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8th International Conference on Scour and Erosion 2016

HR Wallingford is proud to host the

8th International Conference on Scour

and Erosion 2016 which will be held at

the Mathematical Institute in Cxford,

United Kingdom from 12 to 15 September 2016.

Keble Dining Hall

The conference provides a platform for
scientists and engineers from vanous disciplines
le.g. hydraulic and geotechnical engineering) to
exchange ideas and report advances in research
and practice on scientific and engineering
challenges related to scour and erosion.

Contact us

Sarah Moxon and Jackie Harrop
ICSE 2016 Secretariat c¢/'o HR Wallingford

Tel +44 (Ohao 822364
Email info@icse2016.com

Registration

The conference website is now open for
participant registration. wwi.icsez0i6.com

Full conference delegate pass (4 days)

Standard registration £605 {E834 inc VAT
[before 4 April 2006)

Late registration £845 {E1014 inc VAT)
(after 4 Apnl 2016}

Student registration fRAR  (EB54qinc VAT
(before 4 April 2006)

Late student registration £605 (834 inc VAT
{after 4 Aprl 2016}

All fees are subject to 20% VAT,

Sponsors and exhibitors

If you would like more information about the
sponsorship or exhibition opportunities available
at ICSE 2016, please contact
infom@icse2016.com

W icse2o16.com WEICSE_2016
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Water Wave Mechanics Course
~ HRWallingford, 13/12/2017

Part |I: Water Waves
Definitions and Characteristics

DEFINITIONS

Direction of Prapagation

- u.ocx
Battom, z=—g
3 :3 z 3 ; : 7 o
2
L= ) tanh 2—”3 C=£ = g—Ttanh 2zd
2z L £ 82
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Wave Classification as a function of their Period

10s 1s 001s
| |
MAIN SOURCE —

0

50
Frequency = 1/T [ Hz ]
Wave Classification as a function of
the “Relative” Water Depth

+ Shallow water h/L<1/20
* Intermediate depth 1/20< h/L<1/2
*  Deep water h/L>1/2

Example: L=200m

Intermediate . Shallow

Depth Water

N.B. Itis a function of the wave period, i.e. for a
tidal wave even the deeper ocean is shallow water
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Water particles Displacement and Velocity

Celerity
Direction of Wave Propagation

-

-4

0
e |55 43 L B
u=+; w=0 u=0; w=+ u=—; w=0 u=0; w=—  u=+; w=0

i) O O QS O

Wave-induced orbital motion
as a function of the Relative Water Depth

=7 S~
* Shallow water ‘\__/ |
=2

Lih>20
% \‘_/

= .

2+ Lih<20

Intermediate depth

7 S\
e

O, 0 -

Lih<2

* Deep water
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Water particles Displacement,
Velocity & Pressure

h "“(- ~d)

e B sin T
} l..,‘;._ i =+ cos @
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0|

Cvghew .-’., i : Y fegane Oy 5 i /
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o ‘ il 2 L cosh(2nd/L)
A i N
f ot 4
( ’ 3 @ 3 -
' p = pRNK. - 2)
- " L L L OE cospfedie_tad]
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e
L 2
- 2 3 _ 7 2
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E=E +E, - + =
16 16 8
Wave characteristics
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Wave interference : wave groups

=% Hcos gt r"i’l'r o
) = C n X - =
Nemetopn L ks Iy 1 c -1YLfp .
L4 2 T .
smh[ﬂ)
MNenvelope '
—— f"‘.\
N "

‘7Lg4¢—¢

| b=

=~ 22 = _ (, (deep water) @ = C = fgd (shallow water)

W 2T 2 e 7

Wave interference : wave reflection

g Lengih o
' Prolile when 1={—,}‘-‘T—,5&I—
| Profile when t=0, T,2T Profile when t = % ,%1 %L
-p — Vf / —
Node ~ )
! ~ Antinade ~ Antingde
¢ b ~ M
L SWL. i
SSSERY R 2 < - > =
0 ] ¥
i rd L L) _31 \ 2m
// z 2 ~
_‘ - [ e
TR 2
Waier particle motions 7 = Hj cos {ZTX) cos (EFL)

Borrier 01 X0

. Ne fiow across 1his line
no flow ocross barrier )

}ﬁwxi\ﬁ/[

] ]
| e g
: No tlow ocrass this line :
I |
[ |

," Bottom

Figure 2-63. Standing wave (clapotls) syetem, perfect reflection
from & vertical barrier, linear theory.
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° Wave interference : wave reflection

w
: ENVELOPE OF
5 SURFACE MOTION

1=0Q,T

o i =
t=T/2 ’ l : a
F o =
Al s i =
e ” i i N
(@

ENVELOPE OF
SURFACE MOTION

£ et
1,

————

““““““

SO S

|
Hy /Lgm0.1 :'

0.0 \§ l\\ | 7

| \\"\\\'\\‘\\\“ &\“@\\\\\\\\\\\\\\“
0.003 ¢ : \\\\}\ﬂ}\%}?\:“"\‘\s : |
ooz | | “ ;;,.w I
2 |

.....

16




Wave characteristics: Stokes’ 2" order

R

Lengy ————— ]

Zd-0eder Froliy

pim)

L

dri2
8 [Rady)
Pigure 2-8.

Comparlson of second-order Stokes' profile with livasr profile

Wave transformation in shallow water

H
i

-
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HORUSAI

Part Il: Water Waves
Generation and Propagation

Wind-generated Waves
wind ————pp
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Spectral evolution away from source :
Wave Dispersion

NSO =N

N/ ik 2B wAdAD :
S Jr\’/\_/‘m.\f\J h W\ /)' \/\\/\\jf \/\/ \{ \\U\/,\\/,,./

\s

2
1
o -
1
2 T v i
] 2 10 s 2L 20 AL 35

20

Wave Height due to Angular Sproading
o L

Y\ 1
o\ u\‘{‘\‘-\ \\\\

Modal: H=Hyg - cos (I .‘}|I“‘l
5§, = treduendcy {of pertod ',I

Simple: H=Hg = cos (L)

Hy = significant wive hevghl

M= wave heigiht estimate fram Hy Lateral Enargy Spreading

D4 = Dy = propagation distance

Vaare Hiraght

—sh GOO n i

Energy
High B Low
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Wave transformation in shallow water

P el Al it o B AnRied

Huygen's principle:
Shoaling, Refraction, Diffraction
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Wave Shoaling

Wave Shoaling
Waves with Waves
constant Touch
wavalength

Headland  Emba
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Ray tracing theory: K - [&}% E [ cos 9.,){; . [ 1 - sin’ %]%
Refraction and Shoaling

\ (ECn)by = (ECn),b,

C. |5
_1._ ? H = H _.E _o
. peH 1 o,\ Cz; bl
Hy =H K K,
sin 9,
Cy 4nd
Cg = .:l,_% 1 + L = ncC
# inh | 4%
Z
L
Cy, = % —7'_’ = % C, (deep water)
7 o o=k 2 pe ygd (shallow water)
I— ‘D - Es T
Edge Waves e o
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Wave Diffraction

WAVE OIRECTION
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Wave Diffraction Through a Gap

A
[\
/ \/ DIFFRATION
g A

/ \

/— WAVE CRESTS

/ \
/ \
L \
/ \
/ \
/ \
BREAKWATER

A

Wave breaking

H/h =y = 0.56-1.2 {shallow water)
‘/r " e

s N

H/L = 0.142 (deep water)

e L/, —00
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Deep water breaking — White-capping

%{}

120°

H/L = steepness
H = wave height

L = wave length

h = water depth

Breaking limit (Miche, 1951}):

H__ =0.14Ltanh(kh)
In deep water ‘ H/L=1/7

Shallow water wave breaking

s = H/L steepness

crest =0.7H I/r

trough=03H ¥ 1 3=bed slope

Iribarren Number

:

_tan g

So =
H 0
Hg= wave heigth L
L, = wave length 0

B = bed slope
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Breaker Types

£<0.5
Spilling

05<£<3.3
Plunging

3.3<£<5
Collapsing

E>5
Surging

Breaker Types

/‘F = H/L steepness
H . N
e
[ =bed slope

60
I

PLUNGING /
/ SPILLING

0.04 0.06 0.08
s = H/L steepness ;

bed slope

B

\

o3
8
=)
=
N
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" Tsunami wave breaking

Wind waves come and go without flooding higher areas.

HORUGAI

Part lll: Water Waves
Analysis '
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Wave Analysis — Spectra and Statistics

T

06 =6 00 150, 200, 2.  300. 34 w0, 4.
Tima (sec)

a. Surface slsvaflon tims serlas

0.0020 c 1.0 T
0008 %
g 0016 £ 08
o 00014 ) i
S goon =
i &= 0.8 )
"E 0.0010 ] §
S 0.0008 | g ok
P 0.0008 b v
o 2
8 00004 H
- 2 ozt
' poooz b £
3
00 i : 3]
1 H 4 00 2 "
0.0 05 (¥ 1.4 20 00 0.4 08 1.2
Frequancy (Hr) Channal 2 H/He
b. Froguency specirum c. Cumulglive probablilly

Wave Spectra

Il Ceberidty wnlenciie | Epanie hokew |

0.05 o1 013

fiHz]
12
Hy &H,=4fmy =4 | [ S(f)df
Sl

T, = T{max[S(f)]}
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Real Sea States

ADVO
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Wave statistics - Short Term - Shallow Water

Broaking Wave Heighl

<)

f(Hf'Hr

Wave statistics - Freak Waves

Draupner wave record
January 1 1995 at 15:20, ha = 11.9m

3

g i

512 |
: ° |
;jﬂ_F.. INTTAR .ﬁ%
N ATARCA T /

180 200 220 240 260 280 300 320 340 360 380
Time {s)

FAzF R d HR WALLINGFORD 3 # 2 3P
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RIBRJ T BRI R

Chan 00:01 00:02 00:03 00:04 00:01 00:02 00:03 00:04 00:01 00:02 00:03 00:04

Name Ref 01 Ref 02  Ref 03 Ref 04 Ref 01 Ref 02  Ref 03 Ref 04  Ref 01 Ref 02  Ref 03 Ref 04

Freq (H2) Pxx Pxx Pxx Pxx Pxx Pxx Pxx Pxx Pxx Pxx Pxx Pxx

(m*2/Hz) (m"2/Hz) (m"2/Hz) (m"2/Hz) (m"2/Hz) (mMm*2/Hz) (M"2/Hz) (Mm"2/Hz) (mM"2/Hz) (m"2/Hz) (M"2/Hz) (mM"2/Hz)
0 0.021211 0.027368 0.029288 0.032066 0.105345 0.090249 0.116594 0.067292 0.515099 0.528812 0.514829 0.389039
0.005058 0.042875 0.043502 0.041177 0.069806 0.162836 0.147284 0.188523 0.132945 0.857678 0.8593  0.776228 0.700557
0.010116 0.088466 0.108925 0.127931 0.070982 0.441439 0.356569 0.300779 0.308194 1.825347 1.616388 1.457952 1.159533
0.015175 0.273042 033243 036309 0.268363 1.145871 1.139215 1.064255 0.985056  6.17536 6.148229 5.984032 4.293818
0.020233  0.247153 0.280887 0.312657 0.360605 0.902928 1.025702 1.148588 1.238523 7.117552  7.69103 8.249187 8.113102
0.025291 0.078011 0.054569 0.056426 0.158431  0.35395 0.325979 0.344264 0.609027 2.075042 2.408855 3.054444 5.382363
0.030349 0.152999 0.136216 0.114603 0.059581 0.499707 0.429453 0.345435 0.239452 1.963128 1.787682 1.554767 2.014027
0.035408 0.107925 0.118313 0.134577 0.089514 0.345555 0.422049 0477777 0.283859 2.9666 3.160895 3.076598 1.415371
0.040466 0.050433  0.050545 0.057678 0.109709 0.154087 0.170806 0.225005 0.378524  2.48495 2.882756 3.421497 2.870879
0.045524 0.083313 0.062276 0.046228 0.057157 0.243609  0.22794  0.22252 0.169695  3.10664  3.52364 4.569631 8.637691
0.050582 0.059141 0.056407 0.062738 0.043285 0.280714 0.309425 0.314161  0.15597 14.83644 11.84724 11.53559 27.91464
0.055641 0.068223 0.074792 0.080023 0.073746 0.473058 0.467709 0.434494  0.21911 31.35558 27.72633  23.6658 29.85733
0.060699 0.143317 0.198171 0.232213 0.143119 0.976848 1.371696 1.683368 1.057197 48.13948 62.00895 70.03403 40.55295
0.065757  0.43341 0.320639 0.419904 0.976371 2.315965 1.832627 2.616041 6.128949 57.56229 83.06813 115.3521 119.337
0.070815 2.542637 1.773622 1.046983 2.599497 7442831 4.187497 2.775374 11.69212 106928  73.8198 68.27535 201.7418
0.075873 5306143 5.723753 4.651406 2.079454 11.60791 12.82532  11.4554 6.285264 103.8391 79.70246 59.69816  117.39
0.080932 2.432254 4.289661 6.370803 2.155179 10.64033  15.0992 25.70086 16.16311 41.39471 49.74803 54.92057 29.51291
0.08599 9.837436 6.794505 5.233495 12.07862  32.9251 19.8412 26.07532 54.59198 22.06361  24.1783 29.42396 24.18196
0.091048 27.95884 27.78346 18.56564 27.96653 47.16004 48.22383 37.56875 54.45791 18.40068 19.57308 19.09838 16.98701
0.096106  18.9304  21.2112 21.75638 17.42349 36.07756 48.64251  51.6153 41.49961 1191147 13.08165 16.07169 11.03302
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0.101165
0.106223
0.111281
0.116339
0.121397
0.126456
0.131514
0.136572

0.14163
0.146689
0.151747
0.156805
0.161863
0.166922

0.17198
0.177038
0.182096
0.187154
0.192213
0.197271
0.202329
0.207387
0.212446
0.217504
0.222562

37.85032
26.36583
7.559199
11.22118
7.904379
3.685022
2.923224
2.240552
2.907209
2.291008
2.626547
2.452996
1.579646
1.232564
1.647165

1.73355
1.534621
0.954043
0.586424
0.352504
0.223776
0.286117
0.223184

0.26265
0.258552

23.41635
21.21923
9.481334
7.057638
7.308067
3.826024
2.803054
2.880386
2.887039
3.318363
2.239776

2715787
1.536665
1.360492
1.703198
1.777886
1.977876
1.169144

0.37586
0.350185
0.317568
0.330889
0.197905
0.242755
0.162871

19.88014
14.43903
12738717

7.292771
4.549234

5.54673
3.526892
3.648749
2.370437
2.439992
2.083578
2.382156
1.817752
1.366302
1.647367
1.541383
1.367339
1.086544
0.601114
0.248988
0.231375
0.294096

0.18537
0.186914
0.154129

21.42286
19.35462
7.370386
5.409161
6.109189
4.071726
2.795317
3.281233
2.168513
2.026143

2.07037
1.557443

1.42952
1.177646
1.888408
1.467284
1.685027
1.096046
0.387525
0.606146
0.323351
0.233817

0.19049
0.217514
0.173823

25.15854
23.42889
10.16361
11.28968
6.971927
4.214436
4.397001
3.343619
3.542409
2.975615
3.351346

3.29243
3.651385
2.963502
2.368043
2474216
2.349456
1.927069
1.823094
0.586448
0.420554
0.543728
0.458925
0.636271
0.377783

21.06597
25.04382
13.65346
8.447718
7913111
5.212657
6.073309
4.680785
3.059244

3.12541
2.869738
3.616383
3.923992
2.835777
2.852219
24227799
2.157411
2.277073

1.35425
0.616955
0.593849

0.50644
0.329989
0.479325
0.382393
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18.51181
19.43328
16.28193

0.48916
6.208987
8.462039
6.018315
5.204403
2.184791
2.600816
2.428802
3.692064
4.194194
3.115192
2.233559
2.301969
1.965709
2.334834
1.691545
0.527731
0.563909
0.472971
0.313706
0.595557
0.421596

17.33184
18.91856
9.744145
0.477463
7.117363
5.798791
4.939636
5.065275
2.102174
2.274358
2.330977
2.384059
3.130994
2.338424
1.952856

1.5959
2.996182
2.536229
1.320981
1.041928
0.550454
0.528541
0.382042
0.503784
0.315987

19.18096
16.12816
11.06854
14.39782
15.89214
11.93991
11.55392
9.596199
8.713062
11.75586
9.611491
7.988023
5.278611
2.762929
3.304103
4.650891
3.654596
2.379691
1.911326
1.752437
1.092515
1.014381
1.563257
1.566187
1.539488

13.92643
15.905
12.0405
12.68435
21.94572
15.11855
11.16011
13.31627
10.02346
6.370234
7.023004
7.318856
4.308537
2.863727
3.094982
2.967947
2.213463
1.945527
2.181481
2.317563
1.637634
1.014089
1.265729
1.626507
1.543548

9.80859
12.45627
13.52942
11.11064
19.32405
18.53456
13.38709
12.79576
12.73241
8.721067
5.967573
6.492031
4722544
3.407661
2.840333
3.272455

2.53327
1.788625
2.316668
2410716
1.725547
1.258205
1457177
1.708011
1.502994

11.95709

10.7444
9.161679

12.6519
22.54922
16.85381
11.97976
15.04217
15.22329
9.260134
5.506155

4.54874
3.249413
3.114292
3.144109
2.394404
2476449
2471755
3.049253
2.915284
2.289041
1.896608

1.56866
1.283788
1.116076



0.22762
0.232679
0.237737
0.242795
0.247853
0.252911

0.25797
0.263028
0.268086
0.273144
0.278203
0.283261
0.288319
0.293377
0.298435
0.303494
0.308552

0.31361
0.318668
0.323727
0.328785
0.333843
0.338901

0.34396
0.349018

0.155178
0.150054
0.142621
0.081797
0.095657
0.105046

0.08637
0.073495
0.064214
0.082731
0.074443
0.058474
0.062459
0.066062
0.057915
0.033773
0.034779
0.030749
0.017472
0.013054
0.016505
0.018139
0.015187
0.013068
0.009844

0.146244
0.120927
0.084072
0.067009
0.136959
0.120691
0.079504

0.07619
0.061633
0.095984
0.087011
0.049013
0.070008
0.064647
0.054269
0.038332

0.02502
0.018126
0.015399
0.019508

0.02174
0.012751
0.011397
0.013536
0.015484

0.114063
0.103677
0.081233
0.105875
0.104184

0.07612

0.07641
0.059651
0.073283
0.116177
0.094569
0.067016
0.069527
0.046907
0.046287
0.035577
0.023628
0.030776
0.024246
0.021385

0.01908
0.011429

0.00786
0.011474
0.014656

0.107619
0.134576
0.124262
0.080781
0.091278
0.117131
0.125378
0.092384

0.06939
0.101403
0.078767
0.057684
0.060382
0.043752
0.040896
0.041927
0.034574
0.026066

0.02867
0.018442
0.013599
0.015882
0.0144064
0.017745

0.01871

0.268195
0.249119
0.236808
0.248102
0.233851
0.264091
0.255371
0.186742
0.196332
0.211526
0.204707
0.146114
0.087188
0.089951
0.135804
0.086205
0.052747
0.060376
0.052611
0.051486
0.039156
0.043038
0.049908
0.038177
0.038104

