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FOREWORD

Effective regulatory and enforcement actions by the Environmental Protec-
tion Agency would be virtually impossible without sound scientific data on
pollutants and their impact on environmental stability and human health. Respon-
sibility for building this data base has been assigned to EPA's Office of Research
and Development and its 15 major field installations, one of which is the Corvallis
Environmental Research Laboratory (CERL).

The primary mission of the Corvallis Laboratory is research on the effects of
environmental pollutants on terrestrial, freshwater and marine ecosystems; the be-
havior, effects and control of pollutants in lake and stream systems; and the de-
velopment of predictive models on the movement of pollutants in the biosphere.

This report describes the results of a study to examine the current-driven
spread of o0il under a smooth ice cover. As 0il and gas exploration activities
increase in cold climate areas, the problems associated with 0il spills become
increasingly important.

James C. McCarty
Acting Director, CERL



ABSTRACT

Previous studies of oil-ice interaction have been limited to spreading
under quiescent conditions. The present study examines the current driven
spread of oil under a smooth ice cover. Generalized relations between current
speed and o0il transport rate are developed and found to be strongly dependent
upon the orientation of the 0il slick to the direction of current flow. Methods
for application are presented.

The laboratory experiments reported were performed during October and
November 1975. A draft final report was submitted to EPA for review in December
1975. This report was submitted in fulfillment of Contract 68-03-2232 under the
sponsorship of the U.S. Environmental Protection Agency and work was completed
in February 1979. '
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INTRODUCTION

As more energy is consumed, it becomes increasingly more difficult
to find new energy sources and to cope with the problems associated with
their development. Increasing demands for eneray and recent discoveries
of petroleum in the arctic have resulted in the intensification of oil and
gas exploration activities in the arctic. The drilling operations associated
with both the exploration and development of these resources and the event-
ual transportation of o0il to commercial centers results in an increase in
the possibility of 01l spills on or beneath ice.

. The problem of 0il spills is being investigated in order to provide
information on the spreading rate of o0il slicks, their transport by winds

and currents, and their effects on the environment. The results of such
studies will influence the selection of proper spill response techniques,
both in terms of timelines and effectiveness. Most of these investigations,
however, are limited to spill location prediction models, cleanup procedures,
and the mobility of o0il slicks in temperate waters. The behavior of 0il
spilled in the presence of an ice cover on quiescent waters has also been
investigated to a limited extent. Little is known, however, as to how oil
will behave when spilled beneath an ice cover in the presence of a current.

A fundamental knowledge is required to provide a technique for predicting
the movement of 01l beneath an ice cover in the presence of a current, in

order that the o0il slick can be located, and effective spill response
activities undertaken.

The following events could result in an oil spill beneath ice cover:

1 Rupture of an underwater pipeline
2. 0i1 well leakage or blowout

3. Natural oil seepage
4

0i1 leak from a ruptured vessel.

These situations are shown schematically in Figure 1. 0il leaking from these
sources will spread due to gravity forces and its internal energy while being
dragged along by the flow. After the leakage is detected and stopped, the
slick formed beneath the ice cover could be transported by the flow. The
rate of oil transport will most Tikely depend upon 0il properties such as
viscosity and density, ice conditions such as surface roughness and porosity,
and the magnitude of the water current.

The hypotheses concerning the damaging effects of oil spills to the
arctic environment vary considerably from one investigator to another.
Campbell and Martin [1% and Barber {2] predicted that spiils in arctic
regions would spread over a wide area causing large portions of the arctic
ice to melt as a result of the change in the heat balance, finally affecting
the climate of the entire northern hemisphere. On the other hand, Glaeser
and Vance [3] and Golden [4] predicted that the spilled oil would be confined
to a small area, causing limited ecological damage.

]
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The objective of this study is to develop a model for predicting the
behavior of an o0il slick in a straight stream or river of uniform depth,
covered with a consolidated ice cover of uniform thickness. The water is
assumed to be unidirectionally flowing at a uniform rate. It is recognized
that field conditions can deviate significantly from these conditions;

however, this approach allows an investigation of the physical phenomena
involved.



