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MEASUREMENT OF THE SHEAR STRESS ON THE
UNDERSIDE OF SIMULATED ICE COVERS

Darryl J. Calkins and Andreas MUller

INTRODUCTION excluding the upstream end, and extended approx-

imately 0.1 m below its base. The frame was designed

The major driving force exerted on an ice jam is so that the mesh would not come in contact with the
often the fluid shear transmitted to the underside of flume walls.
the ice cover. Pariset et al. (1966) assumed that the Frame displacement was measured by strain gauge

ice cover shear stress was equivalent to the bed shear force transducers with a maximum displacement of

stress in the development of their ice cover formation 0.06 mm. The two transducers were connected indi-

and evolution model. vidually by thin nylon line to the outside members of

There have been many attempts to calculate a co- the frame at the upstream section. Initially the trans-
efficient of roughness for the underside of an ice ducers were calibrated individually, but the nylon line

cover, both from laboratory and field observations stretched so that the system as a whole had to be cali-

(Ne/hikhovskiy 1964, Ashton et al. 1970, Carey 1966 brated. Output from the transducers went to a strip

and 1967, Tatinclaux and Cheng 1978, Ohashi and chart recorder. The force FF in the streamwise direc-
Hanad 1970, Tesaker 1970, Ismail 1972). The greatest tion due to the weight of the frame was incorporated

difficulty lies in measuring the physical dimensions of into the calibration and its magnitude can be neglected.
the underside roughness element of the ice as it relates The water velocity profiles were obtained from a

to a coefficient of friction. Nova-Nixon small propeller current meter. The frag-

The objective of the research described in this re- mented ice cover was simulated by 3.14-mm-thick
port was to experimentally measure the drag ferce X 31.7- X 38.1 -mm polyethylene high density plastic
and hence the shear stress on the underside of simu- blocks of 0.92 specific gravity.

lated ice covers in a laboratory flume using square
polyethylene blocks of 3.1 8-mm thickness. Velocity EXPERIMENTAL PROCEDURES
profiles were measured beneath the fragmented cover,

and the shear stress was calculated from tiiese profiles A constant water level of 0.152 m was maintained
and compared against the measured values, for all experiments and after some preliminary tests

two flow velocities were predominantly used, 0.082
and 0.1 3 m/s. The critical velocity for submergence

EXPERIMENTAL APPARATUS of an individual block was calculated to be approxi-

mately 0.13 m/s based on data from Larsen (1975)

The experimental work was carried out at the and Tatinclaux et al. (1977).
Iowa Institute of Hydraulic Research in a 12.2-m-long, When the desired flow velocity was obtained in the

0.61 m-wide, and 0.3-m-deep tilting flume, maintained flume, the nylon lines between the transducers and

practically hori/ontally for all tests. A 0.57-m-wide frame were brought into tension by moving the pair

and 2.44-m-long wooden frame (Fig. 1), constructed of transducers in an upstream direction until a small

from conventional 2 X 4 lumber, was suspended 3.05 force registered on the recorder was zeroed out. Ice

rm from the ceiling. A wire screen of 12.7-mm mesh was introduced into the channel near the hcadbox from

was stapled around the outer surface of the frame, a chute angled from the support rails to the water sur-
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Figure 7. Iixperimnentl setup in flume.

surface. When the ice dropped into the fow, surface nm = mean fluid velocity

waves were propagated downstream, setting up temp- r, shear stress on the ice cover underside
orary oscillations in the frame as indicated by the
recorder output. The slope of the water surface gradient was approx-

The total force acting on the ice mass used for cal- imately 5y 10-" m/m, and the force F, in the dovs n-culations was determined when the system had stabil- stream direction due to an ice cover was small (< 1 mN)ized and a constant reading attained. Velocity profiles and consequently could he excluded. It will be shownwere measured 0.76 m upstream from the downstream in the experimental data section that the hydrodynamic
edge of the ice accumulation. The weight of ice dis- force /, is small compared to the measured total forces
charged into the flume, length of accumulation and except possibly for shor t cover lengths. Therefore, theaverage thickness were also measured. The mean ve- total force recorded h the transducer consisted pri-
locity Vrm in the channel was calculated from the dis- marily of the shear stress translerre(! to the cover's
charge measurements obtained with an in-line orifice underside.plate. T he C al1culation oi the s heca r stress on the ice co\ 's

underside wvas based on the projected planar area of the
cover within the ice frame, such thatANALYSIS OF FORCES