0.330732
0.261307
0.163623
0.214502
0.245405
0.242384
0.205665
0.206811
0.198115
0.183252
0.172106

0.13449
0.129026
0.112542
0.124771
0.074889
0.047644
0.040092
0.045162
0.049662
0.037583
0.035957
0.032503

0.03849
0.042585

41

0.300895
0.266919
0.184396
0.185963
0.249796
0.286058
0.221888
0.184161
0.200455
0.175064
0.138489
0.132007

0.09541
0.091308
0.098546
0.064594
0.046983
0.055753
0.054348
0.053924
0.035967
0.042162
0.041906
0.033122
0.038841

0.229294
0.204468
0.238994
0.259324
0.218293
0.174854
0.212211
0.195532
0.196156
0.236023
0.189995
0.132022

0.11302
0.105444
0.100467
0.058264
0.051593
0.052639
0.064463
0.050672
0.048441
0.048307
0.040785
0.036383
0.044608

1.153812
0.660963
0.667136
0.823778
0.689715
0.446679
0.524427

0.53802
0.424804
0.393211

0.33751
0.384451
0.348269
0.280141
0.289782
0.265054

0.18886
0.196316
0.235877

0.18509
0.128657
0.134717
0.141844
0.159573
0.090794

0.99247
0.683476
0.698155

0.8086
0.742098
0.629327
0.592614
0.627111
0.482539
0.332972

0.34931

0.42641
0.367563
0.301402
0.262524
0.219009
0.194748
0.182289
0.165624
0.142763
0.125249
0.132966
0.164741
0.152351
0.102408

1.165158
0.861473

0.70238
0.627142
0.637048
0.530387
0.543128
0.677826

0.68987
0.413126
0.354723
0.387099
0.342815
0.244892
0.189148
0.178445
0.172602
0.168566
0.143468
0.151841
0.180648
0.174746
0.179833
0.140277
0.075189

0.80197
0.786412
0.915964
0.937855
0.638953
0.645059
0.556937
0.560501
0.662751
0.545774
0.583047

0.49624
0.299844
0.304819
0.259482
0.205523
0.198938

0.16507
0.167207
0.168547
0.166219
0.177796
0.200934
0.164435

0.1209



0.354076
0.359134
0.364192
0.369251
0.374309
0.379367
0.384425
0.389484
0.394542

0.3996
0.404658
0.409717
0.414775
0.419833
0.424891
0.429949
0.435008
0.440066
0.445124
0.450182
0.455241
0.460299
0.465357
0.470415
0.475473

0.01002
0.011471
0.010108
0.007992
0.007698
0.005561
0.004755
0.004845
0.003658
0.004241
0.003235
0.003628
0.003106
0.002627
0.001644
0.001437
0.001628
0.001474
0.001478
0.001099
0.001058

0.00125
0.001514
0.001345
0.001223

0.012056
0.007669
0.008844
0.009526
0.008555
0.007023
0.005788
0.005231
0.004318
0.004068
0.003399
0.002818
0.002359
0.001815
0.001813
0.002759
0.002498
0.001651
0.001364
0.001498
0.001125

0.00106
0.000869
0.000818
0.000985

0.009715
0.009182
0.010452
0.009135
0.005939
0.007162
0.005372
0.005434
0.004499
0.003712
0.004863
0.004018
0.002896

0.00241
0.001884
0.001685
0.001819
0.002147
0.002515
0.001621
0.001292
0.001445
0.001273
0.000917

0.00105

0.011727
0.008581
0.007066
0.008899
0.007241
0.007321
0.005604
0.005343
0.005156
0.004676
0.004397
0.003686
0.0032
0.002096
0.001907
0.001798
0.002054
0.002168
0.001446
0.001366
0.00172
0.001298
0.000944
0.000982
0.00131

0.03397
0.027957
0.033765
0.021673
0.033087
0.030602
0.018316
0.015248
0.014404
0.011141
0.011508
0.012244

0.00986
0.008304
0.008318
0.006747
0.007173

0.00663
0.006268
0.006568
0.004671
0.005333
0.005575
0.004913
0.004576

0.040427
0.030605
0.032385
0.024723
0.020216
0.017515
0.017894
0.016603
0.013101
0.009097
0.009071
0.008302
0.008873
0.010776
0.010173
0.008402
0.007046
0.006703
0.007097
0.004788
0.006156
0.005367
0.0054
0.00504
0.004531
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0.03506
0.024358
0.034711
0.027633

0.01856

0.01589

0.02095
0.014594
0.012851
0.008757
0.007445
0.010452
0.008575
0.006757
0.009231
0.007512
0.004434
0.006247
0.007316

0.00607
0.005226
0.006078
0.005633
0.005822
0.005125

0.039913
0.027222
0.027514
0.030728
0.023078
0.019128
0.013803
0.014538
0.019089
0.018241
0.013319
0.009997
0.011321
0.009541
0.008949
0.007894
0.007179
0.008166
0.008503
0.006381
0.004601
0.005821
0.004721
0.004081
0.003937

0.087615
0.0906
0.084004
0.081508
0.058964
0.047607
0.04673
0.046639
0.04837
0.032722
0.043361
0.046163
0.041712
0.041673
0.039218
0.038808
0.028835
0.027269
0.027865
0.023155
0.016427
0.015447
0.015356
0.015334
0.018894

0.085705
0.09001
0.074928
0.077879
0.050342
0.052302
0.061209
0.052292
0.05223
0.044799
0.042964
0.045695
0.034638
0.0272
0.03056
0.031873
0.032639
0.026439
0.024317
0.021943
0.018891
0.01544
0.01942
0.024446
0.019685

0.085467
0.07785
0.071361
0.063613
0.064198
0.055949
0.0443
0.051275
0.058273
0.058378
0.049615
0.043614
0.047075
0.032393
0.025205
0.030659
0.02522
0.02482
0.025075
0.026353
0.022077
0.021897
0.022848
0.021965
0.024174

0.098872
0.082601
0.10112
0.069892
0.056288
0.069423
0.056273
0.047023
0.045983
0.060772
0.06903
0.072816
0.046284
0.034026
0.0353
0.035004
0.031829
0.022511
0.016971
0.018442
0.015248
0.014127
0.019793
0.025691
0.031892



0.480532

0.48559
0.490648
0.495706
0.500765
0.505823
0.510881
0.515939
0.520998
0.526056
0.531114
0.536172

0.54123
0.546289
0.551347
0.556405
0.561463
0.566522

0.57158
0.576638
0.581696
0.586755
0.591813
0.596871
0.601929

0.001119
0.001228
0.001261
0.000957
0.000625
0.000842
0.000719
0.000545
0.000546
0.000538
0.000618
0.000683

0.00063
0.000479

0.00041
0.000347
0.000299
0.000374
0.000439
0.000477
0.000295
0.000256
0.000299

0.00023
0.000244

0.000959
0.000983
0.001317
0.001056
0.000866
0.001039
0.000813
0.000674
0.000613
0.000437
0.000511
0.000455
0.000407
0.000343
0.000362

0.00033
0.000301
0.000309
0.000346
0.000246
0.000224
0.000294
0.000241
0.000312
0.000344

0.001287
0.000902
0.000854
0.000879
0.000752
0.000601
0.000575
0.000523
0.000387
0.000509
0.000563
0.000521
0.000411
0.000263

0.00042
0.000407
0.000361
0.000285
0.000309
0.000258
0.000287
0.000319
0.000308
0.000224
0.000186

0.001138
0.001146
0.000942
0.000717
0.000635
0.000629
0.000633
0.000431
0.000383
0.000518
0.000572
0.000406
0.000316
0.000352
0.000402
0.000435
0.000325
0.000223
0.000211
0.000201
0.000289
0.000214
0.000164
0.000155
0.000172

0.004411
0.004534
0.004102
0.003622
0.002908
0.002262
0.002855

0.00161
0.001766
0.002275
0.002322
0.001841
0.001799
0.002206
0.001782
0.001771
0.001514
0.001053
0.001201
0.001352
0.001234
0.001371
0.001392
0.001266
0.000964

0.003485
0.003434
0.003212
0.003202
0.003007
0.002482
0.002424
0.002272
0.001842
0.001686
0.001524
0.001936
0.001792
0.001425
0.001186
0.001321

0.00127
0.001091
0.001263
0.001194

0.00102
0.000995
0.001027
0.001168
0.000988
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0.004265
0.004337
0.002745
0.0033
0.003644
0.002491
0.002142
0.001811
0.001902
0.00183
0.001601
0.001604
0.001363
0.001418
0.001781
0.001756
0.00173
0.001609
0.001289
0.001329
0.001217
0.001036
0.001001
0.000723
0.000748

0.00337
0.00335
0.002912
0.003048
0.001983
0.001936
0.0021
0.002396
0.002202
0.002184
0.00187
0.0025
0.002039
0.001973
0.00179
0.001466
0.001614
0.001342
0.001074
0.00109
0.00107
0.0013
0.001113
0.000847
0.000739

0.020697
0.020715
0.018535
0.02211
0.020691
0.016971
0.014804
0.013544
0.013247
0.0127
0.009997
0.010335
0.010186
0.00732
0.009484
0.009997
0.009772
0.008799
0.007083
0.006946
0.008098
0.009056
0.008089
0.006576
0.007134

0.015407
0.019086
0.018863
0.014712
0.014177
0.013785

0.01188

0.01284
0.011542
0.009315
0.009051
0.009411
0.011335
0.009584
0.008092
0.007426
0.007094

0.00829
0.008467
0.006804
0.007303
0.006279
0.005702
0.005949
0.006085

0.019198
0.014532
0.014298
0.017019

0.01504
0.013976
0.011039
0.010887
0.012217

0.01218
0.011509
0.012868
0.011682
0.009999
0.008741

0.01031
0.010403

0.00688
0.006988
0.009266
0.007713

0.00619
0.006626
0.007532
0.006217

0.026181
0.016373
0.014438
0.013571
0.01678
0.017435
0.014311
0.0114
0.011728
0.009364
0.009094
0.010116
0.01169
0.016346
0.011613
0.007701
0.006722
0.006758
0.007354
0.008266
0.00764
0.006217
0.005467
0.00521
0.005628



0.606987
0.612046
0.617104
0.622162

0.62722
0.632279
0.637337
0.642395
0.647453
0.652511

0.65757
0.662628
0.667686
0.672744
0.677803
0.682861
0.687919
0.692977
0.698036
0.703094
0.708152

0.71321
0.718268
0.723327
0.728385

0.000268
0.000248
0.000252
0.000228

0.00017
0.000212
0.000237
0.000249
0.000197
0.000174
0.000201
0.000181
0.000174
0.000185
0.000229
0.000253
0.000176
0.000185
0.000175
0.000133
0.000156

0.00016
0.000139
0.000179
0.000175

0.000308
0.000281
0.000269
0.000222
0.000189
0.000193

0.00021
0.000168
0.000132

0.00015
0.000135
0.000129
0.000163
0.000179
0.000121
0.000147
0.000178
0.000189
0.000162
0.000122
0.000128
0.000105
0.000084
0.000115
0.000102

0.000175
0.000171
0.000139
0.000167
0.000157
0.000169
0.000193
0.000151
0.000166
0.000203
0.000208
0.000202
0.000214
0.000188
0.000156
0.000156
0.000135
0.000136
0.000112
0.0001
0.000144
0.000134
0.00013
0.000131
0.000115

0.000167

0.00014
0.000132
0.000135
0.000124
0.000143
0.000167
0.000115

0.00012
0.000131
0.000127
0.000123
0.000151
0.000174
0.000152
0.000149
0.000109
0.000102
0.000093
0.000092

0.00013
0.000117
0.000105
0.000117
0.000103

0.000995

0.00102
0.000802
0.000864
0.000993

0.00082
0.000832
0.000722
0.001042
0.000932
0.001041
0.000555
0.000655
0.000685
0.000662
0.000431
0.000447
0.000638
0.000666
0.000647
0.000553
0.000534
0.000511
0.000401
0.000486

0.000872
0.001026
0.000812
0.000904
0.00086
0.000774
0.00072
0.000444
0.000485
0.00045
0.000494
0.0005
0.000598
0.000414
0.000482
0.000538
0.00053
0.000407
0.000403
0.000521
0.000381
0.000363
0.000368
0.000415
0.000362
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0.000689

0.00075
0.000684
0.000654
0.000657
0.000811

0.00083
0.000516
0.000629
0.000634
0.000523
0.000474
0.000499

0.00043
0.000429
0.000452
0.000389
0.000406

0.00036
0.000482
0.000359
0.000398
0.000376
0.000333
0.000277

0.00067
0.000851
0.000617
0.000693
0.000822

0.0008
0.000593
0.000442
0.000414
0.000416
0.000471
0.000482
0.000428
0.000433
0.000393
0.000439
0.000372
0.000372
0.000329

0.00036
0.000386
0.000398
0.000321
0.000233
0.000315

0.006874
0.005644

0.00534
0.005882
0.005764
0.004623
0.005051
0.004753
0.004497
0.004035
0.004102
0.004328
0.004318
0.004803
0.004385
0.003715
0.003391
0.003522
0.003055
0.003079
0.003544
0.002525
0.002367
0.002494
0.002355

0.005361
0.004954
0.005938
0.008348
0.006967
0.005387
0.005434
0.005421
0.005098
0.004336
0.004023
0.004046
0.004089
0.004047
0.004203
0.003963

0.00347
0.003139
0.002871
0.002615
0.002607
0.002926

0.00296
0.002516
0.002256

0.006543
0.006812
0.005681
0.005975
0.005705
0.005711
0.004144
0.004441
0.004157
0.004223
0.004026
0.004098
0.004055
0.003308
0.003591
0.003646
0.003027
0.002791
0.002696
0.002339
0.001749
0.002013
0.002512
0.002554
0.002551

0.006012
0.006707
0.006037
0.004965
0.003909
0.004836
0.004869
0.005005
0.004538
0.004211
0.002943
0.002767
0.003263
0.003427
0.003396
0.003372
0.003473
0.002753
0.002688
0.003124
0.003669
0.002002
0.002066
0.001661
0.001862



0.733443
0.738501
0.74356
0.748618
0.753676
0.758734
0.763793
0.768851
0.773909
0.778967
0.784025
0.789084
0.794142
0.7992
0.804258
0.809317
0.814375
0.819433
0.824491
0.829549
0.834608
0.839666
0.844724
0.849782
0.854841

0.000179
0.000159
0.000172
0.000178
0.000159

0.00011
0.000115
0.000114
0.000142
0.000139
0.000125

0.00012

0.00015

0.00013
0.000114
0.000127
0.000117
0.000103
0.000142
0.000168
0.000126
0.000135
0.000144
0.000126
0.000106

0.000077
0.000097
0.000121
0.000145
0.000139
0.000078
0.000094
0.000091
0.000087
0.000081
0.000088
0.000125
0.000145
0.000102
0.000084
0.000085
0.000075
0.000078
0.000082
0.000087
0.000068
0.000077
0.000087
0.000097

0.00008

0.000121
0.000135
0.000134
0.000101
0.000114
0.000092
0.000073
0.000091
0.000115
0.000091
0.000093
0.000102
0.000118
0.000097
0.000101
0.000098
0.000096
0.000098

0.00013
0.000121
0.000098
0.000102
0.000099
0.000107
0.000089

0.000098
0.000117
0.000109
0.000106
0.000116
0.000086
0.000077
0.000087
0.000082
0.000073
0.000069
0.000079
0.000098
0.000076
0.000064
0.000086
0.000088
0.000076
0.000116

0.0001
0.000069
0.000082
0.000084
0.000092
0.000091

0.000499

0.00044
0.000384
0.000352
0.000362
0.000399
0.000397
0.000335
0.000391
0.000412
0.000393
0.000329
0.000244
0.000247
0.000263
0.000355
0.000316
0.000229
0.000276
0.000221
0.000227
0.000282
0.000246
0.000215
0.000219

0.000337
0.000329
0.000367
0.000446

0.00043
0.000363
0.000322
0.000327

0.00032
0.000267
0.000286
0.000262
0.000259
0.000231
0.000313
0.000269
0.000208
0.000179
0.000157

0.00014
0.000212
0.000204
0.000209

0.00019
0.000156
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0.000317
0.000399
0.000326
0.000357
0.000324
0.000292
0.000224
0.000261
0.000238
0.000207
0.000241
0.000203
0.000176
0.000223
0.000172
0.000164
0.000156
0.000139
0.000195
0.000201
0.000201
0.000173
0.000139
0.000143
0.000209

0.000312
0.000294
0.000338
0.000286
0.000167
0.000181

0.00019
0.000189
0.000187

0.00018
0.000246
0.000224
0.000171
0.000171
0.000179
0.000159

0.00016
0.000168
0.000173
0.000129
0.000119
0.000149
0.000146
0.000118
0.000104

0.00223

0.00278
0.002627
0.002035
0.002064
0.002122

0.00191
0.002313
0.002928
0.002206

0.00253
0.002413
0.001803

0.00152
0.001544
0.001648
0.001519
0.001465
0.001673
0.001845
0.001761
0.001898
0.001625
0.001346
0.001408

0.002057
0.002202
0.002102
0.001933
0.001944
0.002112
0.002333
0.002373
0.002448
0.003037
0.002805
0.002426
0.001926
0.001544
0.001497

0.00138
0.001364
0.001645
0.001668
0.001549
0.001256
0.001409
0.001465
0.001303
0.001532

0.002367
0.002109
0.002324
0.002032
0.002075
0.002185
0.001918
0.001797
0.002099
0.002299
0.002797
0.001845
0.001607
0.001728
0.0014
0.001372
0.001219
0.000971
0.001239
0.001427
0.001201
0.00107
0.001127
0.001083
0.000947

0.001732
0.002044
0.002101
0.001968
0.002081
0.001892
0.001883
0.002078
0.002878
0.002954
0.002474
0.001857
0.001258
0.000941
0.000894
0.001056

0.00101

0.00123
0.001283
0.001326
0.001259
0.001651
0.001649
0.001371
0.001286



0.859899
0.864957
0.870015
0.875074
0.880132

0.88519
0.890248
0.895306
0.900365
0.905423
0.910481
0.915539
0.920598
0.925656
0.930714
0.935772

0.94083
0.945889
0.950947
0.956005
0.961063
0.966122

0.97118
0.976238
0.981296

0.000138
0.000113

0.00011
0.000132
0.000124
0.000127
0.000132
0.000122
0.000112
0.000114
0.000136
0.000145
0.000103
0.000096
0.000107
0.000132
0.000145
0.000136
0.000156
0.000171
0.000132
0.000111
0.000115
0.000128
0.000121

0.000105
0.000101
0.000088
0.000111
0.000095
0.000075
0.000083
0.000086
0.000098

0.00007
0.000078
0.000098
0.000067
0.000078
0.000082
0.000079
0.000086
0.000084
0.000112
0.000116
0.000077
0.000074
0.000072
0.000092
0.000079

0.000144
0.000122
0.000096
0.000107
0.000105
0.000106
0.000096
0.000085
0.000082
0.000096
0.000123
0.000125
0.000075
0.000081
0.000091
0.000103
0.000107
0.000084
0.000111
0.000137
0.000103
0.000088
0.000083
0.000093
0.000087

