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‘ L In Canada's Northern Regions floating ide sheets are cften used f"
“ ,g7 -as.roads for' vehicular traffic, including large trucks, and as : X
. gi | runways for aircraft. Operators have_ found that a critical speed ;55
' exists for movement over these roads and runways.. Movement over .‘"'”"'
the ice sheet. et this critical speed causes large ampl tude wa&ps..

. to be. generated in’ the- sheet’ near the load. Thus, it is very

o S 1mportant that operators avoid this speed. | o .
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Experimental wOrk has been done on this phenomenon, and . .'.[ ;, '.k '55
.,”researchers haVe developed theoretical meanSwto deterﬁine this . - ‘Wéﬂfg

.~critical speed. ‘Until quite recently ‘(mid 1980s), there had been . * i
= ... no measuréments or predictions of the- wave patterns generated\in '
TN ice sheets, -and the limited predictions Were conflicting. R R

_ " -ﬁ, i I o
‘1n this thesis, -an experimental approach was’taken ﬁE_SEternine '

‘the wave patterns generated.in aafloating ice sheet by a moving if<:'~?ti
’ : load. Several different moving loads were used,-and the ice was.
v ;1df R modelled in various ways: - EG/AD/S model * ice, styrofoam sheeting, =

A% -

i .-__and polyethy}ene—sheeting"—~ThecreticaI————aIEtions of the, L -~
i patterns were also produced. The generated patterns agreed with o ‘_'
f" Mf'f the predictions.' _'.{ - ¢ u " ,;. e E s 3 e T et

;i ' ' e Lo 2 v A T

e : It was also detErmined that the- deflection depression ‘caused’ by 8 '? ”&
'y:fv o the. load at .speeds less than the critical changed shape Qith Q ‘ {}-':ﬁ
speed. ’ The tests also indicated that the critical speed. is much

more a. function of sheet characteristics than 1load F S

characteristics. e A w0 AT Y h-ﬁﬂ
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" CHAPTER 1 . INTRODUCTION ' -

1.1 General I : ) ~

- 2 - . . 3 . §E v

b \\ o .« & ;‘ ..' S vy, B I"

‘The ability to- transport people and goods over floating ice '
aheeta in the Canadian North is oﬂ great importance. Floating
ice roadWays huve*been uoed in sevoral locations ig Canada for L

S many yaars. . 'I‘hese ice roada are used by operatora to move a

'variety of gooda to and from ilolated oommun ties not serviced

s s

‘_by alll-weather roads. 'rhey are used by mining, logging and oil

':Companies to Qet to sites which would be otherwise _' ore T

w-..

Finaooessihle.i_ﬂintar 1anding strips are also set \Ip on
’ floating' ice -ehaots t:o allow convanﬁional aircraft acoeso to - »

<sitos otherwise inaocessible. e % |

.
A

" " e _\. i, . ™ . o
i :

' To prediqt the safe use of t'.hese floating ice roads and

L runways, two. oonditione must be considered i Firot, the atatio

o‘l-

0 oondition ﬁust be oonsidered. This is m bearing oapacity

-v'problem and involves tho determination of the maximum etatio or
'I-quaai—static 1oad ‘an’ ice sheot oan support 'I'.his problem has
fboen the subjeot ot much study\. Kerr (197‘5) has developed both
% .theoretioal and empirioal formulae giving the aliowable load
' .:.*:Ibased on meohar&ical properties of the ice 3 ioe thioknees, and

( in the oase of. 1ong duration J,oado ~whera oreep oan oome into

play) time. " , £ L F oy TR L

R

— "

B
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y ® \\\ advantage of the phenomanon for ioobroaking p“rposag.

Secondiy, the dynamic condition must ha &onaide'fed. Loads
moving over a floatinq ,ice sheat at ~high speeds, genarate ,' A “

- flexural qravity wavoaén tha ioa sheat in. tha vicinity of the

Tt

'A‘J.oadq, At a certain "critical spaad" tha ampli'tudé of theae
waves ia a maximum - and the deflaction under tha load is | —
greatest and oan be two to three times the dtatic deflaction \ a
' for-'the-same 1oad. : Thus, 11: can ba sean that a load which is\
doterminad to ba safe in a static condition oould ha quita \ '- 23
unsafa if i£ were to travel\at tha crit cal spead. Although L
transport operators \genarally try to a oid tha oritioal spaad, A

tha Canadian COast Guard has recently uaad hovercraft 'I:o take ]

h BTN ' e
Se.veral i‘spocts of this critical 9peed phanomenon will be -

’ eXamined in this thesia. """ o

1,2 ,Scoip'e'“of,‘WOrk e, R

e

o Although many reaearchars have atudied this phenomanon

- 'experimantally and theoretioally, iii is’ still not well .

understood.,_ '.l‘his thesis repofts on raoent work dona on tha :

”“.:fcritical apead phenomenon at Hemorial Univarsity and at the .

‘ . A . = s R
‘.

. N s b = g
.-National Rasearch CounciI 's Instituto tor Hawmics. _-,.-"-.: .

" . .y - . = - . v .
o P . o . o . - i, it & . 1
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AT 'I.‘o understand how a floating ice sheet fails under the action i

i

' of waves—induced by a noving load we must understand how the
~ ice sheet defor;ns under the moving load. That is to say\we
: \ require an understanding of the wave patterns generated in a
\ floating ice sheet by a movimg load. .This thesis will study
wave pattern generation in ice sheets. In previous studies, .'
data on wave generation in floating ice sheets was obtained o

o using{ single sensors. This data was not\ fficient to

¢ o }-“

.~determine the wave patterns g erated. . Th thesis will try

‘ .

h obtain improved data by’ us"ing multiple sensors. It :will also

i -~'attempt to predict these generated wave patterns.‘. 'I'he only .
""_predictions :I.n the literature are quite recent (Shinbrot (1983)

| o and Davys et al (1‘985)) ‘and- «are conflicting. In predicting ‘

these wave patterns el ideaily, we would like to predict the wave ¢

-— ‘ fatnplitudes as well as the crest patterns”‘* Amplitude .; iy

: a

B \ predictions, however, can be expected \o‘ be poor due to”

& . '{-' dissipation and non-linear factors, both of which \are ignored
i

S

- crest patterns. g e e e T og 8 _

e Fcr this reascn, it was \decided to coneentrate on the Wave

e @ I3 2 - 0 Py & 26k * g 4 . ) B .
Fad s s ! . Yok . 0.. I i 9 N "_(. L o

. o'y ‘.\ \ ) .' I ﬂ.‘ = " ~ ~ ‘ y '..'v““~ W ‘ .,'.'_.' ‘ ‘-'I..\
« -The thesis iﬁ' organized into six main chapters. -
"'(_: . -.K-. . to "'. : o K o '. s, Bl G w "o . fa . ;,.;.‘,\‘_

» v - N 22 B!

o S\ ) i NG
. o . . - " y. . N TR L
. ‘. R T .. - s LI, \‘ v iy Sy

}:hapter 1 is an introduction. Chapter % is aL literature‘ review
‘ TR L B .
on the critical speed phenomenon. 'rransport over ice is .| : .;,: o

dovered as is high speed Air Cushion Vehicle (ACV) ice breaking. ;




n\:‘

'oChapter 3 contains wave pattern predictions reported in ‘@;
literature and als some'deve10ped at Memorial University or
;‘Newfoundland. For this, ice was modelled as membranes. thick

liplates and thin pldtes.. Tg% various models -are compared.
'Chapter 4 outlines the objectives of thekgrperimental work. -
4Chapter 5 describes the experimental work which was done. .The.’
texperimental facilities are described. Each set of experiments
iis treated separately. ; Includeg is.a description of the
,experimental apparatus and instrumentatiqn followed by rgll
‘jexperimental procedures, presentation and discussion of : J'ﬂ;

,gresults. Chapter 6 containsaconclusions and suggestlons for

A

LY ]

‘ | .-'...‘.,I'

f ] 9 & - .
& Iy - s ‘.‘ . y P ’

future work- bt i Y S ;"['._ :fa" e Q<j’"’=



‘CHAPTER 2 LITERATURE REVIEW T .y iy
: ’ g &”I . L _.'\. . LI . ‘/\“\

. 2.1  General - o : / T T TR
" ) 1|\ ) X iy ‘ .:' I_ : EEERT . ' = . .I. . o = .o - . i .

Al stationary load resting on a floating ice sheet creates a
howl-shaped depreesion centered at the. load. If*the 1oad moves

at, low velocities, "quaei-static" condition exiets where the o

@ e, ERTH T

bowl-ehaped depreeeion moves wi't.h the 1oad. —If, however, t.he

1oad> moves at: high velocities, flexural gravity waves are’.

generated in the ice sheet in the vicinity of the 1oad. In

-

this condition, two’ distinct wave forms are generated Short
& | wave -length, high frequency waves precede the 1oad a?ud longer

‘..';' wavelength, 1ow frequency waves foi-low it._ It has. been
‘ obserVed in the field (Eyre, 197‘7) and in 1aboratory N .
expsrimeni‘.s (Whithan et al’ 1986) that the wave patterns K e

generated by a 1oad moving at constant speed are fixed relative _

1 . ¥ . -
. 1 gl . % T

.to im ‘ . FRE L o, P .
. .‘Q‘ y - ) pa et g . ? * s i = ; - N e

L

'I‘here ie a certain cut-off ve]:ocity below which no wavee are * &

genera\ted by the moving load. , 'I‘his velocity- is elso a critical |

'~ve1ooitﬂ and at thie velooity the amplitude of the generated

waves (ae well as defleotion or the ice sheet under the 1oad)

il a. maximum (Eyre, 1977).. _



2.2 Theoretical‘work onFCritical Sﬁeed"

-

Thé generation of waves in a floating ice eheet induced by a _

Yo dp i, moving load was first obeerved by the ‘Russians on an Yoe eheet'

over Lake Ladoga during World Wer II.‘ shortly after. the war,'

Ivanov-& Aesoc. (1946) published the firet papar Which . ;”ijf

dilcussed the deformation of ice covers by moving loads.ﬁu

“ o = ’ .".

g® o o™ 3¥ g ., ; fy - ;

S

"L Holl (1950) considered a load noving vertically up and down on
’-1”_‘¢'; a thin plate resting on a Winkler foundation. The Winkler~i:'-;_3=;*
ol s foundatiﬁﬁ aeeumes foundation preeeure proportipnal to | |

deflection' o ’ ‘.JI 5 . i E . :_- il # .': " 4 . I “; ‘. = . I s,
MG B AT L L e PR s e R e

ﬁ'; ’riveSIet_T1953Y_éxtended this solution to a unlformly

distributed rectangular load travelling at a constant velocity”

g 5 - on a thin plate resting on a’ Winkler foundatidn. He ;éﬁ {{ T
- ‘ SN : o e
: X . incorrectly analyzed the singularitiee in hls reeults and came _' ;

N - -

‘_'to the erroneouefconclusicn that at velocitiea above critical

) ,derlectione under the lcad became infinite._ Thie incorrect
'i;analyeia was pointed out by Nevel (1970).‘ Livesley treated the.n
\':_watar baee as’ a seriee of ideel eprings and the action of the

_ ',water on the sheet waa represented'by-simple Kw terme: K being

"alw-;a spring constant and w, boing the vertical deflectiqn. The

%;inertia of the water and the loaﬁ wae not considergd and, thus, e &

reeults obtained ueing thie type ot analysis cen bo cohsidorod S




§
qualitative at best.. Thie tYpe of analysis was extended by
Piszczek (1958) He considered a plate resting on a Winkler
foundation and analyzed the effects of a moving load, including

~

its inertia. o

v

v <

Even though inertia e fects of the load were now considered,
the responee of the li id hase was still being deecribed by
simple Kw terme ’l'o do a zproper analysis of the :" sponse of a

floating ice sheet to a moving load, it is necessary to ok

~
‘r/

describe the response (including inertia effects) of the liquid .

base with equations of hydrodynamics. o

. ot & o 0
L L ¢ e 3 5 @ . i® _»‘ s . &
. - e 5 % ZCU L % 5 4 G
. : f o ot @™y RN oW o g & o ¢ 3, 13 2
. > > . e - x MY w4 .-' S l-. 7
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‘e

'l'he theory of flexural uaves in ice cov\f;r_s/was presented by

Greenhill ! 1887) - 'l‘his theory outlined the response of Y

) floating ioe sheets to water waves. . Wilson (1955) attempted‘
to analyze the problem of waves in ice caused by moving loadsv
by applyi_ng Greenhill's theory and a theory by Hertz (1884)
(deflection of” rloating plates by static loads) to the critioa}.‘
speed problem. He obt‘ained the following expression for the

e critical. velocity.




.

| \ 922 n3/4 .

—

= o

" 'c'ot;(o.ois‘p_gﬂi + 0.0135 hl/4)

. ,K = water depth'

B

h = thickness of 'sheet ™

E - Young's modulus

4. >
.

¢ = ' 5
* : A— —
.
- “J

v=- Poisson ' s Ratio

“:‘ . . e 2 b 3¢ a
R s o . ¢

% ‘.'.

Wilson also carried out: two series of. experiments on lakes in

Vo

Chelsea, Miohigan in February, 1954 and Mille Lacs near '

Brainerd, M:(nnesota in February, 1955. The results showed the

'.'f e
2 i )

critical speed phenomenon very well. 'I'he author concludedothat

|
the match between results and theory wae qood considering the

theory was only first order ,and the test conditions were 1ess

than ideal.




Assur (1956) who had workpd with Wilson on the 1955 fiéld tests

attempted to imprové on Wilaonls approach.- According to Neve.l
(19‘?0) , both Wilsoh 's and Ivanov's approaches are . incorrect, -

but both do give approximatoly correct oritical velocities.‘

/" L ’ o B .’ : . " "'_ J :
b s -:' = o -(? = = L T s T . ., . " u
Y

Tho ﬂrst systamatic fomulation of the critioal speed

phanomenon for moving 1oaas on, floating ice shgets isi

" .
.

atgrihuted to Kheiain (1963) His analysis is ‘iinaar. - He_.'u:ses‘

pl,q.te theory and equations of hydrodynamiog to model the

&

system. _ ha diffarantial equat:].on for tha motion of the ;:late
is. ' ' . '

S T oA Lo L., DA e
LU DY+ Pg P:I. L hma(% Y, t)
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“

.':"‘ Thus, the .céritinui‘ﬁf,.et;uatipn becomes:

Tiie Iliqu‘:i.d which »su'pﬁort._s _'f:he plate is _asm‘;rﬁ‘eﬁ té be inviscid

* « -  and incompressible. Its ;'gotidr; 18’ assumed to be irrotational. .

SN g RO R
e T i %

»

. S \ . TR - : .
’ . X,Y,Z: - stationary cartesian coordifate system .- g ‘:_;
- ) 4 N : ) . 2 . ‘
sy Wi vertical deflection of ice B ¥
. ‘ :.;\:“"—...; 2 i i L 4 ] Y
Pg: ° interface pressure (pressure of water on.ice) .-
-'___ g ' J L. - N, ’
Pit - Mmass. den_'sity of ice . . o P g .
. - I' ' ) . L ‘l \ - ¥
T time 2 @ oA .
” . - . . ‘Ia ¢ ‘ . " L
e ar, . load : . 2 : L

2% 324 026 - j -

L = = @ | o (23 v

IR L W S - : ) 2

: 99X ) .. ay 4 a4z J . -
} - . . T o . . ) e ‘ ¢
¢ 1= 0 T _ - (2-4) :
gf’ 8 - %, ’ - . ; ) 1‘
F45a = . . oo e -
Jl}f: ) e " , ) = ; '1'-:1

AL
52 .‘F
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For an i*rotational f£low:

L -

U] .

vox U

w .
T
¢

“ . ¥ must take the form:

.

—

whare v is tha velocity vector. '

.

P % o Y F w ot B
1 -

Next, Bamoulli's equation for unsteady flcw is used to solve

for tha pressure at the plate liquid interface.

. % aé i )
+opg o+ g F(E)

at ot

since as (x%+ y2) + =, Py = ‘p}g\z' and v =

-

it £ollows that F(t), = 0.

‘ -L‘ ‘: ‘,... .‘ ‘ W . . . - ‘ P , K . '_.l s ' = |
Alsn, since tha pfvzfz term is ndn—l:i.na'a;:, it is naglected.
'.t'ha valua ef thie t:arm tanda to ba negligihla anyway.

_'The 'rescic;l.hg:b}eea\ire- is _ae" feilcwe‘:
:.I ' “ %3 ."-' - ) o 33; -
;. Pgim _P‘t gz +t Af e

el T L :“-.—" v

o _, 5 o ‘4 RE
O R P Lt




‘ . Equation__g-é_‘?was then sqbstitut;ed'iritd ‘Equation 2-2 to give the -. ?

