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Overview

Marine hydrodynamics

Ocean waves and their anatomy
Types of surface water waves
Airy’s theory of 2D waves

Irrotational and potential flow




South Harbour, Aberdeen




‘World’s oldest intact shipwreck’

Dated to 400BC
Project surveyed 2,000km? seabed (10/2018)
60 shipwrecks discovered




MS Miinchen
Lost in 1978
27 crew lost

Weather caused
an “unusual
event”

Rogue waves




Tsunamis

Waves 2m high reached Chile 17,000km away
fromquake-epicenter

) ) Tsunami Travel Times
Recall 2004 Indian ocean tsunami generated - v
30m waves; killed 230,000 people in 14 o
countries

2011 Japan tsunami killed ~18,000 people; . >
waves of about 40m high .

Tsunamis are known as seismic sea waves

Generated from the displacement of large
body of water after a quake, volcanic event or
marine landslide

Longer wavelength (A) than usual ocean
waves
https://en.wikipedia.org/wiki/File:NOAA Ts
unami Animation-2016.webm
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Sulawesi (Indonesia) tsunami




The Science of an Unusual Tsunami

€ The quake hit a region riven by tectonic forces. € Tsunamis are often caused when two undersea

The Philippine Plate pushes west, while the plates slam into each other. One plate dives
Australian plate pushes north. Smaller plates, under the other, forcing the second oneup, |
caught in between, strain against each other. displacing water that generates waves.

» Megathrust quakes - - '
o Strike-slip (transform) Pt

f ault \’f\:’;}" Sunda Plate
» Submarine slide? Earthquake epicenter

INDONESIA
This tsunami was different. The quake was
caused by two plates moving horizontally and
the epicenter was on land.

@ Java Sea Banda Plate

Jekarta

)

Australian Plate

9 Some scientists speculate that the quake may
have set loose landslides near the coast, either
above or below the sea’s surface. These would
have displaced water, generating waves. Q When waves reached the long, narrow bay

at Palu, they were focused and intensified.




Fun waves

Surfer M. Rothmans rides a 66ft
(20m) wave in Maui in 2003

He won a price of $66,000 or
$1,000/ft!

Eclipsed by McNamara in 2011 by
riding a 78ft (24m) high wave at
Nazare, Portugal.
https://t.ly/mjwR

https://t.ly/t XPa
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Rationale for marine hydrodynamics

Fixed or floating platforms & ship are affected by ocean waves

» Minimising motions from sea state is critical

Waves affect ship and platform performance

Wave shape is affected by a structure’s geometry e.g., ship or column




Force 0: Wind Speed less than 1 knot
Sea: Sea like a mirror

Force 4: Wind Speed 11-16 knots

Sea: Wave height 1-1.5m (3,5-5 ft); Small
waves becoming longer, numerous
whitecaps

Force 1: Wind Speed 1-3 knots

Sea: Wave height .1m [.25ft); Ripples with
appearance of scales, no foam crests

Force 2: Wind Speed 4-6 knots

Sea: Wave height .2-.3m (.5-1 ft); Small
wavelets, crests of glassy
appearance, not breaking
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Force 3: Wind Speed 7-10 knots

Sea: Wave height .6-1m (2-3 ft); Large-
wavelets, crests begin to break,
scattered whitecaps

Force 5: Wind Speed 17-21 knots

Sea: Wave height 2-2.5m (6-8 ft]; Moderate
waves, taking longer form, many
whitecaps, some spray
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Force 6: Wind Speed 22-27 knots

Sea: Wave height 3-4m ([9.5-13 ft); Larger
waves forming, whitecaps
everywhere, more spray

Force 7: Wind Speed 28-33 knots

Sea: Wave height 4-5.5m [13.5-19 ft}; Sea
heaps up, white foam from break-
Ing waves begins to be blown in
streaks along direction of wind

Force 8: Wind Speed 34-40 knots

Sea: Wave height 5.5-7.5m (18-25 ft):
Moderately high waves of greater
length, edges of crests begin to
break into spindrift, foam is blown
In well marked streaks

Sea: Wave height 7-10m (23-32 ft); High
waves, sea begins to roll, dense
streaks of foam along wind direc-
tion, spray may reduce visibility

a'ﬁ\ &

Force 10: Wind Speed 48-55 knots [storm)

Sea: Wave height 9-12.5m (2941 ft): Very
high waves with overhanging crests,
sea takes white appearance as foam
is blown In very dense streaks, roll-
ing is heavy and shocklike, visibllity
Is reduced.