0.000102
0.000085
0.000083
0.0001
0.000087
0.000075
0.000093
0.000087
0.000081
0.000081
0.000088
0.000092
0.000064
0.000067
0.000071
0.000086
0.000093
0.000074
0.000101
0.000114
0.000076
0.00007
0.000076
0.000083
0.000076

0.000232
0.000234
0.000296

0.00023

0.00018
0.000149
0.000157
0.000201
0.000171
0.000146
0.000195
0.000174

0.00017
0.000176

0.00017
0.000187
0.000199
0.000278
0.000214
0.000206
0.000256
0.000206
0.000277
0.000237
0.000203

0.000175
0.000126
0.000121
0.000126
0.000125
0.000121
0.000153
0.000134
0.000138
0.000146
0.000142

0.00012
0.000096
0.000119
0.000158
0.000136
0.000178
0.000164
0.000139
0.000116
0.000146

0.00014
0.000104
0.000123
0.000168
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0.000235
0.000197
0.000162
0.000152

0.00015
0.000145
0.000141
0.000156
0.000143
0.000121

0.00014
0.000144
0.000109
0.000106
0.000128
0.000119

0.00016
0.000193
0.000157
0.000118
0.000129
0.000132
0.000152
0.000135
0.000147

0.000107
0.000111
0.00011
0.000098
0.000104
0.000078
0.000085
0.000104
0.000092
0.000094
0.000111
0.000106
0.00011
0.000116
0.000121
0.000113
0.000119
0.000143
0.000118
0.0001
0.000121
0.00012
0.000134
0.00013
0.000122

0.00139
0.001108
0.001092
0.001083
0.001047
0.001026
0.000857
0.000903
0.001151
0.001257
0.001026
0.000872
0.000848
0.000905
0.000858

0.00069
0.000623
0.000588
0.000674
0.000696
0.000736
0.000737
0.000708
0.000648
0.000787

0.001397
0.001206
0.001186

0.00119
0.001143
0.001034
0.000872
0.001048
0.000982
0.000993
0.000976
0.000981
0.000981

0.00104
0.001075
0.000961
0.000965

0.00107
0.000839
0.000821
0.000754
0.000769

0.00078
0.000758

0.00076

0.001034 0.000934
0.001168 0.000834
0.001172 0.000906
0.001033 0.000821

0.001 0.000651
0.000914 0.000644
0.000935 0.000741
0.00092 0.000869
0.000856 0.000859
0.00072 0.001019
0.000724 0.001294

0.0008 0.001055
0.000694 0.000997
0.000776 0.000958
0.000876 0.001052
0.000789 0.000771
0.000738 0.000488
0.000788 0.000449
0.000709  0.00043
0.000638 0.000485
0.000657 0.000594
0.000607 0.000546
0.000573 0.000756
0.000513 0.000765
0.000539 0.000782



0.986355
0.991413
0.996471
1.001529
1.006587
1.011646
1.016704
1.021762

1.02682
1.031879
1.036937
1.041995
1.047053
1.052112

1.05717
1.062228
1.067286
1.072344
1.077403
1.082461
1.087519
1.092577
1.097636
1.102694
1.107752

0.000158
0.000127
0.000121
0.000136
0.000148
0.000101
0.000135
0.000141
0.000121
0.000114
0.000106
0.000111
0.000113
0.000102
0.000109
0.000111
0.000134
0.000116
0.000121

0.00012
0.000098
0.000101
0.000162
0.000162

0.00017

0.000072
0.000068
0.000075
0.000077
0.000076
0.000065
0.000075
0.000081
0.000084
0.000077
0.000068
0.000081
0.000082
0.000066
0.000069
0.000061
0.000081
0.000071

0.00008

0.00008
0.000083
0.000081
0.000103
0.000104
0.000104

0.000115
0.000099
0.00009
0.000094
0.000108
0.000069
0.000088
0.000104
0.000099
0.0001
0.000088
0.000093
0.000077
0.000071
0.00009
0.000087
0.000101
0.000101
0.000112
0.000098
0.000085
0.000091
0.00012
0.000117
0.000128

0.000098
0.000078
0.000076
0.000078
0.000089
0.000065
0.000083
0.000092
0.000076
0.000069
0.000067

0.00007
0.000071
0.000065
0.000065
0.000065
0.000083

0.00008
0.000096
0.000091
0.000061
0.000069
0.000107
0.000105
0.000107

0.000253
0.000212
0.000213
0.000195
0.000162
0.000168
0.000178
0.000157
0.000168
0.000159
0.000172
0.000164
0.000188
0.000222
0.000229

0.00023
0.000264
0.000205
0.000203
0.000159
0.000135
0.000134
0.000139
0.000123
0.000096

0.000172
0.000127
0.000105
0.000104
0.000109
0.000113
0.000114
0.000107

0.00011
0.000094
0.000112
0.000128
0.000129
0.000135
0.000128
0.000149
0.000154
0.000144
0.000158
0.000114
0.000108
0.000083
0.000089
0.000085
0.000102

47

0.000189
0.000152
0.000141
0.000139

0.00011
0.000117
0.000115
0.000119
0.000124
0.000117
0.000141
0.000139
0.000131
0.000132
0.000114
0.000148
0.000165
0.000142

0.00014
0.000114
0.000109
0.000098
0.000094
0.000086

0.00008

0.000183
0.000161
0.000129
0.000118
0.000096
0.000098
0.000102
0.000107
0.000104

0.0001
0.000118
0.000124
0.000103
0.000101
0.000114
0.000123
0.000154
0.000141
0.000129
0.000097
0.000079
0.000086
0.000088
0.000074
0.000074

0.000689
0.000763
0.000821
0.000745
0.000572
0.000534
0.000539
0.000407

0.00038
0.000468
0.000525
0.000436
0.000513
0.000569
0.000497
0.000385
0.000458
0.000414
0.000433
0.000425
0.000409
0.000512
0.000442
0.000421
0.000387

0.000778
0.000854
0.000912
0.000806
0.000855
0.000705
0.000579
0.000649
0.000694
0.000757
0.000647

0.00068

0.00068
0.000492
0.000418

0.00044
0.000483
0.000508
0.000687
0.000683
0.000549
0.000632

0.00058

0.00049
0.000506

0.000454
0.000495
0.000525
0.000584
0.000582
0.000464
0.000498
0.0005
0.000435
0.000471
0.000417
0.000478
0.000479
0.00041
0.000383
0.000377
0.00035
0.000389
0.000401
0.000317
0.000315
0.000378
0.000365
0.000359
0.000447

0.000867
0.000786

0.00072
0.000739

0.00067
0.000524

0.00041
0.000347
0.000371
0.000464
0.000398
0.000458
0.000644
0.000805
0.000729
0.000647
0.000659
0.000503
0.000523
0.000452
0.000284
0.000294
0.000327
0.000362
0.000465



1.11281
1.117868
1.122927
1.127985
1.133043
1.138101

1.14316
1.148218
1.153276
1.158334
1.163393
1.168451
1.173509
1.178567
1.183625
1.188684
1.193742

1.1988
1.203858
1.208917
1.213975
1.219033
1.224091

1.22915
1.234208

0.000194
0.000185
0.000197
0.000165
0.000173
0.000161

0.00013
0.000123
0.000145
0.000155
0.000143
0.000112
0.000152
0.000162
0.000123
0.000108
0.000113
0.000111
0.000122
0.000115
0.000144
0.000135
0.000133
0.000108
0.000107

0.000125
0.000111
0.000113
0.000099
0.000112
0.000123
0.000109
0.000098
0.000105
0.000102
0.000081
0.000067
0.000078
0.000084
0.000082
0.000075

0.00008
0.000068
0.000071
0.000067
0.000091
0.000091
0.000096
0.000071
0.000066

0.000164
0.000161
0.000162
0.000134
0.000145
0.00015
0.000111
0.0001
0.00012
0.000133
0.000127
0.000113
0.000129
0.000113
0.000082
0.000076
0.000079
0.000083
0.000098
0.000103
0.000113
0.000098
0.000105
0.000095
0.000097

0.000136
0.000123

0.00014
0.000119
0.000119
0.000118
0.000108
0.000099
0.000114
0.000111
0.000092

0.00008
0.000107
0.000098
0.000076
0.000067

0.00007
0.000081
0.000087
0.000079

0.00009
0.000084

0.00008
0.000072
0.000074

0.000104

0.00012
0.000149
0.000146
0.000145
0.000124
0.000138
0.000096
0.000118
0.000126
0.000128
0.000156

0.00014

0.00013
0.000147
0.000134
0.000149
0.000143
0.000143
0.000177
0.000202
0.000191
0.000176
0.000185
0.000162

0.000077
0.000076
0.000093
0.000089
0.000087
0.00008
0.000099
0.000102
0.00011
0.0001
0.0001
0.000111
0.000084
0.000084
0.000083
0.000077
0.000106
0.000116
0.000106
0.000143
0.000147
0.000133
0.000127
0.000142
0.000109
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0.000093
0.00009
0.00011

0.000115

0.000108

0.000092

0.000098

0.000104

0.000101

0.000098

0.0001

0.000142

0.000122

0.000094

0.000097
0.00009

0.000103

0.000096

0.000099

0.000104

0.000108

0.000113

0.000126

0.000159

0.000137

0.000072
0.000072

0.00009
0.000087
0.000073

0.00007
0.000074
0.000076
0.000098
0.000079
0.000079
0.000105
0.000083
0.000072
0.000088
0.000103
0.000105
0.000088
0.000098
0.000107
0.000102
0.000098
0.000092
0.000117

0.00011

0.00037
0.000333
0.000365
0.000375
0.000439
0.000456
0.000395
0.000444

0.00039
0.000352
0.000399
0.000441

0.00047
0.000495
0.000453

0.00047

0.00041
0.000432
0.000418
0.000465
0.000567
0.000403
0.000362
0.000349
0.000431

0.000463
0.000494
0.000544
0.000521
0.000476
0.000466
0.000396
0.000386
0.000406
0.000375
0.000419
0.000509
0.000577
0.000588
0.000493
0.000463
0.000461
0.000426
0.000404
0.000481

0.00048
0.000337
0.000336
0.000355
0.000343

0.000417
0.000334
0.0003
0.000335
0.000352
0.000345
0.000338
0.000346
0.000328
0.000317
0.000312
0.000365
0.000415
0.000397
0.000373
0.000417
0.000403
0.000421
0.000389
0.00041
0.000467
0.000345
0.000312
0.000301
0.000382

0.000463
0.000365
0.000526
0.000482
0.000562
0.000487
0.000476
0.000401
0.000341
0.000322
0.00028
0.000303
0.000353
0.000399
0.000482
0.000533
0.000418
0.0005
0.000445
0.00043
0.000433
0.000371
0.000307
0.000302
0.000298



1.239266
1.244324
1.249382
1.254441
1.259499
1.264557
1.269615
1.274674
1.279732

1.28479
1.289848
1.294906
1.299965
1.305023
1.310081
1.315139
1.320198
1.325256
1.330314
1.335372
1.340431
1.345489
1.350547
1.355605
1.360663

0.000121

0.00015
0.000114
0.000102
0.000109
0.000117
0.000118
0.000111
0.000115
0.000125
0.000127
0.000115
0.000137
0.000108
0.000102
0.000155
0.000128
0.000114
0.000133
0.000125

0.00008
0.000095
0.000121
0.000114
0.000125

0.000078
0.000086
0.000076

0.00007
0.000073
0.000071
0.000066
0.000069
0.000079

0.00008
0.000078
0.000068
0.000073
0.000063
0.000073
0.000094
0.000075
0.000082
0.000089
0.000065
0.000054

0.00007
0.000087
0.000067
0.000076

0.000093
0.0001
0.000088
0.000086
0.000092
0.000093
0.000096
0.00009
0.000084
0.000102
0.000114
0.000089
0.000086
0.000072
0.000078
0.000117
0.000092
0.000093
0.0001
0.000082
0.000061
0.000092
0.000108
0.000092
0.000105

0.000068

0.00007
0.000066

0.00006
0.000075
0.000083
0.000082
0.000076
0.000072
0.000083

0.00008
0.000071
0.000078
0.000068
0.000066
0.000098
0.000086
0.000078
0.000076
0.000068
0.000051
0.000072
0.000086
0.000078
0.000075

0.00016
0.000162
0.000182
0.000167
0.000122
0.000133
0.000149
0.000138
0.000141
0.000145
0.000153
0.000147
0.000154
0.000141
0.000137
0.000109
0.000105
0.000134
0.000151

0.00017
0.000131

0.00011
0.000118

0.00014
0.000117

0.000095
0.000079
0.000118
0.000114
0.000077

0.00009
0.000114
0.000086
0.000071
0.000083
0.000112
0.000121
0.000112
0.000094
0.000098
0.000093
0.000082
0.000084
0.000105
0.000102
0.000089
0.000082

0.00008
0.000071
0.000051
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0.000122
0.000115
0.000133
0.000106
0.000099
0.000125
0.000144
0.000125
0.000107

0.00012

0.00012
0.000118
0.000105
0.000094
0.000115
0.000109
0.000072
0.000096
0.000111
0.000115
0.000095
0.000085

0.00009
0.000108
0.000083

0.000103
0.000095
0.000114
0.000104
0.000079

0.00009
0.000105
0.000097
0.000095
0.000091
0.000104
0.000109
0.000097
0.000091
0.000098
0.000082
0.000067
0.000087
0.000107
0.000111
0.000088
0.000086

0.00009
0.000083
0.000062

0.000379
0.000265
0.000308
0.000338
0.000391
0.000385

0.00036
0.000325
0.000371
0.000453
0.000428
0.000419
0.000364
0.000409
0.000337
0.000446
0.000418
0.000275
0.000243
0.000246
0.000319
0.000313
0.000281
0.000292
0.000369

0.000365

0.00033
0.000367
0.000361
0.000291
0.000246
0.000288
0.000368
0.000409
0.000358
0.000329
0.000348
0.000352
0.000377
0.000343
0.000399
0.000312
0.000273
0.000248
0.000232
0.000274
0.000311
0.000254
0.000235
0.000297

0.000325
0.00028
0.000334
0.00029
0.000317
0.0003
0.000255
0.000294
0.000287
0.000221
0.000226
0.000318
0.000327
0.000358
0.00029
0.000327
0.000331
0.000316
0.000323
0.000293
0.000246
0.0003
0.000324
0.000272
0.000321

0.000315

0.00034
0.000392
0.000418
0.000423
0.000489
0.000454
0.000422
0.000413

0.00034
0.000261
0.000349
0.000307

0.00039
0.000373
0.000398
0.000375
0.000353
0.000425
0.000386
0.000346
0.000356
0.000358
0.000274
0.000291



1.365722

1.37078
1.375838
1.380896
1.385955
1.391013
1.396071
1.401129
1.406188
1.411246
1.416304
1.421362

1.42642
1.431479
1.436537
1.441595
1.446653
1.451712

1.45677
1.461828
1.466886
1.471944
1.477003
1.482061
1.487119

0.000175
0.000189
0.000293
0.000503
0.000601
0.000396
0.000302
0.000195
0.000156
0.000178
0.000235
0.000207
0.000148
0.000159
0.000154
0.000142
0.000151
0.000131
0.000139
0.000175

0.00013
0.000139
0.000154
0.000146
0.000178

0.000114
0.000121
0.000221
0.000411
0.000524
0.000381
0.000264
0.000149
0.000104
0.000106

0.00013
0.000108
0.000105
0.000151

0.00016
0.000129
0.000114
0.000109

0.00008

0.00009
0.000096
0.000106
0.000106
0.000092
0.000099

0.000138
0.000114
0.000173
0.000303
0.00033
0.000252
0.000203
0.000126
0.000108
0.000133
0.000144
0.000118
0.000092
0.000107
0.000112
0.000092
0.00011
0.000125
0.000113
0.000128
0.000125
0.00011
0.0001
0.000103
0.000112

0.000097
0.000104
0.000155
0.000281
0.000348
0.000257
0.000193
0.000113

0.00009
0.000107

0.00014

0.00012
0.000078
0.000096
0.000109
0.000093
0.000098
0.000093
0.000091
0.000104
0.000107
0.000092
0.000097
0.000089

0.00009

0.000107
0.000127
0.000141
0.000117

0.00011

0.00012
0.000117
0.000146
0.000148
0.000143
0.000143
0.000109
0.000129
0.000122
0.000132
0.000108
0.000108
0.000119
0.000107
0.000114
0.000145
0.000127
0.000112

0.00015
0.000148

0.000057
0.000075
0.000094
0.000078
0.000065
0.000084

0.00009
0.000085
0.000092
0.000089
0.000091
0.000069
0.000072
0.000075
0.000091
0.000079

0.00008
0.000086

0.00009

0.00009
0.000099
0.000088
0.000067
0.000085
0.000086
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0.000104
0.000116
0.000095
0.000078
0.000086
0.000106
0.000102
0.000119
0.000103
0.000114
0.000125
0.000093
0.000106
0.000094
0.000097
0.000106
0.000108
0.000106
0.000106
0.000107
0.000126

0.0001
0.000087
0.000102
0.000091

0.000075
0.000077
0.000078
0.000065
0.000084
0.00009
0.000082
0.000093
0.0001
0.000102
0.0001
0.000079
0.000076
0.000083
0.000103
0.000089
0.00008
0.000082
0.000083
0.000078
0.000099
0.000091
0.000077
0.000092
0.00009

0.000291
0.000223

0.00026
0.000318
0.000251
0.000247
0.000311
0.000349

0.00033
0.000256
0.000219
0.000212
0.000215
0.000216
0.000194
0.000237
0.000289
0.000275
0.000249

0.00025
0.000244
0.000268
0.000292
0.000271
0.000241

0.00029
0.000248
0.000284
0.000281

0.00027
0.000323
0.000289
0.000267

0.00026

0.00024

0.00022

0.0002
0.000245
0.000247
0.000201
0.000244
0.000281
0.000279
0.000274
0.000241
0.000192
0.000195
0.000232
0.000259
0.000268

0.000256
0.000249
0.000269
0.000195
0.000174
0.000216
0.000217
0.000253
0.000225
0.000228
0.000228

0.00028
0.000307
0.000269
0.000236
0.000279
0.000318
0.000296

0.00022
0.000211
0.000209
0.000282

0.00028
0.000258
0.000209

0.000272
0.000226

0.00026
0.000276

0.00029

0.00028
0.000389
0.000432
0.000356
0.000352
0.000353
0.000282
0.000248
0.000234

0.00022
0.000244
0.000287

0.00025
0.000226
0.000314
0.000335

0.00032
0.000316
0.000267
0.000271



1.492177
1.497236
1.502294
1.507352
1.51241
1.517469
1.522527
1.527585
1.532643
1.537701
1.54276
1.547818
1.552876
1.557934
1.562993
1.568051
1.573109
1.578167
1.583226
1.588284
1.593342
1.5984
1.603458
1.608517
1.613575

0.000184
0.000161
0.000169
0.000143
0.000148
0.000221
0.000235
0.000252
0.000301
0.000413
0.000741
0.000799

0.00059
0.000761
0.000495
0.000196
0.000222
0.000205
0.000178
0.000171
0.000166
0.000169
0.000131
0.000131
0.000174

0.00012
0.00012
0.000101
0.000085
0.00008
0.000098
0.0001
0.000106
0.000143
0.000232
0.000315
0.000293
0.000255
0.000374
0.000252
0.000145
0.000129
0.000116
0.000103
0.000118
0.000134
0.000127
0.000108
0.000082
0.00011