7im -K IM/B (2)

The ice-collecting frame was designed to exclude the
friction force that could be developed on the walls of where the subsLript m r leis to the measured value.
the flume by ice pieces. The total force FM measured the measured shear stress was compared with sheerby the transducers in the direction of flow consisted stress calculated fron the helecit' profile on the assump-
of three components: 1) hydrodynamic or form drag tion that the logarithmic Clocit% distribution could be
FH on the leading edge, 2) shear force Fs due to the applied to a flow depth onh, a few tlimes the siwe ofmoving fluid beneath the cover including form drag the roughness scale. A further assumption was made
of the ice blocks, and 3) weight of the ice mass F1 . that the I los, cross section under the ice cover couldFigure i shows a schematic view of the frame and the he divided into two ones from the plane ot maximum
forces acting on the system. %eloit\ I) the ice ,rne and 2) the bed zone. Based

The forces are: on this division (i areas, the log,r ithmic velocity dis-
tribution was applied to each section individually.

FM F Fir + FS () he only diffiLulty lay in assessing the position of
" 2 the upper bioundar y sinrlC the fragmented cover had' - 2where FH = t Cd t B Vm (hydrodynamic force) such a variahle thickness.

FS riLB (shear force)
F, = W1 sin 3 (cover force)
pi = density of fluid EXPERIMENTAL RESULTS
Cd = drag coefficient - 1.0
t - thickness of ice Art initial set (l experiments was conducted to8 = width of frame determine the neccsstr', cover length that would en-
L = length of ice accumulation sure a proper boundary layer development and to in-tl 2



Table 1. Initial shear stress tests.

I iihih ot lIe jqht t lha k'tc, Ftl Wean Measured
,,,.'mc' I Cooer W ol (o 'C, /c 1CM 'elocit, Vrm shear stress rim Normalized Friction

Run urv \) (,nin) (rnN) (o1/s) (N/rn') thickness t/Vn factor fim Note

SI OWo 8.8!1 3.18 34.2 0.119 0.0948 -

S2 1.22 13.34 3.18 46.7 0.119 0.0868 -

S3I 1.83 26.69 3.18 83.6 0.119 0.0773 -

S4 2.44 35.59 3.18 106.3 0.119 0.0737 --
S4 1.,8 '15.59 (13.3) 99.2 0.082 0.1058 0.095 0.1259 1
S 1.12 .18.9- ( 5.1 124.1 0.082 0.1092 0.110 0.1299 1

'7 2.S o2.28 (15.5) 1i52.1 0.082 0.1082 0.114 0.1287 1
SS 2.4-1 i,5 L 18 233.5 0.137 0.1618
S'l 2.14 3 .5, .18 193,5 0.137 0.1341 4

510 2.44 35.59 ;.18 104,1 0.137 0.1140 -

511 2.44 ; i.59 . 18 1 64.8 0.137 0.0934 - 5

SI 2 2.44 35.59 3.18 134.8 0.137 0.0934 - 6
s1 4 2.14 3 i.59 3.18 1134.8 0.137 0.0934 - 7
1,14 2.11 5 3.38 (14.7) 289.1 0. 1 19 0.2296 0.106 0.1297 1
S15 2.1 3.38 11.7) 321.6 0.119 0.2555 0.106 0.1443 I
, It, 2.2'i 3 .38 (I 3.6) 105.4 0.079 0.0778 0.098 0.1010 1