Force 11: Wind Speed 56-63 knots

Sea: Wave height 11.5-16m (37-52 ft);
Exceptionally high waves, sea
covered with white foam patches,
visibility still more reduced




Beaufort Scale

Seaman's term Effects on Land

Beaufort Wind Speed
number (mplh)

D Under 1 Calm Calm; smoke rises vertically,
° Salhng ban: 1 1-3 Light Air f:f:di".fl lin:::m wind direction:
8-9 Beaufort 2 4-7 Light Breez ﬂ Wind felt on face; leaves rustle;
(ShipS) d CEE vanes begin to move.

Leaves, small twigs in constant

° Speedboats & &-1e Gentle Breeze motion; light flags extended.

3 =

hydrof()ils: 6-7 4 13-18 Moderate P{ Dust, leaves and loose paper raised up:
B
6

Breeze small branches move.
Beaufort
18-24 Fresh Breeze ?/ Small trees begin to sway.

Large branches of Lrees in motion;
whislling heard in wires,

25-31 Strong Breeze | + .

? 32-38 Moderate Gale Whaole trees in motion; resistance felt

in walking against the wind.
8 39,_&& FrE'S-h GﬂlE‘ -'l't'lf_l"i. and small branches broken off
trees,
Slight structural damage occurs; slate
Q 47-54 Strong Gale blown from roofs.
Seldom expenenced on land; Lrees
10 55-63 Whole Gale *‘ broken; structural damage occurs.
) | Veery rarely experienced on land;
11 64-72 Storm - el usually with widespread damage,
rican
12 73 or higher Hurricane Violence and destruction,

Force




Beaufort Wind Force Scale
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The Nord Stream story

Subsea pipeline leg length = 1,222km, from Russia to Germany
Maximum discharge NSI & II: 110bcm/ a (1.9 tcf/a)

. . o Reported gas leaks Nord Stream 1 Nord Stream 2 = Baltic Pipe

Nord Stream II did not deliverany gas =~ _ e

3 . (NATO) (E.U) .(E',U')
Diameter: 1,220 mm (48 inches) osio, toisink, e
Working pressure: 220 bars o SN cussi
Kootoc: North .

o X v LATVIA
Nord Stream I: €14bn (8.8bn offshore) o) p > (E.U/NATO)
Nord Stream II: €11bn offshore stretch N W v L
o o 0 S \ 3 % Kaliningrad &
26 Sept. 2022: 3 leaks identified | et BELARUS
GERMANY POLAND SO0 RS

Source: Danish Maritime Authority

Concerns raised for critical infrastructt, = ©/vo (EU./NATO)
Event deemed as act of sabotage

Poursanidis K., et al, “World’s Largest

Natural Gas Leak from Nord Stream Pipeline
Estimated at 478,000 Tonnes,” iScience, 2024;
DOI: https://doi.org/10.1016/].isci.2023.108772



https://doi.org/10.1016/j.isci.2023.108772

Ocean waves

» There is a limit to the energy contained by an ocean wave

* Once the threshold is surpassed, a wave breaks
» Ocean waves are unique as they exhibit a dispersive nature

» Waves are generated by wind are called (surface) gravity waves

Mount Fiji breaking wave |




Ocean waves (2)

« What is a wave?

A disturbance caused by the passage of energy
through a medium i.e., solid, liquid or gas

» In ocean waves, energy is moving at speed of
the wave but water is not

» Why a water wave is an illusion?

Because water molecules do not travel (much)
with the wave but are perturbed like the seagull

» Waves carry energy not mass per se!