0.000105
0.000103
0.000102
0.000118
0.000114
0.000096
0.000072
0.000087
0.000142
0.000235
0.000227
0.000199
0.000251
0.000331
0.000229
0.000183
0.000162
0.000121
0.000101
0.000101
0.000099
0.000095
0.000091
0.000092
0.000106

0.000088
0.000086
0.000106
0.000087
0.000092
0.000121
0.000117
0.000142
0.000132
0.000155
0.000242
0.000282
0.000202

0.00029
0.000211
0.000136
0.000095
0.000129
0.000101
0.000089
0.000092
0.000091
0.000073
0.000069
0.000096

0.000142
0.000154
0.000147
0.000156
0.000145
0.000137
0.000185
0.000203
0.000192
0.000178
0.000163

0.00013
0.000111

0.00013
0.000134
0.000146
0.000164
0.000159
0.000157

0.00016
0.000153
0.000117
0.000102

0.00013
0.000113

0.000079
0.000075
0.000088
0.000097
0.000085
0.000097
0.000128
0.000128
0.000109
0.000091
0.000083
0.000074
0.000081
0.000085
0.000104

0.0001
0.000087
0.000083
0.000085
0.000089
0.000085
0.000083
0.000076
0.000085
0.000082
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0.000099

0.00012
0.000113
0.000139
0.000124

0.00012
0.000162
0.000165
0.000147
0.000139
0.000133
0.000113
0.000084
0.000083
0.000108
0.000122
0.000128
0.000115

0.00011
0.000105
0.000109
0.000092
0.000069
0.000093
0.000085

0.000094
0.000094
0.000086
0.000109
0.000104
0.000097
0.000128
0.000141
0.000126
0.000117
0.000116
0.000096
0.000079
0.000079
0.000101
0.000098
0.000094
0.000102
0.000113
0.000094

0.00009
0.000074
0.000065
0.000081
0.000071

0.000228
0.000307
0.000346
0.000278
0.000232
0.000262
0.000278
0.000253
0.000206
0.000235
0.000284
0.000293
0.0003
0.000332
0.000364
0.000412
0.000299
0.000227
0.000242
0.000227
0.000246
0.000192
0.000167
0.00019
0.000259

0.000246
0.000256
0.000247
0.000239
0.000226

0.00026
0.000294
0.000219

0.00016

0.00016

0.00026
0.000273
0.000255
0.000295
0.000296
0.000254
0.000234
0.000215
0.000197
0.000214
0.000206
0.000143
0.000185
0.000205

0.00022

0.000215 0.000257
0.000279 0.000301
0.00033 0.000284
0.000278 0.000273
0.00023 0.000284
0.000261 0.000296
0.000328 0.000317
0.000303 0.000327
0.000242  0.00027
0.000264 0.000284
0.000323 0.000446
0.000333 0.000408
0.000284 0.000348
0.000321 0.000397
0.000359 0.000367
0.000343 0.000316
0.000284 0.000329
0.000234 0.000298
0.000239 0.000296
0.000209 0.000237
0.000196 0.000187
0.000169 0.000241
0.000166 0.000286
0.000201 0.000273
0.000248 0.000314



1.618633
1.623691

1.62875
1.633808
1.638866
1.643924

0.000192
0.000147
0.000141
0.000195
0.007033
0.050606

0.000111
0.000095
0.000104
0.000131

0.00453
0.032302

0.000108
0.00009
0.000096
0.000119
0.002788
0.01971

0.000107
0.000094
0.000094
0.000091
0.001442
0.009891

0.000124
0.000155
0.000106
0.000107
0.000132
0.000129

0.000092
0.000107
0.000068
0.000075
0.000089
0.000071

0.00011
0.000124
0.000092

0.0001
0.000108
0.000091

0.000091
0.000105
0.000069

0.00007
0.000088
0.000081

0.000288
0.000209
0.000185
0.000288
0.000247
0.000081

0.000261
0.000297
0.000275
0.000219
0.000215
0.000114

0.000287 0.000298
0.00025 0.000233
0.000232 0.000208
0.000251 0.000302
0.000245 0.000316
0.000115 0.000143
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Scaling of granular material

Additional information

1. Model rock design

1.1. Core and underlayer

The core material and underlayer rock of the structures are scaled to ensure the
correct reproduction of permeability. Ordinary geometric scaling of the underlayer
and core material would not correctly reproduce internal pressures and velocities in
the model. The model material will therefore need to be made slightly larger in order
to replicate flow behaviours observed in prototype structures. In order to ensure that
the correct grading is obtained, the materials are prepared in size sub-divisions and
then mixed in the correct proportions. A random 100 rock sample should be taken of
the mixed sieved material to ensure that the prototype grading curve has been

reproduced.

The reason for this increase in model material size is that at the scale selected for
this study, and at the scales of similar model studies, there will be conditions where
the flow through the model core is not fully turbulent. Unless corrected, scale effects
will affect the flow of water through the core. Therefore, in order to reproduce
realistically the permeability of the core, it is necessary to compensate for the scale
effects which result from the use of Froude's scaling law. Work by Jensen and
Klinting (1983) suggests a method of compensating for scale effects due to laminar
flow by applying a correction factor to the ordinary geometric scale when determining
core sizes. The calculation of the correction factor uses a special Reynolds number, &p,
which is defined as the ratio of turbulent to laminar hydraulic gradients. The special

Reynolds number is defined as:
pr(ﬂo/aa)l/(n(l _n)z)Upd/V 1.1

Where a0 and S, are empirical constants, n is the porosity of the prototype rock

mound, d is the size of the prototype rock, v is the kinematic viscosity of water and
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Up is the maximum velocity in the prototype mound, generally taken as 0.5-1.0 m/s in

inner layers or 1-10 m/s in outer layers.
The ratio of rock size in prototype to model, K, is then given by:
K=& /2NA (1 + 42321 + &)/E2 )2 —1) 1.2

Where A is the geometric scale. Values of K take an average value of
approximately 2% less than the principal model scale (i.e. larger rocks) meaning that

the model rock is slightly larger than the prototype.

Throughout it is assumed that the porosity of model and prototype rock is
identical. The porosity of the rock, n, was estimated at 35-37%. To enable the above
equations to be used in calculating the permeability correction factor certain
assumptions have to be made. Experimental work by Engelund (1953) suggested
values for the empirical coefficients of ao = 1500 and [o = 3.6. The maximum
prototype velocity in the mound was estimated at 0.5-1.0 m/s from some simple
calculations of wave velocities and comparisons with velocities calculated by a simple

mathematical model of flow in rubble.

These guidelines were followed for all rock structures containing core and

underlayer material within the model.

1.2. Rock armour

Rock armour, such as that used for the termination and stem wave mitigation
structures in this model, should be individually machine weighed to ensure the correct
grading is obtained. In order to ensure that the correct grading was obtained the
materials were prepared in size sub-divisions and then mixed in the correct
proportions. A random 100 rock sample was taken of the mixed sieved material to

ensure that the prototype grading curve was reproduced.

Account must be taken of the difference in densities between the fluid and
armour unit material used in the model and prototype. The method of calculating the

correct scaling for the rock armour is detailed next.

The rock used in the physical model is Carboniferous Limestone of density 2.67
t/m3. The fluid used in the hydraulic model tests was fresh water of density 1.00 t/m3.
In the prototype, however, the sea water will have a density of about 1.025 t/m3. The
variation in densities means that without compensation, the rock in the model would
be slightly more stable than in the prototype. Such a model would therefore

underestimate movement and, hence, damage. It was therefore necessary to correct
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the size of rock to be used in the model, so that it exhibited the same stability

characteristics as the prototype.

A correction factor for density may be derived by reference to the Hudson
equation (CERC, 1984) which states:

M psH53/(ps/pw_1)3 cot 1.3

Where M is the mass of the armour unit, Hs is the significant wave height, a is
the structure slope angle to the horizontal, ps is the density of the armour and pw is the

density of the displacing fluid.

The correction factor (Cr) for the armour mass may thus be calculated from the

following equation:
Mm = Mp Cf/\? 1.4

Where A is the model scale. This leads to the following expression for the

correction factor:

Cr=psm/psp [( psp /pwp—1) / ( psm /pwm —1) ]3 1.5

Where the subscripts p and m respectively refer to parameters in the prototype
and model, and where the value of the correction factor calculated for this study was
Cr=0.862.

2. References

CERC, (1984) Shore protection manual, Coastal Engineering Research Centre
(CERC), US Government Printing Office, Washington, Vols 1 & 2.

CIRIA, CUR, CETMEF (2007). The Rock Manual. The use of rock in hydraulic
engineering (2nd edition). C683, CIRIA, London. Engelund F. (1953) 'The Laminar
and Turbulent Flows of Ground Water through Homogeneous Sand', Trans. Danish
Acad Tech Sci, 3(4).

Jensen, O. J. and Klinting, P. (1983) 'Evaluation of Scale Effects in Hydraulic
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ZHR Wallingford

Working with water

Physical modelling at HR Wallingford

Specialist workshop
facilities

Wave basins A, B and C

Wave fiumes

HR Wallingford et oo Al

operates the

most modemn and e aaiel it
madeliing area

extensive suite of physical

modelling facilities available Wave-current basin £

© 60000 0000 ©

anywhere in the world. We have W basin E

maore than 60 years’ experience in )

the construction and operation of the ot

full range of hydraulic physical models, e R S

and more than 25 years experience in the Labaratory equipment

supply of equipment and instrumentabion development

for hydraulic laboratones to institutions Fast Flow Faciity

and universities throughout the world. :wmn]a—wrad-secimem
LITE

BE-051 R

wwrw hnaalingford .com
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Z HR Wallingford

Working with water

Water level electronic float gauge

HR Wallingford's water level electronic float
gauge uses a float which moves up and

down a displacement transducer to measure
static water levels, typically used in flumes or
3D basins. The water level is determined by
accurately measuring the distance from the
head of the transducer to the magnetic field
produced by a magnet mounted inside the float.

The advantage of this method is that there
is no contact, and therefore no friction,
between the float and the transducer.

www hrwallingford com‘equipment
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Z HR Wallingford

Worlkir |£ With wailer

Wave gauges

Key features The wave gauge is a simple and refiable device
for measuning rapidly changing water levels in
: physical models. When combined with our HR DAG
N data acquisition and analysis software it provides

a first rate method of measuring wave height and

1Sk 3 o L
No hysterisis spectral wave energy in a flume or 3D basin.
] ) Wave probe menitor
RE'IENE, e dESIgn The wave probe monitors are supplied in cases

that can accommodate ether four or sight

monitors. These cases include the power supply
EBE“Y calibrated for the modules, the input connectons for the
wave probes and the output connections directly

o a computer or data acquisition card

usB |J|L|'_1]'|"'-|:-'1|‘9'§II connechon The cases can be supplied with a plug-n-play USB
cables of any Iength output so that they can be connected directly to

3 either a desktop or laptop compuier without the
need for any additional analogue input cards

Designed for use with
HR DAQ d_ﬂta acquisiion with four additional analogue imput sockets to
and anah.rsns softwane enable other instruments with voltage outputs
o be connected directly to the computer,

The four-channel cases can also be supplied

www hrwalingford comdequipment
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Principle of operation

The wave probe operates by measuring the
current that flows betwesn two stainless stesl
wires that are immersad in water. This current
is converted to an output voltage that is directly
proporiional o the immersed depth.

Each wave probe monitor card contains the
ensrgising and sensing circuits for the operation of
one wave probe. In addition to this, esch monitor
contains the cneuits required to compensate

fior the resistance of the cable that is connected

to the probe. Without this, the output of the

wave probe monitor would be non-linear.

In order to avoid polarisation effects at the probe
surface, a high frequency sguare wave voltage

is used to energise the probe. The oscillator that
produces this square wave may be st to one of six
different frequencies. This allows probes to be used
close fogether withouwt causing any interference.

The current im each probe is detected by measuring
the woltage drop across two resistors. Because

the measured voltage is alternating. the signal

is fed 1o 3 precision rectifier to produce a DC
voltage proportional to the wave height This

signal feeds a small centre-z=ro balance indicator
and a BMC sochket on the front of the panel. The
signal is also fed o a preset gain stage that

may be set for a gain of between 0.5 and 10

Controls on the front of each weve probe module
enable the output signal to be set to zeno for

amy given initial depth of probe immersion. This,
together with the gain adjustment. produces

a full-scale output of £10W for sll waves.

Calibration
An overall calibration from wave height fo output
voltage can be performed by measuring the changs

in output voltage when the probe is raised or lowered

by = kmowmn amount in still water. This operation is
facilitated by means of a calibrated stem which is
attached to the wave probe and which has a seres
of accurately spaced holes drilled along its length.

www_hrwallingford.com/equipment

WS QALIDEE =

Laboratory instrumentation and software = 2
ECHIOZRS =

Wave probes

The wave probes comprise two parallel stainless
stesl rods with a plastic head and foot. The head
is fined to the calibration stem and a mounting
block is supplied that allows the calibration stem
to be fived to any vertical surface. The standard
probe lengths are 300, 800 and B00mm, akthough
probes up to 2m in length can be supplied

VWave probe cables and tnpods

Each wave gauge channel will require 3 cabis
limking the wawe probe monitor to the wawe probe
We also have a selection of tripods available

for deployment of wawve probe in basins.

Specifications
Wave probe monitors
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Working with water

Marine renewable energy developments

Specialist expertise for offshore wind and tidal energy
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Marine renewable energy developments

HR Wallingford works with renewable
energy clients to optimise their
investment returns and minimise

the environmental impacts of their
projects. We provide the technical
capability and specialist expertise
needed fo inform and support every
phase of the development cycle.

Ouwr clients include owners,
operators, contractors and
consultants, as well as regulators
and other national organisafions.

Technical capability and Desk studies

c o . = Review ouraxiensiva UK dat archives on
specialist expertise winds, waves, currents and the seabed

. = Assass publishad reports, charts, geotechnicall

= Concept devalopmant and design gaomarphokagical information
> Construction > Scoping of required studies and
> Sita salaction field work for devalopmant
= Oparafion and mainEnanca

Field data collection, analysis

= Emwironmeantal impact assessment T e —

= Ly = Scope, manage and analyse fisld surveys

= Detailad design including waves, cuments, winds, bathymeatry,

Do smpandqdmatu'izl.mata_'levds.a:is,
geotechnics and geophysics

> Assess bassline conditions

= Monilor during construction and oparations
phases, including scour moniiorning

Environmental condition prediction,

modeling and analysis

= Wawas - offshora and shallow watar
wave distributions and extremeas

> Cumants and water lavals - normal and extramea avents
= Winds - distributions, extremes, ovarwater effects

63



Impacts
>  Azsess hydmufic impacts on the seabed and coastin
support of Emaronmantal Impact Assesement (ELA)
= Raview impacts on ofher coasial
and mariime intersss
= Cumulstive and in-combination effects
of clusiers of developmeants

Sediment transport and seabed mobility
> Historical chart anslysis

> Assess and model suspended loads, sand
wave mobility, patanial emmsionideposibon and
liquefadion neks for EIA and structural design

> Beour assessmant for foundafions and cables

Structural design support

> Dafina of melocean critaia

> Wave loading and =slam forces due to bmaking waws
= Curent and wawe condibons for aigue analysis

> FoundaBion stabiity

= Jaint probability of loading variablas -
cormalation, joint distribution, joint extrames

Cable laying and maintenance
> Route selection, cable proiscian,
franch infill, depth of buril

= (able landfall - shoreling stability and protection

Managing uncertainty

> Real tims forscasting of wind and wave
conditions for oparational managemant

> Assessweatherdowniima for
coniract sk management

> Sansitivily lests for design aptimisation

> Rizh assssmant for design,
construction and maintenance

Recent projects

HR Wallingford has had significant imvolvament with
many of the UK Round 1 and Round 2 offishore wind
farms, as wall 38 ememging wave and dal energy
projects in the LK and Euope. We have an adive
irmmalvement with indusiry research and have providad
modaling and expertisa for several overseas pojects.
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Working with water

HR Wallingford is an indepandent enginaaring and
amimnnmantal ydraulics onganisation. We daliver practical
solutions to the compleax water-related challengas facad by
our intlemafonal dients. A dynamic ressanch programme
undespins all that we do and keaps us at tha laading edga.
O unique mix of know-how, assats and faciliias mcudas
state of fhe art physical modaling lsboatonias, a full rangs
of numarical modalling tools and, abowe all, enthusiasiic
paopla wifh word-renownad skills and expartisa.

0P I RR-0 DR
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HR Wallingford
Howbery Fark
‘Waliingford
Oxfordshire OX10 BBA
United Kingdom

el +44 (071481 835381
fax  +44 (0)1481 B32233
email info@hrwalingford com

wwrw. hrwa llingford.com
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Track record

Offshore wind energy
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Z HR Wallingford

Working with water

Fast Flow Facility

The Fast Flow Facility is one of the world's largest marine
test faciliies. This dual-channel, race track shaped

flume is a unique large scale modelling facility offering
wave, fast fidal current and sediment capabilities.

Understanding the complex way
wiaves, curments and sediments
interact is vital to the successful
delivery of projects in the marine
emvironment. The Fast Flow Facility
allows our scientists and engineers to
examine these interactions at a larger
scale and in more detail than has
previously been possible, helping us
to more effectively optimise designs
fior our clients and minimise the

wiater based nisks for their projects

W can study sediment transport,
scour and morphology for 8 wide
range of subsea, coastal, estuarine
and fiuvial enginesring projects,

The 75 m long. 8 m wide Fast Flow
Facility holds a million Ffires of water,
cam generate waves up o 1 m high
and flows of over 2 mis. The size

of the facility allows us to mode!
complex structures and amays without
COMpromising on scale. The main
working channel has a 80 m long
test section, giving us the space to
look at array effects, long wakes
behind structures and the relative
placement of structures and devices.

Reducing scale effects will help to
increase certainty for our clients
allcwimg them to minimise design risks
during the early stages of their project

as well as the combined impact of
waves and currents on structures
in a fast flow emdronment.

Fast
- Flow
Facility
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Working with water

Im the manne renewable energy sector,
developments in exposed marine
emvironments are high risk: fast curents,
deep water and energetic waves present
significant technical challenges. The ability
to moded large structures and arrays, without
compromising on scale, means that we can
help our dients to plan, install and maintain
their assets in the most efficient way possible

Our physical |aboratory test faciliies provide

a global service to support water related
angineenng pmjects. The Fast Flow Facility
significantty enhances these capabilties,
helping us o expand our role in the offshore,
maritime and coastal sectors. In addition

to extending the capabilites available for

our commercial projects, the facility is also
suitable for researchers invesbgating problems
related to hydraulics and sediment transport

For more information on the
Fast Flow Facility contact

Dr Richard Whitehouse

FastFlowFacilityi® hrwallingford.com
+44 (D)1481 B35381

wanw hinwaliingfiord.com
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piysical modeding faciifles: fast fow facliy <
C3-M5RS5 <

capability summary < 2

Main working channel size of 70 m by 4 m,
secondary working channel of 50 m by 226 m

Wailer depth range 0.5 m o 2 m

1 m deep (18 m?) test pit for sediment studies
Significant wave heights up o .5 m

and maximum wave height 1.0 m

Reversible pumps to simulaie tidal

cuments, generating fiows of over 2 m's

Sigie of the art monitoring and
data collection instrumentation

Versatile facility for general science and
engineering hydraulic and sediment research

Foundation stabifity and scour
Seabed—structure interaction

Wave—cument interackion

Sediment transport: fiow, waves and cuments.
Morphology: rivers, coasts and estuaries
Loading on struchres

Foating struciures

Sea-keeping tests

Drag experiments

Hydrometry
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Working with water

used our Fast Flow Fadiity
to investigate sediment
dynamics and entrainment

Hands-on nver
science

Using fhe Fast Flow Faciliy
&s & mver in the laboraiony,
hydrometrists from the LK
Emvironment Agency and across
Ewrope descended on the Fast Flow Fadiity o
compare the performance of some of the: leading
ADCPs under controlled |aboratory conditions.

