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This report has beoa subaltted in fulfillment of MIPR Z-700°9 3-3:74% #

and (s promulgated sabjgct to the following qualifizationa: e
The coatenss of this rspotl ceflect the viaws of U.S.A.CRREL %' _
“AN}V&&_S&% HAIFSHIAS 03755 whish £ vespoasidle fic the facts ard che =
accuracy of “he data pr :seazad hezs:in,  The conteants do mot aecassartly R
flact the ofVislal viaws or poli-y of the Coaat Guavwd, This report ]
dous not coastitate a staadarl, ssoclfleatioa, or regulatioa, x

.C.C%

Captalin, U.3, Coa3t Guaxd

Chief, Marine Safety Technology Dizialon
Offize of {2s.arcch and Navelopaent

U.S. Coast Guard H:adquarkers
Washigtea, D.C. 205997
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" Object v;: To conduct large.scalelfiéld axper inents to“deéermine ;hé

h po&é: réquirements of cutting ice with high pr:ssute wialer

fets.

'ggruag :  To compare water jet lce cutting with other methods of ice

disaggrigatisn,

Summary Of Pesults:
A witer jat ice cutting system capaSle of slicing thranjﬁ 2
ft. of ice at a traverse speed of 5 knot-, Qpéfitlﬂg At:nnnr
loﬁ,QOO‘psj would require approximatelf 1505 hydraul {c
ho:sepogur ;orrespbnding to about 3,000 prim> mover h*fse‘
 poucr with present tate of the are équipmencf .

aclusions:

'Ccntinuous ice cutting wilth nigh pressure water jots Lg naf‘
a feasable method of’iée disaggriéation due to:

1. Exceasively hizh power requireménts |

2. Unrelin&ie state of tha art.high prcésure water Jot pump-

ing squipument.
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E, g} K jg';-cmmc AS m ICE-BREAKING AID
£ %% " Preliminacy Report én Field Tests for U. §. Coast Guard éé
g% . l» ggieolm Eeller and Fr#ncis_cagnan | ;f
g Introduction ’ ’§
i i% . Recent developmenc§ in high‘préssure technology have stimulated ;’
: F% interest in the use of high pressure water'je;s, both pulsed and continﬁous,
é for.cugting and bresking. Many diverse applications have been preposed, :?
% sometimes wiﬁh more enthﬁsiasm than disérimina:ien. | v f}
; It appears that water jéts wéré proposed as supplementary cutters for ‘ ;
i ice-breaking vessels in Russia a few vears ago, bﬁt»no sﬁbstantive reports ii.
§ ~are avsilable. A 19?1 paper on the subjcét by Shvayshteyn susmarizes some ;
é well-known properties of water )eﬁd, but reaches only trivial conclusions ié
% aboué theif efficacy for cutting fce. ‘fhe idea of using water jets for ' éf
% cutting ice has been bandied around in the United States for the past tuo é
%f - years,’and over the pést yea? or 80 & number of cormmercial oxganizations. ?
; and contract research 1usti:utions hévo shown definite iﬁte:est. However, b
é as far as is known,>only USACRREL has madé any systematic experiments, ?
% USACRREL.tnterest in high pressure water jets dates from about 1966, é
1 and over the past six years or so a variety of studie§ have been made, é
) ﬁainly directed towards cxcavétion of frozen gre.nd (see Mellor, 19?2&, g
. for 'a review of work up to the en& of 1971). In all of these studies, %
5 . access to high pressure equipment has been by contract arrangemént or by g-
1
fiu.;m,.,.«..,au;_f_wuﬁ.ymk@u_ﬁl:_,gﬁ,.,,....;,;.; AR i 38 e s b o b et ans e SRR
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3 R i 'cbllaboréxion(with o:heg'inétitgcionz.‘ Thi§ #pp:oacb has proved beneficiél

