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PREFAOE 

The model test desorib'ed in this report was sponsored,by 

Sverdrup & Paroel, st. Louis, and the Eleotrio Boat Division of the 
General Dynamios Oorporation, Groton, Oonneotiout. The model was 

oonstruoted between May and July of 1974. The tests were started 

immediately thereafter and were oompleted on Ootober 15, 1974. 

The experiments were performed at the st. Anthony Falls 

Hydraulio Laboratory under the supervision of Oharles 0. ,,·S. Song. 

The submarine model was furnished by Sverd,rup & Paroel. All other 
models were fabrioated in the Laboratory shop. Details of the test 

pro~am, inoluding model designs, measurements, and data analysis, 

were oarried out by Messrs. Steven M. Klein, Jeffery Ferguson, Dean 
Randall, and Julio Wong. 
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This report desoribes the results of a hyQraulio model test 

oarried out to study the effeotiveness of the proposed South Yard 

pier in sheltering a submarine, two APL models, and a YRBM model 

from wave aotion. Various types of wave soreens were also tested. 

The submarine model was found to be very stable in waves with 

periods ranging from 2.8 seoonds to 8.2 seoonds with no wave soreen. 

In faot, no soreen tested in the study was found to oontribute 

signifioantly to the stability of the submarine. 

The existenoe of the proposed pier alone reduoed the amplitudes 

of pitohing, rolling, and heave osoillations of an APL model by 

roughly 50 peroent. A submarine model moored to the pier reduoed 

the osoillations of an APL by another 50 peroent. 
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I. INTRODUCTION 

This report desoribes the prooedure followed and the results of a 

hydraulio model study performed at the St. Anthony Falls Hydraulio Labora­

tory during May through Ootober of 1974 for the purpose of evaluating the 

wave soreening properties of a proposed pier struoture. 

A 1':80 soale model representing a 2,000 ft by 3,000 ft area of the 

Thames River surrounding the proposed pier site was oonstruoted. Regular 

waves were generated using plunger-type wave generators looated at the 

south end of the model. Wave height distributions in the vioinity of the 

proposed site were measured with and without the pier and also with wave 

soreens of various solidity. For example, a wave soreen of 2, peroent 

solidity oonsists of 1 ft wide sheet piles spaoed 4 ft between oenters. 

Wave-induoed motions of a submarine model, a YRBM, and two APL models were 

also measured. 

The test results show that the proposed pier offers substantial pro­

teotion for an APL and YRBM moored in the sheltered area. Additional 

proteotion for these small oraft oan also be provided by wave soreens 

having ,0 peroent or greater solidity. The Presenoe of a submarine moored 

along the pier also provides a signifioant amount of proteotion for the 

small oraft. In oontrast, no wave SOreen limited to the length of the pier 

was found to signifioantly inorease the stability of the submarine. The 

submarine is very stable when exposed to waves for periods less than 

8 seoonds moving from south to north. A more detailed desoription of the 

experimental results is given in the following .seotions. 

II. DESCRIPTION OF T.HE MODEL 

As with many other river and harbor models, the main oonsideration 

with regard to model size is the limit imposed by the vertioal dimension, 

inoluding water depth and wave height. To insure reasonable aoouraoy of 

measurement and avoid exoessive visoous effeots, a oertain minimum vertioal 

dimension has to be maintained. Model distortion, often used in river 

models, was ruled out beoause the test involves the dynamios of ship motions. 

These oonsiderations led to the choioe of a 1:80 undistorted model. This 

.. ______ ._-.-_cc=._ c _________ . __ __ ___ ~_= _____ . _______ ~ _______ =_________ ____ _____ _ __________ .____ __--_--c __ -.cccc-_c __________ -==-'--"-'-~'__-'-=_'_'_ 
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scale gives a reasonable average water depth of about 5 inches. However, 

the wave heights used in the model had to be somewhat greater than the 

prevailing wave heights in the field so that the wave height'and the ship's 

oscillations could be accurately measured. This does not result in signifi­

cant errors as long as the waves are not too steep. 

The overall arrangement of the model is shown in Fig. 1. This model 

configuration is based on the preliminary design by Sverarup & Parcel*. 