SI7 2.21) 62.28 (15.9) 148.3 0.079 0.1096 0.114 0.1405 1
518 2.29 62.28 (2S.9) 140.1 0.079 0.1035 0.114 0.1327 1
Sl) 2.41 106.76 (8.5) 676.1 0.119 0.4747 0.204 0.2681 1
520 2.44 3i.59 ) 8.5) 163.2 0.137 0.1132 0.059 0.0482
$21 2.44 ,5.5') 3.18 119.2 0.137 0.0827 0,059 0.0352 8
LI 0.1 10.32 3.18 11.5 0.079 0.0319 - -

L 2 1.22 20.t.1 3.18 14.2 0.079 0.0197 -

L3 1.81 30.96 .18 22.7 0.079 0.0210
L_4 2.44 -11.28 3.18 27.0 0.079 0.0187
L5 2.44+ 3.18 28.3 0.079 0.0196 - 2

L6 2.44+ 3.18 28.3 0.079 0.0196 . 3

[7 2.44 3.18 8.4.2 0.119 0,0577 - -- 3

L8 2.44 3.18 83.2 0.119 0.0577 3

L 1) 2.44 3.18 ;4.8 0.140 0.1074 -- 3
I Io 2.14 41.28 ;.1$ 176.6 0.168 0.1225 3
LI I 0.1 10.32 3.18 12.9 0.082 0.0358
1.12 1.22 20.64 1.18 15.6 0.082 0.0216
II , 1.83 10.9f 3.18 22.7 0,082 0.0210

Notes: I. 1 hickness corrcted bs porosit 0.67.
2. (over length increased b 0.11 in upstreamof tframe (0.91 X0.6I-in sheets).
3. Coer length increased h 1.82 in upstream at frame (0.91 X 0., I-oi sheets).
-4. 1 ive blocks removed from downstrearn screen lace in run S8.

.I en blocks remosed :orn downstream screen lace in run S8.
6. ( oser length increased bs 0.91 M upstream (single blocks).
7. Coser length increased b 1.82 in upstream (single blocks).
S. three bl cks at 45 to 60' removed from run S20.

4 vestigate it one can neglect the hydrodynamic lorce because of their minor contributions compared to the

. ,on the leading edge. I he dalta lor these experiments shear force.

Lan be found in [ables I and 2. Both large ice sheets As a check on the sensitivity of the experimental
(0.01-x 0.59-m-wide) and ic, blocks (all 3.18 mm in apparatus, smooth flat sheets of 0.16-x 0.59-m-wide

thickness) were tested. polyethylene plastic were placed in the free-swinging

From the initial experiment it was determined that frame and the drag force was measured for two flow

a cover length greater than 2 m was necessary to have velocities. In a discussion of the turbulent boundary

a proper boundary development and that both the layer over smooth flat plates, Schlichting (1968) de-
- hydrodynamic force at the leading edge and the weight rived the skin friction coefficient based upon the log-

of the ice in the downstream direction can be excluded arithmic velocity distribution and the drag force acting*i3
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Table 3. NIeasured and comiputed drag fortes ol thle L LI L 6 .$ 1

smo oth it ie shets. L I L I 3,V2 ' S1i SI3
-010.

J4 , I 0 0 ''(

1 2 U) 0i. 04

002' ce

0HIpllI W1 'I, i II Cilk C'. I Io\% v~r I lici Re nrili (I) I 0 5

nrjnhr i 1hi 1p!,h lenglliI .111 sOjn'iitics i 'inidered COver Length im:

JILS Ill ti ii,ii'1thilli /,'iii'. Irid onel nIt derCtiure Igrt,' 2. 1lt I/r deursili ethfe or t/ie leuad-
Whletherl th l rrdit [11. la\a e ,r 11Ao Iaiiii rrA ,rlit 'n hO 0Io ill iliq eJe lor, trraq i I% yilireujjj -L ' (Oi

ti ainit inl 0%ciI tlie p),Ila InIPgr Ii. Ienntnr/ Lis rmeasu~rti h.i I/i' ioveful! sheur stress.
11, . i Ads M ii S A11iII ndl ii 11,i tl I lnnS, \\ .1 p11 habl\

ittLIICiIt l'Ci-iICi lii. ILL NhCII'i had W1lu1ntUAI loIVlA-

rlig cdges, twhe n iippitig Ilie hIildarSla\ i liii thle dcreasing length. I nni example. [-I w ith a coner
tHihiiert 'eiICil LinIlf th.is iipIi Sn> Inii lerigth nit 0.t1 niN has a priteiitial ennibiutio from