Generation of wind waves

* p.,=1,026kg/m3 (@15°C)

p.i:=1.225kg/m3(15°C@sea-level)

(1/836x)
° |l.,=0.00123N-s/m? IL,;,=0.00001789N-s/m?(1/68x)
>| U,, Mean Wind velocity profile Atmosphere
1) Pressure fluctuations 2) Shear instability
Wave propagation P () g P(z)
B e O ... N

Sea level at rest

Fluctuation of sea surface Ocean




Anatomy of a water wave

Garrison(2012)

Wave crest (peak) Direction of wave motion

Wave trough (valley)

Wavelength (A) ' |Height =_{ -

Still water Crest Trough
level

= 2 x wave amplitude (A)

Frequency (f): number of wave crests passing a point (e.g., A/s)

Period (7): Time required for wave crest @ point A to reach point B




Orbital motions of water particles

» Observe that water molecules orbit in same rotational direction (dn)
 Circular motion of molecules diminishes rapidly with depth
» At 0.54, wave motion is negligible

Direction of wave motion
| »

| Wavelength |
| |

Still water
Crest Trough level Crest wave phase (tfT=0.000

OO

ODOOOOQAOU
o0 DOgga o

wave- 9 € -
length
depth L 1 L

Garrison(2012)




Water particle paths




Classification of ocean waves




Types of waves, wave energy & time scales
Seismic
Wind di i i
= d > | UPION | Gravity » Disturbing force
landslides
Surface tension Gravity )
- - |- v » Restoring force
Capillary wave Wind wave Seiche Tsunami Tide
(ripple) gh > > | > | » Type of wave
24 12 - >
=
hr. hr. g2
o2
5o
2 o
E 5
5 2
O Q
@ =
1/100 sec 1/10 sec 1 sec 10 sec 100 sec 1,000 sec 10,000 sec 100,000 sec
(17 min) (3 hr) (1 1/4 days)
~
100 10 1 Period
\ Y (time, in seconds for two
Frequency successive wave crests to
(waves per second) pass a fixed point)
Garrison(2012




Types of water waves

» Gravity waves with A>1.73cm are dissipated by gravity

» Only exception are capillary waves (ripples)

Wave Type Disturbing Force Restoring Force Typical Wavelength
Capillary wave  Usually wind Cohesion of water Upto1.73cm
molecules (0.68in.)
Wind wave Wind over ocean Gravity 60-150 m
(200-500 ft)
Seiche Change in atmospheric  Gravity Large, variable; a
pressure, storm surge, function of ocean
tsunami basin size
Seismic sea Faulting of seafloor, vol-  Gravity 200 km (125 mi)
wave (tsunami) canic eruption, landslide
Tide Gravitational attraction,  Gravity Half Earth’s
rotation of Earth circumference

Garrison(2012)




Influence of water depth

Wavelength governs size of water molecule orbits

Water depth determines shape of orbits e.g., circular or elliptic
Deep-water waves move thru water depth >0.5\
Shallow-water waves are in depths <(1/20)A

cr—=p»

wavelength |
L 1

Je— — == = Shallow-water wave:
2 No perceptible depth less than(i)
motion due to 20
waves down
here Transitional water waves:

depth less than ( é )

The wave breaks;

L
but greater than (%) see Flgure 10.17.
Deep-water
waves:
depth greater than C and L decrease; wave

half the L height increases, rounded
= t f ks.
wavelength( > ) ops form peaks .02




Airy’s linear wave theory

George Airy proposed linear wave theory in 1845
Airy’s theorem applies to 2D small-amplitude water waves
Theory defines most of kinematic & dynamic properties

Predicts properties within useful limits for most practical cases

AUTOBIOGRAPHY

C . : 1 OF SIR GEORGE
Freely propagating, periodic surface (gravity) waves oI GE ]




Airy’s theory




Breaking waves




Irrotational flow

» Consider boundary layer below. Fluid particles near surface will be
rotational @ non-zero vorticity (¢ #0).