The model covers a portion of the shoreline immediately upstream and down­

stream of the proposed pier so that reflection and diffraction from,the 

boundary can be simulated. Three plunger-type wave generators, each 8 ft 

long, are installed at the south end of the model. These wave makers can 

be rotated 150 about their vertical axis to permit changing the direction 

of the waves. In their neutral positions the wave makers generate waves 

that travel from south to north. All the tests described in this report 

deal with southerly waves. This is the direction of the longest fetch and, 

hence, represents the severest wave condition. 

A wave absorber was installed along the northern boundary of the model. 

This wave absorber, acting as a sink and reducing wave reflection, simulates 

the river as. it extends far upstream beyond this boundary. Although the 

west wall also cut through the water, no wave absorber was needed there, 

because only south-north waves were tested. 

One YRBM and two APL models were constructed at the Laboratory. These 

models were ballasted to insure dynamical similarity with the corresponding 

prototypes for three modes of motion: heave, roll, and pitch. This 

necessitated the scaling of the water line and the radii of gyrations about 

the longitudinal and transverse axes. A ballasted submarine model was 

furnished by the sponsor of the project. 

Two resistance-type wave sensors were used to measure the wave height, 

a stationary sensor located at point 0, marked in Fig. 1, and a movable Wave 

sensor mounted on a carriage. The fixed wave sensor was used to measure the 

incident wave and the movable sensor was used in wave surveying. 

The motions of the ship models were measured uSing the sonar principle. 

A pair of sonic transducers mounted on a carriage measured the distances 

* .'. . 
Sverarup & Parcel, "South Yard Piers, Preliminary Design Study," 

St. Louis, Mis sOUri, March 1973. 
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fX'om the tX'ansduceX's to a platfpX'm mounted on the model. Data fX'om tX'ans­
duoeX's lined up with the longitudinal axis of a ship model yield heaving 

, 0 
and pi tohing motions. When the tX'ansduoeX's are turned, 90 heave and roll 

can be measured. This type of sensoX' is exoellent foX' the present purpose 

because it exeX'ts no exteX'nal foX'ce on the ship models. The models had to 

be restX'ained against drifting so that a stable target was provided foX' the 

sonar. 

Figure 2 shows the mooX'ing methods adopted foX' the models. The purpose 

of the mooX'ing was to limit drifting while exteX'naloonstX'aints on heave, 

X'oll, and pitch weX'e minimized. No attempt was made to simulate the mooX'ing 

foX'ces that may e:x:ist in the pX'ototype.Thus little or no initial tension 

was applied to the'mooX'ing stX'ings attached to the,models. 

Figure 3 is an overall view of the model showing wave diffX'action and 

tX'ansmission, in the pX'esence of a pieX'. Figure 4 isa olose-up view of the 

test area with all the models in plaoe. 

III. RESULTS OF MODEL TESTS 

Aocording to the field measurements repoX'ted by Leone*, waves of peX'iods 
ranging from 2.8 seoonds to 8.2 seoonds weX'e X'elevant foX',this study. The 

maximum wave height observed for the peX'iod NovembeX' 12, 1973, through 

ApX'il 1.3, 1974, was 1.,5 ft. FoX' the 1:80 soale model, tbe.period o.f the 

X'equired waves should range from 0.313' seconds to 0.917 seoonds, gi vinga 
frequenoy range of 3.19 to 1.09 Hz. In the aotual tests the Wave frequency 

was varied .in steps fX'om 1 Hz to 3 Hz at 0 .. 5 Hz inteX'Vals,.. When neoessary, 

additional data weX'e also taken to obtain the peak amplitude ,and the cor;t>es­

ponding fX'equenoy. Tbe maximum wave height of 1.,5 f'J; is ratheX' small to be 
aoourately duplioated in the mOdel. The aotual wave height used in the 

model tests ranged,fX'om 0.02,5 ft to 0.05 ft, which coX'X'esponds to 2 ft, to 

4.8 ft prototype. The inoreased wave height did not ,oause exoessiveer;t>or, 

because the wave steepness was substantially below thatofa bX'eakingwave., 

This was coniirmed by :repeating some tests with different wave heights. 

