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Cy drag coefficient on a submerged body
fi; Darcy’'s friction factor calculated using mean velocity V;
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Fy hydrodynamic or form drag on leading edge
F, force in downstream direction due to the floating ice mass
Fum total force measured by transducers
' Fy shear force on ice cover underside
L length of ice accumulation i
Nice Manning's coefficient for roughness of the ice cover
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MEASUREMENT OF THE SHEAR STRESS ON THE
UNDERSIDE OF SIMULATED ICE COVERS

Darryl J. Calkins and Andreas Miiller

INTRODUCTION

The major driving force exerted on an ice jam is
often the {luid shear transmitted to the underside of
the ice cover. Pariset ct al. (1966) assumed that the
ice cover shedr stress was equivalent to the bed shear

. stress in the development of their ice cover formation
and evolution model.

There have been many attempts to calculate a co-
efficient of roughness for the underside of an ice
cover, both from laboratory and field observations
(Nezhikhovskiy 1964, Ashton ct al. 1970, Carey 1966
and 1967, Tatinclaux and Cheng 1978, Ohashi and
Hanad 1970, Tesaker 1970, Ismail 1972). The greatest
difficulty lies in measuring the physical dimensions of
the underside roughness eiement of the ice as it relates
to a coefficient of friction.

The objective of the rescarch described in this re-
port was to experimentally measure the drag terce
and hence the shear stress on the underside of simu-
lated ice covers in a laboratory flume using square
polyethylene blocks of 3.18-mm thickness. Velocity
profiles were measured bencath the fragmented cover,
. and the shear stress was calculated from tiese profiles

and compared against the measured values.

)
EXPERIMENTAL APPARATUS
(\i The experimental work was carried out at the
J4 lowa Institute of Hydraulic Research ina 12.2-m-long,

| : 0.61 m-wide, and 0.3-m-deep tilting flume, maintained
: ¢ practically horizontally for all tests. A 0.57-m-widc

; | and 2.44-m-long wooden frame (Fig. 1), constructed

¢ from conventional 2 X 4 lumber, was suspended 3.05
m from the ceiling. A wirc screen of 12.7-mm mesh
was stapled around the outer surface of the frame,

excluding the upstream end, and extended approx-
imately 0.1 m below its basc. The frame was designed
5o that the mesh would not come in contact with the
flume walls.

Frame displacement was measured by strain gauge
force transducers with a maximum displacement of
0.06 mm. The two transducers were connected indi-
vidually by thin nylon line to the outside members of
the frame at the upstream section. Initially the trans-
ducers were calibrated individually, but the nylon line
stretched so that the system as a whole had to be cali-
brated. Qutput from the transducers went to a strip
chart recorder. The force Fg in the streamwise direc-
tion due to the weight of the frame was incorporated
into the calibration and its magnitude can be neglected.

The water velocity profiles were obtained from a
Nova-Nixon small propeller current meter. The frag-
mented ice cover was simulated by 3.14-mm-thick
X 31.7- X 38.1-mm polycthylene high density plastic
blocks of 0.92 specific gravity.

EXPERIMENTAL PROCEDURES

A constant water level of 0.152 m was maintained
tor all experiments and after some preliminary tests
two flow velocities were predominantly used, 0.082
and 0.13 m/s. The critical velocity for submergence
of an individual block was calculated to be approxi-
mately 0.13 m/s based on data from Larsen (1975)
and Tatinclaux ct al. (1977).

When the desired flow velocity was obtained in the
f lume, the nylon lines between the transducers and
frame were brought into tension by moving the pair
of transducers in an upstream direction until a small
force registered on the recorder was zeroed out. Ice
was introduced into the channel near the headbox from
a chute angled from the support rails to the water sur-
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Figure 1. Experimental setup in flume. ¢

surface. When the ice dropped into the fow, surface
waves were propagated downstream, sctting up temp-
orary oscillations in the frame as indicated by the
recorder output.