SUMMARY

This is the final report of a test program designed to establish the
transport rates for No. 2 fuel 0il and crude o0il under smooth ice. The
0ils were tested in water currents ranging from 0 to 36 cm/sec, at temper-
atures between -5 and 0°C.

The spill velocity of No. 2 fuel 0il varied linearly with water
current velocity. ranging from 0 to 11 cm/sec. The relationship between
spill velocity and current velocity for crude oil follows a power curve
over most of the range tested. The crude oil slick velocity ranged from
0 to 24 cm/sec.

After a thorough literature review and theoretical analysis, an
analytical expression was derived in an effort to generalize the transport
relation to any type of oil. The experimental results indicate that the
slick movement depends on whether the slick aligns itself longitudinally or
transversely to the current.

The analytical treatments developed have not been successful in de-
fining the distinguishing characteristics for the two types of behavior,
however, the proper relationship can be selected for field application after
observing the orientation of the slick relative to the flow.



CONCLUSIONS

The conclusions which can be drawn from the work reported herein are
as follows:

1. For_an oil slick beneath a smooth uniform ice sheet, the slick
velocity is related to the current velocity as follows:

Relationship of STick

0il Threshold Velocity, Ug, to Range of
Type Viscosity Velocity Water Velocity. U, Applicability
cp cm/sec cm/sec cm/sec
No. 2 Fuel 7 4 Us = 0.38 Uy - 1.26 0 - 36
_ 4,29
Crude 24,500 8 Us = 8.6 x 1078 Uy 8 - 28
Us =1.10 Y» - 16.60 28 - 36

2. For current velocities significantly agreater than the range of
applicability specified above, the tests indicate that the o0il slick will be-
come entrained in and distributed throughout the water column. The o0il will
then be transported in suspension with the water flow in this distributed
manner, rather than along the underside of the ice surface in well-behaved
slicks. Further investigation of this type of oil spill transport is beyond
the scope of this study.

3. For o0ils other than the No. 2 fuel o0il and crude oil used in the
test program a theoretical analysis of the forces controlling slick transport
and a comparison with the data yields a first approximation for predicting
the relationship between slick velocity and water velocity for oil slicks
transported beneath smooth uniform ice cover as follows:

2 - 0.146 for slicks oriented parallel
(1-0) NE? + 0.450 to the flow direction.
(1-0)2 = 2.15 1 M for slicks oriented transverse
’ A% to the flow direction.

4, In applying the above relationships it is necessary to know or
estimate the physical properties of the spilled oil. For refined oils
reasonable estimates of physical properties can be made if the actual
properties are not known. For crude oils, the physical properties can vary
drastically from reservoir to reservoir, and any estimate of physical proper-
ties, if the actual properties are not known, incorporates a greater level
of uncertainty.

5. Significant differences were observed in the behavior of the
crude oil slicks and the No. 2 fuel oil slicks. Crude oil slicks typically
became shorter and wider as they moved downstream, with some thickening of
the upstream portion at higher velocities. The crude oil slicks appeared to



slide along the undersurface of the ice. In contrast to this, the No. 2

fuel oil slicks typically became longer and narrower as they moved downstream
and appeared to roll along the undersurface of the ice. Additional analysis
beyond the scope of this study would be required to explain the reasons for
these differences in behavior.

6. A single test performed using plexiglass as a simulated ice sheet
revealed that the behavior of the o0il slick beneath such a simulated ice
cover was completely different. The crude oil used in this test adhered to
the plexiglass, leaving a stationary 0.25 to 0.50 cm thick coating on the
plexiglass. Neither crude oil nor No. 2 fuel o0il adhered to either fresh
water or salt water ice in these tests.

7. Any significant discontinuities in the ice cover, such as an open
water ice edge or a slot, provided a region of containment and retention for
the 0il slick.

8. It should be noted that the results of these tests apply to un-
bounded underice oil slicks. Any contact between the slick and a boundary,
such as the shores of rivers or streams, would be expected to result in the
retardation of slick movement.



BACKGROUND

In order to introduce the problem of the spreading of oil and to
develop a knowledge of some possible approaches to modeling o0il spill
behavior, previous work relating to oil spills over ice, under ice, and
in open water was examined.