Fluid particles not rotating

Yy

==

P

)

..... \.‘:

_-_r"::". --------- .-.J\:.. _____ PLQ-—"__,J- .
p—

Irrotational outer flow region

Yy 1r

Velocity profile

Rotational boundary layer region

/A
o --—- DEEEE 2 (D i
e ._',;"'_-*\E/ ""O
Wall HLlld particles rotating

* Fluid particles outside the b.l. can be taken as irrotational i.e., undergo
no swirl, (¢ =2&=Vx=7 =0). Examples: a) water particles at water-air
interface or b) Ferris wheel:




Velocity potential ()

For an irrotational flow, the velocity potential ® is defined as:
V=-V¢ (1)

where @ is the velocity potential function. Such a velocity field is termed
as (or irrotational)

The flow velocity u is the gradient of a scalar function ®:

u:V¢:8¢f+8¢j‘+@¢l€ (2)
ox Oy 0z
@ is the velocity potential of wu.

By definition ®, is any continuous scalar function ®(x, y, z, t) which
automatically satisfies the irrotational condition (vx7 =0) because of the
fundamental identity:

&=VxV=-VxV¢=—curl(gradp)=0 (3)
—ve sign indicates that ® decreases with in the flow dn.



Velocity potential ()

For inviscid fluids, irrotational flow may be a valid assumption.
Example: Region outside bl of a wing section used to obtain lift or far-
field region from a cylinder.

Velocity given by the gradient of a scalar function & the continuity
eqn (V-7 =0) for an incompressible flow yields :

V-Vp=Vig=0 (4)

For small amplitude water waves, velocity potential is not valid at the
and near the seabed.



Boundary conditions




Dispersion relationship

» Plane waves of different wavelengths (A) have different velocities so that
a of mixed wavelengths tends to spread out in space

° (packet) is a short burst wave. It can be analysed/
synthesised from an infinite # of sinusoidal waves of different phases &
amplitudes which interfere constructively

Wave packet with no dispersion Wave packet with dispersion

\



Travelling wave

-2n -3nf2 -m -nf2 0 m/eg w 3nfe 2n
-360° -270° -1BO°  -90° a0° 180" 270" 3s80°




Making waves




Depth classification of ocean waves on kd

()

TRANSITIONAL
WATER
/10 < kd <

Wave profile 7 = asin (kxr —wt)
Phase speed C = & tanh (kd)
Wave length L = 2= tanh (44)

Angular w” = gk tanh (kd)
frequency

Group veloeity = /gd Cy =1 [1 + ot :ﬂ:d)] c

A : . ngk coshl|k{dt=)] - — kz
Velocity = b u_ﬁfr——cu-%hd—lumnﬁ o= awes s sin i

COMponents

w= -%%cmiﬁ w = —awe** cosy

Particle £E=2./% E:%‘—%’-‘mﬁ £ = ae®® cosp
displacements
= —egphlbtliging | (= —ae* siny

sy =k -




Decay of ocean wave energy wrt water depth
722\

£
g
)
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Example #2




World’s most famous shipwreck







Coastline erosion

Coastline erosion is the: loss or displacement of land or the long-term removal of
sediment & rocks along the coastline emanating from the action of water waves, water
currents, tides, water spray, sea ice or impacts of storms.




Main causes of coastline erosion

Reduction in mass of sediments at seabed

Drop in sediments from nearby cliffs

Soft coastline soil

Lower sediments from rivers (fluvial sediments) at seashore
Submergence of coast and increased pounding from waves
Rise in sea-level

Transport of shoreline sedi
Reduction in sand from ne
Change in incidence angle
Increase energy levels due
Displacement of sediment:
Beach weathering
Earthquakes, ...