_plate equation as follows: o _ , . 2

\ | c o . ‘ - % . ¥ o R ';

Ll ’ ' 2w aé 2,

oo Dvé4w + _. + pF 92 + “pp__ = ¢ L (2=-9) R
;'I'his equation along with Equation 2=3 constitutad two ,

,'simultaneons equatiena in two’ unknowns, W and ¢. g
' THe following boundary conditions were also used.  At.the =

I . 1] o . -
‘surface, it is assumed that tht_'ara is no ‘s_eparation between the’

ice and the water: . C e

E‘his equation simpiy states that the vertical velocity of the

' water at the interface :I.s equal to the velocity of. ‘che ica. .

The bottom boundary condition is s
e
', o B ~

a4 LI



' . . 3 " I . I 2 - . . )
v which merely séstss‘that the vertical velocity of the water at

B T

z'= H (the bottom) is zero. y 5 o » Sl
PN N

'Khoisin oonsidsrsd two loading situations. " The first was a

concentratod load moving at constant geloolty along the x axis
~ovgr.an infinite plate of thickness h ®esting on. an ideal .
i; S' : _-;1qid. .He also considersdﬁths dase of a constan£ movingulins ‘
| | Jord. In both oasss, it kas;assumsd ttat the load had been
'travslling at constant speed for a’ sufficient time to allow 1"”

3 '_._t '~ transient sffq@is.to die out, and thus the problem could.be

trsatsolas-stsody'state.i; L et

o 5
- -

_ Khsisin now solvsd ths two equations, 2 -3 and 2 9, and obtained '?-;
'l‘axprsssions for w and ¢ in intsgral form . At this point hs _Ff B bt

L ‘restricts his discussion to ths shallow water bass. From hls

‘results, Khsisin concludad that the deflection under the 1oad
was finits at ths critical,velocity. ‘He also conéluded that

tor the thras dimensipnal cass no critical veloc1ty sxisted.

\

..'.

‘.a,

Nevsl (1970) qttributss Rhaisin's predictlon of a’ finits

."darlsction at tho critical velocity to qn incorrsct analysis of ;[

‘the singularitiss ‘in his final aquations._ Nsvsl also found

that Rhoisin was 1noorrect in his conolusion that no critical

velocity axisted tor the thrss dimensionsl cass.__]“:uﬂ~.ﬂr ﬁ"}-'

PATILY, <1 VU TSI YR - T S AR SRR, IR S SRS i
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Nevel (1970) extended on Kheisin s approach. Where Kheisinu
_ considered only a concentrated force, Nevel also considered a-
I-force distributed uniformly over.ta circular area and -computed
stresses in the. plates ag well as deflections.. Nevel made the * 5 p;TP
problem as qeneral as possible and didn't limit ice thicknees t
or ‘water -depth. tnough both were considered to be constant. I ' '
Much as Kheisin had done, Nevel considered an infinite elastic
plate floating on a liquid. The liquid was- assumed inviscid B ¥ ':f
and incompressible, and the motion of the’liquid was assumed to’ | R
.:be irrotational., T?e vertiqsl load P moved along the X axis at L,
constant velocity. The ice sheet was assumed to be . '.j; 3 -;:fﬁ
hoﬂﬁgeneous, isotropic and’iizstic.' The first assumption ' st ul

(homogeneous) isn't too bad, an’ assumption for freshwater icex
¢ . _ >

however, sea ice with its brine celLs can't ae easily be

considered,homogeneous. The assumption that ice is isotropic

is only a rough approximation._ The elastic assumption is good

-

'as long as static ox: quasi—static conditions are avoided where

creep can come- into play and make the Jice behave in a visco- .f

., v g . 4 @ . = v .

elastic manner. R _,_c
Ce T S e e NP A RS " e
Using thin plate theory-and hydrodynamics, Nevel starts with - = .~ “T:iﬂ

- the’ same equations as: Kheisin, Equations 2-2 and. 2-3. - He uses

- &

:_1 y & Bernoulli's equation and makes similar assumptions to _obtain

¢ —

quation 2-8.
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Then, using the method of Fourier-transforms, he obtained

explicit aquations for the sheet deflection and also for plato

curvatura in the" x and y dirootions.

2

"Thésa:eqﬁations-contain oomblicoted iniegralo ond‘dalculation

ot derlection& an& curvatures using them is not a simple task.

Nevel does, howevar, solvo these equ

oéions for varying dopths

of wator and thicknesses of ice and presenta his results -

graphioally.‘

Figuro 1 sgows critical velocity ‘as.a’ function of ice thickness

_If ico proparties (E, p and u) are known and diffaront from those'

‘_’ aosumod in Figura 1 than Figuro 2 can be used.\

~

; v

i

tha critical velocity is a runction of watar dopth and

"

Q

z‘ ,Pw

i

and,wofe: dopth..

'50,000 kg/cm2

0.33

It is based on the‘following ico properties' :

w
& .

*

ﬂ_\
%

N

P

L

9

‘ 'oonsitios: i?--;'

A

¥ I

e i

= 2 2

.. = . . .
/’ - "

."-‘.

’ Youngls"nodulio_oflfoe-

Poisson's Ratio of ice

In® thia figure,.”‘-

oharactaristio langth Charaotoriotio 1angth is givon as‘follows. g_
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RN Figure 3 shows a.ratio of deflection over static defleotionrae'
_ a function of velocity over critical velocity "The critical
E".}' . 't speed phenomenon is- illustrated very well in this figure. It
;Aﬂ. S should be noted that at the critical velocity the; deflectipn

‘:":: . : becomes infinite. _This ie not the case in practiceh and N el

=, ° [

R attributes the" discrepancy to assumptions made in the. =~ .
s . tl.-'\ "—'\ - ' -‘-,.‘..
@Q;if' 4 formulation of the problem Namely, (1) The vz"tern was .
« ' dropped from’ Bernoulli's equation to: make~it linear..-(Z)

'. Dissipation in the ice and water was neglected (especially

};7~}»;1’~;‘*mechenical propertiee of the ice sheet. since in practice any.

or all of these may vary, it could change the prohlem froh a.

, steady etate one to a forced vibration problem under a general

i L] . . - ¥ D P . .

1

1
“+

'Kerr (1982) ektended.tne'

. cgnsidering the effects 0 in- ne forces.l All earlier work

had coneidered the in-plane forces to be zero: however, due to
_ conetrained thermal strain, these in-plane torces can*be non-w'

zerq.- Kerr determined that compression tields reduce the

........

ice) (3) H and h were assumed to be constant ae were'the :v.‘f ‘5

udf'of'oritical'speed pnenonenon'hy o o

critical speed, whereas tension tields have the oppcsite effeet. "?ff



,5'-'-,critica1 speed phenomenon in a different way. since the ; '., ,f-”

i}?“_'- “_1f ritical speed. occurs at the minimum phase speed ‘for waves.in |
%ﬁsf. B an ice gheat water environment, they start with a dispersion o ';ﬂ g
gé?f‘fi '_: relationship. The~dispersion relationship for deep water .is as *;5;1 Zj

fcllow5° o - SRR .o it

i

. D k5. ) (pwg - ph e K - pw? =0 T (21
;l’-k - _wave number = 2r/A » . . $“ IR .
-sf‘bi 'F uc-ice’density ,"4? Qﬂ*lk"y.“- ' ?j,"'.éé '
2t i “pﬁr ﬁ“;_ water density s, ET ‘ ". j? i!w
is}{fﬂxié'dh! ’ tlexural rigidity ...i N ?‘ -
AR :U‘:fi‘_,— circular frequency .*-;-" e | if" ‘ i

LR Rf . dcetniokness: o
?’\p i oray ) . Lo Nes Coae
£ = A _'-13-‘_wave:length el R a > s 0 - -

. .

. 2 . % ; 5
y - . ¥ 5

Since phase vel ity, cp" w/k, the above dispersion . _ ;" 2T
“'”.,-f E relationship may e expressed in terms of Cp‘ N e *l‘f?{ft" S
T T . , \\;_1 | . N

. . v P v - R = . / ‘
” . - ) L > o oa B " ° % B 6 Ty & e ¥ e “ = D oM
. oy 9 @ N - G ol 9 . i . o wg & . 5 &
s s 4 . - ¢ Y owgta™ . ¥ ? X " *
ik TR T 3 pihk + Pw P TR T 7 "
% . .. I ; RS . . .. . i ¥, A 3 s D 4 - Vg o Mgy
. g S d . \-.." ) ‘-'_ - S 7 % ~r Te et ¢ A
S 6T _" '. ) . & . ; 2 o - / : ‘.l LA .‘ i

: By difterentiating this equation and setting the result to

k

zero, the minimum phase velocity can he :ound.




deg =y d
J-v\:‘ ';“»

aDk3: s

e
—~
1
KA .
[}
S

5 o .:?pzmin .
e | §2o3hk + o)./

iiéf . Waves can only exist at speeds above_cpmih. '?no éronp velocity - .

u i Oy ®,da Jdk, and san be wveltten:
b g - K\/ S . . -~

T e 4Dk 4 pucp? . * " .2 °®
. "'cg d ! .
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T':-; : This is tha speed at whioh enorgy traVela. " ia-ﬂ‘i.'_-.?;"_;-f}f':
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This group speed is. numerically the same as the phasa spead

v

when Cp = Cpminr indicating that the phase apaed and group ':;{¢I'

speed ara the same at cpmin-" In ice, the wavos'created by ‘
moving 1oads appoar stationary with'respeot to. the moving load._
That is to say the deas travel at -the same spaed or have a I?f“
phase speod equal to ‘the vehicla speed. This implies that at ‘
';:3' .f tha critical speed meinr fhe energy travela at tha same. spead‘}_,fi

‘ N ; as - tha moving load:whjoh is tha soprca of. anergy& Thus, at the
;7.\oni£ica1 apeod tha energy is trappad and can not gat awdy from ft

\the vehiclo. This excess energy increaaes the‘Wava amplituda '.

*"ﬂ?f nt\tna critig;i speed. Hinchey (1986) hao gone tprouqh a e qlf"‘

: ainilar anglysis and reached tho same - conclusion. ‘f"” f.ﬂ;f_?f.f
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amplitude factor could exist, but in a narrow band of speed not

AT factor of. almoet 4 o. , mgh de:l'.'leotion amplification factore N e

L
* 3 o . - 1 B

’ .\\ 4w, 1 _. \ . . '

B o . v % »
-

RETRER i,

2f3.'Experimental wOrk on Criticdi Speed |
- To dete, the number of tidf& studieeéﬁn the dynamic response of u

ice. oovere s’ limitea. Field tests were carried oQ; by Wilson --l'ﬁf,

&

(1955) as mentioned eerlier, Anderson (1958), Eyre (1977) ‘and
Beltaps (1977) The reeulta of these fouraauthore' work are_
eummarizad in Table 1 (From Beltaos) _' '-‘.t v,ﬁf y J_'f L fﬁ
All he authors}meaeured sheet defleotions (although in various
ways) induced by moving 1oade., As can be seen in- Table 1, the L
observed!oritioal speedsh although th;y hadxa marked‘tendency :'ﬁl :
to be hianr than prediéted by Nevel's theory, all tend to be lif \:tf

within about 10% of it. hlso, the'defleétione at the oritical

epeed are finite, and the critical defleotion amplification ";H.' _
faotor (dynamio defléction/etat‘c deflection) qaries from 1 4 ) j¥;.f:iﬁ
(Wilson) to 4 6 {Andereon) Deflection amplitute factore all LT
tend to be about 2 0 with the*exception being Andereon (4 G)IB

Beltaoe explains this by suggepting that such a high deflection

hit in any O£ the other field teete.” .fT'ii-i '.Q‘?;euf;fﬁﬁ,.
3 B T T = on By " “ o, 2
. ) ‘. ) - .'. ‘ "_._'K'.‘/. “-'5 _.I 5 3 . . “_. -

This etetement provda\oorreot when; Takizawa (1978 ooncluded-

-

aeries ot tield triale and obteined a aerlgotion amplitude ;‘w ;ilf

(ahout 5 o - Q 0) were aiao obtained by the author in tests on JQ;




- !

fﬂﬂ:,- “‘ a model ice sheet .at. Hemorial University cf Newtoundland. |

- These results=will be discussed later in this thesis.
IE‘ . 3 . / » * . - . . -
: - « W LR T s e 2 - 5T 4= -

. o . £ . a -
Ky m .
AL - "

R LT Eyre s experiments were the most extensive cf the field tests., ‘ fﬁ}

; His tests included various stages of ice growth, vehicles

,,,

. T ' ranging in weight from 2, 200 to 23, 500 kg withﬂgelocities

e r]

. varying from 0 to T m/s. The elastic-modulus derived from “-._-"'*

ff"f . static load’ tests varied from 2 to 13 x 109 Pa., Eyre conductedl e
' T more than 150 test runs, most producing useful results. He" .

concluded that his data tended to support Nevel's theory.‘xnf

qe ey o ._" r : . . . M " .'_ C . 5 = . 5 " ) . o '
:1‘ i .: oL o . 7P '. sat ( 5 i R r{ o vt gt Tee 0 .
Ly e ro

= WO it
£ = A

_u“ Eyre also made use of a vibraticn transducer'in his tests to fz'~u“:r

measure Ghe noise i\tensity in the ice.a He argued that thd _
maximum noise intensity would occur at the po nt when maximum
fracturing wad taking place in the ice shest.. He obse ed . - at
maximum oise intensity did not occur at the critical speed but
f\ \'at about 85% of it.u If, as Eyre assumes, maximum rracturing is
‘i,j‘\\ cccurring at‘this p01nt, then tge critical spesd is not the ;
"0 o8 speed to be concerned with, but‘rather a spsed which is 85 of - _f'“

the critical speed.- This, howaver, cannot be explained by

B Nevel's theory. T PR o R , ‘1
: N e o as *oow e ba Ut
R "“-.-“ ) 2 & . L 4 . _,I'?.
t“;.f_g yre also s;udied'the effect of Vehicle speedron wave d

frequency. He found that the rrequency ot the stern wa\\H

increased with vehicle speed in a linear tashion.. It was found




gjthdt on a qivenmday oe conditione'unchanged) a variety of :
iljvehiglgg,ver?ing draetically in maee all. fell on the eameeline_‘_é'

T;on a plot of frequency vereue vehicle,epeed. -However,‘on - kP ';Jfﬁ

:different deye, theee 1inee varied (Figure ‘4) . 'Eyre attributed

*:thie to varying ice oonditione and, as. Eyre etated, thie B . _};’_

| "alweye a confounding factor in experiments on floating ice o ?'te‘ﬂ;
f\ e * TSN

e : 3 % S, B x ¢ CUUSRE

: eheete. PR L s gz v W o N A
Takizawa (1978) ceme up with a similar result., He concluded S ?}_35;}

'"=j;;3 that the vehicle weight only affected the depreeeion'depth and f'hjil‘

wave amplitude and had no eignificant effect on Wave length or -

"

_ frequency._ He aleo obeerved that at the critioel epeed while
: the maximum depreeeion depth\occurred the depression width wae-? ;jtl
a minimum.. Thie meane the ice sheet would undergo maximum -

i ,
) o

bendinq at the critical epeed and if ice failure ‘was to ocour,

-  it.mould be under tneee conditione.' Squire (1&85) conduoted a -

eeriee of field teete on the dynamic etrain reeponee of ice to

[

moving loade. He meaeured etraine directly'with the uee of

etrain gaugee. He preeente wavelength deta thet agreee well
o =

with the reeulte reported by Takizawa which were obtained from |

-.:_ deflection meusuremente. a,"”'

% H L ". ‘ = g . - e ® : 2 - u 3
S TR ke B3 - g el R b . s o
I TIPS - . - . - - B .- )

i

. = . . Y e ' .
K c:"'_,"‘“—n‘-‘-__"'" -

T Lo

j"Beltaoe opeerved that the maximum etreee amplification factor N

'Jiiﬁ;ifwae about 1. 4, and it occurred neer the criticel apeed.-

‘ii?kooncluded thie from etrein meaeuremente on th ice cover



(using elastic assumptionﬁ stress is proportional to strain)

) 1

This stress amplification factor was lower then the derlection

P

,‘Pamplification factor vhich varied from 1 9. to 2 3. Nevel ‘had “:T‘Tﬁ
L S »

predicted_that the stress amplifica?ion factor would héulesg,
than the deflection amplificetion factor. It should be noted
.that, even thouéh most papers report deflection amplification ‘. ,5.-f;é
factors, the. more important result is the stress amplificaticn g 25
ffactor, since it and not deﬁaection will dictate when the ice {.'J'T';?k
\" cover will fail., "L}:"‘ S o o

il g T -

:._2;4{:HiQh Speed‘Air,cnshicn'vehicle'ice'Breaﬁingx » :'5_' \T:"';

- - v = -'| Ry n [ - . = Vi n " -‘ .- - “l"’

_In the nid. 1935'5, the critical speed phenomenon became the -‘; . _ffﬁ
'-subject of renewed attention when it was discovered that under : »:, fﬂf;
o certain conditions air cushion vehicles (ACVs), which operated

_at or near the critical speed could be used to break - ice.

o . .
[ . £, . : =~z . s

- . » ;

| Hovercraft icebreaking was first observed in;Yellowknife in the,
winter of 1971-72. The ACT-loo-was towed by cable end broke 27

- inches (68 6 cm) of freshwater ice continuously at speeds up to:‘ .“H“

- 4"mph (6.2 kn/hit) . Bl AR A S T LA

L . s
«

The.Canadian Government became involved in this ‘work in the Coo R e g
winter of 1972-73 (Duttield, D. 0 and Dickens, ‘D. g/, 1974). e,

2
ice-breeking capabilitiee ot the ACT-loo were further tested at



Tuktoyaktuk that year. In simulated’cable ferry trials, the
available gz inchesf(ss cm) of ice was broken, and sucéessive

passes broke up the ice floes considerably..