For the spread of an oil slick on open water, there are several
analogies that can be drawn with stratified flows and saline wedges, thus
the problem is fairly well formulated. However, studies of oil spreading
on or under ice are very limited. The first comprehensive study of oil
spreading was done by Fay [5] who defined various regimes of oil slick be-
havior. For systems not under any external influence, such as winds or
currents, the driving forces due to hydrostatic pressure and surface tension
are balanced by the retarding inertial and viscous forces.

Initially in a slick spreading on open water, the inertial forces
and hydrostatic (gravity) forces dominate. As time progresses, the viscous
forces become more significant than the inertial, and, finally, as the sTick
becomes thin enough, the surface tension force becomes more significant
than the gravity force. This results in three behavioral regimes: gravity-
inertial, gravity-viscous, and surface tension-viscous. In Figure 2, Fay
suggests regions of applicability for each regime based on the size of the
slick and the duration of spreading. As can be seen, inertial effects can
be ignored fairly quickly after a spill has occurred.

Spread of 0il on Ice

Glaeser and Vance [3], McMinn [6], and Chen et al. [7], looked at
the spread of o0il over ice. Following the concepts outlined by Fay, they
proposed a horizontal hydrostatic driving force given by

F =fi P(2nR)dn . (5)
an inertial force given by
Foem 2 (6)
a viscous force given by
Fy= w0 Dy (7)
and a surface tension force given by
F_ =06, (8)

T
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Now if the slick is assumed to expand radially, the plan area of
the slick is given as

= qR? (9)

RS

and the circumference of the slick is

8 = 27R. (10)
The hydrostatic pressure in the slick equals

P = p,gh (11)

and therefore the driving force must equal

h
F i/ﬁ pogh(ZﬂR)dh = p,gTh’R . (12)

Similtarly the viscous retarding force becomes

- 2 du
F) = U MR = . (13)

The surface tension becomes simply
= = [1
F, = 2mRo . (14)

The form of the inertia force is not so straight forward. As Hoult [8]
points out, continuity must hold. Therefore if a constant flow rate is
specified

TR*h = Qt. (15)

The speed of advance of the front of the slick, drR/d¢, can be taken as pro-
portional to R/t.

dr/dt ~ R/t (16)
Actually the slick speed is a function of both radius and change in thickness.
The inertial force then takes the form
Fo- m(R/t%). (17)
A balance between inertia and gravity becomes

m(R/t?) ~ pogﬂhzﬁ, (18)



but

m poﬂth, (19)

and from Equation 15

h o= Ot/mR%. (20)

Relation 18 then takes the form

+ 2
0,8 () (By) - o gm (4L, R (21)
or
Y ~ (4 3
RY ~ (2) Q7

which gives
R~ (2 (g@) t . (22)

McMinn carried out field measurements on o0il spreading over ice and observed
that for his data

R =1.3 (g%)%1¢Y/2. (23)

Glaeser and Vance also performed field tests and found for fixed volumes of
oil
R = 2.75v 1/ 4p3/ s, (24)

The balance between gravity and viscous forces can be developed from
Equations 12 and 13. Since 0i1 is quite viscous, linear shear is assumed
to occur in the oil as it spreads (Couette flow). This is probably a very
reasonable assumptlion, particularly as the slick edge grows further away from
the source, reducing any pressure gradient, and slowing down.

Then

du _ u (25)
dh h?
and since u ~ R/t
du il (26)
dh th| °
where kK is a proportionality constant, so that
= 2[R (27)
Fu MoK R 7
Then equating this to the gravity force:
re E_ WiR
MO KTRT = = 0,gTh™R, (28)

10



where to be consistent with the other investigators

h = V/TR?, (29)
gives
> TR°R _ v’
Kl TR 7 0,9m |75z R (30)
Solving for the spill radius gives
Pog
R® = —— ¢V® (31)
U, 3K
or
_ ] o Pog /o 18 -3/
R = e m t/ V/ . (32)

Instead of using the horizontal gravity driving force per unit volume

0, gh*
Sl (33)
9 v
as in Equation 12, both Glaeser and Vance, and Chen, et al., chose to develop
a relation for viscous spreading based on the vertical gravity force per unit
volume

o,gh AIV (34)

which gives a different form to the expression for gravity-viscous spreading:
R = k(g2 )15 (2/u )+ a7 (35)

Chen, et al. experimentally solved for the constants and found k, = 0.24,
and k, = 0.35.