»—.off |

—

ea storms




Longshore currents

Waves approaching the shore at an angle

Transport (introduction)/removal of sediments (sand) to coast

The disturbance of currents helps with the deposition of sediments to
the shore

Upper limit
of wave action

Longshore
current

Path
followed
by sand
grains

f Direction of ..~ 3/ i
: ~" waveapproach &

& Cengage Leam ng

Garisson (2016) NG Learning




Coastline erosion at Larnaka

Pervolia

Oroklini




Erosion of Fig tree bay (Ayia Napa)

* 30 April, 2018

» Ranked as 13 of 25 best beaches in the world (Traveller’s Choice 2018)
o 4% best beach in Europe (Traveller’s Choice 2018)




Fig tree (2)




Fig Tree Bay (c. 2000)




Fig tree (2021)




Fig Tree (2023)




To save Fig Tree bay

Measure water depth at various points

Map Fig Tree coast

Understand water currents
Appreciate effect of seas storms

Map marine sediment/sand transport
Suggest remedial measures




Fig tree at night




Beach sand

» Without sand there is no beach

» Causes of erosion comprise: air, seawaves, tides

» Renourishment with sand: rivers, currents, water runoff, water
streams, dredging

» The transport of sand is/can be affected by:
Sea storms (water waves)

Marine transport (ships) & pleasure craft
Piers
Marinas
Ports

Subsea pipelines e
Beachgoers (people) — Anthropogenic causes
Wavebreakers (Breakwaters)

River barriers (dams)/water streams

O 0O O 0O O 0O O o O O

Water diversion works




Coastline rehabilitation

» Sand could be relocated from nearby beaches & seabed

» Creation of groins

» Dredging: a) excavation, b) seabed material suction







Various sources

GARY GRIGGS KIKI PATSCH LAURET SAVOY

LIVING WITH THE

CHANGING

CALIFORNIA COAST

Catherine Seavitt Nordenson

Guy Nordenson * Julia Chapman

S

f Coasta
Resillience




Wave refraction




Wave refraction

“Bending” of waves at they propagate at different depths
Refraction emanates from the interaction with seabed (topography)
Phenomenon could affect wave celerity either +vely or —vely

Refraction could assume 2 forms:
1) Focusing (concave refraction) or
2) Defocusing (convex refraction)

Seawater/ocean swell triggered by distant weather systems instead of
wind

Swell A could be 700m

Wave crests

Wavetenergy

| i W
t converging on
headlgnds
Wave energy & N
diverging /( )

Sediment

. \ movement \
Concave (focussing) refraction. N e 5.

Quiet beach . /
Sy —



TLP

m
)

<[ 4>

Wave induced forces

Njord Semi-sub, offshore Norway, Statoil







Example 3




Wave shoaling

» Why does water wave height increases as waves approach the shore?

» In order to maintain a constant energy flux, a decrease in transport
speed is offset by an increase in energy density.

Hence, tsunamis are generated!
» When does a wave break?