A. Wave Su:rve;y 

~eoause of the complicated :reflection and diffraction patterns, the 

* Leone, Donald E., "Thames RiveX' Wave Monitoring Study," ElectX'io Boat 
DiviSion, General Dynamics, June 3, 1974. 
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wave height may vary signifioantly from location to looation. Figure 5 
shows the results of wave measureme~ts carried out at the five points 

shown in Fig. 1 near the proposed pier site under existing oonditions 

(without pier). The values plotted here are relative values referred to 

the wave ~eights measured at the referenoe point O. Here, the referenoe 

point 0 was looated somewhat north of the station where the field meaSure­

ments were taken. This point was seleoted as the referenoe point beoause 

the field station was not inoluded in the model. A very large spread in 

the wave heights between stations for a 0.17 Hz or ,.9 seoond wave indioates 

the existenoe of large standing waves at this fre~uenoy. This may explain 

why the APL and 'YRBM models osoillat,e most severely.at Or near this fre­

~uenoy; this, will be disoussed later. 

The effeots of the pier and wave screens on wave height distribution 

are indioated in Figs,. 6 through 10. These figures show, in general, that 

the pier and wave soreens reduoe the wave height on the sheltered side 

(points 3,4, and 5), but inorease it on the exposed side (points 1 and 2). 

As oan be ,seen in Figs. 6 and 7, the effeot of the wave soreen on the exposed 

side is more pronounced for shorter waves than for longer waves; that is, 

the relative wave amplitude as oompared with the existing conditions on the 

exposed side inoreases as the wave fre~uenoy inoreases. On the other hand, 

Fig. 8 shows that the wave height on the sheltered side deoreases with the 

wave fre~uency. Clearly, this is due to the faot that the wave screens are 

more effeotive wave refleotors for shorter waves than for longer waves. In 

other words, longer waves oan pass through porous soreensmore readily than 

shorter waves. 

]3. Osoillations of Submarine Model 

The motions of a submarine model plaoed on the north (sheltered) side 

wi thout a wave soreen are plotted in Figi• 11. In this figure the measured 

amplitudes of pitoh, roll, and heave were normalized using the length of the 

ship and the wave height as follows: 

where 

Normalized pitoh = PL/Wo 

Normalized roll = RL/Wo 

Norma,lized heave = H/Wo 

P = ~wioe the pitoh amplitude (peak to 
trough) in radians 
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R = Twice the roll amplitude (peak to 
trough) in radians 

H = Twice the heave amplitude (peak to 
trough) in feet 

L = Length of ship in feet 

Wo = Incident wave height (at point 0) 
in feet 

The prototype frequency in Hz is used as the independent variable in this 

and all subsequent figures. As shown in Fig. 11, the amplitude of osoilla,tions 

increases monotonioally with decreasing frequenoy or increasing wave length. 

For wave frequenoies greater than 0.17 Hz. the submarine would be practically 

motionless. Even for the longest wave tested, the stability of the submarine 

is, perhaps, of no great concern. For e:x:ample, at the worst condition of 

0.11 Hz and the ma:x:imum wave height of 2 ft, the magnitude of oscillation 

would be 

P = 1.44:x: 2/550 = 5.24:x: 10-3 radian = 0.300 

/ -3. 0 R = 5.10 :x: 2 550 = 18.6:x:10 ~adl.an = 1.06 

H = 0.36 :x: 2 = 0.72 ft 

To study the effect of wave screens on the stability of the submarine 

model, a 50 percent screen consisting of 2-ft~wide piles spaced at 4-ft 

intervals between centers was fitted to each side of the pier model. The 

resulting motion of the model is shown in Fig. 12. There is a noticeable 

improvement over the previous case in the lower range of wave frequencies. 

A similar experiment carried out for 100 percent wave screens (solid plates), 

as indicated in Fig. 13, showed no further improvement over the 50 percent 

screens. 

In the ne:x:t series of tests, the submarine model was placed on the south 

side of the pier and subjected to waves from the south. The results with 

50 and 100 percent wave screens are shown in Figs. 14 and 15, respectively. 