Owr research for MeyGen
and the Carbon Trust used
the Fast Flow Facility io
inveshigate the impact

of combined strong

Bdal cumenis and

70

The first yearin summary:...

Using detailed data collected in the
Fast Rlow Facility, we evaluated
Norfolk Manne's innovative
approach to scour profection for the

As offshore wind farms move into ever

#FastFlowFacility @hrwallingford
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Working with warter

The energy of waves and
currents can create a layer of
suspended sediment above
the seabed, but, while much
research has focused on

this area, we stil don't fully
undarsiand very near-bed
wave-cUment-sediment
interactions. Ressarchers from
the Mational Oceanography
Cenire gt Southampton used
our Fast Flow Facility io investiigate sediment dynamics and

entrainment ower sand ripples. The data collected will ultimatehy

be used to improve the way we model sediments in numencal
models. This research is part-funded by HR Wallmgford.

Hands-on river science

Using the Fast Flow Facility
as & river in the laboratory,
hydrometrists from the LK
Emvironment Agency and
across BEumope descended
on the Fast Flow Facility to
compare the performance of
some of the leading ADCPs
undercontrolled [aboratony
condibons.

Firm foundations for tidal energy

By the early 2020s, MeyGen intend to deploy up o 388 MW
of offshore fidal stream turbines. These will, by necessity,
be located in regions of strong cuments and therefore need
anchonng securely to the s=3 bed.

Our research for MeyGen and the Carbon Trust used the Fast
Flow Facility to imvestigate the impact of combined strong Gdal

currents and kame waves on foundation stability and the stability

of seabed cables.

Wi completed tests with waves and curments fiowing together
and in opposing directions to simulate changes in the tide_

Find out more at www_hrwallingford.com
#FastFlowFacility @hrwallingford
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Building traction for tyres

Uising detailed data collected in the Fast Flow Fachity, we
evaluated Morfolk Marine's imnovative approach o scour
protection for the offshore wind industry: tyre-filed nets. Could
they be & viable aliemative to the mck dumping typically

used for scour protecSion? Using the Fast Flow Facility's
wave-cument-sediment capahilites, we built a scale model of 2
monopile foundation, complete with 1:15-scale tymes, and ran
tests that simulated the strong tidal flows and challenging storm
wiaves typically expenenced at wind farm sites amound the UK.
We also locked at deployment strategies for the tyrefiled nets.

Our analysis of short-term impacts showed that the nets

wene effective in preventing and reducing scour arcund
monopile foundations. Results from the Fast Flow Facility gawe
Morfolk Marine the dats they needed to move on to full-scale
figld-testing with confidence.

Next generation foundations

Az pffshore wind farms move into ever desper water,
developers are explonng altematives io the traditions] monopile
foundafions in order io reduce costs and keep the technology
compefitive. We are helping DOMNG Energy to develop the next-
generation of wind turbine foundasons.

Resaarch in the Fast Flow Fadility is informing the design of a
movel suction bucket foundation, and will ulmately lead to more
cost effecive seabed foundation solutions for the renewable
energy industry. Ourwork to determine how these structures
interact with, and impact upon, the hydrodynamic conditions
and the seabed will be completed in earfy 2018.

“The ability o hawve nowel designs tested by piysical modalling
is crucial for development of our foundations. We can obsenve
Iow the: seabed responds o the foundation in the exirems
conditions found in the North Sea. The new Fast Flow Facility at
HR Waliingford is tafor made for this purpose.”

Andreas Roulund, Lead Oceanographic Emginesr,

DOMG Energy Wind Power

BEO® RO
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Wiorking with water

Instrument traverse system

The HR Wallingford instrument traverse system
Key features 15 used to move a range of physical modelling
instrumentation to a vanety of different positions within
a flume or basin in either two or three dimensions.

Accuracy of +- 0.5 mm

VEI"I]EE"‘_\,’ and h:nrlzontally The instruments are secured o the amount of time the instrument is
wertical axis of the system, using a required o wait before moving
variety of fixings. The vertical ads is between positions. Instrument
attached to a camage which moves and traverser data can be logged
along a fived horizontal beam to baoth during movements and whils

Suppﬁed with a2 PC and allow positioning of the instruments stationary. Move sequences can

4 o anywiers within the flume or basin. then be repeated using a datum
software ‘-'-ﬂ'lll:_h controls the X paosition either on the camiage or
movement of instruments using an independent extemal datum

The traversar can be controlled by
a software application that logs the

exact time-stamped position of the
e modular S}SIEI'I'I instruments o an accuracy of £0.5 The length of the honizontal beam
mm in both vertical and homzontal can be adjusted depending on

axes. A stepper motor with an integral  the facility’s reguirements
encoder is used to drive each axis

reference point in the test faciity.

All systems are designed

L S R into position alang the camiage The x-axis beam generally requires
o SUIl the chent's |ndmdu3| using a toothed belt arrangement. supporting every 2 m along its
reqmrements for horizontal length, this is usually achieved by
span and verbical movement The application for the traverse attaching the beam along the top
system can perform a sequence of of the flume wall or basin floor. The
moves o position the instruments y-auxis is provided with additional
It can also be used to define the stiffenimg for lemgths 22 m
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Working with water

Digital point gauges

Key features The measurement of steady state water surface
levels on physical models is frequently needed
during hydraulic investigations. Conventionally
this i1s done by using a small point or hook which
is manually adjusted to touch the water surface
and then a reading is taken using a digital scale.

HR Wallingford's digital point gsuge works in the
same way but has a battery operated LCD display
that makes it extremely easy to read

A guick release device allows fast positioning of the digital
point gauge to the water surface. and the ulimate fine
adjustment is made with a screw thread. The display reads
directly in millimetres and can be set to zem at any position
to allow relative measurements to be easily mads

The measurement of the water level can be logged directly
o & computer using an optional cable and imterface unit

www hrwalingford coméequipment
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Bed profiling system

Key features

Utilises our traverse system
to position the profiler in a
20 or 3D environment

Operates both with and
without water present

Choice of laser or
touch-sensitive probes

Accuracy of + 0.5 mm
vertically and horzontzlly

Positive non-slip drives

Data stored in ASCII format

Easy to install

The bed profiling system is the result of much development
work by HR Wallingford to meet the exacting requirements
of hydraulic modellers and to ensure a high degree of
reliability. The system is used to assess the effect flowing
water has on mobile sediment beds. It is available with

a choice of probes fo suit a wide range of applications.

The profiler carriage
and support beam

The probes for the profiler are
sttached to HR Wallingford's proven
instrument traverse system which
ensunes accurate positioning. The
traverse is gvailable in a variety of
beam lengths betwesn 1 m and

& m. The overall travel for each

axis is 0.2 m less than the beam
length. The vertical (z) axis comes
as a standard length of 1 m

The »-axis beam generally requires
supporting every 2 m along its
length, this is usually achiewed by
attaching the beam along the fop
of the fiume wall or basin floor. The
y-axis is provided with additional
stiffening for lengths 2 2 m.

74

The traverse system coniains the
maotors for both the horzontal and
vertical drives together with all the
associated data acquisition hardware

Touch-sensitive probe

The touch sensitive probe has a
procdmity switch which allows it to
detect the bed with the minimum

of contact pressure. The probe is
periodically lowered down on to the
bed with a user defined frequency
the encoder in the profiler then
determines the bed height z axis. The
camiage is stationary while the probe
is moving up o down. This probe

is particularly suitable for profiling
throwgh the sirwater interface



w Laboratory ingtrumentation and software <
H bed profiing system
L HR Walllngford EQ-DI1 3

Working with water

NohM

Laser probe

The laser probe has a low-powered, Class 2 visible
red, laser distance sensor mounted inside a waterpmof
housing. The sensor is attached and is driven vertically
up and down by a8 motor in the profiler camage. When
in operation, the laser signal is used o drive the probe
up and down to maintain a constant height above the
bed as the camage traverses across the beam. The
paosition of the probe is measured by encoders on the
motor shafts, this is used to determine the bed height

Control of the profiler

The profiler is controlfled from a Windows PC and
connected using a crossover Ethemet cable (supplied).
All controls are easily operated through a simgle display
screen, which allows the user to set parameters such
as start point and step size, and allows a file name to
be allocated to the data being collected. |t also allows
the vertical and horizontal readings to be zeroed, to
enable the user to set datum points. A graph of the
dats is displayed as the profile is recorded and the
profile can be stopped by the user at any time.

The profiler automatically detects the type of probe
that has been connected and displays this to the user
A radio remiote control is suppled that allows the probe
to be moved vertically and horizontally. This is especially
useful when setting up datum points or when checking
the route of the profiler whilst the user is working close
to the model. The carriage is fitted with limit switches The profiler software will run on any PC or Laptop
to prevent horizontal movement if the camiage reaches (running MS Windows 7) using a standard

the end of the beam. The blocks that operate the limit Ethernet Network Port.

switches can be fitied at any point on the beam o protect
areas of the model that the user does not wish o profile.

* other diameters and lengths are available

www hrwallingford_ com/equipment tel +44 [0)1401 835381
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Data AcQuisition and analysis software

Key features The Data AcQuisition software (HR DAQ)
is a comprehensive Windows based data
: ; acquisition and analysis program that is
Speciicatly deccimd suitable for 64 analogue input channels. It
is used to collect and analyse data from a
variety of instruments used in physical models
Instrument calibration such as wave gauges, Acoustic Doppler
Velocimeters (ADV) and pressure sensors.

Data acquisition The program is project based and
is split into three sections:

Spectral analysis > calibration and scaling of inputs

> data acquisition
Statistical and wave > data analysis

www_hrwallingiord comdequipment
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Calibrabion of inputs

The calibration section allows the creation
of instrument identificaton and specific
calibration files for use with the acquisition
and analysis sections. It provides a
comprehensive set of faciliies for seting up
the calibration files that are used to convert
the analogus voltage signals in the modsl,
to data at full scale, assuming Froude or
Reynolds scaling. Where calibration factors
are already known, they can be manually
entered for each measurement instrument.

If certain channels have to be calibrated for
the specific t2st, such as wave gauges, then
HR DAQH uses its own calibration routine.
With this routine, the wave gauges are

lifted and lowered and HR DAQ records the
input voltage signal against the prototype

or model value that is entered. After three
calibration points have been entered

HR DAQ will calculate the Goodness of

Fit usimg the Least Squares Method

The raw calibration data and the calibration
scaling factors are saved to a file that is
automatically named with the instrument,
project tife and the time and date it was
saved, this allows full traceability of the
calibration, scquisition and analysis data.

Data acquisition

R=w data iz collected and stored in ASCI
format. HR DA is set to colkect data fora
specified period of time at a specified frequency.

Dwuring data collection HR DAQ displays

the time remaining for the test iogether with

a graphical display of the channels being
acquired in real time, giving the user confidence
that the test is proceeding as expected. At
amy time the acquisition can be aborted

with the data acquired so far being retained
on the file. When collecting data for a large
number of channels it is possible to select
from any of the channels being acguired,
however for clanty purposes usually only one
or fwo are shown on the real time display.

The collected data set is saved to a
file, which is automatically named
within the project hierarchy.
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Data analysis

After the data has been collect=d,
HR DAQ can be used to perform a
number of analysis routines.

The analysis facility processes the data
based on a number of options. The prncipal
analysis program inchudes two routines;
one is a Fast Fourier Transform spectral
analysis and the other 3 statistical one

The analysis resulis fie includes a summarny
of the test conditions, data validation checks
and the stafistical and speciral parameters in

addition to a table of the following parameters:

frequency or period
enargy density

mi, m2 and md
H13

W WO NN

Tm

Laboratory instrumentation and software <

Da AcChilsiton and analysts softwan < 3
EQ-DITRS =

Tt e e e e

- — It ivis L DLl

Ciuring the analysis, trends can be removed
and the data filtered (low pass or high pass)

Various options exist for determining how
the spectral analysis is performead. For
example, the amount of smoothing that is
applied to the spectrum can be vaned and
the number of frequencies can be truncated
It is also possible to parform statistical
analysis based on a threshold which can
either be the mean or a user defined valus.

HR DAQ can also perform a reflection
analysis on the data from four wave probes.
The Reflection Analysis module also allows
the user to determine the best spacing of
the wave probes fior a given frequency mnges
and also performs a reflection analysis

with the incident and reflected spectra

and reflection coefficient as outputs.

Besides outputting the analysed results,
HR DAQ can export the calfibrated time
seres data a5 .csv text file for analysis
by other proprietary programs.,

www_hrwaliingfiord comfequipment
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Miniature propeller meters

Key features The Nixon miniature propeller meter has
been designed to measure water velocities
in 2D hydraulic models. The small diameter
of the propeller means that it can measure
changes in velocity throughout the model
and the high quality bearings enable it fo
measure velocities down to 3 cm/s.

Digital display

Low cost

Small diameter
Probe:

]

Two probes are available, one covering the

- range 5-150 cmi's and the other G0-300
Low Spee'j [Epablll'[}l' cmys. The probe head has a five bladed PVC
propeller mounted on a hardened stainless
steal shaft. This runs in jewelled bearings that
are mounied in & protective cage. The cage
is joined io a long thin tube inside which is an
insulated gold wire that projects to within 0 imm
of the tips of the blades. When the propelier
rotates in a conductive liquid, the movement of
the blades past the end of the wire vanes the
impedance between the wire and the tube.

Battery and mains operated
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Ship movement measurement

Key features HR Wallingford's ship movement measurement
system is used to measure the movement of
model ships, typically when moored, for the
design of new harbours or terminals. It has
besn designed to use non-contact measuring
methods and to interface directly with HR DAQ
acquisition and analysis software. This

means that full spectral analysis and also

Displays all six degrees comelation between any of the six degrees
of freedom of freedom and wave heights or mooring
forces can easily be camed out. The system

comprises six laser displacement sensors,
Runs with HR DAQ for confroller unit, power supply with inferface
logging and analysis unit and all necessary interface cabling.

wiwrw_hneraliingfiord comdequipmenit
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Force measurement sensors

Key features HR Wallingford's force transducers have been
specifically developed to model the forces on
ship mooring lines and fenders in a variety

of sea states. The simplicity of operation,
together with our own data analysis software
HR DAQ, makes these devices an ideal
Strain gauge range 0-5 N choice for ship modelling requirements.

Options for ship fender and
moonng ine applications

Sirain gauge sensors

REI‘FQE Of sSpnngs SI..IF.I_F]|IEd The fiexible strain gauge beam is made from phospior
for moonng lines to gmve bronze to maximize performance properties and is
non linear responses attached io an anodised aluminium support.

All strain gauges are provided with calibration
certificates. The range of operation will measure
forces of 2.5 Nlem over a distance of 20 mm. The
strain gauge can be supplied in two configurations to
measure forces in either moonng lines or fenders.

Simple to install and operate

Made from comosion
resistant materials

Operates with HR DAQ

wwrw hrwaliingford comdequipment

81



ZHR Wallingford

Warkine with watel
Vi £ With water

High performance pressure sensors

The high performance pressure
sensors are ideally suited for

Goern il ared et measurements in hydraulic models.

measurements These Sensors can measurs;

> impact pressures an structures, with
a fiush mounted diaphragm;

> water depth or the wave pressure under rubble
miounds, with & protective nose cone; and

> pressure in pipes or other vessels, with a male G4 thread

The all welded diaphragm and body are manufactured
from 318 stainless steel and the cable has an
internal vent tube and strainer wire

The sensing element consists of 3 micro-machined
MU'T.ip|E- sensor data silicon diaphragm with piezo-resistive strain gauges

g - Op . diffused into the surface. The sensing element is
a-::quusﬁmn via Tt S unit mounted behind a thin diaphragm to produce a rugged
assembly. The combined inearity and hystensis
emars are less than 0.25 % of full scale range.

82



Z HR Wallingford

Working with water

The ARC-Boat

The ARC-Boat is a remote controlled
boat that is used to collect nver and
estuarine data including flow, depth and
suspended sediment concentrations.

It was developed in parinership with end-users
and perfected to meet their exact needs.

HR Wallingford provides outstanding
customer support throughout the
ownership of an ARC-Boat, from delivery
fo ongeing training and support.

83



The ARC-Boat

Iii!!ﬂ4RVNthg&xﬂ

Working with water

Specifications
Dimensions Dry weight
Length without detachable bow 1.20m Main hull, deck, propulsion 258kg
Cwverall length 185m e e e
Draf oiam Detachabie bow 42kg
Boam 072m Total unladen weight 298 kg
: - Total unladen weight 3T2kg
Sienias Sk: s}m of ADCP 3-123 = e :
Bienimens cep ot Lsrgest ADCF fitted T8 kg
Total wsight 44.8 kg
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Technical specification
> Designed to provide clean data
in fiows of up o S mls

> A hull design that offers
minimal flow disturbance

> Twin rudders and twin shrouded propellers
provide very high maneuverability

> Deployment depth for the ADCP of
only 12 cm below the waterdine

> Skids protect the ADCP sensor,
propellers and rudders from damage.

> Battery life of up to five hours
depending on use. Supplied with
spare battery packs and chargers.

> A relatively light and portable vessel
with am unladen weight of 28 kg, a
length of 1.85 m, beam of 0.72 m
and draft of 0.22 m with shids.

> Rigid and mbust GRP hull able to
accept minor knocks and damage.

> Resistant to UV ight

> Adetachable bow that allows road
tramsport in small vehicles and
is easy fo replace in the event of
front-end impact damage.

Laboratory instrumentation and software <
ARC-Boat < 3

EQHIISRAT <

> Supplied with fairings and adaptor
slesves to allow a wide range of
ADCPs, including RDI Rio Grande
and Saniek M2 units to be used.

> Dperates with industry standard
remote control with a minimum
range in excess of 200 m

> Incorporated Bluetooth link for data
transmission o an onshore aptop.

> Twehee month warranty from
the date of deliveny.

Current applications

The Emvrcnment Agency is using a flest
of ARC-Baoats to monitor water depth
and fiow up and down the LK, including
the River Tyme in Newcasile where the
peak tide flow of 803 m3 per second is
the highest yet recorded by ARC-Boats
in the Yorkshire and north east region.

A further boat has also been deployed
to successfully measure tidal velocities
over 1 km long transects in the Wirral
estuary, in the north west of England.