Glaeser and Vance offer some limited data on viscous spreading which
best fits a curve given in the form Rk ~ £1/2

Chen, et al. ran their experiments over varying degrees of roughness
and oil temperature. They seemed to feel that their results were insensitive
to changes in either of these conditions.

McMinn balanced the surface tension and the gravity force to find a
critical thickness for the slick where surface tension would become important:

G2mR = mRp,gh’. (36)

11



Solving for % gives:
ho= (20/p0g)1/2 (37)
with

o =0, (1 - cosa). (38)
For an oil surface tension of o, = 30 dynes/cm, typical of crude 011, and an
estimated contact angle on ice of a = 135°, McMinn obtains a resultant surface
tension of 51 dynes/cm. Then the critical thickness becomes %, = 0.345 cm for
representative densities of oil. McMinn indicates that in field experiments
of spreading oil over ice, the spreading thickness never diminished to 1/3 cm.
He therefore argues that the surface tension regime does not occur for oil
over ice, possibly due to the ice roughness and subsequent pocketing of the
011 within the roughness matrix.

Spread of 0i1 on Water

The basic theory of the previous section can be extended to apply to
the spread of oil on water. The horizontal gravity driving force can be
easily altered to apply to a two fluid system by the inclusion of a relative
density difference factor

A=(p -p) /0 . (39)

Then the gravity equation transforms into a buoyancy equation.

Fg = prgwth. (40)

The inertia force remains the same as before:

Feo~ 0, ThR® /2. (41)
- The viscous force requires deeper scrutiny. As the oil slides over
the surface of the water there is viscous drag exerted by the water on the
0il. The viscous stress is continuous at the oil-water interface. Since
the 0il thickness is smaller than the water boundary layer, the velocity
gradient in the oil in the vertical direction can be considered negligible
compared to that in the water. There is stug flow in the oil. The fetarding
force due to viscous drag then becomes [8]

R
Fo~ uwTrRZ PP (42)
where
§ = Vvt (43)

is the water boundary layer thickness and v is the kinematic viscosity of water

12



The surface tension remains as before,

F. = o (2mR), (44)

T
where now o is the net combination of the air-water interfacial tension, oil-
water interfacial tension, and oit-air interfacial tension. Now balancing
gravity and inertia forces,

hp gmh®R ~ oom 7t B/t%, (45)
or for a fixed volume
Ao, )
b - @
- gt? v, (46)
which gives
0 1/l+
B ] (agr)t/ et/ 2, (47)
o,

The balance of gravity and viscous forces becomes

R
2 ~ 2
prgﬂh R W, TR 5 (48)

or simplifying,

£

o (49)

72 le

R«»(_]_ QAVZ t3/2)1

Glaeser and Vance developed a similar relation for one directional flow
in a channel, using

- 2
Fg Ap, gh*w (50)
and
1
- L JOE 51
F, ol WE| (fw), (51)
where
V = Wwh. (52)
Balancing these gives
2 14
0 ~ AgV® t3/8 (53)
w2V

Field data for surface tension spreading is probably the hardest to
acquire, however, a relation can still be developed by balancing the surface
tension force with the viscous force



3
2mRo ~ w. T & (54)

w 6’
or
LI S (55)
Uw
and simplifying gives
R~ v2(a?ep2) . (56)

Hoult [8] looked at detailed properties of the slick motion and developed
similarity solutions to the governing equations of motion. In the inertia
regime he found the spill radius to be described as:

» - ¢ (A)]/(3+n)L(2+n) / (3+n)t 2/(3+n) , (57)
max max

where for one directional flow » = 0, and L = VVQ,

and for axisymmetric flow n = 1, and L = V.

For one directional spreading ¢p,, was theoretically calculated to be 1.57.
The experimentai value was found to be 1.5. For axisymmetric flow ¢gzx was

calculated to be 1.14.