Comparison of these two figures with Figs. 12 t:l.nd 13 indicates that the 

submarine would be slightly less stable, especially foJ:' longer waves, on the 

e:x:posed side of the pier as it would be on the sheltered side. A possible 

e:x:planation of this result is that the submarine is so large that it respondS 

very littie to the relatively short waves used in the experiment. Since the 

submarine is about the same length as the pier, the mutual interaction be­

tween the ship model and the waves is comparable to that of the pier model 

and the waves. That is to say, for the range of'wave lengths for which the 
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pier modifies the wave pattern, the submarine is also effeotive and stable, 

As olearly indioated in Figs. 6 and 7, large' aJIlplitude standing waves are 

produoed on the exposed side of the pier only in the relatively high fre­

quenoy, or short wave, range. On the other hand, Figs. 11 through 15 
indioate that the submarine responds only to ~elatively low frequenoy waves 

or long waves. 

C.. Effeot of Pier and Wave Soreens on the APL and YRBM 

i, ' The first serie's of experiments involving APL and Y.RBM models were 

oarried out for the purpose of reproducing the existing oondi ti,on and to 

serve as a referenoe_' A single APL model was moored normal to the wall. No 

pier or wave soreens were installed. Waves were generated and the osoilla­

tions of the model measured. Figure 16 shows thenormalil2led amplitude of 

pitoh,. roll, and heave plotted as a funotion of the prototype wave frequenoy. 

This and other figures show that, an APL would resonate ,at a frequenoy of 

about 0'.13 Hz. At this resonant fxequenoy, the amplitudes" of the motions 
should be very sensitive to any restraining or damping foroe that may exist 

in the system. Therefore, this peak amplitude should not be soaled up for 
the purpose ofpredioting the preoise peak amplitude of the prototype. For 

an order-of-magnitude estimate, a 2-ft wave at 0.13 HI2I would oause rolling, 
peak to trough, of 

R = 14 x 2/260 = 0.108 radian = 6.20 

. 0 
At much higher frequenoes this would be reduoed to 0.35 • 

Figure 17 shows the results of similar tests for a single YRBM moored 

normal to the wall. This and other figures show that a YRBM resonates at 

0.17 Hz. FigUre 17 shows that the max~mum pitohing motion for a 2 ft wave 
at 0.17 Hz ,is approximately 

P = 2.3 x 2/147 = 0.0313 radian = 1.80 

For the next series of experiments a pier model was installed and an 

area around the pier was exoavated aooording to the design' outlined by 

SverdI.'up & Par,oel. Eaoh test involved either a single APL' model or a single 

YRBM model m.oored ,normal to the wall. ;The results aresp.own in Figs. 18 and 

19. Improved stability, espeoially in the pitohing mode, is notioeable. 

Next, a series of experiments were oarried out to determine the effeo­

", tiveness of various wave soreens on reduoing dynamio motions of the models. 

, ; 
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In eaoh oase, two identioal wave soreens were attaohed to the pier model, 

one on eaoh side of the pier. Figures 20, 21, and 22 show t~e effeot of 

25 peroent, 50 peroent, and 100 peroent soreens, respeotively, on an APL 

model moored normal to the wall. Corresponding results for the !REM model 

are shown in Figs. 23, 24, and 25. Beoause of the sharp pe~s that ooourred 
at the resonant frequenoies, these figures do not show the overall effeot 

of the wave 13 ore ens clearly. For this re.ason, the amplitudes of osoillation 
were averaged over the range of frequenoies tested and plotted in Figs, 26 
and 27. Here the relative magnitudes of the osoillations, referred to the 

oase with the pier only, were plotted as a funotion of wave soreen solidity. 

The existing oondition, with no pie~, is ~lotted arbitrarily on the left 
edge of the graph. These figures indioate that (1) the presenoe of the pier 

alone reduoes osoillation by roughly 50 peroent and (2) the addition of the 

25 peroent wave soreens aotually inoreases the ~soil;Lation of the YRBM .• 

n •. Ef!f-El,crtof 'JYtae:drig orientation OP' th~'Sta.b:t;Cit';V:6f "'bb.e,APL ': 
For all the tests oarried out previously, the APL and YRBM models were 

moored normal to the wall. To study the effeot of the m??ring orientation on 
the stability of the models, tests were oarried out for three additional moor­
ing orientations: parallel to the wall, normal to the . pier, and parallel to 

the pier. The results for an APL model with the 100 peroent wave soreens are 

shown in F~gs. 28, 29, and 30. These figures should be oOlllpared with Fig. 22. 