Ln lliic id, tire us di ods naifo irce ol rnlighl\ 6 niN, using c,,
SuniiIIjIjjIir . I IL)ngS) 1111,J th, iei I etwliiC 0.1 . tinrsequenLJIv, Shlrt CO i'l lenigths WoUld give

the iLI t~ cIi'~i 11 1tP11 and "'C the Rces lols highjejr valueso 1 shear stress it thre hs drods narnic force

iiiih1 oJ slpd1,1111I)II Lckjcll~l the InigirirhiiicSLw were liot sUbtra~cd, arid thlis Is, shown in I igore 2. The

puoile int', t irc ererirI:I~ errip!i neilIi in) l01 IJlte (it thle ellectike shecar stiess decrea~ses with increas-

tIMihu II los soIJ [h ,I Ig cover lengt h for tests 1- 1 anrd L2 hut remains nearl\1

Lontanitt lot L3-1-6.
k4~~~ A .(.lI: it ois Li arid Lb, lddlitiilial Nheets we're placed

lirinrl~iitels upsir eirir 01 thi d11ie, such that a proper

whc A' I ./ r'iu iikiniii i 'csi\ .h0uCIar laser andl %clocits distr ibutiori rmight hie

I o llrrnpxc tOi flii.15UL'dci old JI,ilLiI1ited SaloesN nh aILIIO'Ll. I irese Additional1 sheets did not comne in coin-

le tnl drag airing oni a sriotih pite11, tests V' I mi taIct with tire susperded flaic, arid Por the low veloc-

\2 1r', o~ n ie (i h 2) 1 het 11,lg 'n tie 6t 1 low~ under the latro sheets, the shear stress was

sm Iwi sheets / j~ 11 1i'il i.1 rea ~Ci1NsIlt af ter tire CMver had recached a langth
)Ii roughtl\ 2 lit. in1 expenCiviert S )II 1-S13 (Smnall blocksI

p, of I l.iIiinie la\ ci ft itckless), thle Co e wa\\,s extended Lip-

siteami mini tire franme appioximatels 0.9 arnd 1.8 mi

I ih11C I%- tin uile islilniCl dra11,'l ornC I: tile C0111 respeCt ives, arid again a constant value of shear stress

Pirinni IIIIC' I'Ml these I\,l tLest I uriI. was iraintairred. Thei dlata itor the hrigher veluicitS flos

Ilie measured values of tle (11,W IMI UC l i ~l, (S I -S-I arid S II -S 13) sceri to suggest that a covet

trechk lost' agreerierint w 1th those saInts ohairied uISrrr lerrgth of approxiiaticl 2.4 nrl was satisfactory for

tire Prarrdt-SL h In Utibliletit 1l , ieI lai I ris if) for trreasuitrig the shear stress arnd the effects of thle hydro-

tfOwii fic )ridi. iied nit this jirlln1iltin, it Was c trItiliL lot ce are no(w small compared to the shear

01'i1CIiILeIC1 111ri tire t[)IpaIatIS ss,is ,Iapihlc I lieisrr- lI orcI.

119 1 rIg lute ALL urOl' t %Ihe she ar stress exerited hr tit filhe selnncitX prot iles at (.70 m ninn tire downstreamn

I lijid to .11,14 Li tS aid that tile houindarslas 11ci end 0. the Praic are shown in I igore 3 tor ineteasing

Ill s I.It "; h6101rr. corer leet jhN Upstream. Ifirese pto tic l rce al that, at

1 lire C1l 1 1i IL it W Cmiser I Iergll 111C lie liiC nil thle higher velo)cities (- 0.13 itsa cover length of 2.5 to

Idrag inIt,ri'ari I i isnrret~sirt i oe2 3.5 lit is VIrCLSSar11 ',ot proper hoUtndary layer develop-

I tHilt' I, w seL'10it tests WrsI ithr lt inoer leigrirs mnirt t( tire VeOCit% OILeaSUring poS(tNrn.