. - o » '_ 8

Those tests demonstrated what has become known as slow speed

air cushion ice breaking. Several tests were carried out
q

subsequently with several air cushion vehicles (ACVs) ranging

in size, weight-and cushion pressure.‘ Most early testing gas

'done using non-self—propelled ACVs. These ACY(} ere either

.towed or pushed.~— Lo, | ey .

. . »
I * .

B . .

. . 4, & v

PRI y 5 o ¥ i & g Ne N g o .,
-

Innthe winter of 1973-74, the Canadian Government decided to

test a selr-propelled ACV to see if its lower cus'ion pressures

,'L>

s
[}
Y

The self-propelled ACV Voyageur was tested at Parry Sound,;
ntario, and it was crearly demonstrated that ice could be
broken. Ioe 10 inches (25 cm) thick was broken continuously at

speeds up to about 7. mph (ll 2 km/hr) This again was 81°W Zifn

a g ) ! "o
.‘ v oo z o S A
.

speed Acv ice-breaking,.-:,_z‘

v, o v o P v

. BN - 4
By % S P v . . oA

B y . g i . A P

: H*‘A ﬂtdrtlinq diBCOVGry came one day as the Voyageur was on 1t3

wayato the low speed test area., As it accelerated between=12

wﬁj to 18 mph (19 - 30 km/hr), a much more powerful ice—breaking;;'*L:*

.p‘ 4..‘4




. action WAS observed. qujabout %p/igchee.(el cm) bhick“ﬁas_;

fbrcken by - wevee set up in the ice sheet. Thie new eethed'breke
ice twice as thick, cver a path three timee as. wide, while

eperating at twice the epeed of the low epee?/mcde.

- P -
- -
'

This powerful new methcd of ice breakiny became kncwn as high
(N . L .
"'speed ACV ice breaking. N o :

-
- 5

-

,Ae mentioned earlier, the Parry Seund experimenxs were: meant to.
'-Tinvestigate ‘the slow epee& ice breaking capabilities of a eelf-.
:.propelled.jcv - This new phenomenon, hewever, appeared 80 -

'important that some time was deypted tc further inveetigatien '

!'.'

3 of it Tests were cenducted and the reeulte are given in Table
..23' In all caees, the ice was brcken by flexural waves” in the‘“
,ice sheet 'On February 1Br.1974, eight eeparate runs were made
with special care taken te meeeure epeeduaccurately."critical

speede were estimated using Neve1‘3”(1970) theory.

"Althcugh the. flexural gravity vaves. caueed the ice sheet to,

r

'7faiI (extensive cracking), multiple eucceeeive paaeee were
Ja'required to. ebtain the eame degree ofa;rack clearance as that

:febtained‘in the elow speed mode._ While much greater ‘ice _
lnLthickneeeee .can be broken in the high epeed mede the epeed ef

1-{advancement'bay be cloee to that ot the elow epeed mode. ane o

f:fhig plue of high epeed ACV ice breaking 1s tHe. BP¢°4 and




4

_’mobility of the craft. hn ACV could make a two hundred mile . A“:gf

.

trip in five hours whereas a conventional ice’ breaker could | .

. take as long as thirty hours.‘ ' ; , - . R

L -

»

. An ACV travelling over open wager generates a wave train. This ~_f-f¥

.

wave train- grows with speed up a maximum at a certain speed

and above that speed the wave train disappears and the water

, surface isx elatively undisturbed.. This generation of waves L4 '7;g'f

*_cause‘ a large drag on the Acv and, in fact. dt.is the drag

jenc.u':ered at this certaih speed (open water hump speed) which ;;
2 : ., ai.‘~ > 19
es the propulsion power requirements of the vehicle. ‘In'

detZ: .
»order: to exploit the high speed capabilities of ACVs, they must;-' ~

be able to: overcome this drag. . Co " e oy ow Cal

g - ' ot ) ) . : w)
s e s 2 . 3
¥

'

o

BN < has been suggested (Landel, 1977) that, when an. ACV travels
oner’ice at the open water hump speed, the ice sheet behaves N

s much like the water surface would if no ice*were present. The~

o

: ice fails in flexural bending as the wave‘train move# across

—— =i , . \ e

t s S . g . pi (T ¥ '
. . - . . 3 [~ % i .
AT LY 5 o . p ' b i TR S
s - . " ., s X . & e D = %
o oN " iy 5 ol % ¢ g . . : " L s x . ) %

fThis implies that theories for loads moving over flat ice 1; -'g*~*"“

L]

iyzl'sheets{ such as Nevel's, are; not valid.f It also suggests that

(depression in the ice) The length of this
detormino the hpeed at which waves are fotmed

_epression will ) {7ufﬁ

infthe sub-ice



“i I . . o "“ ’r’
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' water. It is noted that the length cf this depressicﬁ is
dependent on vehicle :length and ice characteristice. ‘It-" : ‘..‘fﬂ
appears, with these assupptions, that the depressicnudength is |
constant cver all speeds (under speed where waves fcrm) ~

_however, field tests (Takizawa) have shcwn that this depressicn -ﬁhﬂiié

length is not constant. ‘Tests done at HUN have alsc shcwn that

the depressicn lengthbvaries with speed.

o L -
L ™ . _“
- .-
-~ . e CL

Carter (1977) assumes that the ice breaks under the hcvercrart

.and thus,lthe cushicn pressure is applied to the water fl

surface. ".He also assumes the presence of breken ice pieces has
- Y ¢

a. negligible damping effect under and in the vicinity of the
Acv. ~carter has basically assumed that the Acv is travelling

cn open water and, thus, the response of the. ice sheet is that

of open water as‘if_nc‘ice sheet existed. Carter does not .-

L]

Vexplain how the ice breaks. ° :

Under these conditicns, ‘the ice willksee maximum deflecticn
_ when the ACV travels at the. cpen water hump speed This is
'_prcbably the case cnce the ice sheet fails (cracks) and no
llcnger has flexural rigidity. The open water hump speed is
;.prcbahly the important speed cn successive paeeee once\the ice .
_is cracked by an initial pass at the. critical speed tcr waves

G : - L ’ . -
“in the flcating ice sheet.- o : .\t
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Leccurt e;d Kotrae (1975) presented the results of model testef ‘”’i
 of an ACV over model ice. The object was td determine ‘the

reeistance_to.gorward motion experienced by an Acv operating
" over'a- floating ice gheet. ‘The model tested nas‘a.l/7.5 scale

bf the SRSE and had charactefistics as\shown.in‘ngfe-s. ‘Teets

were done ‘at the ARCTEC ice model basin. - The tank was sixty

(60} feet long, eiqgt (8) feet wide and four (4) feet d@ep

Water depth was ‘2. 9 feet during testing. The test 'fff
';_inetrumentation included meaeuremente of velocity, resistance,

froll, pitch heave, cuehicn pressure and ice sheet deflection

The model ice ueed was a multi-component wax-like material

o e

which exhibited the desired properties.' Properties of the

' modal ice sheets were routinely measured as part cf each test
. Y o . : ._\

v : o : - : £ wt i
- . 1l - & -
o % N ]

/" The results cf the experiments can be seen in Table 4. fiéure‘

0

~.
‘5, shows a plot of R/A (the dimensionless resistance) against -

V/Ve (the dimensionlese velocity ratio).- It shows that a peak

'_cccurs at the critical velocity for waves in the.sheet. I “,-13ﬁ

'7Eigure 6 is a plot of R/A againet Froude Number V/(gL) 1/2 v Tl
" Alse. included is. a plotlof open water resistance.! The ‘:" ‘;'~~h.,§1,f
'-rollowinq conclueions were'made based on these. results. The R

: presence of tha floatiné icaosheet egfects the Velapity of peak ?'

resistance’ (V@)., Thie critical velocity vc ie a iunction or .

':ice properfiea and not vehicle properties ae in the case of ;ﬂ,g
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‘ open water hump speed, It was also.noted that the peak o R

-
~

resistance wae. less than the open water hump reeietanoe. ‘Also

‘of importance to be noted from Figure 5 and 6 is that not only
is the resistance a maximum at the’ critical wave making S g
velocity but that there is an abrupt change. Reeistance ie at
a low level belo';w“ the crit_ical speed and it {i::;e to a peak at
fhe critical speed and drope off a'gain at speeds above Voo It
" acts ‘much like- eheet deflectione which would be expected eince'
the relationehip‘ between reeietance and wave' neight is well

known o I T

.During eeveral tests ’ the model pitched down at tha bow and tha . ~‘
-.hull made contact with the ice. Also, negative reeietance '(or "¢ f
. thrust) was recorded for some teet runs, - The negative ’ b :

" - .‘ res:l.stance is attril'i'uted to* the ekirt leaking moet of it:e air
. out the back and creating thrust. This cou]ld also be a partialy |
-_ explanation of" the model nosing in if the rear air 1eakage :

w - : became excessive. 'I‘he auEhore attributed the ncee-in to

mteraction between the ekirt and ice caused by the ehape of ’
i w7 the. fl&iral waves ‘induced by the: vehicle. a1l nose-ins gt R
. thin- shee'l:s ‘at or- near t.he criticall speed-. The T

i
e‘ﬁ was overcome by ehifting the centre of qravity

occurred

T

‘ nose-in pro

; "of the model r arward. 'rhe authore aleo made note of the ract:
'that the model ‘was towed at conetant velocity and wae not rree

S to eurge. Normally, an ACV which ie eelt-propelled is free to '; “

-1'I --. . Lt I.




. surge end would tend to slow down when added reeietanoe was ‘ -ﬁ

i . enqounte:ed. Towing at constant epeed without the ability to oo 4 ‘E
?;~ " .  surge gave some inte;eeting results du:ing testing at IMD. ié
'. i | Thagseresults-will be presented‘leter in this thesis. ’ 'ﬁi
l : . .'Decker (1978) postulates that there is a resonant speed at. | . :i
ﬁg'. Lo which high speed ACV ioe breaking tekee place end that this’ o -;&
i:,'f‘; ': epeed is’ dependent upon vehicle-. oharaoteristios and ice ..; £ ”:é
.3:- -e-_oharacterieticeu He euggeete that, when an ACV operetes at a 'i :g_fff
, epeed ‘for’ which the free gravity weve of. the water body and the 7_.‘ }nﬁ

: } depreeeion in the ice are the eame'length, a resonance wii} be_:: i‘@iii
; ,eet up._ At thie reeonance point, the resulting wave heiqht;end.f i
i; J: - } reeiatanoe are max}mum and the potential to break ice is - f:' "-?ﬁﬁi
g8 | .greateet. . i : T e J' - % D ‘ ’:.fn;n%
. neokar determined the resonenE_Froude Numger to be in the range‘ f;
.‘of 0. 46 < Nfres < O 56 for themmodel tests done by Leoourt and - ‘--:EE

_'Koutree, This was oeloulated ueing the following equation._.

\ . : e
v, . . g -Dd . ,I ) N ." . . . ) ' | . - . ‘.‘ % i g8
Ve oo b e] S “ e S Co (2=

. L . b- ‘-. e ) . L . o + aas * & -
» N i, . - B " . = . 3
. : . .« F o . [ . . - F s - r .
. g ) il e . oL, - % W
" . - . . 1 ey ol . ; ‘ O -. -
: .



5.98 L

i 2 o (1 - 3/2 Do/Dg) ' ] L
Dg =  Depression, Diameter e SR

o L = Characteristic Length of Ice Sheet L ‘ ' \
Ty ey ' Dck = Diameter of Cushion ~, =~ . - _ , O

‘_‘ L . " v S ¢ 3

R - . Ry O F e s
) ) i . . . £

] , In Decker'l analyeie, ‘the depreeeicn diameter ie ‘a tunction cf

_' :I.ce characteristice and air cushion size, and is independent of

¥

¥ speed.” ' -

voaf '
. '

S De’c:ker"’plote‘”i:éeiétance agai'net' Froude number"ea c'lid':'.ec'ourt"
' and Kotrae except Decker 1umps all data together and doeen't

'. differentiate between different L/De ratice. : He drawe a*fsingle :

c:urve through all ﬁhe data and contludes that: the data eupporte

: hls resonance hypothesis. He also plots reaietanc:e against
LT ' ..

A .  speed ratio (V/Vc) ahd again doesn't differentiate the data as

| . " ‘to L/Dc ratio and concludes that Neve].'e theory is not as well

LY . fa

supported ae hie concept. 7, ;I:; is. d,tffi.cult to underetand k

\ Decker s reasoning in presenting the data in this way.

originally preeented (Figure 5 and Figure 6) by Leccurt.\and
Kotras with eeparate curvee throuqh data with similar I.-/Dc

=

ratioe (basically qimilar sheet thickness), Neval'i theory

see:ns to’ he much better euppor.vted than does- Decker"s. - In - "



s Figure 6 i the data ror ‘L/Dq .162.: ‘seems to supporh-ecker'sn_
/ concept, whereas the L/Dc .248 data ‘has a Froude number above
'the resonant range determined by Decker. “This data, however, '\
N B ‘. ; supports Neve;i -} theory since the sheet with higher T ’
o characteristic 1ength (L) ‘has a higher critical speed. |

. & ¥ . *, L ] +
;

. Decker makes note of the rapid rise in resistance near the .

~— ritical spead and states that: M%W which attempts to ey
_ explain high epeed Acv ice breaking must explain this 2y e ,/

'

_ experimental result.

s ‘ .«
® \ TN i . . i -

Since the jump in resistance level coincides with the onset of
| ':'. wave generation, it is reasonable to assume that the added ' ;"- 4

. resistance is wave resistance. Under these conditions, i‘ls is,

4 also reasonable to assume that the'ACV is addinq eng gy to °the '

‘ice sheet water environment. : ‘Based ot those assumptions, f
1"‘," pan® Decker balanoes the energy input into the ice sheet water
R system with the eﬁergy output ’of the vehicle moving ‘over the
e K ice sheet. He determines energy absorbed by the ice-water ' %
‘. environme\t to be - "y, o '.‘. IR ,' i

i # L
Ca .- . ) 4 B
- / 7"' = £ - . ~- g .

. F cwh@E@ v e s e T T T m T F oy v R \

oSN Iz K :.“. g R ) Lo,

= “wave height. | "

e
g DT




-r . . . - . \
E¢ .= -3 Why

-
-

where: - ' ;
A Yehicle weight.

Equating energy transnitted with en absorbed, .(2-19) and

(2-20), Decker ebtains hw to be

13py gDg2
Recent work on crxtical speed has been related to wave patterns “

‘u" :"

generated in ice sheets. A series of predictions dt generated

- ¢

wave patternS'will be presented in the following chepter.

‘

-t,.
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©. . ' .CHAPTER'3  PREDICTIONS OF GENERATED WAVE PATTERNS
... 3.1 ‘Gemeral " ..~ : | ,

' Most. experimental work done on wave generation in floating ice

sheets induced by moving loads has results presented in the

fom o.f defleotion and wavelength data versus speed usually_ :

' measured ( in various ways) at a single po:.nt on the ice sheet.
T 'I‘o gain an 'understanding of how a - floating ice sheet fails
st i i 1* ) ,/’

under the action of waves generated/ by a moving load we -;_.,

* | ‘, require infomation on how the ice sheet is deformed under this - "

S wave acticn.- It is not sufficient “to just know at what speeds Y
'-‘.,- N .‘ '-' e / & ,— Tu
Tl 4,.' waves are generated in the ice sheet. For a proper =
' understanding of. the mechanisms which are taking place, we, .. T
i /a 3 _' . . ?.“

N , require infornation on: the wvave: patterns which are generated in

the floeting ice sheet by the moving load. _ Wave patterns here

refer to wave crest patterns as viewed from above. ' ' '

R :

s ’_3.:.2'. ;Wave'_batternf #redict_ion's _:Lnf"t"),pen?:l'.iterature_ pas"

g @ \ X . ,\’_ o st e oo ‘.'. . . A
Y @ W . y ; . o h ; -
. N \

Mathematical predictions of wave patterne have heen reported

Shinbrot (1983) and Davys et al (1985) Hinchey (1987) has

elso made wave pattern prediotions.

-------



Sr‘ﬁnbre‘&'/i:reats the--i'ce“:‘as an intact thin plata or unirorm
‘_/ thickness floating en deep. water. An analyeie round in Wh,itman
(1974) is used to derive the wave patterns. Shinbrot'e o
""preqic:ted wave patterns can be seen: in Figure 7. As can be.
'seen, his ‘bow waves hend ahead of. t.he moving di:turbance._ He
suggeets that thie c:euld explain radiel t:he cracks oheerved in p;

the field.