The total force acting on the ice mass used for cal-
culations was determined when the system had stabil-
ized and a constant reading attained. Velocity profiles
were measured 0.76 m upstream from the downstream
edge of the ice accumulation. The weight of ice dis-
charged into the flume, length of accumulation and
average thickness were also measured. The mean ve-
locity 17m in the channel was calculated from the dis-
charge measurements obtained with an in-line orifice
plate.

ANALYSIS OF FORCES

The ice<ollecting frame was designed to exclude the
friction force that could be developed on the walls of
the flume by ice pieces. The total force Fy measured
by the transducers in the direction of flow consisted
of three components: 1) hydrodynamic or form drag
1y on the leading edge, 2) shear force F§ due to the
moving fluid beneath the cover including form drag
of the ice blocks, and 3) weight of the ice mass .
Figure I shows a schematic view of the frame and the
forces acting on the system.

The forces are:

FM:FHG»F-Sifl (1)

where Fyy =10, (8 T/,f‘ (hydrodynamic force)
Fg = 1,L8 {shear force)
F\ = P, sin3 (cover force)
Py = density of fluid
Cy = drag coefficient = 1.0
¢ = thickness of ice
B = width of frame
L = length of ice accumulation

PrySea

Vi = mean fluid velocity
7, = shear stress on the ice cover underside

The slope of the water surface gradient was approx-
imately 5x 10™° m/m, and the force Fy in the down-
stream direction due 10 an ice cover was small {< 1 mN)
and consequently could be excluded. 11 will be shown
in the experimental data section that the hydrodynamic
force £y is small compared to the measured total forces
excepl possibly for short cover lengths. Thercfore, the
total force recorded by the transducer consisted pri-
marily of the shear stress transferred 10 the cover’s
underside.

The calculation of the shear stress on the ice con 's
underside was based on the projected planar area of the
cover within the ice trame, such that

) Wt g e b

Tim = fn/IB (2)
where the subscript m refers to the measured value.

The medsured shear stress was compared with sheer
stress caleulated trom the velecity protife on the assump-
tion that the logarithmic velocity distribution could be
applied 1o 4 Hlow depth only a few times the size of
the roughness scale. A turther assumption was made
that the tlow cross section under the ice cover could
be divided into two zones from the plane of maximum
selocity - 1) the ice zone and 2) the bed zone. Based
on this division of areas, the logatithmic velocity dis-
tribution wds applied to cach section individually,

The only difticulty lay in assessing the position of
the upper boundary since the lragmented cover had
such & vanabie thickness.

EXPERIMENTAL RESULTS

An initial set of experiments wdas conducted to
determine the necessary cover fength that would en-
sure a proper boundary layer development and 1o in-
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Table 1. Initial shear stress tests.