9tire rireasrireni 1I'rtnS are extirrielow ( 15 mN ), a nd A relative minimum thickness of the ice jamn call he

tile rietC I ml liii li rs dd niamPi ltLC tnrd weight of comrpuited ti the basis iil thle sulace area1 Ol ice irr the

tire Lc cnr hri, risiiiii Igi ipor tawt %s itr lirtir and thle total weight intl odLticd Upstream. 1 his
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Figure 3. Velocity profiles at 0. 76 rn fron, the downstream end for

increasing cover lengths upstreum.

would represent the minimum thickness obtainable (where Cd 
= 1.0 and A is the projected area of the

with no allowance for porosity. It will be shown block). Comparison of this value with the loss in force
that the porosity remains relatively constant for all of 44 rnN measured by the system when the blocks
tests. The absolute roughness on the underside of the were removed indicates that a few blocks can account
accumulated ice was not measured because time did for a major portion of the force due to large areal
not permit extensive measurements during these tests. projections. These two observations clearly show that

The orientation of the blocks in the ice cover at care must be taken at the downstream end so that
the downstream end of the frane had a significant unobstructed ice floes do not project excessively into
effe ct on the total force measured. Ior example, run the flow at steep angles and create excessive drag
S20 had three blocks against the downstream wire forces compared to the skim drag of the accumulation
screen at 450-600; removing only these three blocks thickness.
resulted in a 27% decrease in the force exerted on the For short ice cover lengths (L/B< 3.0), the hydro-
system as measured in run S21. This same observation dynamic drag FHf appears to be an important contrib-

"- was noted in run S8, where five blocks were removed utor, but as the cover length increases, the ratio of the
at the wire screen for run S9 and five more for run hydrodynamic form drag on the leading edge to the
Si 0, effecting a 30% reduction in total force from run total load is small (, 0.05). T his is because the ice
58. cover underside drag force is significantly greater than

" For run S20, the computed drag force the ice cover frontal form drag.C,

The velocity profiles beneath the simulated ice
Fa  (pV2 ACd)12 (5) covers are quite similar except that the roughness of

the respective boundaries influences the position of
on these three blocks at 600 is approximately 30 mN the maximum velocity. Figure 4 shows the velocity
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PtOl It'S Aord the wt II CsPonIitg1 ftl-irlt,' III S1t)Nit 'It'l it\ I) lit hOtm o it fie ic cover as deteirmined from
the axirirt seli it. do itbothj ., i IrI 'Ise tl, %cio, it plt ties, I lie shearr velocitv in the ice sec-

thickness% *MIn honrljdr\ Bttigbtess le~ueilt' HOMOt tiot i i'* Was deternmined from the Velocity profiles, as-
bottom wars reflitinelt. snirotl,, tile positior ofl va\i %sunting a logar1ithmlic velocitN distribution fromt the ice
MUM11 %CltOcitS % ithlite Lauge ice sheets Wnas ncar 1\ Onte bottom, to the point of ma\in1m~s velocity.

!,all the d-ptlt tf HOW boreAthlilt t e t . A% the ovcr I lie hbiggest difficulty in calculating the shear stress
iFILreased itli Ire11Ss ft r eared b\ ritrIodrIt.rg greater lies in assessing the position of zcro velocity with re-
qtlanl1111V tIesI ice bloc(kS per 1unit1 t1inrV Ulstrearll), thle spect to the boundary of the undcrside of the ice
pt-siior, of ra \inrum tvolo. its *ppr .at bed thle smoother cover. Since the boundary is very irregular, it is ex-

bO Idarr tremiely difficult toi locate from measurements. Fur-4 thermore, a quest ion arises as to where one should
take the velocity profile measurements. Hence, the