The test results indioate very little direotional effeot on the ship's osoil­

lation when 100 peroent wave screens are in plaoe. This is: probably an 

indioation of the sheltering effeot of the wave soreens, whioh r.eduoed not 

only the amplitude, but also the direotional,oharaoteristios of the waves in 

the sheltered area. 

The.results are quite different when 50 peroent wave soreens are used. 

Figures' 31 and 32 show the APL moored parallel to tp.e wall and normal to the 
, 

pier, respeotively. From these figu.;t'es and Fig. 21, it oan be oonoluded that 

the best orientation. is normal to the walland the worst is parallel to the 

wall. This oonolusion is reasonable, beoause when the inoident waves a;L'e 

nearly normal to the wall, large-amplitude standing waves are set up by the 

wall. These standing waves would hit broadside on ships moored parallel to 

the wall and oause large-amplitude osoillations. Unl~ss the area is well 

sheltered, it is reoomm.ended that the APL and 'YRBM be moored normal to the 
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wall. If the area is well sheltered, then the mooring orientation is not 

important. 

E. Two.APL 's and a YRBM as a Group 

When tb.:r.'ee boats are moored p~allel to eaoh other as a group, mutual 

interaotions may influenoe the osoillations. Figure 33 shows the motions of 

an .APL model when tb.:r.'ee models are arranged as indioated by the sketch, with 

the YRBM in the center. No pier or wave screen was used in this test, and 

this figure should be compared with Fig. 16. Figure 33 indicates that in the 

presence of other models, an .APL model beoomes more stable in the rolling 

mode, but osoillates more severely in the pitohing mode. Note that the roll ... 

ing amplitude exoeeds the pitohing amplitude in Fig. 16, but the opposite is 

true in Fig. 33. Figure 34 shows the motions of the YRBM model under the 

same oonditions as are shown in Fig. 33. Oomparison of this figure with 

Fig. 17 reveals increased instability in the pitohing mode due to the presenoe 

of the two . .APL models. Severe pitohing oscillation of the YRBM at high fre ... 

quencies suggests the existence of standing waves trapped between the .APL 

models. Therefore, this mooring configuration is not recommended. Figure 35 
shows the oscillations of the YRBM with the pier in plaoe and the three 

models rearranged so that the YRBM model is in the corner. Exact comparison 

of this figure with FigG34 is not possible because of the pier. However, it 

seems likely that the elimination of the severe standing waves in the higher 

frequency range can be attributed to the rearrangement. Figure 35 shows a 

slight lessening of stability compared with Fig. 19 due to the presence of 

the other craft. Much as with the single model, solid-wall wave screens also 

provide some protection for the .APL's and the YRBM; this is indicated in 

Figs. 36 and 37. 

F. Effect of Submarine on .APL 

As was stated in Section III-2, the submarine waS very stable for the 

range of wave lengths tested. Also, because the submarine is comparable in 

size t6 the pier, its sheltering effect relative to smaller craft is also 

oomparable to that of the pier with a wave screen. Figure 38 shows the 

results of measurements on an .APL mobred normal to the wall with the submarine 

model moored on the north side of the pier. This figure should be compared 

with Figs. 20, 21, and 22. The average amplitudes for the five frequencies 
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tested were also computed and plotted in Fig. 26. It appe~s that the 
sheltering effect of the submarine model with respect to an APL is oomparab1e 

to that of 50 peroent wave soreens. 

A similar experiment was oonduoted for the case of an APL moored p~a.11e1 

to the wall. The results are plotted in Fig. 39. This figure also shows 

that the she~tering effect of a sU'\:lmarine varies for the three modes a;nd'i/ii 

roughly equivalent to that of 50 percent wave soreens. 

G. other Wave Soreen Configurations 

The experiments desoribed in the previous seotions deal only with wave 

soreens of uniformly distributed porosity extending from one end of the pier 
. ' 

to the.o~her, one on each side of the pier. It was suggested that, if they 

proved to be as effeotive,. solid walls oovering part of the length of the 

pier might be more eoonomioa1 than porous wave soreens extending the total 

length of the pier. Therefore, a test was oonduoted using solid walls 

attaohed to the offshore half of the pier. The resulting rolling motions 

of the submarine model moored along the north side of the pier are plotted 

in Fig. 12 and oompared with the oorresponding data for the 50 peroent uni­

form wave soreens. C1e~ly, the alternate oonfiguration is more effeotive 

than the oorresponding uniform wave soreens. 