In the viscous regime the similarity solution takes the form

J(s-n)/w 1/ (8+4n)

max gh
I %nax {:L g Ve ’ (58)

where Nx is a characteristic Reynolds nu.nber;

N = {ghL) L. (59)

Because the boundary conditions are not uniquely defined for this case,
bpax Was determined from experimental results:

¢

max
¢

i

1.5 forn

I
(]

1.12 for n =

1
p—
.

max

It also appears that, based on this analysis, a regime exists downstream
from the leading edge of the slick where reverse flow occurs. This feature is
shown in Figure 3.

For the surface tension regime the similarity solution is the same for
both the one directional and axisymmetrical cases:

14
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e,V

R = ¢
max maXx

In this case the theoretical values become

¢

max
¢

max

0.665 for =n

1]
[aw]
-

[H
pa—
.

0.128 for n

The experimental value of ¢ ax for » = 0 was found to be 1.33. No reason for
this variation was given.

Spread of 0il Under Ice

Hoult [9] approached the problem of o0il spread both under and over ice
by arguing that the only important retarding force was due to energy dissi-
pation as the slick moved across a rough surface. This would be proportional
to a pressure drop or head loss in the fluid. The retarding force would also
have to be proportional to the frontal area of roughness seen by the approach-
ing oil. This force can then be given as

Fp = k 2mEn o,

dR 2
E) (61)
where-%% is given as in Equation 16 and n is the equivalent roughness height.

The driving gravity force is identical with that given in Equation 40

as
- 2
Fg Apmgﬂh R.
Equating these two forces gives
78 p 1/6 2) 1/
D I o 7] 0gQ%\ P 5
R =5 o, . ) t (62)

Experimental data for this case is plotted in Figure 4. Hoult

suggests that the value of ZQZk 1/% should be 0.25 based upon the data;

however, a value of 0.55 seems to be more satisfactory. The expressign
oy 1/6

prgQ _) £2/3

PN

R = 0.55 (63)

is also plotted in Figure 4. For comparison, Equation 32 for viscous spreading
can be adjusted for oil under ice by again introducing the relative density
difference factor or A (Equation 39), giving

16
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1/8 1fe V3/8 £1/8 (64)

R:

1
Il

By inserting some typical values for A, 0,5 gs Ho, andn into both equations
36 and 65, it becomes apparent that these“two relations differ significantly
only with respect to time over a broad range of values for the flow rate.

A prediction for the equilibrium thickness of a slick based upon the
balance of surface tension and hydrostatic forces can also be made by intro-
ducing A into Equation 38:

20 12

Apl)g

(65)

Again o = o_ (1 cosa), where o is the angle included in the o0il, and
o, is now the interfacial surface tension. MacKay et al. [10] indicate that
typical underice o0il slick thicknesses will range from 0.9 to 1.2 cm.

The various theories for 0il spreading are listed in Table 1. All of
the relations can only be approximate since the speed of advance of the slick
front is only known in a proportional sense. An exact relation for slick
radius as a function of time must follow a similarity solution, as carried
out by Hoult [9], which assumes that velocity is proportional to R/%.

In general, Tong term spreading of 01l on water will probably be con-
trolled by surface tension so that

R~ /?(62t3/pi)v)l/“. (66)
For o1l spreading on or under ice the viscous regime will dominate so that
1/8
11 1/8 bp g
R ~ 3/8 Lifs
P m 4 t (67)

If the ice is rough, the oil will spread according to

Ap ng /6
R = 0.55 ( 4 ) £2/3 (63)

DyN
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TABLE 1.

SUMMARY OF THEORETICAL OIL SPREADING UNDER QUIESCEMT CONDITIONS

OIL ON OIL ON OIL UNDER
REG[ME WATER ICE ICE INVESTIGATION
),
Gravity-Inertia R~ (l) a (gQ) ¥ ¢ McMinn
m . Glaeser & Vance
(radial spreading)
V]
Foolw (Dgv) ¥ ¢ Hoult 72
¢ Fay

Gravity-Viscous

Surface Tension-
Viscous

Head Losses

(radial spreading)

TR Y
w9 iRt

(radial flow)
? 1 3
_{agv? /’*[’/a
w2V
(one directional)

R~ /2{a? t“/p;v)vm
(radial spreading)