ANALYSIS OF DATA calculation of the friction velocity from the velocity
pruifiles is critical, as the position of the boundary can

i Ire dl~t Iint I Mibles I arnd 2 represen thle t estiIts Inl significant ly influence the slope of the velocity pro-
s!,-hcir sit L,-5 treasietiterttsI On single thtickrress file gradient. The shear stress computed from the re-

Ilrge shoots (I ), small Nootks (S) and onl both the sheets (at ionl 7- u*I usstefito eo ityu a
arrd hi.~k isWho'n tire veIlit\ prrtlfe me~aSUtemeritIs calculated from the velocity prof ile gradient.
Were t1ketr (V). I he general equation for D~arcy's coefficient of

iIis lite nIteart neCIit, of (te flow beneath theC iC fritction f is
Loser itl lite regioftrfot lite point rOf ttirumvelIoc-
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F-igure 6. Relationship betweven computed an7d measured values of the
ice cover shear stress.

f- 87/pu V
2 . (6) Several investigations have shown that thc logarith-

mic distribution tails to conform to thc observed ye-
The specific resistances fI are calculated using the mean locity profilec when large discrete roughness elements
velocity in the ice section V, and f.. is the calculated av present at the boundary (Davar and Ismail 1977,

friction coefficient using the mean channel velocity O'Laughlin 1965, and Ismail 1977). Although the log-
Vm (see Fig. 5 for illustration of terms). arithmic velocity equation appeared to be a reasonable

The porosity p of the ice accumulation was calcu- fit of the velocity profile, the von Karman constant
lated from the data contained in Table 2. The ice k (i.e. the ratio of friction velocity and the logarithmic
cover porosity is defined as the ratio of the volume of gradient of the mean velocity) seems to vary.
the voids filled with water to the total volume. The There are four possible explanations for the dis-
porosity values are consistent with those obtained by crepancy in the shear stress data at the higher veloc-
Tatinclaux and Cheng (1978). ity tests:

Figure 6 shows the comparison of the shear stress 1 . The propeller current is not small compared t
calculated from eq 2 and that computed from the ve- the flow depth.
locity profile reduction. For the low velocity runs 2. The propeller many not be responding properly
(0.082 m/s) the agreement between the measured and to shear flow.
calculated shear stress was adequate, but the higher 3, The porous boundary may be important and
velocity tests showed an increasing divergence of al- three dimensional flow may be present.
most 2:1 for computed vs measured values. 4. The exact position of the zero velocity near the

8
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/YI

ic/irt 7. typicald Irittio,? factor relationship IIgur' 8. Jypicalj frictioll coeIclt wit rtelatio' sip

witit ,trfllalill'd ice cove'r thickne'ss usintg V,,,. With ,tormniied h-e t Covt' thickte.vs usingq V,.

porL ounfdary is in qLuestion; Chu and Gelhar Tatiticlaus. and Cheng (1978). A regression tit on the
(1972) obtained a von Karelan contstant of 0.27 new data was omitted because they appear ttt tall with-
above a porous wall, in the same general range as those Of Previous inIVOSti-

Sul ticient information was obtained to calculate thc gators, although maybe slighti', lower.
coefficietnt ot friction factor t for the tests based on the
frame force mecasurements. Two vaflucs of the friction
factor were calculated for rutts V 1 -VI 2, one using the

menupstream open water flow velocity Vn, and the sec-

und the mean velocity at the flow in the ice region I-I( '1TT

Normaliuing the measured thickness by the upstream
depth, two plots of-/.. Iand /l vs lar presented (F ig.
7 and 8), which genera',ll\ confIir M the assumption that
the roughtness ot the cover increcases with increasing , -

cover thickness. Thfe mean velocity in the ice section

Was usually lower than11 the upstreamn open flow mean I .d h-: - -

velocityi which leads to slightly higher frict ion dtatots.
Larlier data Were collCted Otn the ice cotver shear o -- *