' ._Experimental work at HUN end IMD haa yielded quite e differant

','_result and these reeulte will be diecueeed 1eter in this

- .b.thesie. ' 2 ? N ) i ' Rl LI " £ -

' .-.‘ Davys et al (1985) have also reported wave pattern

p‘fedictione. 'I'he ice sheet is aseumed to be an infinite,

homoqeneoue, elastic plate floatinq on water. 'I.'he methed of S
iasymptotic Fourier ahalysis wae used to give a. deacription of‘
'.the wave patterne. ‘ 'rheir analys:be etarte with w;\ereion

) --relationehip :



;
-

'rhis equation was arri'ved at by taking the more general
relationship and assuﬁing sheet thickness goes to zero and t\hus
inertia effeots of the sheet are ignored. Davys et al state
that they were only concerned with waves longer than 50 m and \
\that ,Equation 3-1 is accurate under these conditions.. All

<o

balculations of wave patterns were done using a. sheet thickness
: or 2 5 m and a water depth of 350 m.. For this depth and qwa‘ves

R &%

of 50 ‘m, 'I'anh kH - l and. remains 1 for waves over 500 m 1ong. .

'I'his means ' depth of 350 m. gives the same result as infinitely

eep'water.‘ '.t‘he resulting wave pattern predictions can be seen

~

in Figure 8. -

g * '~,Wave'Pattern_ﬂPredi_ction Dev'eloped' at -MUN

o

% *

b,

“3.;‘.']". :General'tormi‘lation-of Probl(em'f '

e R . ' 5 ¥ - G = : i .. et

All wave pattern predictions developed at Mem‘orial University
are based on Lighthill's (1978) general fomulation'.np-A:'
definition sketch for this is shown in Figure 9. ' sinoe the ;'
wave patterns are fixed relative to the load, the following

equation must be satisi'ied' G it I

ol
Sy B
A..‘“ By r e
\ @ x:' w

cp - vcoa ',,,,“

ARl 2

20 A

Cp 5. - Phase spaed

RS




Groupe of waves generated by the 1oad at any location propagate

'from that location at the grou speed cg. Below the critical

' \

are produced, bow waves and stern waves. Thus, any value ot 0

b

y »= Cgt Sind . o EEx

.
A‘- . . -
\ e, g . s g
\

Multiple X 1ocations contribute tol each constant phase line, _

t

crests and troughs bqing examples of euch a l.tne. ~For-any,

:_partlcular line' L

£
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- Diffegentiation of 3-3'and 3-4 gives

-

" sind
- .

substitution back into 3-5 gives:

is" raducasto s
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BY inserting valuas for cg and dcg/da i{ito Equation 3- 10 and _ LR 4

N ‘integrating, Values of X in terms of 6 can be found. -'e}lca X is "
known; x and y Icoordipatast'along a crest or trough can be found -
. usirié" Equations 3-=3.and 3-4. .- v TN . . ‘

A check on this method car, be made by inaerting tha group spaed f.or.'
-\

-,_I‘.v “‘_ "'.

open water wa?es to aee if the wall known Kelvin wedge results. |
- _ 5 Ay
T -f‘o;:l.‘open -‘_water; {-d'ee}_:'i)"--" P U L e ".Q Sk M __-':

- .. - " & - . v oL . .
» i . ., N . ¢ -
. ' .

c;g_.l- cp/z = VCQSG/Z x 4 = o _' ‘3-1}1) p

Ry dc -vsing " _ .
RERY . By ) - aazy " o0

i:;-' - . : % ; . - - ' 5 2
%’ - dﬁ 2 * . " 5 L v I ) ‘-'.".’
‘53_-;‘ . ‘ ‘
R Sub quatib n '
: stitution into Equatibn 3-10 gives o e
- =Y/2 sing X - o : .

‘Vcos - \_Ii'.'.ogss‘/z " ., R & . B u '

—— L T
2 " . = .

“v/2 sind X - B -

vacs [t




= - XoCosd

-

 substitution. into ‘3;3 'and 3-4 gives:

by .',- . r‘\ '..._“cOazﬂ'-
X xQCoaa. (1 o s

¢

e T

i

- B
Teusd

A

--Kalvin wedga as axpected. Differant values of

-

size of the pa.ttern but the sama shape results.
: % ; h
3.3.27 Sheet Inertia Effect.

._wa.ve pattarrls in a f.l.oating Ice sheet. ‘ro do th s, ha required .
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Cq can be determined using Equation 3-17 once Cp and anlak are.’

> known.

-

:..J’i‘?,-“%‘.-:_‘. £ -f.;-, ‘_:":"5 : 47 ;

s

141

The general equati.on for phase speed of waves in a floating
e,],astic plate is given by: ‘ ‘ o S |

-
(]

X _— 1 - Tﬁk4/9§.'+ ;di_ '# Tanh-kH -~ . .. %
SR L P bt i o Sy -5 AL
' LR (1 + o/ey 'g_'ra;km‘. AN T

Q .

b ¢

@In the deep water 1imit as H + @, 'ranh kH ~ 1, and Equa‘tlon 3-
18 reduces tof t

W . ]

- 2' k'4/pw + g‘v . . 5 .
. Cp? = s gi i (3-19)

»

k(l-l-g__k) , : _
RN L

o is the ice sheet density an is defined as mass _per unit
TN ‘ surface area. . At this point, ‘Hinchey assmnes “the sheet to he
| thin -and sets o to 0 which basically iqnoras ‘the inartia of"”
‘ the ice sheet.‘ since o f‘ pi h, it follo'hfs that as h bacomes

2 & amall, R aleo becemes amall, as h - 0,' ¢ <=0,

T T g o o . .

This reduces. Equla‘i;..:i.éﬂ 3-19° further to: -

o ,'rnka .,'- g ‘ l_ ) F ~. t.' | - . . ) ‘ .

et ko
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Equation 3-20 is the dispersion relationship for a thin plate %
L R floating on deep water. There is a minimum value of cp which .y
R , occure at a certain value of k. This minimum phaee speed _‘i S 'ﬁi

gorreepends to the critical speed for generation_of waves in -

the ice sheet. Belew thie'epeed -no‘wades'are fermed ana

v &% asbve it, a certain Cp- will have two corresponding k values.

One of the k values i& the wave numper for-the bow wave and the .uf

e othar ie the wave number for the _stéern wave. '
, ’ " . e T 9 ~ T :
The critical epeed can be determined by differentiating cp with o
o rQﬂPect to' k and setting the r?sult te zere. \Ehe reeult will .y'* t ,:?
" be the k .value which-correspende _e Cpmin- In erting this k Y
} —value back into(fquation 3-20 will yield the critical epeed o i. GEE
‘ N e " p 7,4 ; | TR
Hindhey ueed Equaﬁion*3-17 to-determine cqhand differentiated _ _ tg
’ the reeult with: reepect to 8- to obtain dcg/ds.' Cg and“dcg/d& e ;3 EE
for the thin plate were then inserted into Equation 3-10 which ’ :Eﬁ
;. i ..was subeequently integrated n;merifaily to give valueergfkn in '.l;rfﬁé

erns ot 0 From thie, the x and y ceerdinatee which' ,foxkl

eo eepend te a conetant,phaee 1ine were determined. Figure 1 DN

ehows wavae- patterns ?rodpced ueinq thie method. { ok

A eimilar analynie teothat or Hinchey'e was carried out to



iy

..ff Cgﬁiﬁ ceﬁ-be.dete:mined'froﬁ'Equation'Bézléee can: Vep.

detefminé tﬁe effect of.aeeuminq ¢ = 0. In this rofhuleﬁion,
the water is again assumed to be deep;, and~thie yields Equatiog,

'3-19 as befereﬂi At this point however, .the assumption that o o

L]

= 0 is not made. ., Since o = pih and pi/py. = .9:

="
o F)

' -,
“ R Pi
> — = __ h‘ = _9h . .
pw pw ! * ’
. X e °
! This reduceg_Equation 3-19 to: _ .
- ' Dk4 -, . I
- —— + g. : (3=21) ', -
v C.E(z".. - Pw - . » y '-'I;
22 & k' + .9h k2 : L
: N~ ’ 5 f ' \

3 o - & . » LI o r
] . . 4 .

- . " . -
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| T . E ¥ ~ 3

o
L d

.\% e . 3 ' _'%-_"'._- ' -: o ‘. ‘ s

:Equation 3—21 qan be used ta determine weve numbere for bow ’ _}':

; and Qtern waves foravaluee of Cp‘gré“zer than Vcr° \Valuee of ‘“*ul

_{cg and dcg/da were determined ueing Equatlone 3-17 -and. 3-21.-

| Theee Valueq were euhetituted into Equation 3= 10 which wes then
'.numerically integrated to give X in termecof 0. From theee_
'values, wave patterns were plotted.v Figure 12 shows WBVQ

",patterne for variqus apeeda produced uaing this zormulation.'-‘




- ns can be seen from comparing the” two sets of P ots, the
:,. aesumption that o = 0 appears to have .very littl effect on the
e wave patterns produced.‘ This result was not surprising, since_;,~“i
o Hinohey (1987) determined that assuming o‘- o} had only ‘a small
ST . .4'effeot‘on the¢wavelength of ‘the waves produced. - ' |
i LR T TR T R e . ' . 5

v

' - " ) . L 5 .v"-'~_,

: , ik

", "To'rurther'check‘on~this~finding, critioal speeds were -
oalculate‘d using both models for a. series of sheet thicknes}

S.f';‘i‘ ‘ir It was- found that the~assumption that o =0 had only a small

5 ' -effeot on the critioal speed obtained.- The thin sheet model

yielded oritical speeds a maximum of 2% higher than the A
inertia model for sheet thicknesses up to 2 s B 5 - As can be ‘Z'Tflﬁf
. \\’_\ ) 2 v b,

‘~¢ seen in Figure 13 the inertia model and‘the thin sheet model d ‘;('
ield an almost identical critical speed ver éﬁiée thickness ‘. ;j%;

P ot.' For comparison purposes, Nevel's deep water results ar

r -

also plotted on the same chart. "As can be seen, the models

s

presented here give the same critical speed as determined by

P
T

Nevel, althouqh the approach is very differ&nt. ;ff}t ' r,
Coee T T | SN e E : .o

" : : : O 52 3 :
*= . PO Y ’ Y
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3.3.3 Depth E:fect?\' e et e A B 2

a % @y TF g - . s 5w, : -

L The'analysis with inertia includeg>ﬂ£s done in an effort to

": make- the problem as qeneral as. possible. In-Hinchey'sA.

.\Z—V analysis,,the dispersion relationship was differentiated i -”fiﬁgﬂ"“'

N manually to. obtain cg and ng/da., The assumption or deep watar?ﬁ%:

o
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and a’ thin sheet simplified the dispersfbn relationship and

aided in this analysis. In the analysis which included inertia 3
effects the dispersion relationship had several ‘axtra terms :
and mahual diégerentiation wa;‘juch more- invoived,‘and so. it o
was decided te .switch to. numerical differentiation. Once this,
yas done and the wave patterns for a thin sheet and a fﬁeet . -
with inertia (both floating on deep water) were compared, it o
_ becane obvious that the deep water 1imitation was no'longer ¥ . j -
’ required.. With numericel techniques being employed the ‘more . T
complex general dispersion relationshipx(Equation 3- 18) oould ,iN.QQ
T‘now be used and the effect of water depth could also be ‘ o
studied.,-J_d | ‘e ';i“ “-l3 j“.‘gf ' ;‘;
e R : I,}:z: .
This final analysis using the general dispersion relationsh p
for an elastic plate floating on water turned out to be the

v-most useful. Usinq this analysis, the two previous analyses

O]
S AT
-

% - I_ ) could also be studied by setting appropriate values to

parameters in tne dispersion relationship.
' ' 2, « T =, ¢ € ot

j Finite depth has the effect of oreating a shadow zone behind
- the load where no waves e present, Figure 14 is a plot::)

3showing this-shadon-zone._l



'3.3.4 Membrane Model

-

.. . S8
- © O 1

~The study or critical speed phenomenon is not recent and . is not
restricted to floating ice eheets.: Critical speedS'related to
irails, beam end membrenes have been studied for many years.
3Lamb, in his text originally published in 1897, studied wave§
'generated in open water by a uniform disturbance travelling
oner the‘water. This critical speed is related to surface ‘

r'}tension which acts ﬁ&ke a membrane stretched over the surfagV

”;ot the water.. The dispersion relatio&ship for waves in a/

t

membrane on water is-

-_fsurface'tension
Using Equation 3-22 and the same general formulation as

A e

‘previous analyses, wave patterns for a membrane were.

fddetermined..nrhese can be seen in Figure 15.. They compare

~

'qftavourably with patterns produced by Lemb (1945)

T,
falit)

4'§p1§ah§s;oh,

-:From comparing the wave patterns for the sheet with inertia and

'—fthe thin plate, it seems reasonable to assume tne thin plate




‘model is valid since it yielded the same result as the sheet .;

-

vwith inertia. " The simpler mathematics of the thin plate model

o . .i : make‘it easier to use althou h as mentioned in 3 3. 4 the use

‘of numericar‘techniques eliminates this problem. T

i

]

»

As can be seen by comparing the various mo els, they all result

in a stern wave which resembles the Kelvin wedge when speedl 'c.: f}jﬁi

L
;are much greater than the- critical speed. This is. due o the

. 'fact that thé long wavelength stern waves are qravity dominateg

- . NN

i

"in ald of the models.-

‘.

.' © g

jThe wave patterns presented in this thesis, although generated
o 4
i s in a different way, agree fairly well with those predicted by

i magys et al. The wave patterns presented by Davys et al,\

however, seem to show the bow waves and stern waves of similar

-'wavelength even at speeds ovet/twice the critical speed., ih}

'\actuality, however, at these speeds, the bow wave tends to be

'ﬁcompressed and have a significantly shorter wavelength than the

Ny

- stern wave. - ™ g L e e
R L .

,.-' .:‘ v v.-

- 5 ."

LT S

.‘.The ‘wave patterns presentgd\hy Shinbrot (1983) at first

t

:?appeared to be very different than those presented in this

However, a closer look revealed similar stern waves.,";

|opposite direction,,and actually bend‘ahead of the loed in gl”

;““niQ“l contrast to the bent hack bow ‘waves revealed in our reseerch.;



/— ' CHAPTER 4  OBJECTIVES OF THE EXPERIMENTS . . = .° - -

\

ar 5 . < Y 1 g

f;{///, The main objective of the experimental work carried out was to

“, obtain a better understanding of the generation of waves in /;-
floating ice sheets'induoed by moving 1oads.' Of concern was T, ?j
not just the spgld at which maximum wave generation occurred . ‘

jghij..,. : but also the geometric shape of wave patterns produced in the,

‘ice sheet.‘ The wave patterns here refer to’ the wave crest '

patterns as observed from above., S
; d ' o A -2 o }

(X W

Most researchers (Wilson, Anderson, EYre and Beltaos) have o

simply mefggred deflection of the ice sheet (by various means)

Vs

v"A “ia B at a si point as. the load passed. . This was repeated ’;.'or
ji;a A various speeds and the maln result was a ane amplitude versus Ty
speed plot, ‘as - well as wave length information. Beltaos also s

:Ef; made strain measurements as did Davys, Hosking and Sneyd Eyre..

made use of a vibration~transducer in some of his- tests. - All

of these tests resulted in valuable information about the ;"
'fit oritical speed phenomenon, however, none ~gave any indication of .
| the actual shape of the generated wave patterns."

> T i “ s

Y

Until very recently, there has been no work done on the actual

'.wave patterns produced by moving loads. Shinbrot and Davys

et al both make theoretioal predictions of the wave patterns

e‘ rated, but their results are conflicting. One major



'Iobjective of the experiments desoribed was. to determine the‘
"';wave patterns generated in a floating ice sheet induoad by a
;moving load. The objectiVe was to determine ‘the wave patterns

g s fby 1nstrumenting\a model ice eheet and actually measuring the ';;;;:{

“f..i ' - wave patterns by comparing deflections at various points’ on the’ "'_,fﬁ'
- sheet measured simultaneously._ In some cases, photographs of

.the wave’ patterns were also taken.,‘ _ -I"',

I.For comparison purpoees, open water wave patterns were also
&
observed and photographed. Waves in open water exhihit a
‘-oritical speed the same way they do in ice sheets. Below a

j'certain speed ‘no waves are produced in water hy a moving

:Qr,f 'pressure dieturbanoe. This.critical speed effeot is a result

:of surface tension in open water. This speed ie very low in

-comparison to the oritical speed in floating ice sheets;

7?however, wave patterns for similar V/Vcr can be compared for p . 'hgiﬁ

7open water and floating ioe sheete. Surfaoe teneion aots like . 5_:E
r,”f.‘a memhrane stretohed over the water aurfaoe. It has been-

:'suggested (Hinchey) that it may be possible to model ioe as a

embrane and, it this was a oorreot assumption, the wave

g 'patterns for open water should he similar to thoso found. in ice

i,

'xsheets._ In this analysis, thicker ioe sheets would oorrespond

;lto memhranes with higher tension.