Length ot Weight ot Thickness Total Mean Measured

we coter | cover W ol cover t force by velocity Vi, shedr stress 7, Normalized Friction
Run i) Y (mm) (mN) {m/s) (N/m?) thickness l/yn factor fim Note
S1 0ol 8.89 3.18 34.2 0.119 0.0948 - -
S2 1.22 13.34 3.18 46.7 0.119 0.0868 - -
S3 1.83 26.69 3.18 83.6 0.119 0.0773 — -
54 244 35.59 3.18 106.3 0.119 0.0737 - -
$< 1.58 35.59 {13.3) 99.2 0.082 0.1058 0.095 0.1259 1
So 1.92 18.93 {*5.1) 1241 0.082 0.1092 0.110 0.1299 1
ST .38 62.28 (15.5}) 121 0.082 0.1082 0.114 0.1287 1
S8 244 35.59 18 23358 0.137 0.1618 — -
59 244 3359 3.18 193.5 0.137 0.1341 - - 4
S10 244 35.59 318 164.1 0.137 0.1140 - - 5
s 2.44 35.59 318 1348 0.137 0.0934 - -~
512 2.44 35.59 3.18 1348 0.137 0.0934 - - 6
Si3 244 35.59 .18 134.8 0.137 0.0934 - - 7
Si4 213 $3.38 {14.7) 289.1 0.119 0.2296 0.106 0.1297 1
SIS 213 33,38 (14.7) 321.6 0.119 0.2555 0.106 0.1443 1
Sie 2.9 $3.38 {13.0} 105.4 0.079 0.0778 0.098 0.1010 1
ST 2.9 62.28 (15.9) 148.3 0.079 0.1096 0.114 0.1405 1
SIY 2.29 62,28 25.9) 14001 0.079 0.1035 0.114 0.1327 1
S19 241 106.76 { 8.5) 676.1 0.119 0.4747 0.204 0.2681 1
520 2.44 35.59 ( 8.5) 163.2 0.137 0.1132 0.059 0.0482
21 244 35.59 3.18 119.2 0.137 0.0827 0,059 0.0352 8
L 0.61 10.32 3.8 s 0.079 0.0319 - -
1.2 1.22 20.64 3.8 14.2 0.079 0.0197 - -
L3 1.83 30.96 3.18 227 0.079 0.0210 - -
L4 2.44 41.28 3.18 27.0 0.079 0.0187 - -
LS 2444 318 28.3 0.079 0.0196 - - 2
L6 2444 3.18 283 0.079 0.0196 - - 3
L7 244 3.8 8.2 0.119 0.0577 - - 3
L8 244 3.18 83.2 0.119 0.0577 - - 3
Ly 2.44 3.18 S48 0.140 0.1074 - - 3
Lo 2.4 341.28 3.18 176.0 0.168 0.1228 - -- 3
Ll 0.61 10.32 3.18 12,9 0.082 0.0358 - -
112 1.22 20.64 3.18 i5.6 0.082 0.0216 -
L1y 1.83 30.96 318 227 0.082 0.0210 - -
Notes: 1. Thickness corrected by porosity = 0.67,

2. Cover length increased by 0.91 m upstream of frame (0.91x0.61-m sheets).

3. Cover tength increased by 1.82 m upstream of trame (0.91X 0. 61-m sheets).

4. Five blocks removed trom downstream screen face in run S8.

5. Ten blocks removed trom downstream screen tace in run $8.

o

. Cover fength increased by 0.91 m upstream (single blocks).
. Cover length increased by 1.82 m upstream (single blocks).
. Three blocks at 45 1o 607 removed trom run $20.

vestigate it one can neglect the hydrodynamic torce
on the leading edge. The data for these experiments
can be found in Tables | and 2. Both large ice sheets
(0.61-x 0.59-m-wide) and ic2 blocks (all 3.18 mm in
thichness) were tested.

From the initial experiment it was determined that

because of their minor contributions compared to the
shear force.

As a check on the sensiuvity of the experimental
apparatus, smooth flat sheets of 0.16-x 0.59-m-wide
polyethylene plastic were placed in the free-swinging
frame and the drag force was measured for two flow

4 cover length greater than 2 m was necessary to have
a proper boundary development and that both the
hydrodynamic force at the leading edge and the weight
of the ice in the downstream direction can be excluded

velocities. In a discussion of the turbulent boundary
layer over smooth flat plates, Schlichting (1968) de-
rived the skin friction coefficient based upon the log-
arithmic velocity distribution and the drag force acting

B
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Table 3. Measured and computed drag forces on the
smooth ice sheets.
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on g plate ot seroincidence. However, the Reynolds
number tor the phae fengths and yveloditios considered
fies i the transition zone. and one must determine
whether the boundary laver s laminar, turbulent or in
transition over the plate length,

o was intiiaihy assuned that the tow was probably
turbulent becatise the ice shicets had blunt square fead-
ing edges, thereby tripping the boundary oy er into the
turbuient regime, and this assumption was Lite
contirmed.

Schlichimg TH908} fitted the redation between C,
the coctticient of skin tniction and 72, the Reynolds
number as developed trom the togaritimic velocity
profife mto @ more comvenient empiical torm tos
twrbuient tlows such that

Gy Oy Hlog /\'()—‘.‘5 (3)

where A H'm/ brand s the Kinematic viscosity .

Focompare the measured and cadeudated vatues of
the total drag acting on asmoaoth plate, tests V1 and
V2 were pertormed {see Tabie 2) 0 The diag on the
smac.h sheets /s piven b

Fooip GOV B R

Fable 3 gives the measured drag torce and the come
puted valoes 1or these twio test runs.