stress where the thickness of the cover Was nlot licaS-
ured, and an attempt was made to recover the estimated
thickness. In rutns V5-V 12, excluding V9, the porosityj
ot the accumulation can he Calculated from mecasure-
ments ott the average ice thick ness and volume of ice4 ~ ~~~in the test. -Taking the average porosity value otf Pe.'0

p -0.67, the expected thickness is shown in parenthe- It Opooe T h C 459 af

'4 es in Table 1. 0)04 VI 12
On the assumption that the roughness increases in o0 oi- fLi -- I i I -t IL .-

proportion to the ice cover thickness for these data, 01U 0

the friction tactor tI n, can he plotted vs the nondlimen-
sional roughness parameter tlyn, as is shown in IFigure i 4ure -9. Relationship between Darcy's t and
9. Using all the data from Tables 1 and 2 with accutn. the ntortmalized ice cover thickness compared
ulation lengths greater than 2 m and with more than a with Jot inclaux and Chengfs 19 78 data points
single thickness ice cover, it can be seen that the data which are represented by a shaded area con-

Slie within the same general one as that shown by taitlinq 90%6 of their dta.



t A Smooth Large Sheets, 7 The data for the large smooth sheets lie near the

One Thickness I Blasius equation for turbulent flow over flat plates,
a Single Blocks,One Block while a cover ol a single thickness of small blocks shows

43360 a Multiple Thickness Floes a slightly higher resistance. The scatter in the multiple
R R Afloe thickness data lies in the regions of the variois

Ba/in channels.
Nezhikhovskiy (1964) presented data on the Man-

f 1 7_ nings roughness coefficient n and thickness of ice
sheets for rivers. His data points are replotted in Fig-

4 ure I I along with the laboratory data of this study.
oBoth sets of data follow the general trend of increasing

roughness coefficients for greater ice block thicknesses.

It is clear that the two data sets are in different regimes,
but the roughness coefficients increase at nearly the

.oio Turbulent Prond IV Ksame exponential late of 0.4.
Cot Transitional

2su Ec4 6

1o' 10 to 0 
4  105 I0 to CONCLUSIONS

R
The method presented for measuring the shear stress

Figure 10. Ihe trition factor-Reynolds number re- on the underside of fragmented covers in small-width

lationship for open channels with different flow re- channels eliminates the effect of wall friction force
gimes (see Chow 1959). which is significant. The shear stress computed from

the velocity profiles for the higher velocity experiments
was on the order of twice the measured values, indi-

[he assumption that the roughness of the under- cating a deficiency in the von Karman-Prandtl logarith-
side o the fragmented ice cover increases with the mic velocity distribution. This effect may stem from
cover thickness is not a strong indicator of the rough- 1) inability to adjust the profile to the boundary where
ness but appears adequate for this single block size ex- the velocity is zero, 2) three-dimensional flows around
periment. F or all future experiments, the roughness the large roughness elements, or 3) the possibility of
heights should be measured and used in place of the the porous wall influence.
ice cover thickness, and field measurements of ice jam The nondimensional friction factor f based on the
roughness elements would be extremely valuable to thickness of the fragmented ice cover was adequate in
guide further work. assessing the roughness, indicating that the roughness

I he friction fattr for the various types of ice cover was proportional to the increasing thickness of the
1) large sheets 2) single thickness blocks and 3) mul- cover. The values for the friction coefficient of the
tiple thickness covers are plotted vs the Reynolds num model ice are in agreement with various reported
her R, - t, li/,, where / is a characteristic length chosen values for real ice covers (Carey 1966, 1967, Tesaker
to be the hydraulic radius R in Figure 10 (from Chow 1970, Nezhikhovskiy 1964).
1959).

0.10-

.4nice -Model Ice Blocks Rvr
"n nice n mt, e-' 

• 
8 Reol Ice rSheets .4

Qot n ¢e , 06ItIc eL '

~~~0.01 ,A.L L ------ I- ~ t t L 3

U 0.001 001 01 1.0 10
Ice Thickness (m)

Figure 11. Empirical relationship between roughness coefficient and thickness of the ice cover.
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