If H:A > 1:7

ie., H> (1/7)-A
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Ex#4

- 03000
+03100
»03200
+03300

03400
.0 500

* d/A\,=0.06405 0%
.03800

* d/A=0.1082 ‘oo

.ohm
+0l100
+04200
-CL300

0LL0O

.0L500
Shore protection manual: :3,’?33
.0l 800
VII, Table C-1, p.590 +0L500

-050:0
»05100
.'Dszm
»05300
»05L,00

»05500
+05600
05700
05800
»05900

» 06000
. 06100
. 06200

d/L

+07135%
07260
+07385
'Wm’?
.07T630

L0T7L8
07867
.0798l
08100
.08215

.08329
.08L42
.08553
L0866l
L0877L

-OB‘B'B]
-08991
+09098
.0920'5
-09311

+09L16
09520
+09623
+09726
09829

«09930
.1003
«1013
»1023
»1033

.1043
.1053
.1063

oD Cloi>

+1092
41101
.1111
.1120
.1130

27 d/L.  TANH SIKH COSH
2rdfL. 2mdfL 2mafL
k83  .h20s  JLEAL 1.1021
JL562  LL269  JLT21 1.1059
L840 LL333  .LBo8  1.,1096
L4717 Lh395 LL8%L 1.1133
Lol JLhs7  h9BO0 1.117)
Jiok3 LLWSTT L51LT 11247
.5017 L6635 .5230 1.1285
- LUu691 .5312  1.132h
L5162  JuTWT  .539h  1.1362
.5233 .LB02  .sh75  1.1LoL
530k  .kBST  ,5556 1.1LL0
«53Th W91l L5637 1,1479
«SLl L6k L5717 1.1518
.5513  ,5015 .5796 1.1558
+5581 ,5066 5876 1,1599
«5649 L5116 .595L  1.1639
L5717 L5166 6033  1.1679
.578L  .5215 ,6111 1.,1720
L5850 ,5263 ,6189 1,1760
L5916 L5310 L6267 1.1B02
L5981 L5357  WA3Lh 1.1BL3
Lobs  .sho3d L6L21 1.168L
111 L5hh9  LBL99  1.1926
E176  L5L9L L6575  1.1968
6239 5538 6652 1.2011
L6303 .5582 ,6729 1.2053
LB366 5626  .ABOS 11,2096
LHL28 5668 ,6B80 1.2138
LOh91 L5711 L6556 1.2181
6553 L5753 L7033 1.222%
H616  L579h  WTLLO  1.2270
L5678 LSB3h LT187  1.2313
HT39  JS587Th L7236 1.2355
L7999 L591L L7335 l.2L02
L6860  L595L  LThIl  1.2LL7
6920 L5993  .7LB6  1.2L92
4991 L6031 L7561 1.2537
L7099 L6106 JTIM 1.2628

Table C-1.

H/H?
(]

1.125
1,118
1.111
1.104
1,098

1.092
1.085
1.080
1.0?5
1.069

1.060L
1,059
1.055
1.050
1.0u6

1.0L2
1;033
1,034
1.030
1.026

1.023
1,019
1,016
1.01)
1.010

1.007
1.00L
1.001
+9985
9958

«§932
« 9907
-9883
9860
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-5792
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Continued.
K L d/L
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.B952 _9588

B9 L9737
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.0861 1,003
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JBU15 1,209
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8267 1.273
.B239 1.286
.B209 1.298

81680 1.711
8150 1,323
8121 1.336
L8063 1.360

L8035 1.372
L8005 1.38L
L7977 1.39%6
.79L8 1.h08

SINH
Lmd/L

COSH
L7 d/L

1.430
1.LLS
1,462
1.L79
1.&%

1.513
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1.547
1-561]
1.582

1.600
1.617
1.636
1.65L
1.672

1.691
1,709
1.728
1,741
1,766

1.786
1.805
1.825
1.8!15
1.565

1,885
1.506
1-926
1,947
1.968

1.989
2,011
2,033
2.055
2,075

2.098
2.121
2.1L4
2.156
2,189

n

. 9388
» 9369
«93u9
.9329
-9309

.9289
9270
«9250
+9230
521

. 9192
9172
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09133
+911L

.9035
9076
5057
.9037
.9018




Graphical form

» d/A,=0.06405
» d/A=0.11
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Marine outfalls and intakes

Marine outfall is a pipeline or channel that discharges water into sea
Physical dimensions: 8cm to 8m in diameter & 50m to 55km in length

Applications comprise: pipelines, stormwater, desalination, sewage,
power plants, intake, etc

Need to protect conduit from waves/sea storms
At what depth should the pipeline/tunnel be buried?
Depths range from 3m to 60m

Outfall material includes: stainless steel, polyethylene, carbon steel,
cast iron, reinforced concrete, ...

https: //www.youtube.com/watch?v=BXZFvsH2pMM

Head chamber



https://www.youtube.com/watch?v=BXZFvsH2pMM
https://www.youtube.com/watch?v=BXZFvsH2pMM

Wave energy vs wave height

* E.=100; H=0.163m
E.=50; H=0.115m
* A=3m;
H=sqrt(E,x8/pg))

Wave height (H.m)







Example 5




Exercise 5

o LEX#5

1.6

1.4

1.0

0.8

}-— r—
_/
I | ] | I | L1 L |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(0.056) (0.170) (0.287) (0.395) (0.498) (0.599) (0.700)
d/L(d/ LO)




Summary

» Mechanics of ocean waves

2D linear wave theory

Orbital motions e.g., velocities & accelerations

» Deepwater, transitional & shallow water waves
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