ARC-Boat’s have been used successiully
in Germany, United States, Canada,
MNew Zealand and Ireland.




w Laboratory instrumentation and software < 4
. ARC-Boat =
L HR Wallingford oo -

'n',-’r'r.’;u-'g with water

Key features

can carry a vanety of ADCPs

and other msiruments

About HR Wallingford

HR Waliingford is an independent engineering
hlgh quality data collection and environmental hydraulics organisation.

with mmimal under-hull We deliver practical solutions io complex
air entrainment water-related challenges faced by our

international clients. A dynamic research
programme underpins all that we do and
keeps us at the leading edge. Our unigues mix
of know-how, assets and facilites includes
siate of the art physical modelling laboratories,
a full range of numerncal modelling tools

and, above all, enthusiastic people with
world-renowned shills and experiise.

: _ More information
designed with operator Wintwiare-hoak cor

safety in mind

Contact
lightweight and easy Head office

to fransport

HR Waliingford

Howtery Park, Wallingford

. Crfordshire OX10 BBA
unique detachable bow United Kingdom

tel +44 (0)1401 835381
can also be used to

measure environmental equipment@hrwallingford com
conditions in lakes

www_hrwallingford com/equipment tel +44 (0)1401 B35381
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Working with water

Flume wavemakers

As one of the world’s leading hydraulics laboratories,
HR Wallingford has more than 50 years experience
in all aspects of physical modelling and has supplied
wavemakers fo laboratories around the world.

Each wavemnaker is custom-built
to the client’s requirements and
is equipped with HR Wallingford's
Active Wave Absorption System

Installation is quick and
straightforward with HR Wallingford
providing commissioning, training
and on-going support.

Flume wavemakers

When using physical models to test
the design of coastal structures or to
investigate wave processes, enginesrs
must be able to waork with & wide
range of realistic wave conditions.

HR Wallingford has extensive
exparience in designing and building
wave generating systems that
realistically simulate sea condiions.
W hawve supplied wavemakers o
mamy |aboratories around the world
and they have besn in use on our cwn
models at Wallingford for many years.

Flurne wavemakers are nomalby driven
by AC electric servo motors. Very large
wavemakers are hydraulically powered.

Flume wavemakers are based on

a wet-back design for simplicity
and ease of mantenance. All flume
wavemakers have active wave
absorption fitted as standard

wiww hnwallingford . comdequipment
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Electncally powered wavemakers

Piston type wavemakers

For water depths up to 1.5 m the wavemaker is
typically a pision type design where the paddie
moves backwards and forwards horizontalhy.
The advantage of this type of design is that the
stroke is not generally limited, making the piston
wavemnaker ideal for producing solitary waves,
absorbing refiected waves and compensating
for long pericd set down phenomena.

Depending upon the width of the flume, the paddle is
mounted undemeath either one or two electric drive
actuators. These actuators are suspended from a
structure that spans the flume walls. Allematively
the structure can be free-standing if required. With
this arangement all the beanngs and precision
components are situated well above the water level.

Each drive achestor comprises a specially designed
extruded beam which runs between a senes of
linear bearings. This beam is driven backwards

and forwands by digital AC servo motor that
operates through a gearboe with rack and pinion.
The motor has a low inertia which is necessary for
high frequency operation and the rack and pinion
allows the high velocity fo be achieved which

would not be passible with other types of drive

The gearbox has an eccentric mounting to allow the
rack and pinion to mesh without backlash. The rack
and pinion method of driving the paddie is simple and
does not require 3 sealed lubrication system. All that
is required is an occasional wipe down and re-grease
o maintain it in good condition. The resultis a reliable
wavemaker with low maintenance requirements.

88

Stainless steel is used for all the metal work

of the wavemnaker. The rack is also made of
stainless sieel and the bearings and bearing slides
hawve 3 special comosion resistant coating.

An absorbing beach is fitted behind the paddle
to prevent splashing. The beach consisis of an
open cell foam materal which is held in place
within the framework of the wave maker.

The AC serwo mofor is contmolled by an intelligent
digital drive. The drive prosades all the gain and
damping for the modor to ensure that the paddie
accuraiely follows the position demand signal. While
the wavemaker is running. the drive can be intermogated
and a variety of parameters can be monitored such

&5 the motor speed, curmrent and drive temperature.

Hinge flap type wavemakers

This type of wavemaker is best suited to desper water
applications and is ofien used for ship towing tanks

The wavemaker comprises a paddle that is
hinged either on the bottom of the flume or on
3 raised supporting structure. The movement
of the paddle is limited o approximatety £15
degrees to prevent wave distortion

Again the design of this wavemaker ensures all of
the drive actuation system is kept well above the
water level with the use of a flexible belt and quadrant
to drive the paddle. For wider flumes and towing
tanks a dual actuator is used to achieve the required
wave heights. The control system for the hinged flap
wavemaker is the same as that for the pision type.



Control system

The motor drive and electronics for the paddle
are housed in a Motor Drive Controd Panel
(MDCF) that is mounted beside the flume.

The output from the signal generation computer is
transferred o an embedded PLC, which is located in
the MDCP. For installaions where the control room
is some distance from the wavemaker we provide

8 remote controd unit io provide an emergency

stop bution for the operator. There is a second
emargency siop button mounted on to the MDCP.

Design life

The motor, drive and bearing assembly of the
wavemaker are standard components in a
wide range of industries where they often run
continuously. In comparison, wavemakers tend
to be used for only a few hours a day and there
are often long penods between studies while
madels are built and bathymedtry constructed.

Studies also usually use rendom waves which impose
less wear on the components than the peak demands
of the regular waves that they have been designed for.
For these reasons a wavemnaker can be expected o
have an operational life well in excess of 20 years.

Active wave absorption

In many studies, there can be considerable
reflection from the model being tested.

However active wave ahsorption overcomes
this problem and provides precise control of
wave conditions throughout the model.

Laboratory instrumentation and software <
fume wawemakers <
EQHMIRE <

Without active wave absorption, these reflecied
waves will be re-reflected from the paddle

and build up in the flume. This results in the
wave specira becoming distoried and, in the
exireme case, the waves becoming unstable

Dhynamic wave absorption prevents waves being
refiected back from the paddie by measuring
the wave height at the paddle. It then modifies
the demand signal in real time fo take account
of the additional waves that have been reflected
from the model at the other end of the flum=.

Hydraulically powered wavemakers

Hydraulically powered wavemakers are usually of
the pision type. The langest wavemaker supplied by
HR Wallimgford to date was hydauiically powersd
and was for a flume Sm deep and 3m wide.

&9
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Working with watet

Multi-element wavemakers

The multi-element wavemaker is used to create

long and short crested waves for either deep or
shallow water. Each wavemaker is custom-built fo
meet the client’s requirements and is equipped with
HR Wallingford's Active Wave Absorption System.

Installation is straightforward with
HR Wallingford providing commissioning,
training and on-going support.

Multi-element wavemakers HR Wallingford has extensive

expenence in designing and building
When using physical models to test wave generating systsms that
the design of ports and harbours, realistically simulate sea conditions.
coastal protection schemes or We have supplied wavemnakers to many
off-share structures, o b |aberatories around the world and they
must be abie to work with 3 wide have been in use on our own models
range of realistic wave conditions at Wallingford for over 50 years.

wwww hrwaliingiord comdequipment
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Working with water

Wave generation software

COTREE"- 1]
B b i § e i e | B s
[t ——
[p—— [P

HR Merlin is an advanced software package designed
to simulate a variety of sea states for both single and
multi-element wavemakers. It can generate regular and
imegular waves and can also produce compensation for
set down or very long period infra-gravity waves.

HR WaveMaker runs under Windows 7 and is supplied with
a security dongle and comprehensive user documentation.

Irregular waves generated using
the white noise method

This method of signal generation produces
randam waves in a direction nomal to the paddie
It is based on the principle of digitally fitersd
whit2 poise and is generated in real time. The
white moise source is generated and passed
thmough a digital fiter to produce the required
paosition demand signal for each paddle. The
characteristics of this filler are obtained by
performing a Fast Founer transformation based
on the spectral shape that has been selected.

wwsv hnwalingiiord comequipment

91



|l
P2
&b
F33
Tk
‘ ~
¢
£
1%
I
B

FRASR Y RGO R E R R e b AR X P EALS B
kv hAgpita g LARFREERET /r/r’?ﬁ'gpiﬁ )
BinenE B4 - AT TER AL FER2 5 0 - WA T EF P
RS S S L Hpi EE R G 4 T ARHATER S
Bl Lof AR 0 TR LR L R B L e R

(-)~ 4B WERA /4 %3 :

z

B PATY R L ERFELATE
d R RIF RTET ES 3ﬁ%a&ﬂ%ﬁ%®ﬂﬁﬁ&’ﬁ
To ™ 30k A G kg 2 BRI IR e S o fRATR R B
Ao PAR AP ENERHS T Foflz it 3 Fos - e

T E‘?;&L%iﬂi e IR A 4 uﬁ_‘; FEE il A2 b
PAZ e 3;;"{:3»‘4& AIS A u’tig\*ﬂ’“-ﬂaﬁv%i&ﬂ\
Lﬂﬁ’aﬁm*ﬁ*wiﬁww’%ﬁr BTl g o g

Bé%"%‘ ?}'j”"‘“’ FRART 2 % .

a

A

(=)~ =W Biral 3§ k3t
Biral = @ Z_A %1% * i ﬂ,)iuiq S NGRS ¥
RFTF LT h P o i R 30 ¢ A BN s
B2 AR VRIT AR TR BB T R
‘ﬁﬁlmmn%@m%awﬁﬁmﬁyu”1;%1@4m
F 2T R OIEHEBMET RSP ARE T REBITER
MERIEGE L FR

to cloud

Cloud to
ground

92



(2) ERGIll § gkt ¥R T

Gill 27 &% 52 5 % 8R% 70 “TAm 2 Y R

W”ﬁ&” ales R f%%%’ﬁﬁi s s

WA BRI TREERFE RECRECEARE T

ﬁ"‘J W EEE T kY ?fhg-ﬁgﬂgﬁ%,_l_l;wg ’;»*Lﬁ:'f_g_';‘,'j\
ERERAKRS 4 F GRRIEREL AE LR

(z )~ # B Seaview Sensing F & 3 5L AJE 0 Y ¢

‘s‘?ﬂ

2 z=f ~ § %4 Dr. Lucy #7 R 4 57 Seaview Sensing ¥ F
A L ’31‘?/4% FeFA o @ 35 D WERA o & #7 R 3f ehf i
FH A PEETH RS R TEE TV S @ olyeLe
f2 50 H 0 B AR RIS PSR koA % F
B3 B { MATHE s 7 5088 0 Seaview Sensing #-E - E 4 4%
2 ¥ RN

 &Todian12 1820 . 607 535 500" 430
: 2 8200 fi— oy
450
18 00
350
18 56
200 B
4 2
50
1.2 gap L] | f» ! s
1 4
» 4
08 .
L (e L
0.6 i
04 5gp 5100
02 i
] s -5 500 430

j
153°E w “ 154°E

93



B {6 E_PprEd 2 3t HR Wallingford = @ 1 429 ¥ /w18 > o ;Z
PR PR RE 0 BAHPL O AR IR B i o ”fﬁ%?

BT Rk R R Y e Y ’iﬁf”"ﬁ-"*ff‘ﬁﬁ‘«ﬁf@&

@ LI e -\Tmﬁq; J\ ""-ﬂl Fé‘sﬁ’mF\ PO = ,ll}j}g}ﬂ&# f':-Z o E&@ﬁ]}]f,};}i

R AR S SR A R
s WRLER A 2 R gd S SR Y PR ATERF SR

M oEHuE R

N3y

LR Bk WARR R AT L e 2 s gt K R

AR TG TR AN LR E A E DRI A HR o 7 3¢
PR AR E A R AT L ARER A SR P GIE  BR T Re
FFEREUFEAB AAPFE RIS P Lo

ﬁg’aHR NP O EBIHRTLIFRE - RED A HE RS
S L Y Ol B R T L ﬁ%%%,ﬁAwmm@?Fw,Af

-E@%w;wbpgg BfFrmasien SMeEr 33340

PP RESE TP ERER S > LITRETE

PEOZRET ZPRF 2L F P BT AR AW T REH ey
ﬁ’ﬁﬁ%lfiiiﬂzk BB HR 2 P SEALR R0 £
R ARG L LA Fad Ry B2 KEAPRILHR & 2 Hw

&ﬁmgi\"*‘io

PR R AR SRS B2 NER = E P S S R
O O T P R
LY e R % B AR HR 27 thE e B doR Y -

FAEE BEA AT RG] L1 HRS R R Y REL S
R RIS Y RIS % DL R R A AT
MAED 2 RS F R A SR A
ok TR EERN i S N L E Y LED AR R AEHAR
%flﬁi%ﬁﬁﬁﬁm%ﬁWK«lﬁyﬁﬁiﬁﬂ&ywujh
ARFAHELE RS A REHB A EEI AR -

FEERT L i*“riﬁ'f* CERE Y R R T NPT s AL AT
49?&91 ¢W&Mﬁ¢wﬁﬁﬁbuﬁ%$%%%ﬁﬁ#%%
*? CHR AT R BAS Y LG AR R A

AEYREE XSO LRAPREFT ARG LS NREP R A
o FE B O E R RF 4 o

94



L HR Wallmgford CQR5855 — IHMT, Long Crested Wavemaker

Wurking with waicy

UK Physical Modelling Training

CQR5855 — IHMT, Long Crested
Wavemaker

UK Physical Modelling Training

h
19t December 2017

Introduction

Training was undertaken for two delegates from the Institute of Harbour and

h h
Marine Technology (IHMT) between the dates of 13" December and 19

December 2017. The training formed part of the delivery requirements for the
supply of a new wave generation system to IHMT under the HR Wallingford
project reference of CQRS5855. This document summarises the training

undertaken and the tasks completed.

1. Classroom training

Three classroom sessions were undertaken, covering the wavemaker operating
control systems and power requirements systems, waves and wave theory and the

theoretical design and preparation of basins for physical modelling.

The PowerPoint presentations for the wave and wave theory and the physical
modelling training have been made available electronically, along with a guidance

document on scaling of granular materials within physical models.
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2. Practical training

Two practical training exercises were undertaken, detailed operation of the

wavemakers and a short physical modelling study. The wavemaker exercise covered

start up, run test conditions and also shut down the =~ wave generation system.

Specifically covering:

Safety briefing

Setup of sea conditions:

Wave generation and analysis

Active wave absorption — paddle wave probe calibration
HR Merlin post generation reports and output files

Data export

Trouble shooting

Remote support (TeamViewer)

The physical modelling exercise covered construction of a model breakwater,

setup and calibration of a wave probe reflection array, testing the breakwater and

reviewing photographs and laser scans of the resulting damage. All data has been

provided electronically including photographs, laser scan analysis and wave gauge

data.

Figure : Difference plot showing damage during testing
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3. Future collaboration and research
opportunities

During the duration that the trainees were at HR Wallingford it was possible to
conduct a meeting to discuss topics of research and future collaboration where the

interests of HR Wallingford and IHMT have common interests.

The topics discussed covered :-

Port design;

Propeller scour at the dockside;

Mooring line analysis for both physical models and numerical models;

Renewable energy;

Additional instrumentation and data acquisition systems;

These opportunities will be followed up in due course by HR Wallingford
upon the return of the IHMT delegates to Taiwan.
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Certificate of attendance

Physical modelling
training

Title Physical modelling training

Training delivered by Gary Mclntyre and Simeon Tiedeman
Site HR Wallingford

Date 13 to 19 December 2017

This is to certify that Mr. Lee, Cheng Da attended the training session

Signature / S

ﬁ > ¥ ,.3._4 ?‘{f“
Name Gary Mclintyre Simon Tiedeman
Role Principal Enginaer, Equigment Sales Managear

Equipment Sales Equipmen! Sales

HR Wallingford and IHMT % s &7 7 B HilF < i

100



z HR Y\’.al_l.in_g.fm."d

Certificate of attendance

Physical modelling
training

Title Physical modelling training

Training dalimla-red by Gary Mcintyre and Simon Tiedeman
Site HR Wallingford

Date 13 to 18 December 2017

This is to certify that Mr. Lin, Shou Shiun attended the training session

Signature . 4 g /
. 2

Mame Gary Mc]nt:.r-re " Simon Tiedeman

Role Principal Enginaar, Equipment Sales Managar,

Enquioment Sales Equigment Sales

5k
[N
e

HR Wallingford and ITHMT +£ % B4 3987 7 B B e jin i # 4
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H = Average maximum wave height
Hs = Significant wave height
N = Number of waves
v = Euler’s constant 0.5772
Thus for a test of N = 500 waves
H, =054H
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® Derbyshire ocean

® International towing tank congress (ITTC)

® Neumann
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® Top hat (Pink Noise)

® i % & f Kk ¥ (user-defined spectrum)
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Ll HR Wallingford Training Schedule

Wurking with waier

CQR5855, IHMT, Long Crested Wavemaker

Training Schedule

CQR5855, IHMT, Long Crested Wavemaker

All Star Technology Corporation

Summary

Details of the training schedule proposed for two delegates from the Institute of

Harbor and Marine Technology (IHMT), HR Wallingford project reference CQR5855,

are contained within this document.

1. Day 1 — Wednesday 13 December 2017

Location Comments / Topic Content Training

Group

Welcome, infroduction & Cedar ieet at Kestrel House, then tour of cQ 09:00-10:30
site tour the physical modeling facilities and
Ship Simulator.
Review of HR Cedar Review of operating control caQ 10:30-12:00
Wallingford wave systems, power requirements
generation systems systems, includes a visit to the
(Classroom & Lab small model area for inspection of
based) wave generation system
components.
Lunch Manor Walkth-ough lunch with table laid 12:00-13:00
House up.
Waves and Wave theory Ash Wave components, wave types, Cs 13:00-17:00
(Classroom based) wave energy,
Proposed break 14:30=14:45
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2. Day 2 — Thursday 14 December 2017

Location Comments / Topic Content Trainin

9
Group

Model scaling theory Ash Froude acaling laws, restrictions in cs 09:00-12:00
{Classroom based) model scaling. Set the model design

& testing objectives.
Proposedbreak 10:30-10:45
Lunch Manor House Wakthrough lunch with table laid up. 12:00-13:00

Settingup and Basin D  Basin/Flume for demonstrating CQ 13:00 -
running test the process to start up, run test 17:00
conditions conditions and also shut down the

wave generation system. To
Model cover —
construction
(Lab based) e Safety briefing

e Setup of sea conditions:

e Wave generation and
analysis

e Active wave absorption —
paddle wave probe
calibration

e HR Merlin post generation
reports and output files

e Data export
e Trouble shooting

e Remote support
(TeamViewer)

Break 14:30 -
14:45
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h
3. Day 3 — Friday 15" December 2017

Location Comments/ Topic Content Training
Group
Instrumentation, K10/ BasinD  Setup and position cs 09:00-12:00
calibrations and data instrumentation ahead of the
acquisition systems tests. Conduct callbrations of the
{Classroom & Lab instruments and the model in the
based) basin.
Proposed break 10:30—-10:45
Lunch Manor House  Walkth-ough lunch with table lzid 12:00-13:00
up.
Model construction (Lab Basin D Complete the construction of a Cs 13:00-17:00
based) partially built model.
Proposed break 14:30 - 14:45

h h
4. Saturday 16 and Sunday 17" December 2017

Please note that HR Wallingford offices will not be open during the weekend of

the 16th and 17th December 2017.

B Each session can be extended wherever possible.