“':another objeotdye_was.tofstndf:the'reiationshipfbetwoon:towinng

?y.ﬂ

1r¢savs£soﬁ@w



'k";resistance and speed for loads moving over floating ice sheets..
. ;The purpose of this was to study the energy being put into the
't'ice sheet water system by the moving 1oad in an attempt to
1.Pglance£5t with the energy carried away from,the load by waves..
-It has en postulated that, at’ the critical speed, the speed
::-of the energy being taken away- by waves*is eguivalent to the
vehicle speed and, thus, no energy can escape', This energy
"trap would result in a very high towing resistance for loads :

/.

travelling at the oritica\ speed._

., o B8 : % ‘ .
A

'*Aﬁl In addition to these objectives, a general study of the

oritical speed phenomenon was carried out. Multiple

deflection sensors were used to give amplitude and wavelength
data for comparison with earlier researchers' results.‘ﬂ-

i 3 . -
. gy W - 3 - .
. .
¢ s i o~

"CA tinal objective of the experimental work was: to obtain a i
:better understanding of the mechanism of higq,speed air cushion
u*vehicle ice breaking. Various air cushion vehicle models was f'
'\towed over ice sheets at a variety of speeds in an attempt.to;i?”
'ﬁ:determine the most favourable conditions for this phenomenon ;
,iito occur” Careful ebservations here made of the ice sheet ini'.L
’f;an attempt to g6, where the ioe failedﬂinitially apd also howlﬁ‘.u

'lforacks‘propagated once formed..:v RS




CHAPTER 5 EXPERIMENTAL WORK

x - v

L

5.1 General
;e

ISeveral difzereny ‘sets of experiments were carried out during

'tﬁe course of work on this projeot._-The moving load! wee

modelled in a variety of waye ranging from fx eimple downward

-:actinq air jet, to single end double tiree,Je roller end,

- ]

.‘finally, eome simple air cushion vehicies. The teeting wee

5

:carried out at two 1ocatione, the National Reeearoh Counoil'e

'j;Instﬁpute\for Marine Dynamice' recently opened ioe Ean, end
fuemorial Univereity'e Wave/Towing Tank feoility., At the MUN
wave tenk, testing was done over op water, or with the ice
eheet modelled by styrofoam and plaEtid eheete. At IMD, the

. ice sheete were frozen to thickneesee ae required.

s ] . 2 .
-

5.2. Tank Facilities

”»

5.2.1 Memorial Univereity}eTWave)Towlné Tank Fac;iity '
. 5 ‘ ‘\, ‘ - _. - - ' ';_ - e * e W ) ‘."' a ° " ra' ’
; ¢ . b3 E _ . 2 v NV :

The HUN wave/towing tank faoility ie looated in the baeement or
l = the s J. Carew Building and is operated hy the Depertment of
_ Ooean Engineerinq.‘ ‘The tank is a reinforced cencrete struoture

with e length of 58 m, a width of 4 5 n end a depth of 3 m.

-



’

For the tssts carried out\on this project, the water depth was
* 1 83 m ( 6 ££.) 'I.'he wave board ‘and hydraulic actua r which
drive it are: installed at one end. of th?tank, and a arabolic
beach is installed at the opposite end. These. features '
restrict the actual operating length of th?’?a to\
approximately 50 m. - The wave/towing tank also“:}s a fumly/
squipped control.room wnitn contains a compfete range of data
acquisition and ana’lysis equipment._ Another important feature
‘ of the. racility is the towing carriage. It has a net weight of -

3 9 t’onnes and is capable of speeds up to 5. 0 m/s.

. 5.2.2 IMD-Ice Tank

P 7
i

The Institute for Marine Dynamics is located next to the s J.
éarew Building on’ the campus of Me;eﬁal University in.st. , "
J‘ohn's. The new IMD ice model basin is a werld class facility
It h‘as a usable ice sheet size of 76 m by 12 o and a tank depth
o of 3 m. 'l‘hese>dimensions make- it the largest ice model basin- .

#, .’ E

in the world today.

3G e .

\A 15 m setup area which houses the towing carriage is located

at one end of. the tank. : It is: separated from the tank by a’ |
thermal barrier door. 'rhe opposite end. has a ramp leading into ‘~ 4;».
an insulated melt~ pit. 'rhe remains of an ice sheet ire pushed

into this pi‘f hy a service carriage and allowed to melt while




Y ~ the next shest is groving. «The tank was designed with :‘}‘
. sufficient corrosion’ resietance to handle saline: ico but,

presently, E§/AD/S ice (Timco: 1986) is being used.
L f | ) ' -

‘The faoility.hae a very eophistioated refrigeratioﬁ systen
. oomprised of computer-oontrolled two-staqe meohanioal
oompresgion tilizing ammonia as- the~working fluid. Along with

compressor capacity, evaporator preesures and fan speede are

L]

'also computer controlled to ensure uniform temperatura

i-dietribution near the water eurfaoe. The air temperéture .can

to 15 cm have been aohieved. A eeparate chiller syetem is ueed
'tO'initially cool the water. Rejeoted hoat from the«ayatem is
reclaimed for ice melting in the- melt pit, perimeter tank wall

' heating for ice sheet releaee and - domestio water preeheating.

Y Iy b -

r L . -
[4 e -

. The towing carriage is 14 m long and weighs 80- tonnes. It ﬁaé
;':_\'k | two apeed fanges with a maximum speed of 4.0 m/e in ito high |
- range. The model’ test bay has a test frame whioh ie adjustable
_.vertically and horizontally to acoommooate a variety of teetino

situatidhs. .

be controlled from +15°c down to -30°c and ioe thioknooeee up | ri.}-k*




‘." d . ‘-h. . . . . ]
‘5.3 Air Cushion Vehicle Model Tests at IMD

- v .
~ . q . .

i . L] . 1

L2, i_ . 5.3.1 General ’
T e O "B . e T A

B
Wy

~
]

-

Several aariea of teste were carried out at IHD'B ice basin-
with ‘the ACV being modelled in® three different ways: an. air :

. oell a. simple downward acting air jet and; finally, a .

pneumatic_tube_model, All models were towed over the ice

» -~ e -

4:_\_f' 1,f‘aﬁeata'at various spaeds;; The aif oell model wae inetrumented-' ,,,3'ﬁ

in. an attempt to maaeure its towing resistance. Attempts were f

also mado to observe and photograph waves generated by the air

SO R

'call mode%—ﬂm@he downward acting air Jet waé used to give an
fii‘ LT "unobstruotad view of the shaet in an attempt to better observe'

and Photograph the waves it g;nerated. 5, £ a -

B ww % : X . ’ : RSP o

[ " % : .t . .
p 3 4 o

.

: . - - . '
o o . . . . . L " -

‘The more advanced pneumatic tube model was used in towingf‘

reaietance'teata;: This ACV'oodei was aleolﬁsed‘to'break‘ice- D
b while oparating in the high epped ‘mode (velocitieﬁy}n the range - l-ff
‘of the critical velooity). e ﬁ.ﬂl_ : ’, Ix"k :

" 5.3.2 " Ice Sheet Properties RN S
. . .. ‘-‘. -- ) - . .. i _f ) . . _‘-' . ¥ 6"0- et ' _

In order to soale down tha atrength propertiee ot the ice

qncgts, ;evoral dopants have been added to the tank water._ As

¢

mentiono& in aootion 5. 2. 2, EP/AD/S model ice is used 1n the




,IMD,ice basin. Infofhation on the mechanical propertiee of:

this ice can be found in Timco’ (1986).,

. s
' * . y @ .
= -
s

The normal procedure for making an-ice eﬁeet coneiets of
cooling the air*in the tank to- about -20°C . (which eupercools

the tank water) aud seeding. Seeding coneiets of.. spraying a’

o

very fine miet into the atmoephere‘ahove*the euperoooled tank

o ¢

a3 water. Theee very fine droplete freeze and fall into the ‘tank
~ water and act ae nuclei which reeulte in .an initial 1ayer which

::ie Very fine grained.; Below thie very fine and very thin top

. r.

- T

'1ayer, the ice grows down in columnar graine to the deeirnd

L
b

'sheet thicknees. T R

. o O _ .

e P T . v . S 8

-

The ¢op layer produced by eeeding hae'a‘high poroeity, and when -

< hthin sheets are used (as in our tests), deflectione ‘tend to

'cause flooding of the sheet. In an effort to overoome this’

~prob1em, sheets were grown without eeed&ng. With the aheence

fof‘seeding, the rate of nucleation Wae much elowen and the .

R . -

i ','Z;lreeult wae a much larger gnained top.layer. Aleo, at. elow
:‘growth rates of ‘these graine, the. dopante could more'
effectively he rejected by the ice. The resulting top 1ayer S

- .\\ .
LY v b

obtained was. very coaree grainad with no porosity and almoet no

Y

ity PRE idopants present. Thie top layer, approximately 2 mm thick, wae 2

Sl Al

':much like natural ice.- ghe ice below thia top 1ayer wae -

T
-

Y Tt
map
.
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" '!-ff.t-.yp"ical EG/AD/S 1ce-, R
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= - A typical day of tasting at IMD consisted & geveral hours of ;

testinq. Durinq this tima, ‘the prope:tias of the ice would
changa fcr a variety af raaacns._ For exampl ; the ice would
continué to. grow from its original thickness, and also
tqmper;ng would occur siqca test;ng was dqpe df c_tempe;afure o 'c.<
' H}qndc than the températﬁre'ac_which the’chqet was férEEdm‘ .
| l
L ' _: Even thouch cuch-ﬁecting has baén cone on Tﬁe hachahical
. ~ propertias of EG/AD/S model- ice, it was al% done' on seeded
ahaets, and thus the results were not applicable to these
unsaaded sheetss These unseeded ice sheeﬁi wefe unfamiliar tc
the IMD staff.m T ._-;'
Bacause these unseeded sheets were basically camposites of . . = .
;i!: T :i natural ice and mcdel ice and because thF prcperties tended to %
".;chanqe throughout the course of testing (as did thickness), it

ff: . -_-wus difficult to datermina valuas for & astic mcdulus needad tc

’ “;_ calculnta critical speed for comparison ﬂ‘rpcaas., .n o Lo jf
5. _ ‘”Critical speeds £ound in éastiﬁg did ﬁurn out to be in’ the :

B range of thosa calculatad hut the amount cf uncartainty

: ) \.invclved.in dethrmining macnanical pﬁopertias makes it |
5ﬁc ' 1; \ditricult to make any derinitive statemants. e 7'3']*', Fe
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5.3.3 Alr Cushion Vehicle Models and Experimente%_?roceduree | h ‘ﬁé

L

Y E R 5 . 3 . 3 - 1 Truncated COI‘IB Ai!_.'“ca].!. Yk !

The first ACV model ‘used was a simple truhoated cone air cell.

&

. . The cell was 30.5 cm’ in diameter at: the top with a’ taper of
159, . The cell was 10 cm high.' !The-top of the cel s made of
,plywdod, and the ekirt was made of nylon. Air was lied.to
the cell by a Spencer vortex blower. It had an in t power of_
_Q\f kwl/a maximum voluine of 160 cfm and an maximum operatinq

pressure of 65" Hzo. ‘Since the fan had an output in exceee of .-

-

. the_requirements bf the cell,_an arrangement of valvee was, used

<.

‘ which éﬁébled'ekcess'air‘to be blbwn oft. Figure 16 ehowe tha
.'arrangement of the cell with the fan and. valvee. Vhlve #1 -
allowed air to be ‘blown- off while valve #2 controlled the

. »
amount of air which entered the cell.‘ The cell wee

_instrumented with a pressure traneducer 0 mohitor cushion _
'pressure, but when it failed an incline manometer was ueed in )
_ ite place. An ettempt was made to meaeure the .towing | | ‘“‘ fi
reeietance between the cell and the ice sheet; however,’
*‘reeulting reeistances were ‘too 1ow tdﬂieaeure with- the lond | A
;f;-'h ‘ ; cell ueed. The cell was attached to the 38 ‘mm pipe wtth - “'!:"iff
i{f” - . standard ABS tg:eaaed fittinge 8o it could be attached bﬁﬁg“j-'““ T
:eimply ecrewing e on. Initial.teeting of ;he cell ehowed

L premature railure ot the eheet c d by the concentrated

EF ]
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centgal'gixﬁjet;;hbwe?er,.the addition of.a diffuser solved

_thia probloﬁ.' Thié‘model was towed at Variou5 speeds, and

R, e attampts were, mi// to observe ‘and photograph wave patterns .
' ~generated in the ice sheet. . h ce . "';
,\ . . , . ‘B
© ' 5,3.3.2, Alr Jet, o - S .

A similar set of tests were carried out except with the air
. _ ‘ R

‘cell removed from. the 38 mm pipé. For these tests, the AcCV waéf-‘.

. modelled by thafpréasure distu;banca daused by thé-hownward

;cting gif jet. This QOﬁnwafd acting air jet is the simpiestil ) <
*  model- .for an qcv;‘vThq results are ﬁrqsénﬁad and diséusséd‘ih o
| - Sections. 5.3.4 and 5.3.5, I '\\:'
“ Preunatic Tube Model \ = :
B N - . -

2t - T
;while'the air“call mcdel-and‘tha downwvard acting air-jet worked .

I;wall these models were not suitad to towing resistance tasts.

—
-

For the towing rasistanca tests, a new and more advancad acv
model waa constructed.: The modal was as seen in Figure 17. : \K‘
:'For tha skirt of this model, a pneumatic tube was-usad. The |
Icantral holk in thabtubq was blockad with a disk of styrofoam,

-~ and- weight waa ‘added. to tha modal as shown Prassure in the

- tube ukirt waa 1ndapendent or cushion pres ure. Air was put e
The tube had :=.lJ;5:

into the tuhe, and the amount ramninéd con tant. -
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C very low pressure, élighf.ly above atmosphere. Air was

& . .
introduced through a central hale in the- atyrofoam, and P

.
a
[

P, © pressure builpup until. the model rose allowing air to, leak
, . -

u_nder the ski The modal had very good stability and, with
the high ,_'pressuie fanlusg_d, i_i_: was capable ot hoveriug with Co .

loads up to 300 N on smooth floors. Mach lower loads were 'uaed
a during reéistanc_a tests. - & . ' ) v

FRar

The ‘fan and vhlvé arrangement used for the air ‘cell was also

=

used ‘fo'r' this'model ' (sue Fidure 16) .  The only-ditfarance ﬁué ‘
_that the 38 ‘mm rigid plastic pipe from valva #2 to the air cell -

was replaced by a’ flexihle plastic hose to the pnaumatic t.uhh

Acv model. 'I'his was requirad since the pnaumatic tuha modal .

ha.d to be frea to heave in towing resistancq teats. 'Tha s ' :
_'o‘utput of the load cell was recorded on the H/P FM recorder.- .

' . . . . & i r . . .“
) 'I‘he total mass of t:he model as it was towed over tha ice vas e L
oy TEow 0 EET e & Y SRR .

During the resistanca tests, two video camaras recorded the

avents, one froq‘the fr nt and one from the side. ‘I'his modal ‘_ "‘=‘_- .

-

. was also uaj to braa.i: ica in: the high spaad mode.-

‘IIn an attampt to daternine tha open wat‘ar hump speed or the -

¢ -.,."

_.--model ,‘_' a :‘ae_:t of ‘rasi«s‘t_;anca .te_stg_ -wQQ carried out'. at thg HUN



A

wave/towing tank on January 26, 1987. These tests did not

.:x? ) yield eny useful results due to instability of’ the model in

.open water.. While ‘the model hovered very well on smooth floors , U3f{

.

- and ice sheets, it did not hover well in water., Excessive air

leakage was: experienced under the skirt since the skirt did not

deflate (and reseal itself) when leaks were- encountered o F ' 'fp

*\Because'of the model's instability, towing it resulted in waterjk\

-i; : flooding over the model and thus, since it was not behaving

1;;;'< like a hovercraft, the results were useless.A _
ks e Due to the test failure, the hump speed had to be estimated.

According to Lamb (1945), the hump speed occurs when the
generated waves have a wavelength equal to two vehicle lengths..
) since the: vehicle 1ength (cushion length) is 37 cm, the
wavelength of waves at-the hump speed will be 74 cm. This'
coinoides withaaﬂwave number (k) of 8. 491 n-1, The speed
corresponding to this ane number is determined using the s

following dispersion relationship.