P1aoing wave: soreens on both sides of the pier, espeoial1y if solid 
walls ~e used, may not be as eoonomioa1 as using only one soreen. The 

measured rolling amplitudes of the submarine model moored along the north 

side of the pier with a solid wall attaohed to the s,Quth side of the pier 

~e plotted in Fig~ 13. This figure shows that a single solid wave soreen 

is aotual1y more effeotive than two soreens. A single solid-wall waVe 

soreen is also more effeotive than two solid walls in protecting small oraft. 

This faot is illustrated in Fig. 22, in Which the rolling amplitude of an 
APL model is'p10tted for both oases. 

VI. CONCLUSION 

Based on the experimental data presented above, the following oono1usions 

~e offered: 

1.. For southerly waves of period less than 8 seoonds and heights Jess 

than 2 ft, the subm~ine needs little or no proteotion. This 
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applies to a submarine moored on either side of the pier. 

Slightly larger amplitude oscillation can be e:x:pected for a 

submarine moored or south side of the pier when subjected 

to long waves. 

2. Because the subma.rine is basioally very stable, wave 

screens do not contribute muoh to the stability of the 

ship. 

3. Severe oscillation problems e:x:ist for APL and YRBM models 

moored to the wall in the original exposed position. With 

the proposed pier and dredging, these oscillations may be 

reduced by roughly 50 percent. 

4. Wave screens further reduce all three modes of oscillation 

of an APL model. The use of two 50 percent wave screens 

may cut the amplitude of osci~lation by roughly 50 percent. 

5. The use of two 25 percent wave screens actually decreases 

the stability of a YRBM model. 

6. One wave screen is about as effective as two identioal 

screens placed one on each side of the pier. 

7. Solid-wall wave screens placed on the offshore half of the 

pier are more effective than 50 percent wave screens placed 

along the total length of the pier. 

8. When two APL' s and one YRBM a.re moored as a group, the YRBM 

should not be placed in the middle. 

9. The best mooring orientation for both the APL,and the YRBM 

is normal to the wall~ This is particularly important 

when the area is not protected by wave screens or a submarine. 

The worst orientation is parallel to the wall. 
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Fig o 3 - (Sero Noo 235-13) Overall view of the model showing 
wave reflection and transmission 

Fig o 4 - (Sero No o 235-35) Close-up view of the sheltered area 
showing all models in place 
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Figo 31 - Single APL moored normal to pier with 50 per cent 
wave screens in place 
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Fig" 32 - Single APL moored parallel to wall with pier and· 
50 per cent wave screens in place 
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Fig. 33 - Oscillation of APL when moored with other APL and 
YRBM - YRBM at center 

ST. ANTHONY FALLS HYDRAULIC LABORATORY 

0 



0 

S 
~ 

... -
0 
~ 

I-
0 

... 
0 

< .-I a.. 

.. 
...c 
() .... 

0-

a.. 
-u 

(]) 
N 

C 
E 
I-
0 

Z 

t 
5.5 

204 

200 0 Pitch 

0 Roll 

D. Heave 

106 

102 

008 -

o~ ________ ~ ________ ~ ________ ~ ______ ~~ ______ ~ 
001 002 

Prototype Frequency in Hz 

Fig o 34 - Oscillation of YRBM when moored with two APL's -
YRBM at center 
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Fig o 35 - Oscillation of YRBM when moored with two APL·s -
YRBM at corner, pier in place 
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Fig o 36 - Oscillation of APL when moored with other APL and 
YRBM - with 100 per cent wave screens in place 
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Fig o 37 - Oscillation of YRBM when moored with two APL's -
with 100 per cent wave screens in place 
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Fig o 38 - Single APL moored normal to wall with submarine on 
north side of pier 
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Figo 39 - Oscillation of APL when moored parallel to wall with 
submarine at north side of pier 
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