B [f operational requirements dictate that facilities become unavailable for any
reason, then HR Wallingford will endeavour to provide alternative test facilities
to meet the training objective.

B All trainees must bring suitable clothing for use when working in a physical

modelling environment which is often dusty or damp.
B Note all trainees must have sturdy foot ware that has protective steel toe-caps

and a steel sole plate.
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Biral

Corporate Presentation

IHMT November 8t 2017

Nathan Neal
Sales and Marketing Director

>~ &
= DESIGNER-8 MANUFACTURER OF METEOROLOGICAL SENSORS

Major Products:
« Visibility sensors -"_'!l-‘ . ,
* Presentweathersensors o 0
:5 | !
- r
+ Ambient light sensor - 1 tt.-‘?
—

* Thunderstorm (lightning) detector
-
Biral
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Corporate Vision

We focus on providing aur customers with technically advanced meteorological
sensors that fulfil their measurement and business needs. We design and
manufacture industry leading quality products which satisfy the uncompromising
neads of the markets we serve.

Mission
‘Our aim is fo remain an internationally respected supplier and manufacturer of

scientific and industrial measuring instruments, with a reputation for commaercial and
technical expertise. FOCUSED ON THE NEEDS OF OUR CUSTOMERS®

Biral

- N “TECHNOLOGICAL MILESTONES

T IR DEVELOPMENT OF METEOROLOGICAL PRODUCTS

SW'S Brard . ! 3
Visibity & Presert - ALE-2 =T NEW
Vieather sensors P furibiant Light G -
s # Wizdbiiy sensor =X
ALSD | ﬁ
1997
T e VYFF 750 WPF E10 SWS-050 SUNE-260 014
ity & P viskilly & emhilty sensor Wisibilty sensor Visbilty & BTD-300
it EE.’:;; Present Weather Frasan Weathar Thanstlerstonm: detectar
ArERO =
= :
v -
T I

aWs-050

HEE 730 b
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Biral designs and manufactures:
« Visibility Sensors
« Visibility & Present Weather Sensors
« Ambient Light Sensor
» Thunderstormn Detector

+ SERVICE. REPAIR and CALIBRATION

« Quality processes: IS0 9001:2008
+ CE, WEEE & RoSH compliant

Biral

MARKETS WE SERVE

Aviation Marine Renewable Energy

Roads, Rails & Tunnels General Metecrology
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5 w EXAMPLES OF INSTALLATIONS

L

" _—— - -
W S
“

R | ey Kunls LurmgsrAirsar (Matoyais)

Fiouw) (Franes|

Brioge Bacsisn |Franie)

Biral

SUMMARY

= Highly specialised meteorological sensor manufacturer
» Focused on quality, accuracy and longevity

* Flexible enough to produce customer specific sensors

+ Competes well in the World market against international peers
10 or 20 times our size

* Interested in long-term working relationships rather than just
tenderto tender bids

Biral
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‘Biral

Main Product Ranges

Mathan Neal B.Sc. (HONS)
Sales and Marketing Director

Biral

P~ Forward Scatter Meters

All Biral visibility and Present Weather sensors are Forward
Scatter Meters (FSM's)

We have the widest range of FSM’s available from any vendor
Qur FSM’s are in two distinct ranges:

~

*« The VPF Series...

= The SWS Series...

Biral
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@hich Sensor, which application?

VPF Sensors:

« Harsh operating conditions:
« Marine platforms
« Marine oil rigs
» Marine wind farms
« Ports and harbours

« High accuracy / high specification
* Aviation systems
« National weather monitoring
« Remote, harsh locations

Biral

\/hich Sensor, which application?
SWS Sensors:

+ Normal operating conditions:
« Road weather monitoring
Land based wind turbines
» Meteorological networks
« Aviation systems

SWS5 has a price / performance ratio
comparable to that of our competitors'
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-;wwlarine Thunderstorm Warning System

3723 AP~€TD-350 Thunderstorm Warning System

Applications:

« Offshore wind-farms

+ Offshore gas platforms
& oil rigs

+ Harbours and Ports
(esp. LPG/LNG/OIl
terminals)

» Helicopter ports and off-
shore decks
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Visibility & Present Weather Sensor

ADP Technical Training Presentation

Weather Sensors

< -2

= . €
D

=]

Visibility Measurement

* \What is visibility measurement?
= How far can you see

+ Differences between day and night-time
measurements

* Human observers and sensors
*  Methods of Measurement

= Human Observer

+ Transmissometer

= Back Scatter Meter

= Forward Scatter Meter
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Present Weather Measurement

* Presentweather measurement
= Whatis happening now!
* Whathappened in the immediate past

= Generally automated measurement

* Combined Visibility & PW Sensors limited to:
= Visibility (Fog, Haze, Smoke, Dust)
= Liquid precipitation (Drizzle & Rain)
= Solid Precipitation (Snow, Hail, Ice pellets, Diamond dust,)

* Precipitation amount

Visibility Measurement

* Fora human observer during the day visibility is
related to EXCO by Koschmieders Law

3
Visibility = —
YTF

= Where § = EXCO

* The constant 3 is derived from the

accepted average ability of an ohserver to
resolve contrast

—
L]
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Visibility Measurement

» Fora human observer during the night visibility is related
to EXCO by Allards law
le—FfR

br ="

Er = IHumination threshold | = Luminous Intensity of light
R =Visual Range B = Extinction coefficient

*  E, relatesto the ability of an average observer
to observe a light source

» = Equationhas no direct solution for visual range

0 - E "__:‘:-.-,' >

* Meteorological Optical Range (MOR)
MOR = % [Same as daytime visibility)

« Often used by instruments to report visibility

. The length of the path in the atmosphere required to reduce the
luminous flux in a collimated beam from an incandescent lamp to
0.05 of its original value.

. Independentof human observer capabilities

0 —
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Calibration Checks

» Conditions

-

-

-

= Refer to the individual sensor manual for
details

Visibility greater than 10Km

MNo precipitation

Sensor running for 30 minutes

Beware of local reflections — High viz jackets
Difficult to do indoors

Biral

BTD-300 Thunderstorm Detector

Dr Alec Bennett
Meteoralogical Products Manager
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'.‘M‘S'!‘ting requirements of the BTD-300

M CAVERHEAD
QBSTRUCTIONE

/\ IDEAL SITE = Installed on flat, open

@
ground, with no nearby trees,
N FREQUENT masts or buildings.
E ; MOVERENT

aH

WETHIN St
— Can be installed guite close to
nearby objects or on a rooftop if
%0 FLANTS necessary, but will require
OR DBIECTS i | I|-| iga i i
0 G TALL “ln I mll additional calibration procedures.
WWAITEIN 274 i | ‘i

Biral

Charged lightning and rain drop
discrimination using three antennas

Possible flash (start & circled])

i rr""“"-.‘ﬂ'l'ﬁ"-wm‘ P gy

i

113654
PE:55

Toma [UTCI duning IT/2/ 20014 \

A lightning flash generates a change inthe Charged rain drop
atmosphere’s alectric fleld, the strength of Distant lightning [antennas not
which is used by the three antennas to {all antennas comelated) correlated)
find i1tz range and check authenticity.

Biral
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Hewsitlerks — Strong electric field (no precipitation)

THUNDERSTORM DEVELOPING OVERHEAD

[increases electric field)

Corona ions produced from sharp points
exposed to the air under strong electric field

Wind-blown ions
detected by
electrostatic
antennas :"'xn., [

_ =
ﬁ {wind-blown)
|
Streng i :
electric field _
warning! |™=H ions

.
g ElSetrostatic vs. radio lightning detection

- L

Biral’s electrostatic technology has the advantage due to:

+  Operation below all forms of radio transmission = no false alarms from radio
interference!

*  More accurate ranging due to inverse-cube relationship

* Detects and ranges all forms of lightning, producing exceptionally high flash
detection efficiency

*  Monitors overhead cloud electrification before the first lightning flash

* Mo day-night change In performance (not optical or lonospheric dependent)

Better than subscription to lightning location network:

*  User owned — no on-going subscription costs

*  No rellance on external providers and Internet communication links (which may
be unreliable during a severe thunderstorm)

*  Real-time warnings — 2 second update period!

*  Networks only provide lightning data, not strong electric field warnings

*  Networks struggle to detect the weaker flashes from early-stage storms

Biral
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~+:B1D:360 Default (FAA) lightning warning ranges

|}

\ Maximum custom [
' (45 NMI83 km) i/

OVERHEAD
0-5 MM (09 kin)

5-10 MMI (9-19 krn)

10-30 NI [158-56 km)

The DISTANT range s divided in half
at 20 MM (37 km) into “near” and
“far” for display purposes anly.

All llmits fully eustomisable, with a
maximum warning of 45 M| (83 km).

Direction displayed in octants (M, ME
etc.) but logged to nearest degree.

Biral

* Distant Lightning

CAUTION (lowest)
J * Charged Precipitation
* Vicinity Lightnin
WARNING v ie d
* Strong E-field (corona)
_/
\
ALERT (Highest) * Overhead Lightning
P
Biral
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';a;;.a,,ﬂe?'rhont—Ferrand, France —Summer 2014

ETD-300 thundersiorm reparting Sectors around the sike

- F
:

BTD-30d lightning flash locations with uncertainty
Lightning location network showing  Betwaan 14/11/7014 - 00.0:0:-00 and 14/11/2014 - 03:00:00 kacal

flazhes to the sauth eyl

g

B
i

51K
1

B
=

g
i
r]

300 frese Clecal]

Oi-33

0i-1% &

ATD:

¥ ]
51|

Dol

- o ]
| CORRECT SECTORS IDENTIFIED BY BTD-300 |

Biral
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-Wﬁﬁ"fmm thunderstorm identified by BTD-300

- but not by any networks!

Heavy shower identified by radar
BTD-300 systerns {moving rapidly from the West)

Rawfall pram 1 Bour) - .
B S _b'_—_r:‘lmﬁl_'__ o Thel 29 jan 2073
wls =L .-" e E =-2 =¥ E-X = =
Vv Rodar source: Meat Office, UK B"ra ‘

-.Wsﬁ"fmm thunderstorm identified by BTD-300

A - but not by any networks!
Heavy shower on radar within
intersection of reported lightning range

T i | = 3. /m'-j Tersiey
a7

Wnticn crder-Cige
(AT

Renwa g Feaseon

P T = c.:E- e Y 2
é"““Pﬂﬁ sy o— W e
F M o) [l f
3 [,
s s S C!'r:vl i, 14 km
i 5 ——
e MR
17 km P .--’. W Gowen
m
' RErs = Frras
Hrigtal Wers
ey e ] i)
hathea &ttt -4
il e Dimesdton Do
Hamieid
Tai
g Wasien s
iOemne fomw L
e Mg ot ; R i
'|:-n--i Diapda! el T ;
Mgy sl AR Fmitan S dobn

Biral
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(Z)dFEzr L5 FE LR A5

- WERA Basics WERA

s and Technology

Fergartop A[s8 Dikes

HELZEL®

N Introduction of WERA

Radar Basisc

Direction Finding & Beam Forming

Angular Resolution and Accuracy

Features and Limitations

HELZEL®
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1. Introduction - coastal radar “WERA” WERA

_current mapping wave mapping

- e | i~ "
- - =13 RIS ={ls
e | PR = ey H
U R I S R B L
L I N R ] i L] n n
|5 w
PRI I R R R | PR
----- LR R N I - -
lllllllllllll 4 8 da . "
0 " R - w
llllllllllll LR - H
0 LA B ) v LR R = =
L R T T T N R T T
RrhoRE kh# LB AR
O T T TR TR DO I R R Al .
Lon N T R N B TR Uil Uil
i i f i E - o -
....... e T
----------------
" = =
-------------- " -
L e
H H
nnnnnnnnnn . -
il

------------------

Typical WERA site layout

HELZEL®
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2. Introduction - working principle WERA

The back-scattered radar signal will be Dopplershifted with a specific
frequency offset given by the velocity of the

%

gravity wave thatis responsible for the Bragg scattenng.

o
| ' oz o TheseDopplershifted signals will
1 N be symmetrical around the centre
o .‘l'l “I;_I', \ | H'I frequency aslong as the ocean

surface does not move_An ocean
_currant Will shift these Bragg lines
“upordown in frequency.

WSIETE Wil egs

[dB] F1—JUL—2010 1683 UTC  Pritehards  awerage / RF)
L) [ura]
] eMs
B
50
m 300 2
& ws  |dEr
40
=0 1445
40 1183
a0
M EA S
20 o sas
o s
10
a -
B I‘||I 1.0 | Dt o e B ] B B0, M) 20, 2 0 0T DTS S Simé DUBE OB Gl D8 D2 naE [HE]
T ',r"-”:-w!
J [ [ [ [E. -
= -Faa -m.7 -1 ~ETd —Sha -1 —%55 -2an -4z -55 [e@]
Resolution = 0.004507 Hz Diraction 00deq  5.400 MHz [Hz]
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Receive AntennaArray- Square of 4 Foles B1o 16 Poles
Currentsand Dynamic Currents,
Frovided Data:
Wind direction Waves and Wind
Feld of View: upte 270¢ 120° {more if curved)
< 10F typical < q{°
AngularAccuracy:
g ¥ Antenna calibration Antenna calibration
recommended ! not required !
= 20 minutes
Emporal Fesolution: 80 soeobily
standard WERA,
Moise Reduction: unlque_ Pilee
reduction method

HELZEL®

Beam Width versus Distance

HELZEL®
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5. Features of unique System Concept WERA

The unique, parallel and phase conserving signal processing
\WERAsystem, to apply software Beam Forming to provide
‘entire range within shortintegration time:

2 minin 30s steps for ship tracking or disaster warning

5 min for current mapping
| 20 min for wave data on the grid

HELZEL®

Jan Widera

Helzel Messtechnik GmbH, Germany

HELZEL®
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Current Maps

IB-AlnJ0E SRR Batsesis R Combined 2-dimensional ocean
i i surrent map

Beam-formed Range-Doppler plot
of a single WERAsyslem

| Data are kindly p

HELZEL®

—

WERA

— " —
Craum) Tl sb i Raoa WaRA
FE-(7-FO08 (SN0 UTE

Current Maps

HELZEL® "

156



—

WERA
Current Maps
Validation with ADCP Pro4
. RMS ADCP = 0. 484mls, RMS difference = 0.155m/s,
Correlation = 0,947

I'| man 1
e

[

I1 'II M K (il | '||'.-I || 1 MR f

O | 1 L1 et ! | I ||| i
<R i i M

1 1 {

1 M 1 7 > ]
T iy = s T g 0 00 00 e 75800, 000 6F B0

B = g
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Map with Wave Height and Direction
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HELZEL®

[ o —

ISR R N PRI WG B R §
s

1 e B ] |
T ) |
i 1

T

4 Il-"i|!.'" rL l..|| IFﬁil

o ol -
Tirms (owy] - iromy {20k 2005 120850 bn § bl 008 0208 80

HELZEL®
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WERA

Bammis Siius lesuing
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HELZEL®
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WERA
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HELZEL®
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Usage of information WERA

Oceanographi

Actual state:
Monitonng
(2g. Actual curmmrents and waves, Ships, Tsunamis)

Future:
ate the informationions into models
{Data assimilation) for weather, SAR, offshore works

HELZEL®

Usage of information WERA

Reported data availability:

Port of Rotterdam

HELZEL®
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‘Usage of information WERA

Large datasets:
Oceanographic science, Energy management

Map of
Wave Power

ek WERA @ 27MHz
at Norwegian
coast near Bergen

:

cEsBaBEEERE

HELZEL®

‘Usage of information WERA

Large datasets:
Qceanographic science, Energy management

WERA: black

buay: red
Power;
comrelation; 0.91
rms:13.2 kW/m
1 Energy period:
En b correlation: 0.9
i I i rms: 0.7s
T
L | PP PRSI T L. DR | I RN I |

AP IR VR R
13RI IS8T ITAITE IROI5E ZLEION 2INION 2ARI00

HELZEL®
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‘Usage of information WERA

Actual state
Maonit
(eqg. Actual currents and wa Ships,

Surfacs Currars Mg
urzmoehe

Data provided by: . o gAY
Australian e

Coaslal Ocean

Radar Network

(ACORN)

Fhay ¢ ikin pesarip 31 Wil
FRipately LELLE LT
[T Wik
arge spoe, 2060 kP

HELZEL®
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Gill Group

Our focus
is. the design &developmentcrf precision =c|ui|wn-:~ni for harsh

== l""’ii | "'r’ ‘Eﬁ Ill a
Eﬂ IJ‘ Il AT N .

Mulll,arg,-. Defence & S:Ecurlt',r ME"?D'U‘I'}Q'{‘-"I
Aerospace (Manned & Unmanned Marine & Offshore
Aircraft) - ,
Matarsport (F1, LMS, IRL & GT Racing) Mining & Construction
Medical & Healthcara Research & Industrial
Equipment

il Design & Manufacturing

» 'Pick 8 Place’ surface mount production
« Computerised electrical and visual testing

= Functional system level testing
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Gill Instruments

I 2D Anemometers

3D Anemometers———

Wind Diﬁplays—l_.- ﬁ'

; E 4
— WeatherStatmns—l_‘ e m

Communications =

Merlin - Recirculating Wind Tunnel

SReriling Chamber
St s, Comen bt s

« =110 m/s 400kph 215kt
* Production test
* Product development

+ Simulation - ange o atack /1
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Environmental Testing

Rain tests Chambers
' . P +  Salt
mist, spray, heavy rain, wind biown s icity
+  Salar UV (ext)
+  Tempersiure

Quality Measurements
rain fod, drizzle, sfrore winds

5400 CFM Haneycomb 1.2m lang Spray
fan gd Gllcm damaier nozzie

Environmental Testing

Intelligent heating prevents
build up of ice:

+ Fraezing Rain
= Rime king

« Condernsing
= hoar frost

Unhaated
ciontrod
test

Environmental Testing
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Small Coastal Data Buoys

Standard Met Measuremenlts

Wind Energy Application

170



Harbour Master Vessel Traffic Conditions

Fishenes
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@ﬂﬂ, DP Systems Maritime Vessel Control
L
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Seaview Sensing Software

Lucy R. Wyatt

Seaview Sensing Ltd
and School of Mathematics and Statistics
University of Sheffield

emall: lucywyatt@seaviewsansing. com

A 1

Qutline

@ Seaview Sensing Ltd

@ What are we measuring and why?
@ What methods are available?

@ The Sheffield-Seaview method

@ Accuracy and limitations

@ The software package

@ Some examples

References are indicated with i and listed at the end.
4

ey 2
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Seaview SensinglLtd

@ Established in 2004 to commercialise software
developed at University of Sheffield

@ Small team of consultants undertaking
research and software development,
installation, support.

@ Our software provides surface current, wave
(including the directional wave spectrum), and
wind (wind speed less robust) accessible as file
downloads and via a Data Viewer.

@ Software has been installed on systems in UK,
France, Germany, USA, Australia, OMAN,
Turkey

@ Data has been processed on our servers from
radars in UK, USA and Korea.

=

ey 3

What are we measuring and why?