I'he measured values of the drag torce are inela-
tively close agreement with those values obtained using
the Prandti-Schticting turbalent How relationship tor
the shin trictin. Based on this intormation, 1L was
concluded that the apparatus was capdable of measur-
ing quite accurately the shear stress exerted by the
tHuid to a toetite cover and that the boundary laver
was 1 Lt farbudent

The ettect of e covet fength i the trame on the
drag torce measuted is indirectly shown m it igure 2.
for the fow velocity tests with short cover fengths
the measured torces are extremely low (- 15 mN), and
the citedt oi the hvdrodynamic torce and weight ot

the ice cover becomes imaeasinghy important with
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Figure 2. The decredsing eftect ot the lead-
ing edye torm drag with increasing cover
length as measured by the overal! shear stress.

decreasing length. For example, LT with a cover

fength of 0.61 mN has @ potentidl contribution from
the hy drodynamic force of roughly 6 mN, using €4 =
0.1. Consequently, short cover lengths would give
higher values of shear stress it the hvdrodynamic force
were not subtracted, and this is shown in Figure 2. The
value ot the cifective shear stress decreases withs increas-
ing cover length for tests U1 and L2 but remains nearly
constant for L3-1.6.

b or runs L3 and Lo, additional sheets were placed
immediately upstream ot the trame, such that a proper
boundary Layer and velocity distribution might be
achieved. 1These additional sheets did not come in con-
tact with the suspended trame, and tor the low veloc-
ity tlow under the large sheets, the shear stress was
neatly constant atter the cover had reached a fength
ol toughly 2 m. 1o experiments S11-513 (small blocks
of one layer thickness), the cover was extended up-
stream from the trame appronimatets 0.9 and 1.8 m
respectively, and again a4 constant value of shear stress
was maintained. The data tor the higher velocity flows
(S1-S4 and ST1-513) scem 1o suggest that 4 cover
fength of approximately 2.4 m was satistactory tor
measuring the shear stress and the eftects of the hydro-
¢y ndmic force are now small compared to the shear
toree.

The velocity protiles at 0.76 m from the downstream
end o; the frame are shown in Figure 3 for increasing
cover fengths upstream.  These profifes reveal that, at
higher velacities (~0.13 m/s), a cover length of 2.5 to
3.5 mis necessary for proper boundary layer develop-
ment at the velocity Medsuring position.

A relative minimum thickness ot the ice jJam can be
computed on the basis ol the surtace area of ice in the
frame and the total weight inttoduced upstream. This
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Figure 3. Velocity profiles at 0.76 m from the downstream end for
increasing cover lengths upstream.

would represent the minimum thick ness obtdinable
with no allowance for porosity. It will be shown
that the porosity remains relatively constant tor al!
tests. The absolute roughness on the underside of the
accumulated ice was not measured because time did
not permit extensive measurements during these tests.
The orientation of the blocks in the ice cover at
the downstream end of the frame had a signiticant
cfiact on the total force measured. Vor example, run
520 had three blocks against the downstream wire
screen at 45°-60°; removing only these three blocks

(where Cy = 1.0 and A is the projected area of the
block). Comparison of this value with the loss in force
of 44 mN measured by the system when the blocks
were removed indicates that a few blocks can account
for a major portion of the force due to large areal
projections. These two obscrvations clearly show that
cdare must be taken at the downstream end so that
unobstructed ice floes do not project excessively into
the flow at steep angles and create excessive drag
forces compared to the skim drag of the accumuiation
thickness.