" in thet {t ﬁas been econcmicel, it has prdvided experiénce §ith a verfiety
of equzpment; and it has avoided enslavement to one particular tyﬁe'of
capital equipment, Dutiﬁg the course of tcsts on frozen soils, a lew experi-

ments wvere wade on-ice blocks (Summers, 1971; Mellor and Harris, 1972) end

rhv'rékultq wefg used to evaluate the material constants needed for analytical
design methods (Mellor, 1972a, 1972b), ‘ .
In the autumn of 1972 USACRREL received informal inquirles frem the
;'- u. ﬁ; Coast Guérdvabout tﬁe‘poss;bilities of uéing water jeﬁs as ice’breaking
 iids on inlard waters. At that time. design estimates based on resuits of
small—scaleulaborkc;ry exéerimenta indicated tﬁsc a. jet capaﬁle of slicing
i : through 2 ft Bf fléating {ice at a trgverse speed of '5 knots would wmake
unreasonably high power demands (Mellor and Harris, 1972), ﬂowevét, recognizing
that ne field tests had been made, and that new equipment capablg’of pressures
bp to fO0,000 1bf/1n2 was being offered, it was conceééd that it would be | - ;
prudeﬁt for the Coast Guard to include jet-cutcring teats in its FY73 research

brogram. Consequently, USACRREL submitted a proposal for fleld evsluation of

st o

what appeared to be the most advanced continuous-jet unit fu existrnce at

PERNEAAOVINIE SRS

? that time.
; ,
Test Progrem '
3 Techaical plans drasm up in November 1972 called for ome week of E
systematic field tests on a small lake near the USACRKEL laboratories in .
2 i
.Em_”__;, S S5 v A IR R MR i s RRS  at R O YRR OR S NS SIS DL FUNPAEIEPHPETR RPN SURTE S
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- Harover, N, H., the tests to begin on 19 February 1973, Al100;000 1bf/in2

jet unit developing 200 hydraulic hovsepower was to be leased from the Illinois

Institute of Technology Research Institute (IITRI), aund the-unit was to be

operated by a senior engineér and a technicfan from ITTRI. The test matrix
was designed to investigate the varfstion of jet penetration with nozzle

pressure, nozzle dlameter, and traverse speed.

Due to administrative delays the IITRI contract w#s not awarded until

- after the planned scarting date for the tests, aand by this time the IITRI

unit was being reconstructed in the third version of the prototype, so that

further delay ensued. The jet unit was not ready for shipmént until 19 Msarch,

énd by this time abnormally early spring conditions hsad caused serious deteri-
oration of the lake ice in New England., A rapid survey of ice conditions
indicated that early breakup was general in the northern states, but a

decision was made to attempt fieid tests at the Keweenaw Field Station,

Houghton, Michigan, where the required 2 ft of ice still existed in spparently

bsound condition.

The IITRI high pressure unit arrived at Houghton late on Wednesday,
21 March, and was off-loeded on Thursday, 22 March., There were logistic
difficulties in preparing the unit for operation and in moving it to the

test site (among other things, the unit sank {n the mud and the bulldozer

broke down), but by mid-morning of Friday, 23 March, the unit was on the

ice and ready for testing (Fig. 1.
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Since it seemed possible that there ﬁigh; be trouble,with.bc:h :ﬁebice

and the equipmént, the original test plan was discarded and the program was

f' ~ started with the grand finale, i.e. full hydraulic horsepower, maxizum

e i e A s et

‘ A pressure, maximm nozzle size, and operational traverse speeds. ) i

At thg-statt, the power tréiler aﬁdiintensifierlskid were to#ed 8CToss
the ice by means oi a winch and éabIe,lbut this improvised arf&ngeaent-'

' only ga§é'speeds up to about 1 knot, ané the motion was unsteady. A direct
tow with a light oversnow vehicle was then attempted,bbut this 2%-:on machine
was unable to move the 7hk-ton 1ITRI unit. It was then decided.that a tow by
tﬁe HD-5 Traxcavator (aﬁout 6-ton) §0u1§>have to be risked, Two gﬁod test

runs were then made at almost 3 knots before the tractor bruke through the

lce and sank (Fig. 2), at wﬁicﬁ'time tests on floating ice were termiuated
by decree of the equipment supe;intendent. Appendix A'gives some notes ed this
bearing stte@gth problem, | ' |

| All equipment wa§ retrieved z2nd returned to the Keweenaw Field Station

on Friday afternvon, 23 Emrch,>and preparations for tests on ice blocks

B ) Y N B oY STOtes LR v NN

were made., On the morning of Saturday, 24 March, the intensifier unit was -

set up on blocks and a simple travérsing track for ice blocks was laid 7

-

beneath the fixed nozzle (Fig.‘é)( Ice blocks were cut from a nearby pond

with a chain saw, and were carried to the test rig in a Weasel. 3oon after

-
2 W AT AR | L L A L s R

?A ' start-up, the high-pressure seals failed on one cylinder of the istensifier,
aud repairs had to be made. Two-traversing tests were then run &t ‘00,000 ;
:' ‘ : lbf/in2 and the seals agein Zailed, this time on both cylinders, s+ that %
& {