The sea surface can be described by
waves of different amplitudes,
wavelengths (or frequencies) propagating
in different directions - a directi%r}al
spectrum 5(k, 8) (S(f, 8) =Sk, 8) x E}'

From this we can determine:

@ Energy spectrum E(f) = j 5(f, 8)d8,

W

Y \ “
\\._.-;Z%
e arar'h A
ﬂéﬁi’-‘fi‘ﬂ

SN

@ Significant waveheight Hs =4 = EQ'HEJ- E(f)df),

J[E[fja::‘il‘

[ FE(f)df’

_, [ [ S(f, 8)sin(6)dedf
[ [ S(F, 8)cos(8)dedF

from Plerson et al. 1955 [25] and many other parameters.e.g wavepower and
2 energy peried, all using standard methods.

@ Mean period T1 =

@ Mean direction 85 = tan
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What are we measuring and why?

Waves are categorised as:

wind waves - swell - generated a long
generated by the local way from the
wind. observation point.

Example of a directional
spectrum.

.3 The larger lower frequency
(higher period, longer

B wavelength) peak, 0.06Hz, is
- swell.

-y O
] B

) The higher frequency peak,

i 0.12Hz, could be the wind
' wave peak although there is
evidence of higher frequency
waves, > 0.2Hz, in a different
direction (spectrum is
multi-modal).

=
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What are we measuring and why?

Wave data are important for:

@ Design, maintenance and monitoring of coastal
structures e.qg. piers, harbours, breakwaters,
wind farms, marine renewable installations;

@ Operational assistance for coastal construction
projects;

@ Monitoring severe weather conditions, storm
surge forecasting;

@ Beach erosion and sediment transport;

@ Baseline data for monitoring the impact of
climate change;

@ Oceanographic research,

. e ow

2z

A 7

What are we measuring and why?

With the radar we are measuring the magnitude of
backscattered signal from the sea surface Doppler
shifted by waves of half the radio wavelength - Bragg
scattering.

Wave measurement is possible because non-linear
wave-wave interactions generate such waves
propagating at different speeds from the linear waves
used for surface current measurement.

Non-linear electromagnetic-ocean wave interactions
also contribute but are less important.

These two mechanisms are described by a non-linear
integral equation.

ey B
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Power in dB

What are we measuring and why?

Barrick’'s equations

The basic measurement is the power spectrum of radar backscatter,
a(w, ¢, d), which is the sum of the first o1(w, ¢, d) 151 and second oz (w, ¢, d)
[41, 161, 131 order parts of the spectrum:

o1(w, , d)=21k: > S(—2m'ko)5(w— /2gko tanh 2kod)

i'.l'l_..l'l'?" =+1

o [oxl
oz(w, ¢, 0) = 25k 3] J‘ f [T1% S{mk)S(m’ K )8{w — + gk tanh kd — + gk’ tanh i’ d)dpdg
mm =zl —2—®

where
ko = (kpcos, ko sing) is the radio wavenumber at bearing ¢,
k + k' =—2ko Bragg condition,
IF)?| coupling coeffiicient containing the physics associated with 2nd order
hydrodynamic and electromagnetic processes,
S(k, 8)

d is water depth, 5(k) = and k = (p—ko, q) .
%r aim is to solve for 5(k) and/or parameters thereof.

T g

What are we measuring and why?
The Doppler spectrum

B.03MHz
t Pisces measured
: ’ Doppler
40 spectrum.
a 5 2 first order Bragg
Y NN SN S IS peaks — darker
5 ' shading.
80 Second order
around higher
Bragg peak -
=100 L : L 5t . H . ,
-1.5 -1.0 0.5 0.0 0.5 1.0 1.5 “ghter Shadmg'
Doppler frequency in Hz
BT 10
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What methods are available?

@ Short-wave (wind) direction and spreading -
from o73.

[21], [11], [33], [32]

@ Highly linearised or empirical estimates of
waveheight, period, direction and E(f) — from
02 normalised by 0

[2], [1], [22], [28], [12], [31], [8], [26]
@ Integral inversion — from g, normalised by o1

[19], [20], [29], [14], [23], [13], [30]

These methods have been applied to single and/or
dual (or more) radar data.

e 11

What methods are available?

Short-wave (wind) direction and spreading

These methods make the assumption that the first order Bragg waves are
local wind waves aligned with the local wind direction.

Pierson-Moskowitz ocean wave
spectra [24] for the significant
waveheights (metres) indicated.

Plerson-Moskowitz spectra

Vertical dashed lines show the 1st
order Bragg-matched linear wave
frequencies for the radio frequencies
(MHz) indicated.

enengy density més

T The short-wave assumption is best at
frequency, Hz high frequencies and high sea-states.
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What methods are available?

Short-wave (wind) direction and spreading

e—8
Assume a short wave directional model e.g. D{8y, 5) = cos™ a

or

D{éw, B) = sech’ B{&— 8w) where 8w is shortwave or wind direction, s or g
describe the spreading about 8y and 5(fsy, 8) = E(fsy)D{ 8y, spread).

Sometimes the spread is set to a fixed value e.g. 5 =4 is quite common,
sometimes both are found.

> wind direction
ﬁ

radar look direction

* magnitudes in and opposed to the
radar look direction.

These are directly proportional to the
first order peak amplitudes - see
equation for oy(w).

13

What methods are available?

Linearised and empirical methods

Barrick [2] showed how and under what conditions his equations could be
linearised to obtain a weighted linear relationship between gz and E(f) thus
confirming the suggestion of Hasslemann [9].

This has motivated other similar methods mostly involving modifications to
the weighting using empirical methods (buoy data) [12], [8], [26].

At the time it was claimed that the result was independent of wave direction
but this was subsequently questioned [27].

Others have derived empirical expressions for Hs, T1 by comparing integrals
(possibly weighted) of o; with buoy data [22],[28], [31].

In general these methods:
@ cannot account for changes in water depth

@ are sensitive to changes in wave direction, are often calibrated using
buoy data for the local wave conditions and dominant directions and
are thus not generally transferrable to other locations.

ey 14
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What methods are available?

Sensitivity to direction and averaging

2011 220 2AME0 1 21053

22" i — ey & 227 i —_—— — — &
- 4.3 A
w [ - / 4 w . [ o ’ 4
A 1.8 A ] 18
[ ( i
Jari 13 . 3
s e "
- ’ .5 FL
L
ey : !
. e
w
1{ (= ;_'.":Kt 1.5 15
ELgN,
b
el 1 1
2a'5 1 TEN = 15 05
| ETHr;
i e x 3 x = — i e x 3 = 3 — u
mi'e ome ¥ e mi'e oo ¥ ¥ mie

Very different waveheights from the two radar systems looking at the sea
from different directions. Need to combine information from at least 2
radars (or possibly different directions or frequencies) to get accurate
measurements. More averaging also needed.

MNB the above data are obtained with the standard WERA algorithm.

A
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What methods are available?

Inversion

This involves simplifying [18]and discretising the equations,
in some cases linearised by assuming a wind-wave model for

S(k’, "), and solving using a numerical method which could
involve:

@ reqgularisation ([19], [20], [17]),

@ singular value decomposition ([14]),

@ constrained iteration ([29], [30], [7]),

@ Bayesian methods ([23]),

@ optimisation ([13]).
The solution in some cases gives the first five Fourier coefficients of the
directional distribution (equivalent to a buoy measurement) and in others

gives the spectrum on a wavenumber or frequency-direction grid from which
all the Fourier coefficients can be obtained.

A
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What methods are available

Frequency limitations

-
=

The important parameter

-
Fa

that determines the

=
=

maximum waveheight for

m

validity of inversion and

ssgnificart wavehasght, m
]

empirical methods is the

radio wavenumber x

L]

waveheight shown here.

a
3 1o 15 20 15 - 5

rado frequency, MHz

Linearisation becomes increasingly inaccurate as you move into the white
region of the plot. Red lines mark lower limits for directional spectra (solid),
waveheight (dashed) and wind direction (dotted).
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What methods are available?

Difference between phased array and compact systems

1-hour average map of
waveheight and peak direction
measured with 8.512MHz WERA
in West Australia. Maximum
measured range is about 90km.

@ SeaSonde inversions assume spatial
homogeneity over a measurement
annulus and use the antenna
pattern.

@ In 2014 paper [16] (4.5MHz in
Scotland) waveheight and period
were measured by averaging over
10 range bins (41km - blue dotted
line - little variability reported over
that range) and over 3 hours.

i - o
" 115°E v " 116°E @ Measured direction found to vary so
only measurements close to the
radar sites used - black dashed
EY annulus.

N 18
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The Sheffield-Seaview method

Wind direction

Small encush?
Modified = Mo
spectrurm Yes

discretisation

Integration
*
Simulated
Doppler spectra

Wind direction - using maximum likelihood method
Hs and T1 using empirical formulae
Integration - evaluation of RHS of 2nd order equation.

Modification - uses difference and the value of the coupling coefficient.

e
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Accuracy and Limitations

Wind (short-wave) direction and spreading

AR LY L IW..’F'
|t " m l,“l MH\“‘“ n)llv

Mar-2011  Ape-2011 Ape-2011 May-2011 Jun2|]11 Jur2011 2000 Aug-R011 .I‘qu'.'IH Sap-2011

Tne series of wind directions measured with the
WERA radar in South Australia compared with
winds from a nearby Bureau of Meteorology
automated weather station.

figure provided by Charles James, SARDI, SA, Australia,

Wing Direction {deq)

ferr

20

184



Accuracy and Limitations

Wind (short-wave) direction and spreading

Comparisons of radar
and scatterometer wind
directions from locations
around Australia.

COG dsts histagrar.

] ot

- I

- ' N ;
'. 'i .

i

The colour coding is
percentage of observations in
each 10° bin.

. Maximum on the scale is set
= B - = at 0.9 x the maximum
B “  percentage in any bin.

Bins with < 2% of the
maximum are not shown

statistic CBG COF ROT SAG

HUmDEer of data pans ITI5Z JO5E 18061 BdZ6
Direction difference * -8.13 8.08 6.80 3.33
95% confldenca intarval 043 0.68 0.39 0.56
concentration 6.71 4.37 5.09 5.30
Complax comalztion 0.92 0.88 0.90 0.90
circular comelation 0.68 0.76 0.80 0.79
o~ 2

Accuracy and Limitations

Wind (short-wave) direction and spreading

s SAC QT/N4201) 2300 WWDS WDIRGC__
Koo & Radar wind
sl ®  directions (small
black arrows) and
ol DR | spreading
' . (colour-coded) with
occasional overlays
i il i1/, ofscatterometer
winds (red arrows
e o 1, scaled by wind
- ey _Im speed).
woawE M e Y wrE
% 22
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Signifcant Wavehaight m

Accuracy and Limitations

Waveheight
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Accuracy and Limitations

Other wave parameters

Hs, Peak IZIII'EC[ICII'I Peak Period Radar, wavebuoy, SWAN wave model

ﬂh N J”\,,n A "L\P\Vf\ v ‘-%_/”u;\,\wﬁ_ ,-r'. ’“h.u-jk."‘f'”\f";"';‘*-»"'l:"‘"h_;‘:
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2 -.-‘-'-'-- P rerrm v
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Accuracy and Limitations

Wave validations at Wavehub

Mean direction

Energy Period, Te

L

Semtny pari

510 1 . 15 .
104 =M - LR :i: I e g I -. . : 12
230 ] 121 s /f I
= 12 A
J_“: 00 " _E., 1 """f’ o
é 150 i . 3 l:- ¥ fse s 0s
104 r"{f? v T fr e a4
J:;" o w s 7 o Bl: 085
el / i L5 B 7 B =07 [ 0z
o B I I 1 51 Obs 3573 |
9 1 200 300 4+ e
Buay Dir {deg) 4 5 & 7 B 9 10011 12 13 14 15 18
Buo'_l."l.'ttej
Colour-coding is current speed.
Kindly provided by Daniel Conley, University of Plymouth.
=
S 25
Accuracy and Limitations
Spectra
B I |]. Notes
. = @ Amplitude ranges are fixed
E and are logarithmic to allow
', F better dynamic range.
\N\ . .. @ Radar has a high frequency
s . L — cut-off that depends on
_ s i 200 30 radio frequency.
= radar LE
[_—"“”’ - @ Main differences tend to be
- ; at low frequencies
« 1  (sidelobes, separation of 1st
_ - - and 2nd order) , high
| W N frequencies (cut-off) and
e M N | low seas (noise).

How Ean the comparison be quantified? [15], [10]

A
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Accuracy and Limitations

Spectra timeseries

Pisces in Celtic Sea WERA in Norwegian Sea

a2 L FELE] bk s Al [IE L]
2000
upper panel -radar
lower panel -buoy.
= 7

Accuracy and Limitations
Limitations, constraints and requirements

@ Radar configurations not always optimised for waves.

@ Separation of wave from current signal in noisy or highly dynamic
environments is tricky.

@ High waveheights cannot be measured with high radio frequencies
{needed for high spatial resolution and interference aveidance), aiming to
extend waveheight range using Creamer et alfJanssen formulation,
preliminary results encouraging, yet to be fully implemented.

@ Low waveheights cannot be measured with low radio frequencies
(needed for long range and high sea measurement). Solution is to use a
radar capable of operating over a range of radio frequencies with
automated waveheight monitoring.

@ Range and coverage not fixed — depends on radio frequency, interference
environment, shipping, waveheight.

@ Phased-array radars need to maintain low sidelobe levels for good quality
wave measurement. Need at least 16 antennas in the receive array to
achieve this.

@ Averaging Doppler spectra over 20 minutes or more is needed - now
implemented on some systems

ey 28
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The Seaview Software package

comprises:

@ Creation of static data (and graphics) files containing deployment

information ‘.sdt’;

QOutput to an hdf file ".sea’;

Inversion configuration file editable by the user ".conf’;
Utility to read Doppler spectra files in various formats (WERA: ".spec’);

Core inversion in C: 'sea parameters Dopplerspectra’ ;

Post processing utilities mostly in Perl and GMT for plotting, text file

creation, grib available, netcdf to come, database upload;

Web-based data viewer;

man pages and site-specific documentation.

Can be run offline (any Linux system) or within a server

(Debian or Ubunutu).

e
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The Software package

The Sea program

Command line:

sea -C dual.conf -5 882.s5dt -v -o 201212032303 .52a specd/Z0123138230%_pen. 582 .5pec spec/ 20123382303 _per . SB2 .apac

Thia is ama (version 5.45-pzaT)
Copyright (o) 2004-2013 Seaview S=n=ing Ltd.
Copyright (o) 2001-2004 University of Sheffisld
mrsluiively lizenaed to Seaview Sensing Led.
ALl rights ceaerved
Psing =tatic data fil=
M BBE . adE
Uming configuration file
Lfdual.zenE
Using Doppler spectrum Eiles
./ 5o 20121182305 _pen.SBZ . spec
LS/ 2012IFE2305 _par (SB2 apes
Pirectional wave spectrun oukput File ia
201212032303 . 508
Inverting all cells.
in total
initial guality walues
Wilth radials
Wilth curraent data
pass current goaliky test
have nedghbours
segnented
nedel baans
nedel cwlls
with feasible HF speotrum
of lnvertible quality
have neighboucs
te invect

CRCRLRTRCRCET NIRRT EERF-]

Wrote global data
LEE discretisation ls square gqeid 113
Inverting with Chahine-Teomey-Nyatt (CIN]
iterationz 109
relaxation 1.00
Row-aorass 18 heuristic fold
Linesr Creamsr moltiplisr 1.00
3.24 0,912 0,911 [1] 3,22 0.913 0,912 [2] 3.17 0.91& 0,915 [3] 3
0.89& [4] 3.41 0.903 0.902 |5] 3.30 D.209 O0.90B [&] 3.1% O0.914 O
3.15 0.91& 0.91& [E] 2.1& D.916 OQ.91E [9]
9 cells inverted
[11 121 [31 [41 1531 (%1 (71 [8] [%]
9 culls paat-pracssis
Inveraion completed (0 ssc, 0.05 ses/call)
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The Software package

Post-processing Utilities
Command line: seahs -b all -o hstest 201212032305.5ea

Output file: Corresponding man page:

LT G MEELIE GG LT L GRG0 [ [Tr——— i
SalEame wnamTa [RTE

3 AlGdies DNoama S aETY 34% i fen i S :uu nim e

G T 0TGN0 LA G LA 1 HAW bl - v e slaldices seshaighc £ Goomn

b hoGeMd GRaeida SE dE 218 GklE KA A1 ad N6 I

4 -8, EENRLD NN ﬂ ll“ﬂ TN XL l.| TLEET EWFE EONLY N3N MLOAW

7 4ERAdEY S MM 0L0ABE OO 4M PEH 6okr 1Ae 94304 M.E6R bl fils formar dmmicm the ke e sl o -
ZaliEma RECEEITII oENEaTEN ENAR 20111 EATE TTL NN ER m.2e

9 4B SNNETI]  OOWBROLTIIE BT LB ELEM G4 9500 N.LB o din b bbb by st s (ke it demat s

=
L LRIl o] o ke Lol e Lk

< 1
lII. ars Jhnkl I.'|

Dhe  Fovmal dn plais BECEL. Rasky ile smwbsbs o o suser ol e,
S i 3l TRre e a6 b e Mo 1L

e l:I: Nk TOIET GRTEREM R, e LDl for mede Lnformrim oy

L T T
e okl L
Mha lekinmds in ey
i bepliose 16 deprems
e keac lisit o imeaecics Bf s fremancy oE)
Mha oppee limit wl i epration ui wie dregarey d6ni
s sigficun sl 1BNLEAEI

e pacicd ‘s CIER mEmanr T SRR

The whole “.sea’ file can be explored S
using ll5dump. Faciod of 16 IpECIEEL pRs IRRORR

e s AIrC1im HeaTHa cloctslie free s
hn wwrr mrwd e
ST
T

2.0 B
seamiE Al L

Z
-

The Software package

The Data Viewer

» WiewWer

N
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The Software package

The Data Viewer

= .-*. .
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Endorsements

"Empirical and theoretical wave algorithms provide reliable estimates of Hs.
Seaview delivers high quality direction estimates and good frequency
distribution of energy”

Daniel Conley, University of Plymouth, UK, from a presentation at UK
Challenger Conference, 2016.

"I am happy to endorse Seaview HF radar processing software. | would
especially like to complement Seaview on customer support during our
preparation phase, through onsite installation, and in supporting our desired
use of the software. We found your team to be informative and responsive
as we developed our onsite hardware planning in preparation for
installation. | would argue that the scientific expertise resident in Seaview's
human capital should be considered a significant selling point."

Dana Savidge, University of Georgia, Skidaway Institute of Oceanography,
USA, extracts from a letter of support

A 34
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Some examples

wind 241 12012 0000 UTC

Directional distribution of s 3
wave power during Feb AR
2005 in Celtic Sea. e T
e g — T ——— AS
i Lo
iE [ s
E L.,
21°wr s f" =1 @
- w5
4 ot ]
* I 7 e T T S
i b S T
g i “=  \Weather front seen in
: - - _ radar wind direction and
i ' | spreading map.
>
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Some examples

Wave data from South Australia
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Some examples

Wave data from West Australia

Tp Wind direction

o wng FTET | B200UTC

Wty

e e —— a

- 16'E [y “ ia'E -7

n='e - = '

Depth contours at 50, 100, 200, 500m

Directional spectrum

Some examples
Data from Coffs Harbour, NSW

Current Hs and mean direction

TN E 1B 30

directional spectra at red crosses

T
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