5
3 resulted in a 27% dccrease in the force exerted an the For short icc cover lengths (L/B< 3.0}, the hydro-
( i system as measured in run S21. This same observation dynamic drag Fy; appears to be an important contrib-
4 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 Icading edge to the
S10, cffecting a 30% reduction in total force fram run total load is small {<. 0.05). This is because the ice
: S8. cover underside drag force is significantly greater than
{ For run $20, the computed drag force the ice cover frontal form drag.
The velocity profiles beneath the simulated ice
N Fo=(pViACy)2 (5) covers are quite simifar except that the roughness of
A the respective boundaries influences the position of
l‘:‘ on these three blocks at 60° is approximately 30 mN the maximum velocity. Figure 4 shows the velocity




N
oy 0F
' ve
3 i |
S 010
<
@
@ QO Ar
£
2 |
“ 008 ‘
3 }
3 !
<
5 ozl
e 0086 “.
I , .
R
004“
}
} o
OOZL
i
|
! :
Q( QL 1 i
O 02
Q [AReE] 008

Open Channel

o4 06 ft/sec
i i ) PR
012 016 020 m/ssec

Faqure -+ v cioaty protides at 0.76 m trom downstrearn end be-

neath rough ice covers,

prolifes and the corresponding change in posiion of

the maximum velogity due to both increasing cover
thichness and boundary roughness. Because the Hlume
bottom was refatively smooth, the position of mavg
mum velocity with the Large e sheets was nearly ane
Yall the depth ot [low beneath the cover. As the cover
increased inroughness {created by introducing greater
quantitics ol ice blocks per unit time upstream}, the
pesition of maxvimum velocity approached the smoother
boundary .

ANALYSIS OF DATA

Fhe datain Tables 1 and 2 represent the results ot
i shedr stress measurements on single thickness
Large sheets (1), smatl blocks (S) and on both the sheets
and blocks when the velocity protile measurements
were tahen (V).

b is the mean velocity of the flow beneath the ice
cover in the region trom the pomt ot maximum velog-

iy o the bottom ot the ice cover as determined from
the velocity profiles. The shear velocity in the ice sec-
tion ;> was determined from the velocity profiles, as-
suming a logarithmic velocity distribution from the ice
bottom to the point of maximum velocity.

Fhe biggest difficulty in calculating the shear stress
livs i1 assessing the position of zero velocity with re-
spect to the boundary of the underside of the ice
cover. Since the boundary is very irregular, it is ex-
tremely difficult to locate from measurements, Fur-
thermore, a question arises as to where one should
take the velocity profile measurements. Hence, the
calculation of the friction velocity from the velocity
profiles is critical, as the position ot the boundary can
signiticantly influence the slope of the velocity pro-
tile gradient. The shear stress computed from the re-
fation 7, ui“p, uses the friction velocity u.* as
calculated trom the velocity profile gradient.

The general equation for Darcy's coetficient of
friction £ is
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Figure 6. Relutionship between computed and measured values of the
ice cover sheur stress.

(6) Scveral investigations have shown that the logarith-
mic distribution fails to conform to the observed ve-
locity profile when large discrete roughness elements
a' v present at the boundary (Davar and Ismaii 1977,
O’Laughlin 1965, and Ismail 1977). Although the log-
arithmic velocity cquation appeared to be a reasonable
fit of the velocity profile, the von Karman constant
k {i.c. the ratio of friction velocity and the logarithmic
gradient of the mean velocity) scems to vary.

There are four possible explanations for the dis-
crepancy in the shear stress data at the higher veloc-

f= 87/[)( Vz.

The specific resistances f;; are calculated using the mean
velocity in the ice section V;, and 1, is the calculated
friction coefficient using the mean channet velocity

Vo (see Fig. 5 for illustration of terms).

The porosity p of the ice accumulation was calcu-
lated from the data contained in Table 2. The ice
cover porosity is defined as the ratio of the volume of
the voids filled with water to the total volume. The
porosity values are consistent with those obtained by

Tatinclaux and Cheng (1978). ity tests:
Figure 6 shows the comparison of the shear stress 1. The propcller current is not small compared to

calculated from cq 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
to shear flow.