A LA G i b ACED (o
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tésting was termipated fdr_the day. On Sunday morning the replaced seals

failed again inmediately after the first run-up ioVIGO,Ooollbflinz,'and after

fufther repairs the intensifier was still lezking, However, by lfmiting
pressure to 66,000 lbf/inz and limiting nozzlé diameter to 0,015 in.‘it was
possible to oﬁeratc. and some traversing tests, étatlc penetrafion tests,
and jet lengﬁh méasurements werxe qade. . ,

ABy.che eud of Sunday, 25 Harch; the intensifier was leaking profuself-
and sparss and morale were running low. There seemed 1ittle likelihood
of obﬁaining,much more useable data, and tberefore the test program wéas
tgrﬁinatcd.

Tést Results .

Before'gtving'any test data it must be pointed out that thé I1ITRI unit
dors not give & continuous jet when operating at its maximum presiure and
flow rating, and the writers arc not yet convinced that it act;étly d:livers
100,000 1bf/in2 when fitted with a 0.02 in, diameter nozzle. The unlt spurts
at about 0.8 beats per second uhdef high-pressure operation because there is
no sdrge_chamber on the delivery side of the intensifier, - Delivery pressure

is uncertain because there is no pressure gauge on the high pressure end of

- the system - pressure is read from the low-prassure circuit, and is then multi-

plied by the area ratic of the intensifier, but the system has not been
calibrated. When the maximum-per formance jet traverses, penctration varies

cyclically from zero to a maximum value as the nozzle pressurc fluctuates,

&&a;wum e s Kt L a1 35 e A T M v R D 4 e N o S 7 et T s e oo S LA L ot o T e abemi e L
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In allraf ﬁhe tra#eréing teéta, penétrat{an yntiéd cygliCllly'from
zero to aimaximué value, and it was assunied thlt‘maxim§m'pcneératiod;
éorresponéed'éith naxinmum delivery pressure, In Tébles I and II maximum
penetrétion is tabulated alongside the ggéiggl delivery pressure, {,e, the
pressure of the low-pressure hydraulic circuit multiplied by the effective

intensificaticn ratio of 20 (which makes some allowance for friction in the

- intensifier). Traverse speed in the lake tests was mearurcd by timing &

50-ft run with a stopwatch, and in the blsck tests it was messured by

timing the travel of a block (approximately 52 in. long) Lhrough‘the Jet,

* Nozzles were described as "Leach and Walker 139 nozzles,” 1.e. they were of

the design attributed by Leach and Walker to Nikonov and Shavlovskii, with

13°% entry cone and 2 paraliel exit section having a length/dismeter ratio

of 2.5 to 3.0, Traversing data are given in Tables I and 1! and in Figure 5,

Table I

Traversing teats on floating {ce

Nomiral
Test Nozzle dia. Nozzle<pre§sure Traverse Speed Msx,Penxtration Remarks
(in.) (1bf/1in?) . {ft/min) TS
1 0.02 100,000 69,1 6.5
2 o " ) 99.1 . 7.0 Jerky travel
3 ¥ " 303 5.0 _
4 " $0.000 . 280 . . 2.0 One cylinder
' : of intensifier
faulty.