% |

g T - o

{__"'--"Tor deep water as Hl-o .., :l'anh kH - 1. cthus . L L ¢




"For k= 8.49im™l ¢, = 1.075 n/s
The estimated open water hump speed. is 1.075 m/s. //’“'

-
[

A cheok on. this method wae made ueing test results from LeCourt
et al (1975] The cuehion length of this model was 1 237 m,
corresponding to a wavelength of 2. 475 m end e wave number k of
'.4 2. 539 m 1. . The corresponding open water hump epeed wee

| _ ‘calculated to be 1 966 m/e. Thie comparee very favourebly with

the open water hump epeed of the model determined 3:L

experimentally to be 2. 09-m/e; a difference ofnonly‘e%.- Baeed
i
‘on’ thie, the caloulated open water hump _ppeed of the pneuma.tic
tube model (im. 075 m/s} seems to be a reaeonable estimdte. v
- 5.374"%ﬁeeulte of“Ekperiﬁentsf

5.3.4.1 General

’. o - poeT 2 6 . ”
¥ & .. i e

ff Air Cushion Vehioled were modelled in: varioue ways during nf“.-i f_fdiz
teeting at IMD. While muoh ueeful data wae~ecquired,_both ;‘ -f‘hga
numerical and photographic, aotual obeervetione of the teeting ‘ h

' aleo provided a better underetanding ot the phenomenon.l Whv; ‘
petterne were’ photographed using the air jet model.: Reeietance _t;ﬂfif

data was obtained by towing the pneumatio tube model._f'

A




5.3.4.2 Truncated Co‘ne'_Ailr Cell - L _ * . &
e : e

Aa diecuseed in Seotion 5.3.3. 15' prob;ems vere encountered ‘with -

the air cell model. The problem of premature eheet failure

oaueed by the concentrated ‘central-air jet wae overcome by the

addition of a diffuse'r:"*gihen instrumentation problems
pereieted, the inetrumentation was abandoned, and test runs
were made in an attempt to- obsewe .and otograph waves >
3 ' : generated in the ice sheet. fter several'rnns-; 'it becane
. obvioue that photoqraphing these wave patterns would be more ,
difricult than had been anticipated. Although no waves were o
'_. visible in the eheet during constant speed runs, a large  ' " s ?
e amplitude ('? - 10 cm) stern wave was qenerated on deceleration K
- ";-"_ "“ from 4 m/s. Thie wave caused the ice eheet to fail. | Tl.;i‘sl“ test
e was repea.ted yielding the’ same result. ‘
1 g Ve s FREE T N
' 5.3.4.3 'Adr Jet Model ' J L .‘ LR

™ - . . R " - . . -

At thia point in tastiebj.tlwae deoided to remove the: air.. v
._oall .leaving only the 38 mm pipe. Tha rasult was a amall

-

" 'downward-acting air jet, the simpleet poseible nodel of an Acv..

'I.‘he ramoval of the air ce].l gave an unobstructed view of the

.'aheet, and it was hoped that this would aid in ohservinq and
‘.' : :photographing waves in the eheet. Also,_-lwith the-large, air . e
o Isupply used, the ability wae now there to induce larger forces e '




speeds up to 4 m/s, with both‘video andwstill pictures taken 'i.;‘f

‘grew out into what appeared to be a: wave. Since the wave was
; :movxng away from the point bf observation,,it was difficult to - f',fﬁﬁ

ﬂ:define its shape._ The wave could not be seen from the carriage

lfjet.' Although these tests showed signs o%\waves in ‘the ice

";sheet, the wave patterns could not be well defined

. A series of similar tests was. run b mefth later., Kncwledge‘;"lé_?"

'be best seen from low angles, an attachment was fabricated e f.'r:
_'which enabled a camera to be mounted on the carriage close to

'g"the ice. This setup also eliminated the problem ot the waves .

vfhsame speed as the camera) also aided in photography. This

due to the small area of the jet. It'was‘hoped that “the

' resulting larger deflections would make the wavs patterns more

visible. -On June 24, 1986, several runs were made\at various

from various angles. When viewed from'behind at low angles, a

o

-bowl—shaped depression could be ‘seen in the ‘ice under the air-

jet when the fan was turned on. As the carriage accelerated to : jf'ﬁ

‘4 m/s, . a transition was observed as the bowl-shaped depression

since the available points of observation were above the air:'

\

.'-'4;-1 g v - . Al

. o =

~ ¢ 2 ' -

\,-‘gained in the earlier tests and’ in the open water %ests aided

Ain the setting up of these tests.. Since the waves appeered tc . f-fi

'“;moving away from the point or observation. The additional fGCt
~fthat the waves’ are fixed relative the 1oad (which moved’ at the ;Z“‘f%a

. ‘.

i

'”Zfsetup provided the £irst good photographs ot the waves




'generated in the ice sheet. Figqure 16‘shoWs‘a‘typica1 result.

The photograph was taken from a’ point directly in front of the_.

'air jet. The bowed back bow wave can be seen travelling in

front of: the air ot.’ ‘The absencevof.a stern wave in the

.

_photograph. ', ‘ ; - , g | O

}533L4,4'~PneumaticymubeJhodell‘ B ‘ . e o
:’“ Te"" Ty e ;'."w i Cam # '~ n Y TRe EE ’

"‘Two series of towing resistance tésts were carried out on ;
:‘~Deoember 30, 1986 and January 2, 1987 at IMD. A series of tests
“fwas attempted on. December 29, 1986 but a premature sheet a
failure rorced an early halt to testing.- The December 29 1986

o

sheet was a seeded sheet and, as a. result had properties of -

the EG/AD/S model ice.. This type of ice has high porosity, and"”

t ol .

.~

v

this caused the ice. to- flood when deflections were encountered."l

Because of the low strength, the ice could not support the 5 kg

3.model (even under static conditions).‘ The remaining two days

if.of testing were done on unseeded ice sheets. These sheets were B

"hfmuch stroqger and did not have the porosity problems,
”encountered with the seeded sheet. As mentioned in. Section L
' S e : 3 A =

. 5 3 2, these sheets were much 1ike natural ice.v .'\.‘ jﬁ",

i < . —r

’




"“The [;ecember-so, i’986 _resi,stance tests were conducted without, P ¢
any pro_blems' bein'g‘"' encountered. Resistances\ were recorded. for ' ‘
a series of towing- speeds, a.nd this data is eeen in Table 5 and | ;
is .plotted in Efigu:;g, 19. The ice thickness was 12 - 13 mm, nnd

) nolvltaves could _l;e" seeifl in the ice sheet. The ice sheet was not @ °

damaged during these. tests. - ' L .

. - -

-

A similar series of resistance tests was carried out on .J‘anuary

[

2, 1087 except the ice sheet thickness this time was only 8 -'-9' _“..

v Dm. The thinner ice sheet was' deflec;ed much more by the medel

.{_"‘-Ia ’ .
and waves could be- seen in the 8heet during some teste., At-
Ia' . »

' °speede rear the critical speed, the amplit'udes of the waves .

-

were maximum and cracking occurred in the sheet. " The. presence‘-
of waves could be’ seen on. the video tapes of tha teste.
o

Because crack:l.ng was encountered, to continue testing, the -

entire eheet had to be utilized. ; In some cases, the ice failed

. at one end of the tank only, _and successive runs were shorter, .

> v and they wgre'mn only over the remaining intact portions of

: the sheet. I'J.‘he mcdel was eleo moved to.the two quarter points

,,,,,

_ . -
of the tank’ to maximizek:the number of test runs. -'I‘he' .resu;l.ts_,

of these resistance tests. can be seen in 'I‘able 6. " The results. -
) i A L : e e i
. are also plotted in Figure 20.. . (R

‘1, a " i

'I‘here wee an interesting occurrence at tne end ot this ,eeries o

of testing. A ﬂinal xun’ was done at. what was" n'l:imted (baud



on the day's testing) ‘€0 be the critical speed for. the ice
sheet ( 1.75 n/s). At previous tests at speeds just above this,

. waves. couldfbe seen in the sheet (and were filmed on video) and-

cracking occurred. ‘In this final run as the model reached test ,

'-

-speed, bowed back bow waves ware observed in the sheet

PN

e e 4 vt o e

immediately These bow wa,,ves gz:ew in amplitude as the )sest

continued. The waves continued to grow. in amplitude and, after ‘

.

'about 1S . had been covered, cracks started to appear in the
ice sheet. 'rhg cracks propagated along the bowed back bow T

waves. The amplitude of the waves grew further\still until, at

. about 20 n into the test, there was a sudden dnd massxve

failure of the ice sheet.. 'rhe model broke through the ice and ‘.
since it wasn't free to surge (s:.nce it was towed by the o
carriage\at constant speed) ¢ the model continued but the _
pneumatic tube skirt hooked in the ice and. was dislodged from |
the remainder of the model. The plot of resistance against
time for that test is given in Figure 21, and it shows arc

continual increase in resistance up to the point of failure.
-. }\“. .. # . 4 . $ . . )

. “' ". 34 *
5 3 S ; Comments

'l‘he IMD tests were quite extensive and much useful data was
obtained. I‘or the tirst time, the actual shape of a wave T

pattern generated in an ice sheet t{y a. moving load was

e &~

determined. 'J‘.‘his bowed beck bow wave photographed agreed with C

|_x‘, W L e




) increaeed emplitude reeulted, which also 1ed tc :anreaeed

- 66 =

-~
"

the predicticns made earlier in this thesis, and with those '
nade by Davye et ‘al (1985) - It shows that Shinbrot (1983)

appears to have the bow wave pointing in the wrong direction in

-

his predictions.
. ‘ '_

The tcvung reeletance teer\e carried out with the pneumetic tube

medel gave results as ‘expected. -~ The resistance \increeeed with

~

‘speed to a maximum and dropped of £ at higher speeds. . As

expected it gave a curve of similar ehape to' a deflecticn

‘ ve;:sue speed curve. Alec, he teste carried cut on the thinner

--eheet produced a pc:.nt of maximum resistance et a- lcwer epeed.

' This tco wculd be expected since the thiﬁner sheet weuld have a.
/

'1cwer cr:.tical epeed. The thin shept also resulted in lerger

'deflectlcns and’ towxng resistance

, ‘ = -) X P ‘ 2 '. . ™ .

'I'he ‘ice failure caused by the pneu.matic ‘tube model being towed
.Iat the. critical speed alsc gave interesting results. It
o appeared frcm obeervatiene of the teet (and review of video "
tapes) .that the wave: Smplitude grew as the test prcgreeeed
_'This, ccupled with. the resistance data which shoved e ccntinuel :
‘ .:"rise to the point of failure, appeare to heckup the energy trap
; hypotheeie. since the energy was travelling at. the same epeed _
".‘ae the mcdel ' _:I.'I: could nct prcpegate eway frcm the 1oed end the -

'tcv_:in_g-- reeietenc.e. . comperieen ot energy input (tcwing
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% o ; -raeistance) to energy outpct._ (vave generation) was noi_:'posei'ble _
"+ ) . since the ice sheet was not instrumented and no wave amplitude A
/ or frequency data was obtained. e e

-

- : - i . o

Another important obaervaticn made during this tést was the I
manner in which the ice sheet failed. The init:l.al crackinq in

tha sheat eppaared tc be a circumferential crack in. front cf

tha load which fellowed along the crest of the bcw wave. _ .

o-_ l'_ : 5 i = & ‘ P - ! . ’ . " ) -'_ Ih_’.‘,

- -'. .o

Mtheugh the IHD tests provided mcod xesults, they also

” .

ahowed the need for more tasting._ The th:.nnest ice’ sheet whlch
. could he grown had a critical spaed near 2 m/s, and with a A
maximum carriage spaed of n fu/s, testing was limited to speeds _ :
only twice the critical speed -'I’hJ..S was a drawbac}: but the : :"
fragility cf tha very ‘thin ice sheets proved a. bigger drawback.

Seweral days of testing had to be cut shc&:t when the ice sheets I',f_"_-
were . brcken. S 20 A T - I
"‘« 2 , " it 4 e

= 3 . > - N .t \‘
i

Also , as is a problem whenave:r: tasting with ice ’ tha prcperties

‘ of the ice aheet changed aa testing pregressed. since testing

o —

sometimos continued tor aaveral houre, the ice sheat would £ .
conti.rme to grow,‘ sometimes te a. thickneSB 35%. greater than ' r< :
';_ 2 whan tasting atartad., 'I‘his made ccmparisons og expacted |

criticnl ﬂpeed w:l.th observed critical speed difticult. _i

&




5},4 Styréfoam Sheet Experiment o *

5.4.1 General .. N L , ‘ )

The styrofoam shaet‘experime_nt was carried out in the 'MUN
wave/ﬁowir{q tank. During these tests ,~ three "different 10_&&3

were t'ow.ed over' a flolating ;heét of styraafoam. - The loads WBJ.‘B_‘ '
a sing’la tira (pnaumatic tube) with-a downward force of 58.N. '
(13 lb) , two t:.ras, towad one bahind the othar with'a total

_ combined force of 116 N ( 26 lb) downward and a 28 cm diqmeter

x roller which spanned'tha width of the sheet. The single and _

| "two—tire models can be seen in Figure 22, whila tha roller can r

{ {
ibe seen.in Figure 23. Sheat deflect.fans were measurad at -

several locations simultaneously for the single and two tire _ R
tests. 'I'he roller, because it spanned the total width of the.
.sheet, asically reduced the problem to one of two dimansions

and thus deflection was only maasured at one point:. A 1oadb

'_cell was used to measure towing resistance. ) i )
l ‘_'5.4.2 - Styrofoam Sheet = o o . . 5 L . _"-

3

e ;
'J.‘he overall sd.ze of the st.yro!oam sheet used was 30 m by 4. 27 m-

by 3 175 cm thick Ideally, to sensu:ra continuity throughout

"'the Bheet., :l.t ahould conaiat of one continuaus piace of’ P e

L B

styro:oam. Unfortunataly, reality d:l.d not a:l.:l.ow th:l.s, and




' produce the total thicknasa of 3. 175 el (1. 25 in)

. saverai hore cuts to the sheet in an ordefly pattern in bothH .

~sheet, although with less flexural rigidity

B i Co e MHaA

_ commarcially ovnilabla‘sizas of styrotoom limitod the sheet to

4.27 n by 1.22 m (14 £t by 4 £t) piaces A Construction 4 .

tachnique was devised in an effort to reduca didcontinuities in "R

'tha sheet to a minimun. Butt joints were ruled out bacause of

the discontinuitias they Would produce. Each. section of " the .

sheet was constructed using two pieces of styrd!oam 4.27 m by ~'

1 22 m by 1.59 cm’ (14 ft by 4 £t by 0. 625 in) glueq‘together to *x‘
The two

plieces were offset‘before they wera glued together as shown: in

Figura 24.

-t
"N

w BN ’ .f”

Thls_oroducad a 1dp joint which increased glue area of one
panel to the next and eliminated butt:joints.* There was still

_ concern thdt discoﬁtiﬁuitics would resultsfrom this joint.

'Since at every 1.22-m (4 f®) there was a discontinuity where .

layers of the sheet butted together, it‘?as decided to odd
directions Thi;, in fact; would mean-the sheet had unifofmiy:'
distrihutod disoontinuities which approximates a continuous

The cuts were . 1/4
the. thicknosa or eaoh layer and staggered in both directions. _
The . distanod betwean the cuts had to ba small compared to the C e
anQlangth of a wave in tha sheet so as~not to have'an advarse/~li '

effect on it. It.was deoided to maka the cuts 15. 24 cm (6 in)

~apart einca tbis was small compared to expected wavelengtha

. ¥




around the critical speed (in the order oi im). The cuts: in
' the sheet were as shown in Figure 25. ; t -

The bresence of tﬁe‘cuts reouces thektlexurel.riéidity or £n;*
sﬁeet. The sheet will have "a flexural rigidity equal to thet
‘of an uncut sheat of léss thickness. This sheet theretore has
an effectiﬁb thiokness which is less then the actual sheat y

thickness.
»
.Toucelculete:the expected'c:iticel velocity theﬁsﬁeet'e
flexural riqidity is féhuired. To calculate the flexural -
'Irigidity, Elastic Modulus, and the sheet thickness, (in this
case etrective sheet thidkness) ‘are requixed.f Semples of the
styrofoam sheet were prepared end tested in. an Instron '
(tension/compression) testing machine. -The modulus ct
elasticity wes determined to be 13 4 MPa.” To obtain the.

)

sheet's effective thickness, a static deflection test wos done
]

Rnowing the msdulus and measuring deflection for a given load,
(’tﬁe effective sheet thicknegs was determined to bd 2. 60 cnm.

' Tnis seens reasonable since the total sheet thickness is 3 175

_ end the minimum sheet thickness at a cut is 1. 93 cm.

