 0•216666 4•23516 3•83581 0•90571 4 C•189M3 4•52751 3•9ffl'24 C•876'5 4.5 0•183518 4•80193 4•07183 C•8479? 5 0•151666 5•06116 4•15614 0•82118 5.5 0•131878 5•3C'111 4•?2541 0•79618 6 c-12~ 5•54119 4•28274 0•77289 6•5 0•116666 5•?6438 4•33039 0•75123 7. 0•108333 5•9'7142 4•3e999 C•73100 7.5 C•1C1111 6•18003 4•4027 0•71232 8 9•47913 E-2 6•':J7506 4•42946 0•69481 
8•5 9.g2153 ,:-2 6•56046 4•45091 C• "1845 9 8 •42589 1-2 6•7':Jl:52 4•48'167 0•66312 9.5 7•98242 l-2 ~s.90594 4•48Cl:5 C•M874 
JC o.c,5933 7 •C6659 4•48876 C•635?1 

2•590 SIC• 33 l/0 
RF.ADY 



·• 
-

. 
.....

.. 
. 
..

 -~
<

 ...
 

-...
 ~ 

·,,.
... 

. 

~
o

d
el

 
to

w
in

g 
c
a
rr

ia
ge

 

-
-
..

 
-

V
el

o
ci

ty
 p

ro
~

 c
a
li

b
ra

ti
o

n
 

c
a
rr

ia
~e

 
su

b
-a

ss
em

b
ly

 

F
IG

U
R

E 
(4

3
) 

TS
I 

12
11

-2
0t

t' 
pr

ob
e 

m
ou

nt
ed

 i
n

 a
 
st

e
9

l 
p

ro
te

ct
iv

e 
sh

ie
ld

. 

v
, 

0
:,

 



[ 

FIGUU 44) 99 
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• 15 -? PJ1 0'AF. 
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