Standoff distance gpproximately 1 in.
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LB Table II E
Pono : '  Traversing tests on fce blocks
i §f~ » : Nominal - : : ' : 3
‘ g? . " Test Nozzle dia. Nezzle Pressure Traverse Speed Max. Penetratios Remarks
C{in)) (1bf/:n%) (ft/min) (in.}
: 1 0.02 100, €0G 250 3.75
i 2 2 oo ’ o R 57 : 6.0 ' Jerky travel.
[ S : Lo v o
n 3 0,012 . 60,000 189 2.8 ,
“u %’ - 4 " " -~ 85.3 . 3.0 Jerky travel
x s SR | 58.9 4.5 | ’
§ 6 0.016 o e20 5.0 >
;o 7 " - " : 69,6 6.5 Jerky travcl
P 8 o - B _ 66.0 6.5 :
: Staruoff distance approximately 0.75 in. fd; 0.012 in. nozzle ana B ?
1.0 in, for 0.016 in. nozzle. ;
: |
Static penetration tests 'rera vuan in order to sit an upper bound for f
penetration as traverse velocity tends to zero. For a penetration test, an E J
ice block was set up with its loug dimension parallel to the nozzle axls o
. . e o ? ’:
(Fig. 6), the nozzle was brought up to operating prescu e with a steel P
. " deflector protecting tha fce. and then the. jot was allosed to attack the ice 2’5
for 20 seconds. In some of thcse tests the fet broke cut through the side i
; of the block, since the fcc on one 2l2 of each block was very weak due o % ;
%’ stuin*bouﬁdary melting. In &1l cases the cavity cut by the jet tended ta E
v 7 i
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increase fn diameter with increasing depth for about 90% of the total depth.

o o an s v v

- The few results obtained are given {n Table III; it appears that statié

perctration for small stando”f 1s& about 2000 nozzle diameters.

Table 111

Static Penetration Testa

. , yominél o Penefration ponetrstion+Standoff
Test - Noxzrle Dia, [Nozgle Prezsury Zenetration Standoff " Nozsle dismeter
{(in.) . (1L £/1a%) (in.)} [$T YD)
1 0.012 40,000 22,9 23.9 . 1992
2 " . 606,000 28.1 . -29.1 ‘ - 24625
5 0.016 60,000 29 L 1875
4 e 80,000 34,5 5.5 2219

" With a nozile diemeter of 0,016 in. and the feedwater pressure of
600 1bi/in®, the jet was allowed several minutes to erode a groove
along the aurface of a 0°¢ block; it eroded to a total distance of
51.5 in. ’
. Some attempt was made to deiermine free-aiy jet length by simple means.
As near”as could be asccertained by direct cbservation, the cohrrent jet core
was sbout 1000 nozzle diameters long. However, the dispersed iringe of the

Jjet extended more than 3000 nozzle dismeters. When a wooden board was moved

hackwardsband forwards at the cx: emity of the jet there was a fairly distinct

transitica from low impact force to a force of the crder of 1 kgf, and the

distance from the nozzle at which this transition occurred was measured,

results being listed in Table IV, The apparent increase in dynamic length




?‘b E e TR A i 'j.:f‘v:"f s kg T gog ST
é E .
C R g
! ,%
B §_ ' i
- with fincrease in rozzle pressure can prodpably be sttributed te the method -
S : : ' : -
: é of measurement; it would be more consistent to take as a lower limit of
‘g force some percentage of the nozzle exit force, For most practical purposes,

*

howéver, it can be assdmgd that dyanamic length is shout 3000 noczzle diameters,

Table IV

Total rAynamic: length of jet in aix

Dyvamic length
Nozzle diameter

Test Nozzle dia. Nozzle Pressure ‘Dynamic length

R R T T T I T T

. (tn.) (biia®) (1) |
1 0.012 20,000 35 R
= 2 v a0000 38 3167
: 3 W 60,000 39 3250
6 80,000 “wo 1333
} s " 100,000 s | 4083
; 6 | , g " ' 52 : %333
’ 7 0.016 20,000 w 2750
% , 8 “o 40,090 44.5 2781
: y o om 60,000 . 46 s ,
o o 80,000 s 3375
T o " " 1e0,000. 55 3433
% é 12 f o.oiq SR .ao;ooo s 48 2400
: i ‘
0

ST s TR
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| - > Pr1o£‘to théée tests gome'pértérm;née estlma?es Qere‘maaé on the
. basis of eqriier‘experimental uofk, and it {s now festructive to ﬁémptfé

- the e,stimat_eq with measured values, Peneiranion' pu ‘Qas estimated from the

equation (Mellor, 1972b): . v :
(? x g’ 1l «e op2 d
u of 1 - exp (-Kgp d/u)

in which p, is nozzle pressure (lbf)inz), ¢ is nozzle dismeter (in,),
a is traverse speed (ft/min), and EL aad K2 are parameters deterrined