(0.082 m/s) the agreement between the measured and
calculated shear stress was adequate, but the higher
velocity tests showed an increasing divergence of al-
most 2:1 for computed vs measured values.,

3, The porous boundary may be important and
three dimensional flow may be present.
4. The cxact position of the zero velocity near the
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Figure 7. Typical triction factor relationship
with normalized ice cover thickness using V,,.

porous boundary 1s in gquestion; Chu and Gelhar
(1972) obtained a von Karman constant of 0.27
above a porous wall,

Sutficient information was obtained to calculate the
cocfficient of friction factor f for the tests based on the
frame force measurements. Two values of the friction

* factor were calculated for runs VI-V12 one using the

mean upstream open water flow vetocity V' and the sec-

ond the mean velocity of the flow in the ice region l_/i.

Normalizing the measured thickness by the upstream
depth, two plots of £ and £; vs [y are presented (Fig.
7 and 8), which generally confirm the assumption that
the roughness of the cover increases with increasing
cover thickness. The mean velocity in the ice section
was usually lower than the upstream open flow mean
velucity which leads to slightly higher friction tactors.

Larlier data were coliected on the ice cover shear
stress where the thickness of the cover was not meas-
ured, and an attempt was made to recover the estimated
thickness. Inruns V5-VI12, excluding V9, the porosity
of the accumulation can be calculated from measure-
ments of the average ice thickness and volume of ice
in the test. Taking the average porosity value of
p = 0.67, the expected thickness is shown in parenthe-
ses in Table 1.

On the assumption that the roughness increases in
proportion to the ice cover thickness for these data,
the friction tactor £, can be plotted vs the nondimen-
siona! roughness parameter [y, as is shown in Figure
9. Using all the data from Tables 1 and 2 with accum-
ulation lengths greater than 2 m and with more than a
single thichness ice cover, it can be scen that the data
lic within the same general zone as that shown by
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Figure 8. T'ypicdl friction coetticient refationship
with normalized ice cover thickness using V,.

Tatinclauxn and Cheng (1978). A regression fit on the
new data was omitted because they appear to fall with-
in the same general range as those of previous investi-
gators, although maybe slightly tower.
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Figure 10, The friction factor-Reynolds number re-
lationship for open channels with different flow re-
gimes (see Chow 1959).

T'he assumption that the roughness of the under-
side of the fragmented ice cover increases with the
cover thichness is not a strong indicator of the rough-
ness but appears adequate for this single block size ex-
periment. For all future experiments, the roughness
heights shoutd be measured and used in place of the
ice cover thickness, and field measurements of ice jam
roughness ¢lements would be extremely valuable to
guide further work.

The friction tactor for the various types of ice cover-
1) large sheets 2) single thickness blocks and 3) mul-
tiple thickness covers -are plotted vs the Reynolds num-
ber R = Vilfv, where /s a characteristic length chosen
to be the hydraulic radius R in Figure 10 (from Chow
1959).

The data for the large smooth sheets lie near the
Blasius cquation for turbulent flow over flat plates,
while a cover of a single thickness of small blocks shows
a slightly higher resistance. The scatter in the multiple
floe thickness data fies in the regions of the various
Bavin channels.

Nezhikhovskiy (1964) presented data on the Man-
nings roughness coefficient # and thickness of ice
sheets tor rivers. His data points are replotted in Fig-
ure 11 along with the laboratory data of this study.
Both sets of data follow the general trend of increasing
roughness coefficients for greater ice block thicknesses.
ttis clear that the two data sets are in different regimes,
but the raughness coefficients increase at nearly the
same exponential rate of 0.4.

CONCLUSIONS

The method presented for measuring the shear stress
on the underside of fragmented covers in small-width
channels climinates the effect of wall friction force
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-
cating a deficiency in the von Karman-Prandt! logarith-
mic velocity distribution, This effect may stem from
1} inability to adjust the profile to the boundary where
the velocity is zero, 2) three-dimensional flows around
the large roughness elements, or 3) the possibility of
the porous wall influence.

The nondimensional friction factor f based on the
thickness of the fragmented ice cover was adequate in
assessing the roughness, indicating that the roughness
was proportional to the increasing thickness of the
cover, The values for the friction coefficient of the
modecl ice arc in agreement with various reported
values for real ice covers (Carey 1966, 1967, Tesaker
1970, Nezhikhovskiy 1964).
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