. 3 . . : . . o -
] - . . - \
l‘ . e

~Ueing this information, the zlexural rigidity was dete&uined,

R end the entioipeted criticel velocity was celculeted to. be 1 94

5 . g ) u._ .
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‘Tha two layors ot eaqh saction wa:e glued, and tho cuts' were
made. All gluing was done uaing a glue. recommended by the h
. insulation manufacturer. All ooctions were prepared ahead of

! ' B ’ .
time to reduce setup time in the tank to a‘minimum. E . "

o . b
"\ To install and assambla tho shoet, tho tank waa emptied. The
jaoctﬂpns of the ahaet were. laid‘out and arranged proparly on-
itha tank floor, and then the lap joints were glqed. Onco tha-o'
‘ glue was oﬁrod,:tho tank was refilled floating the qhoet. Tho- \.
Sheet was gttachéd with mooring lines at both ends of the tank.
émall biooks of styrofoom were placod loosely a;oog both sides -
. of the sheet. These blocks stopped latoro;'movoment of the |
sheet but did |not o;feot its vertical-ooflactioﬁ.
5:4:3 Instrumentation

2 J

-

-

For the-t}ro tests, the sheet wao instéumoﬁted with six
defloction'sohsors._ Thoy vere located as seen in Figure 26.
sinco the wave patterns gonerated are symmetric ﬂbth respoot to
the sheet oonterlino, it was d ded to instrument only half '
+  the ahaet; In ohls way, tw;caezi% data would be availgblo'for |
‘plotting wave crest pattarna: ' The dotlootioﬁ sensors ware ‘
“rotating variable potentiomaégrs with an input volkaga of *
T T Linea attached to the. sheet rode over pulleys as the sheet

‘\dotleotad._ photograph of the deflaotion sensors 1n placa

o % \




2%

L

. Racorder) -Data was analyzed on a H/P 5420 B digital signal
,Ianalyzer in conjunction with a ‘'H/P 54410A analog/digital o

#rranged as shown in Figure -28. As-can-be seen, a load cell [N Tty

. ) \ . -
Saveral seriea o;“Béﬁa wera ‘run on.the Btyro!oam shaaﬁ. ‘The 1

with the 1ines'attached‘to the sheet can be seen in Figure 27.

)
& This photograph also shows the’ arrangom’pt of. tha\cuts which

were made in tha shaot. .As can be seen, the carriaqe can paaa

v‘ !

-by the sensors and, thus eflections ara maasured as tha load

~

ftowed hy'tha'oarfiaga) saas.l An output of 1 0 v D c.

corresponds to a sheet deflection of 3 14 cm. Tho anolog

' outputa ‘of the’ doflootion sensors wera racordad on tape on an 8 T

;channel FM recorder (Hewlott—Packard 3968A Instrumentation

#

+

converter. In tha rollar experiments, a single sensor locatad

near the edge of the sheet was uaed to measure deflaction.“

A

! . . i -

A- mechanism was fabricated to attach to the darriggb.to'toﬁ'ﬁha'”f' .

-

»

various loads (single tire, two tire, and foller); JIt was, -
) ) ‘ . _ , ¢ g ta
was‘incorporatod #nto theimechaniém for ﬁeasurlng the towing _3

resiétance of the loads.

i«
.

. % ¥ ) _ -
5.4.4 Experimental: Procedure °

B
Lol

- . 3 v N

roller ;ests were the aimplast since they involved only a ' -
single darlaction Bengor.| Since the roller extended the width -
of the sheet, it essentia ly reduced jro problcm to one of two
d}hanaions. The rollel was townd tho langth of thc shaat at




, speeds varying Irdm 1.0 m/s to 4.0 m/s. . Towing resistance was e
-~ .-.“‘ ‘-i.:

reoorded ae~was sheet daflection for all speeds. ?este'were'

repeated to verify resulte. 3' .'.'--,f L -

‘Qi ' E e, "YW Ty ‘_f. ~ ‘.J-'-- 'aff_ ,"'
: The single pneumetic tube was towed the 1ength of the sheet at -
i? ‘ ; ﬁ epeeda varying from 1. 0 m/e to 5 0. m/s in 5. m/s increments.
V During theee teste, def}ections were measured, and a rough
eetimete of the critical speed for these copditions was’ _
determined. ‘These tests were repeated with- smallerxlncremehﬂgf:hﬂf

of speed change in the range of ~the critical epeeo; During all ~_ .
teetin;§§the loado'were accelerated'ub to test epeed'guickly_to \ﬁff
enﬁhre_donstent'epeed qsitﬁe load_peSEed_the derleotion

sensors. This was done to reduce transient effécts to.a

L]

. . ‘minimum.
L . . _
_ ; V.
| A similar eeries ot tests was carried out towing a load y
Zﬁ"r'.\ : mconeisting of two ‘pneumatic tubes, one behind the other, with a

. set’ spaoing of 1'm. These tests wera carriad out to determine

- ﬂthe'etfect of é%b vehicles travelling in cloee proximity on the

f-waves produced (amplitude and wavelength). An attempt was pade = .

.i' to meaeure the towing resietance generated by . the aingle tire ;.
‘end two tire modele. however, the loade encountered in theee

'](i. ' teate were. below the range that could be ﬁbhsured with the load

'-‘cell used. r . R a , 2 @ CL Tee s

e W T
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{5.4¢5 . Results of Experiments ..,

“"554;5;1-"Gepe;a1" ; - | f’_l i

| The experimeLts carried out on the etyrofoem sheet were
exteneive, end e‘lergecemaunt of ueeful deta wae obteined. The:=
multiple deflection eeneors produced derkection intormation |
for verioue pointe on the eheet. . This w;e ueed to produce '“fff- :J:f}%
deflection versus speed graphs which defined the criticel epeed,.
as. well as giving the critical deflection empliricetion rector ‘
_(deflectiou et.critical.speed divided by‘static detleqtion).' B2 way
.Haveleugth inforuatien uae'elso 6btained“ffom”the de!lecﬁiou' ;n
date. -From wavelength data ‘at verioue pointe on. the eheet, the_

| overhead ‘wave patterne were® determined.; ﬁqwing reeietance deta

“\: . vas. aLeQHH?tained.. | e |

W

. ' . 15.4.5.2 Deflection Data

wrla o= B S e A e . LA et .
PR T B TR T e PR T TR Y o AP, o TR e Bk

i .

p The output of tge deflection eeneore was a deflection vereus .

‘ ' time piot of the type shown in Figure 29. To oqpain L
_ wevelength inforpetion, the timercele muet be multiﬂiied by . ﬁ”-iﬁ

the speed of the teet. Deflectiou data was obteined for three :E; St
S aifferent ldads: single pneunatic tube model, two pneumatic . .}

f:,"- l " tube mndel, and the roller model. ' The loads were'tewed at

. varioue epeeds with eeveral repeat tests. to. verify data _ -:F“« ;ﬁﬁf

ey




( \ .

obtained.. The defleotion data for. various epeeds for the three

- : loads ie presented in Table 7. During the roller experiment, |
| only one derleotion eeneor wae ueed, and the data in- Table 7 is“

,-I from that eeneor. During the eingle tire and two tire teste,

six deflection ‘'sensors were used. The data in Tahle 7 for both

Fo . eingle and two tire tests is: ‘from channel 7 whioh was- located ,

| 305 mm (12") from the centreline of. the sheet. The load wae |

; towed alonyg the centreline. It should also be noted that '

- xdatleotions in Table 7 represent peak to peak defiﬁptions or:
double amplitudee as indioated by AY on the! defleotion plot
SEigure 29) Defleotion is plotted againet load epeed “for the
single tire model in Figure 30, two ‘tire model in Figure 31, ” j

and for the roller model in Figure 32.

.j-

-

» -

5.4.5.3 ovaghgaa ‘Wa\fe ;satiam o g . e .
o The wave patterne consiet-o plots of wave creets as viewed
,1" . from gbove. The wave patte preeented here are for the

) single pneumatio tube model rolling up, the oentreliqe of the
5neet. sinoe the wave pattergﬂare eymmetrio about the ";'
centreline, the six defleotion sensors actually eupply us with

' twelve sets of data to generate the plote. The plote were
generated using wavelength information from the deflection

;}: ‘ - eenaore.‘ Figure 33 is a plot ot detleotion againet time *_-[}.'

;;:. S ehowing deflections from two adjaoent sensoxs. Important to o

. - & -
B .. * . Ya o .
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j nete ie that the deflectiene ere different, the deflecticn
l clceer to the lced is greeter.. of more impcrtence to the
'fdeterminaticn of wave patterne ie the pheee difterence between S j;}

2 the two deflecticn plots.l The ebsence ot'e pheee difterence

_here would indicate that che wave reeched hcth eenecre *'fL\_;u
,eimultaneously cr it wae a plane weve perpendiculer to thef\\g"
| direction of travel cf the load. The pheee dirference-
“'indicates thet the weye ie bent, eince it reechee cne eeneer

‘-befcre it reaches the other. Tc determine hcw much the weve ie

i=_ P ‘bent “the phase difference in time can be measured and

. ,_ccnverted tc distance hy multiplying by the epeed of the. teet.' .

Y X = —

7 S e If, for exempler thie phase difference wae 1 sec. at a epeed of
) -1 my/s’ (1 m phase difference) and the sensors were lm epert,

; :the wave will be bent at an angle of . 45° to the directicn of

trevel. S . CE am o e

Tt
s . .

e x Thie type of an analyeis ‘was. dcne to cbtein the wev% petterne 5
' fcr varicue epeede. since the digital eignal an {kzer had onlyh
eiiftwo channels cf input end eix channele of data 4?re recorded,
"the chennele had to be ccmpered te eech cther one 'at a time..';
’ "fDate was: reccrded on: chennele 3 through By’ /The pheee P
differencee were determined trem chennel 8/to 74 then from. 7 tc;
36, atc. The analyeia was done as follcwe' a series of |
" '

'f'_eucceeeive creete were choeen foq‘examihetibn (1t po:aible at

leaet one bow wave, end one stern weve) For, exemple, i‘brigure

P
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. 33 (2 detlection), four succeesive crests were choeen._ The ‘.

tinee correeponding to the crests of both waves Were obtained

' f“ - .ifron the diqital eignal analyzer. Thie information wae'

-l

u

¢'l‘tl_‘ recorded in tablee, and the phase differences were calculated "o
| :(in time) and ‘then’ converted to dietance by multiplying by {_.,_

-velocity.' Once this analysis wae carried out on all: eucceeeive '--Jh‘h:
a channela, the phaee differencee (in dietances) were known for |

'Lall eeneors{‘ The dietance between succeeeive craete can also J

be"detarnined from thie information. ‘This is in fact the'
'-‘wavelength -although it varies from one eection of the wave
;pattern to another. The information required to plot. the 'wave
patterne is liated in Table 8. The sheet centreline ie_taken “'g H
*-i"~ | _: as- 0 and, thus, dis nces to seneore are & raluee‘eince wave ‘
. patterne agpfer et ic.- The 1eadinq bow wave ‘on channel 8 is
chosen as a 0- point on the centreline axis. Wave patterns “for
~‘Varioue speeda are preeented in,Figure 34., “ ‘;55

, g e W e s . i

~ 5.{;5;4_‘§oﬁing Resistance Data

Tl \ 4 . t - 8 . -

-

‘As nentioned previouely, reeietanoe data was not obtained for
the. eingle tire and two tire modele.. The roller, however, did

-l ,'produce‘ueable resietance ‘data. - The analog cutput of the 1oad

' cell was recorded and analyzed using the digital aignal
%} f? .“'j analyzer. Plota of towing reeistanoe againet time were - v w_'i;{

‘ _prqduced for a;aeriee ot.epeedei Fighre 35 ie an exanpla ot . :-'i”;iﬁ




A

"!;L1twowtire mode1¢‘ It should ho noted, howovor, that no

‘-caused by . accelerating up to test epeed._ Table 9 1ieta the ‘
ftowing resistanoe of ‘the roller over a. aeriee of speeds.

"Fiqure 36 is a. plot of this date.

) 5.4:3' Comments - ; 8 ‘ : e s

:.inetrumentation, inqluding a load .cell ‘and multiple deflection
" and generared wave patterns: wae obtained.’
_COmparieon of the deflection versus speed plote show a peak on
r oaloulated oritical epeed ot the styrotoam sheet whioh was, .

'determined to be 1. 94 m/e.. Tha maxinum datleation for, the

Ij-_ eingle tire model occnrred at 2 0 m/s and at 2. 25 m/s tor tho

' one of the ploto obtained. The towing reeietanoe for the teat‘

is taken to be the mean of tne data over the time of conatant-ff";

speed. This ie the data after the initial high reeietanoh

-

The styrofoam sheet tests produced a large amount ‘and a variety'

of data..- The\constant mechanical properties and thickneee o!

the styrofoam sheet made comparieons of varioue resulta and
comparieon of results with predictione much eaeier. The shest ;

also lacked the tragility of the ice eheets used at IMD. With 'ié

sensors, information about eheet deflectione,,towing reeietance

all three (single tire, two tire and roiler) whioh dccurs at .

‘.

almost the aame speed. ‘This epeed was alao very oloee to the

T




T}fThese three results obtainad usinq veetly differedﬁ moving

',-:function of sheet properties then load properties.

ety <} EE&‘\,{{‘H o

-defleotion measurements were taken between 2.0 end 2 25 m

'The neximum deflection for the roller occurred at 1 875 m/s.

2jloads Would seem to indicate that the critical speed is more a”i e

R Y ety

Even though the critical speed of the styrofoaﬂ sheet was 2.0
:m/s, the higher speed of the MUN Wave/Towing Tank carriage (5

: m/s) mad it possible to determine wave petterns for speeds up-
to 2 5. times the critical speed. The strateqically located
deflection sensors made it possible to- determine the shape of
genereted wave petterns for a veriet;" speeds. -The wave =~
._pattesns,produced (Figure 34)° agree qu:\e well with_the,;eve"
IPeﬁtern.predictions ofIChapfer.SQﬁ | o

"‘Ancther. interestingfresuit of these'tests uas-the'deflection
'b.patterns in the sheet at’ ;beeds below the critical speed. ﬁeny
' reseerohere have essumed the depression in the ice sheet to be
“circular end of constant diameter at. speeds below the oritical
‘:epeed; Figure 37 shows that the depression appears circuler at o i
."very low speeds but, as- speeds increase, it chenges to en _ L
'elliptioaa~shape with its lonq exis perpendicular to the .f
"fdireotion of motion. The long axis grew with inoreasing speed, : 5_:1ff

and the short exis got shor;er. At a speed of ‘1. 0 m/s, the i '"-,'*ifﬁ

."depresnion was about 1.8 m along uhe direction of motion"by
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f'a wave front at the critical spead._.'

| '.speed tor vaves in open watar for many yoars.; In his tht,"

M

6.5 m acrosa, but, whan the load travalled at 1 75 m/s (much

.;'closer to Ver)s the depreasion'had changed to 1 6 m alonq tha 1'j_*¥$

’xdlrection of motion and had grown to 3 om acrosa. Thera g2 _f' Jﬂﬁ
'iappaared to be a. gradual change rrom a bowl shape depression to " it

v

4.

. . Y

The:rgsistanca testé:ﬂbna with the roller show a peak at a
speed of 2.0 m/s (the same critical speed determined from -

deflection data)'ﬁhiqh seems to give further avi@énca in

. support of the notion that the critical speed is a function of -

sneet: properties only. -t e

. og  Beg.l . | T
'When the resistﬁnce ﬁata was first obtained, tha'fairiy'high.. aq%.
‘reSlstance values above the critical speed were unexpected, ' 3
especially,sinca-the deflection data showed aﬁall daflactiona i:é-
at these speeds. When the resistance of the large roller “

_moving through air ‘was factored out, .the re ult was as seen in ’

. )
o
r . ._ " : v o
. & "
‘e
. = . "oy
5 .

_Figure 36, which was more as expectad.

-~

5.5 . Open Water Wave Patterns - .35
'5.5.1 General ' L

Resaarchers haVe baan aware of thh existencs o: a critical

.o *



y originally published in 1879, Lamb goes through an analysis of
an, isolated pressure disturbance advancing over.. still water...

" He-determined that a minimum wave velocity exists and Ei ';

'~_calculated it to be 23 2 cm/sec with an associated wavelength B

‘..disturbance and trailed it. This critical speed effect is

3 >
sz
e

1

-~

of xm =1, 73 cm. - At speeds below this, no waves are-;
generated, ‘and a depression associated with the disturbance ‘
.,follows the load. He determined that, at speeds above the o '.if;

——

'minimum wave’ speed (critical speed) , two distinct waves are ' - I h{f

1produced. One was of short wavelength and had a group speed
greater than.the speed of the disturbance and preceded it. The;\
‘other (long wavelength) had a group speed lsss than the i, : ""E

associated with surface tension, which acts.. like a membrane *

:Astretched over the water surface. 2 N

s Hinchey has postulated that a membrane sheet model may be valid /

for ice sheets. Here, .increased tension in ‘the membrane would . ‘jg.”f

represent increased ice thickness. . In an attempt to verify

Lamb's predictions of open water wave patterns and Hinchey's

’

'membrane model, open water wave patterns were detenrined

Qexperimentally in the wave/towing tank of MUN. ' The membrane “ f_@h

el

,.-model can be checked by Tomparing the wave patterns generated‘

R
sl :
L &N

——
v

s T pn s
Yok

in open. watex with those generated in ice at similar V'/Vcr

o O

e .«

.givalues.
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-Is;sazfaﬁxperinental-Setup7and‘Procedure’." TR

These tests were di;igned to observe and photograph the wave

‘1 i ¥ ’ Lo .'.I{'.’

patterns generated in open water by -2 movingapressure

disturbance. Besides obtaining information—on waye patterns, -JI' ‘f;;

1 L

these tests were alég\very nsetul in aiding in the o X Y

F o determination of the most favourhble conditions for . l_ s ® -ljg
ad . . \ L v

photographing wave patterns. - From these tests, camera angles

, and "lighting conditions which ‘best show wave patterns were .
determined This information aided in setting up cameras to

ﬁ:;‘ photograph waves generated in floating ice sheets at IMD.