“experimentally. The values taken for the parameters were:

EL « 1000d - s
K 9.2 x 1077 220y Lsesn
) = 9.2 x (ave/108) 2 (1) (e /nin)

vhere s i{s standoff distance in inches. Table V gives the comparison

of predicted §alues with actual values,

Takle V

' Comparison of actual and predicted cenetration for traversiqg‘jet

: Nominai TraverJ2 Actual Predicted
Nozzle dia. hozzle pressure speed penetration penetration
“(in.) (1bf/in%)  (ft/min) . (3n.) (in.)
0,02 100,000 - 69.1 6.5 17,7
" M 89.3 7.6 . 16.0
" " 03 . 5.0 8.7
" 50,090 280 2.0 2.9
" 100,000 250 3.75 10,0
v . oo 357 6.0 7.75
0.012 " ' 60,000 189 2.75 2.1
" : " o - 83.3 3.0 4.3
" - u 58.9 4.5 5.5
0,016 * , 92.0 5.0 6.6
" " 69.6 6.5 8.0
" ' " 66.0 6.5 - 8.3
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- With one exception, the actual weasured values ofvaarinun penatration
are all lewer tuan the predicted values, and the most glaring discrepancy

occurs at the highest level of neminal hydraulic horsepowver (Fig. 7). The
reason for plotting the cowparative data against traverse velocity in Fi‘gure 7

vis that‘there ought to be reasonable apgreement Fetween predicted and actual
lvalues at thg exiremes of vélocity (u+0 and u~»§0, with poorest agreement
in the mid-range of velacities. Hoﬁéver, there arc not cnough results to test
this ﬁypothesis. -

| One thing tha: comes out of the static penctration :estQ at chghtoﬁ
is that the prcV{ously assumed valQe of £L i3 too low for phystfcal realibf.
.although It may chllbe reasonable as a curve-fitting parameter for the data
Jvailable up to thi§ time. In order to examine this question, -1n(1-QJfPQ)
has beep #}ottgd against (pid/u) for three different agsumed values'of’Qo,
and the Houghton data, excluding thc.resulcs for the ﬁoﬁinal 220 hydraulic
harscpower, ﬁave Eeen added (Fig, 8). It shduld be noted that logarithmic
scales are used only for convenience ané clarity, and & linear relationship
rbetwc-en ~In (1 -‘p‘/ Qo) and (pg d/u) vust have a slope a;f 1:1 on this type
of plot. Figure 8 clcarly shows that this type of parameter determination
.is quite Lasensitive to the assumed value of IL unless the data involve
valees 'of tl F“Qt approgch the value ot Qo'. Although tﬁese results have
not yet becn ciocked by regression analysis, it appears tﬁat the best fit
fu obtained with & valuc of @o that lics between (1000d - ¢) and (15004 - s).

In any event, the situation with respect to the Houghton data remains unchanged,

11
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i “{n chat- all result: _except one are law 1n compari:on wtth p:evtous results

'f'; _ according to this type of pXOC-
Actuallv, there are sone indicstions that the analytica; function

(p d/u) may give too much emphasis to nozz‘e pressure, with the result that .

~ predictions extrapolated to pressure ranges higher than the data rarge

- are svstematically overestimated. what this means in the present case is-

that our predictions for very high pressure equipment (100 000 lbflin ) 3
have perhaps been tco o;:imistxc. 7
While cur-desiga analyses may-beiin need of some refinement, fhev are
still perfectl) adequate for making planniag estim&tes. and Jt i> worth
looking again at the p'ohable requirements for a jet that viil cut 2 ft of
ice at & traverse speed of 5 knots. The simplest and least controWersial
way to do this is to ;eiécp various no;zle-sizes and then caleulate tie minimum | E
pressura tﬁat will just givz a 2-ft penetr#tton at 5 knots; Table VI gives

some results for calculatfons of this type.

Table VI

Minimum requiremects fo. single jet slicing 2 ft of ice at 5 knots

«
. S

(assuming 4, = 15004 = s, Ky = 5.0 x 1077, s = 1 in.)

FRDRITRE .

: Reozzle dia. Nozzle proessure Hydraulie power of fot
; B (in.) o (155/4n%) (h.p.) . :
é © 005 89,700 1160 | H
S R S U 4,200 1510 7 SR
L o1 27,700 1800
3,6.20 g : .-20,500 . 2050
| ' 12 |
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Cenclusions

In spitc of‘ali the setbacks, this project succecded 1n;making'ad adequate -

A, 2wkl ¥

cvaluation of tae IITRI high pressure jet unit as it presently exists.. The

following conclusions can be drawn:

T £ e

{. there is ebsolutely no indication that the high prasecure jet unit can
cxceed the performance cstimates made prior to these tests. There is a strong

possibility that mechanical inadequacies in the jet system reduced its

periormane.: somewhat ai” high power levels, but elimination of these problems

ot o s Ay oA T 1 st O
Ry . R

would not be likely to do morc than impruve the agreement between predicted: E
? and actual pof[wrmance. In fact, it may well be that the'pcrform”;:- pre-

e e Rl R e e

dictions for very high pressures are too optimistic.

2. A water jct system capable of slicing through 2 ft of ice at a

traverse speed of 5 kuots wouid make exorbitant power demands, At the

pracﬁlcal pressure Haoit of available large pumps, a single jet nozzie

would develop about 2000 h.p., while at the absolute pre. sure limit of

e b o s

current pudp techhology a single nczzle would develop about 1000 h.p.

Thesc are values of hydraulic horsepower; the input engine horsepower could

be &5 much as twice these values. For a 3-nozzle cutter system the installed
engine power would thus be of the order of 10,000 h.p., which seems preposterous

. " for a vesscl working the Great Lakes or the St. Lawrence Seaway.

e g o

3. In its present form, the IITRY jet unit does not appear suitable

% deidi bl

§ for sustained operation at full output pressure. There is very little

R s L AR
e 2

it

1ikelihood of it operating hour-aiter-hour and day-after-day, as woﬁld be

1equired for shipbeard tests.
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APPENDIY A

'Prb§14msAwi;h {ce bearing strenpgsh.

At the time the tests started, the main body of lake 1ce at the test
site was about 24 fn, thick, but there was a 2 in, layer of very wesk slush

7 in, below the upper surface. The yppermost 7 {n. of ice was snow-ice,

- Ntght tewmperatures were below freering, and the ice surface was dry, with

high albede, Cores drilled cut of the ice showed no sign of interanal

detertoration by graln boundary melting (apart from the slush laver). There

was & band of transition 1c§ around the shoreline that vas thinner than
main body ﬁf ice.vand or onec side of the pond the ice had been thinacd by
inflow of a small streasm.. o

At the beginniﬁg, atteopts were ﬁade ta tow éhe power trafle? ento
thg 1ce with & D-7 traétov, but ;h¢ {ce was inca:able of supporting this
maéhine (Fig. A~1). The powcr trailer was then sthcd out onto the ice,
and was moved around wiih a winch cable. {f parked for 10 miautes or so,
the power trafler (15,000 1b on‘a dual-vheel, single-sxle, ?rallcr) cagsod
the ice to creep into a bowl-chaped depression, about 1} ff deep at the
coenter, Hhonuver this happened a state of contrél]cd panic ensuced, and
the trailer was swiftly transferred to another parking‘place.

dhen it became necessary to tow the jot unit directly with the HD-5.
there was some coacern, since too many loads were being placed fn close

proximity, and the vehicle tracks induced vibratory loads, - The train of
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load§ (Hg. A«2) consisted of the 1ntcnsi£1ef skid '(lOOOllb). the pover '

trailer (15,000 1b), and the tractor (11,503 1b). The plan was to meke &

test run across the ice, and then rétura to a safe purklng‘place nesr the

shore while preparations were made for the next test. However, it was

' impractical for the equipmesnt to cross the shoreline trausition fce, and

so the train was parkéd over vhat was believed to be shallow water.
After the second ta§1n3 test, the train had been parked'!or abost
5 minutes when the fce under tha.tractor begag to sag increszsingly at gl
perceptible rate, and water fiooded the depressed fice surface. Th§ coupling
betwcen’:he tractor and trailer was releesed and an attempt was vade to
drive the tractor away, bu: as soon as the tractor moved the ice gave way.
The traller was moved onto the treﬁsltionfica over very shallov vatér.‘

where its wheels broke through.
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