-y = - . i ' . a
L . - ~% o d o . & . .
2 . _ > " . %

d¥ee, ‘The pressure disturbancd in these tests was a downward acting - I
.‘: : . '. L . ! o

" air Jet, disoharged from a brass tube of 5»0 mm inside : .
;};, . diameter. The tube was fixed. approximately 3 cm above the - o &

water surfaoe.~ The air was supplied from a ocmpressed air

P bottle, and a,pressure regulator'Wae used, to avoid pressure

L b fluctuations. The tube and air supply were mopnted on the s

L

gf. 7 'towing oarriaqe at ‘the MUN wave/towing tank and towed ‘at s o > %

;;.- 'r’ varioue speeds to determine the" oritioal speed.’ inoe the wave

. NI e,
/7

patterns travel with the disturbance, ‘the camera: and lighting ,;:‘.;_1:;
were - attached to the oarriage. A eeriee of photograph€<of the *.

generated waye patterns were taken.. - - - '-I.. P atE

» . . oo ' e g ° ‘




~.'5.5.3" Results of Expermiments '

€ o W v E e
[ s 1, e ’ iy )
" L - ~
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!

; '*:'i tank as. described/in Sectionfg*g 2\\\mhe resuits showed that a ~1\: i&fé
.f . criticaL speed does'exist for“epen ater.";At Tow speeds, the SR
i ‘ depression in' the water caused by the- air jet movedhwith it. ? ' :
i\ - At about 23 - 24 cm/sec, waves started‘to appear.. This Was~in .";fﬁ
;;‘1“':i - aoreement with Lamb's prediction. In this speed rarnge, the - , ;35
'r; '; : \'waves were bowed back slightly There were bow. waves wh\Eh\ 3”7 ’iiig

' were ahead of the disturbance and stern wavee behind it. \As ERRRIA:

\

nwf““;f the speed increased ‘the bow waves bowed back more and tﬁe\\ 'figj

?;_r 'f{i f wavelength of the bow waves shortened while the wavelength of

};.ff”f'g;, the stern waves lengtheneda \As the speed inpreased, the bow
i 3 % b ...k ;‘:‘:"_' RS f

Be b };; anes became compressed’and above 1 m/s they could no longer be
;?;f ’ | :observed., Above this speed, the Kelvin wedge wasﬂproduced
I 3 behind the load. Some representative results of these tests L f,f’

_ ;'. ‘can be seen as* photographs of wave patterns in Figure 38.. )
e ff\i\ R b T TR e -
0 vy & ‘. ) s - = }‘, . 4 - . & - ™ ) * . o o -~:e‘:
«Vl¢0 ] 5.5.4 Commemts - - U o ‘ . b e, o

e \ = £

.g ' The wave patte\\s generated in op n, water tended to agree with i ;}%ﬁ
5\22'7'; * the membrane model‘TEurface tensicn) predictions., The waves '

;”ﬁff>*5:15 were only bowed back slightly at speeds just above the critical

%g ;iiJ-.i4\speed and bent back more as the speed of the disturbance N

increased. At speeds much greater than Vbr, the Keivin wedge f“

TS
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a diecrepegﬂz‘obeerved hetween the predictions and tﬁe\\ctual

L

' 1 wevee alwage etayed ehead ef the st ern we;eet\%The predictione“\ _
Yo speed at IMD and HUN did not allow wave patterne at theee

- 8.6, Polysthylene Stiest Tests

'i'wexakpattern was' prcduced hehind the lead. chever, there was’

‘-c. & x,,\ Ui

about feur timee the critical epeed and above,”the bow ﬁave -

hent beck -and. intereected the etern wave.' In the ‘l:este,r the _:]A:s

4

ﬁavezpatterne produced did not ehow thie intereectien. The bow

. for the thin: plate and i;ertia modele ehﬁ“ed a eimilar

intereectien at theee’high epeede but 1imitations en carria e " g™ N

.

speede (feur times Vbr) to he etudied.;il

. & . N . LT O T ' - 4
. - o % . v ¥ i . e . b . .
e T LI g " e . .‘ - . va I T ‘e SN oL . i
2 . ' s % "y
LR T %
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In an effcrt te/guercome the epeed limitetijjs of the MUN '__-- *;-ffﬁi
facility, a_eeriee of preliminary teste werésgar ried out en a g w

12~mill polyethylene eheet. oThese teste were doﬁ“\in an effort?
N

to obeerve the more cempliceted wave patterne generated“et
higher npeede. The pclyethylene eheet wae .012 inchee (3 05

.....

Baeed on~theee valuee, the expected critical speed waef.sos

s —

';)m/_; which meant much higher speed ratiee were paeaible.ig;_? _F_Q{



x loo mm) wood.

.-

The frame had inside dimensions of 48 in

(l 22 m) by 30 feet (9 L m).“ The plastic was allowed to‘l y °n~1

\\the water, and was stapled to the wooden frame to keep the‘

- &y

edges out of the water to prevent sheet flooding. The air jet.

used . tn these tests was the same as used in the open water

: e s : e ¥
& . : g = yoe . LT
. tests.» The air jet was towed over the plastic sheet at-a T,
" f;_ series of speeds/’and the wave patterns produced were AN o e
L S L . M. R gl B e B T
T ““«photographed% "."-.; T “‘;;“,Ag'I By B s Bt ®
A iy ' . ', & ' ' _' ) ) ':. ) n 5 . ' N X ) ?."‘ .. . . 2 \\\\' _ W
- P AT TS N T L Bl CLRN L
T i ‘. ) 5 ': ‘. a 2 ~‘ R . : ] .A~,,: \‘. Y A b b .. \.‘ “., '
''5.6:2 ~“Results'of Experiment -~ - [~ . T -7 Tian T tFo

.
'
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Some representative photographs of the wave patterns generated
'in the plastic sheet can ‘be,- seen in Figure 39. The plastlc
sheet exhiblted a critical speed as expected. At low speeds,

no waves were formed and the depression moved with the air jet.

.

At a. speed between o 5 m/s and 0 6 m/s, waves started to appear

in the sheet. s the speed increased the waves tended (as - f

predicted) to bend back more“ At speed much greater than Vcrv

.

the wave pattern at the reare started to resemble the Kelvin , 5}j.ﬂ§
L™ : 5




The oritical epeed observed in the polyethylene eheet‘wae veryl__ f.
'-j;;-_ olose to the value predicted.‘ This ie further proof that the '

;?.5:',_ o minimum phaee epeed for wavee Qetermined from the diepereion‘-'
Fos o & O ' B S, _
- fs relationehip ie a very eatiefactory way of deterﬁlniﬁg oritical

speed. Ae observed }n the open watér teets, there was a

diecrepancy between the predicted andlbbserved wave patterns.«‘l

v, ", -

Ehe intereection of bow and etern wavee et high epeed ratioe,,;

/ﬁhiph ie-preeent in the predictione, wee not obeeéved durinq

J‘a.f-' ﬂ

teetinq. \Ae in the open water teete, the bow wavee elwaye

eteyed aheed of theletern weves and eeemed to be ﬁded by

o = l|I i

It should be*noted that the plaetio sheet teste were 'fhi

preliminary and~9n1y involved a day in total for eetu' and

-

zl‘ﬁ teeting. This is a definite area for quture‘etudy of generated

w o
- ot

wave patterne. The ﬁ;tterne produced in the plaetic ;heet

r\‘:

agreed.with eerlier teste on the etyrofoam eheet and with

SERVER, AR
s

s



_:CHAPTER 6 SUMMARY AND CONCLUSIONS o
“_F.‘;: : :; B v le. ‘:":”'- .:'f 'j?"~5:::: Y

. . I

-,

This thesis was undertaken primerily as a study of severel

- floating ice sheets. Besides larée amounts
A \ "v

;;ﬁJH;H‘ ;_ffduring the tests. ISeveral different moving 1oads were’ used

;ranging from a simple downward-acting air jet, single, two-tire

+and roller models, to models of Air Cushion Vehicles. Testing

il -
-

:wastnarried 39t at two locations°»the Naticnel Research f

:la'.°ﬁl. ;:JCouncil's Institute\for Harine Dynemics, and Hemorial
L. 'cUniversity s Wavp/Towing Tank.; Ice sheets were frozen st IMD,

"]J i %--'and a styrofoam sheet was used to model the ice sneet at MUN

iOpen water tests as well as tests on e polyethylene sheet were

3

' 7Jg~’also carried out at MUN '“af' :;i' LT L ‘.,TJ\

i i o = ‘_.
. .-_ . . o,

PP - i - [} F
VB - ~ —

'and a load cell allowed acquisiti of deflection and towing

;:”K_ e resistance informationq The actua wave patterns pro uced in

& the styrbfoam sheet were also dete"ined from deflection data

. *-fgenerated at strategic locations on the sheet. |
¥ gy B b, 0 f-.; ﬁfll‘f o f::;f_ '%} L?‘I ol

s 52 et

'G~—7‘“_gA series of theoretical models for predicting wave pegterns

;?\t'i- f ;generated in tloating ice’ sheets ‘were presented snd the verious

imodels were compered.' Experimentel results were also compereé



with theee predictiene._ The obeervatione made an ot

,...

_j' conclusione reached,from the reeearch are ee :ollow‘ 4
& R A P _ . . i . . :
2 ‘ ) .’. Y _‘.‘ - e ‘:', - & “ . P _.‘_;:‘I" f "_. '

S ] T ‘-‘_-,. y — . g el A N ol i T - '..‘ -

(1) fm-dp thin shieet. model and. the inertia meclel yield almoet
' identical reeulte.. Cr tical speeds calculated and wasm

S patterns produced hagr values within 2%., Cnitiéel epeede S
| calculated aleo agrde with Hevel\e predictiene.which were S,

ebtained in a completely different mehner. Thie wpuld"

indicate that the thin eheet~mode1 (wiﬁh .e much simpler ';

mathematics) ie valig although, ee diecf arlier, the

_iﬁ, . uee of numerical techniques in the fo‘ _ation allowg the ‘h
1T}i_ ?i uee of the general diegereion reIetiOnehip which elee : 5,
N F ellowe for study of finite depth. ;":é,?”ffﬁii‘if':-v"i:i¥5:\-‘

x\\ (2 ?redigtiene ef wave patterne agree with theee ﬁ?bsented -~ ﬁfﬁf;

: 'uy uevyeqet‘EI‘and are similar to ﬂhose presented by

Shinbrot with the exception that Shinb;otts bow wavee ;re';l
E . bent in the opposite di;ection. g '_ , e JthJ 1% ;I ce

ﬁfif(a) IMD teete ehow a bent\back bow wave which agreee with S

R Y- P predictiene preeented in thie thesis._'ff’}if;ﬂ“f;j}:?'p‘)J
'-'I:I(‘_'.: ‘:_ ;". i ."-'_‘.-'.‘.'I:. -_‘_‘: x .. . i ,‘ 3 F : .-,. . o g ”‘_.: ) :.“' _ .,': . o . -.‘- ‘1 '. o “--_ ‘ 5
. ; 6, e & : g I ‘- ) .' ' ‘ '." 3 L '-“ S T v'n-’-:'l"' e

“‘Iif{ 'At IHD, d%lerge dhplitude etern weve which ceueed the 7>y S
3 “.ﬁf-:' sheet to feil was, qenerated by the air cell model en ':f?;:ufr_
. deeeleretion rrem 4 m/a.' CQnetaﬁt egeed teeting done :




Bom U T I N T o avfen Wam T8 Yl Btelh e it
g 1 . ,_;. . " . __- v g . S ) I o, . ‘< W H £ : o
. ,. v . . . : . . -.' i < Bl - _— I E et .‘ i .

f with the samevmodel at a, aeriee cf epeede up f&“ﬁ”h/su'Uhﬁfm“ﬂ'
showed hc visible wavee. . 5_1'- f f'“.l:"l'_”‘“ﬁf

o

cem e e o ¥ v I|f

”'3(5) \At IMD resistance curvee generated by the pneuhaticltube'

l
- Hev mcdel were as expected.‘ They rese to a maximum L

:-;' ' f resistance and dropped off’ at higher apeede, eimilarltc""
;?‘Q o deflection versus Bpead Curvaa. ;; _yt '1\\;; i\ .n’ ' :
G T S 1L _ . 3 | D
?lL(Sl‘ During a constant epeed teet at the critjcﬂqupegu at g f:'j%
7 '%/T IMD, the eheet wae observed ﬁc fail ihiti'lly by drecking S
I{gi“?ﬁj%-t“ in frcnt cf the 1ced alcng the crest cf:lhe bcw\weve-1;::

-GZP,;,;‘ The cutput cf the lbed dﬁll for this teat showed a’ ste&dy

= % and rapid increaee in resietancewtc the pcint c: tailure._ﬁiTc?
The aﬁplitude cf weves generated during thia teet wae}'lﬁi-
A alsc dbserved to grow until the. eheet failed. ] 3_ .
‘.cif)il At/MUN resistance ver;;e Speed'curvee fc; the threa 2}' ,i
‘ﬁ 1:. B mcving 1cads ueed in the atyrofoam eheet teete yieldedla--l"
?;jlii ' similar critical epeed which was aleo very cloee to that’;};fljﬁ;

.:Qf}\_f’ fh calculated baeed on the diepereicn relaticnehip. Thia'a; Ol
:J)E.;.T”, would seem to’ indicate that the critical epeed-is mucha “

"~;sz mcre a function ot sheet proparties th

- post, B .. . A =0 ’

lced prcpe:tiea. Y

S groh 43 quBe bns s T 8 .o L - e 1, 1

(8) Wava patterne cbteined from the htyrcfoam shee; tests egree

quite well with the wuve pettern predicticns of thig thggii..f;Vw;
i Y,




Deflection patterns for the styrofoam sheet obtained at .”f;:
‘| .

speeds below the.critical speed show a- bowl-shaped "\'

(93

':ﬁfﬂ depression which is almost circular at very 1ow°§peed

b

'ffi‘ but, as the speed approaches the critical speed the i;?fdligh?“

L

[ o, e

..'f ; «pattern becomes elliptical with its long axis f'[.,;.ﬂff~ - ff‘ff
perpendicurar to the direction of motion., The long axis
grew to twice its original 1ength while the other axis '

'

'}?.‘ actually shortened as speed increased This is :{’VQQﬁyf i

:. ' contradictory t0. some " researchers' assumption that ‘the . pj:;jlf“

t depression stays‘circular and the same size. A“i‘ ‘ﬁiun ‘

T , T‘.‘“;@.";.;‘ .“'{ s | #y ,‘ - | . ‘ '. o 3 " ]°ﬂ‘ '

(10) Resistance tests indicated a: critical speed for the I.

-‘ﬂ: styrofoam shéet at the samerpeed as that determined from |
deflection data. lf" “‘l“‘;.ﬁi;f- ;f?fiff,»;ﬂi.»,' "'_ P <

(ll) The open water tests and the polyethylene sheet tests

both give further proof that determining the minimum .;IEJffgifl‘

s phase speed for waves from the dispersion relatfonships~”h‘fﬁ

e :

for surface tension and floating plates, respectively, is-r

I ".' 20

‘5«a valid way to oﬁtain the critical speed. I

5 ——.\ ' g '”‘/ % /z ' ‘--““f""' “ ~ ‘- ¢ ? 5 “_- g o .,'", - < ‘.' fu dwd G
(12) The open water tests andi&he polyethylene sheet tests {f”'

produced wavedpatterns which agreed quite well with wave

pattern predictions ‘near the critical speed."
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Based on the exp rimentai'work completed, ituis relt that

..J.! _-‘,

'fg sever?i aepects' 3 the critioal epeed phenomenon for floating

'.a

“:\

'b*.

ice sheets redk{ e further study"

- .~ . .
¥ +

,gMethodexeho
. amplitudes’ as well ae wawe patterne.

&Id be deVeloped whioh can predict wave..
With amplltude

lz;ihformetfor

u=in£ormatio ),
h ‘,.4‘..- g o i 3 e !
be determi ed f hie would allog calculation of stresaee

L .

Further etudy of the energy trap hypothesis is required._;,Au

(2)
e made to determine wave-induoed sheet

An attempt.shculd b

failure based on veh}cle mass. f L.

¥ .
. - _..-_ r s

ﬁsince most work hae‘beeE done on steady state problema, 2
:}; research shculd be done on loads whidh accelerate and H

decelerate(
_Vehiclee which approach shore shghld q;eo be studied. The—

g _-effect of




v N

effects and the effects_of multiple vehicles.: Multiple

v

veﬁicles moving ogeth r approaLhinq each other from

@5 , a8, part of this thesis._ﬁ

s : S

iﬂ‘{r(“\()i i,gv 3
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Figure 38 Open Water Wave Patterns
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