Ve

N

'ITS

pwa) yo ip 3
- t 14
UO

{radial spreading)

/0 (AP9Y Yo /e o
Hy

{radial spreading)

R {E]T

Ao, g0\ Vo %3
R=0.55) ") ¢
AN

Chen et al. (Corrected)
Glaeser & Vance

Hoult 72
Fay

Glaeser & Vance

Chen et al. (Adjusted)

Hoult 72
Fay

Hoult 74 (Corrected)



ANALYTICAL APPROACH

When 011 is released into a stream beneath an ice cover, the slick will
take several different forms depending upon the flow conditions, oil properties
and roughness of the ice cover. A theory universally applicable to oil slicks
in general, describing the behavior of different types of oil on or beneath
various types of ice covers, would be unyielding and impractical. The following
analysis is therefore only applicable within the framework of the cases con-
sidered in this study. The goal of the analysis is to derive the most compre-
hensive analytical relation for the motion of crude o0il and No. 2 fuel oil
beneath a smooth ice cover. In the analytic model, a complete force balance
equation for an element of rectangular planform taken from an oil slick be-
neath uniform ice cover and subject to a current would include a liquid-solid
shear drag at the ice-o0il interface, a liquid-liquid shear drag at the oil-
water interface, a negative surface tension spreading coefficient at the oil-
ice-water interface, and gravity forces. Preliminary tests indicated that
the gravity forces and surface tension forces could be eliminated from the
model since they either cancelled each other or were overpowered by the other
forces. The modified analysis presented, which is of a more simplified nature,
examines the force balance in the streamwise direction for the patch of o0il.

As such, it considers only the frictional force at the ice-o0il interface, the
shear force at the oil-water interface, and a form drag due to the shape of
the slick. The 071 injected under the ice cover is assumed to be at the same
temperature as the ice, so that the jce does not melt as a result of heat flux
from the 0il to the ice and thereby affect oil movement. Moreover, the
analysis is valid only after the oil forms a slick beneath the ice cover. The
analysis does not account for the transient conditions associated with the in-
Jjection of the 0il, the behavior of the 0il plume as it surfaces to the bottom
of the ice, and the initial spreading of the oil at the ice surface. The
analysis is concerned only with the subsequent transport of the 0il slick be-
neath the ice due to the water current.

Consider that a known amount of 0il is injected into the stream beneath
a continuous ice sheet as depicted schematically in Figure 5. After the oil
is released, it will rise to the bottom of the ice cover as a result of buoy-
ancy forces, and it will either collect in an inverted mound, as was the case
with crude o1l or will form a uniform layer, as was the case with No. 2 fuel
oil. Depending upon the type and orientation of the slick, different forces
govern the force balance on the slick. The driving forces acting on the slick
are the form drag, which results from the pressure difference betweenethe up-
stream and downstream ends of the slick, and the shear force at the oil-water
interface, which is due to the water current. The retarding force is the
sliding or rolling friction between the ice surface and the oil, treating the
0il as a solid.

The slick geometry in this analysis can be represented by a mean height,
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h, width, w, and length ¢&. The volume of the o0il slick, ¥V, is then:
V="h2w. (69)

Form Drag: The drag is caused by the difference in pressure exerted on the
upstream and downstream ends of the slick, and is expressed as:

_ 1 _ 2
Fi=5Ci0p, (Uw US) w h (70)
where ¢4 is a drag coefficient, p  is the water density, U, is the mean
water velocity, and Ug is the mean slick velocity. Note that this force
becomes more important as the slick formed beneath the ice cover thickens.

Shear Force at Qil-Water Interface: This is a driving force due to the shear
applied to the oil at the oil-water interface by the moving current. Assume
an averaged shear stress based upon the relative velocity between the two
fluids:

(U -U)*w2e (71)

1
Fo =950 P s

8
The shear stress coefficient, Cg is not the same as a drag coefficient over
a flat plate. Jeffreys [11] defined this coefficient as a sheltering coef-
ficient, usually applied to cases of wind and waves. By considering the pressure
normal to a wavy surface he estimates ¢y to be 0.3. Jirka et al [12], Tooking
at flow near the interface of two fluids give a relation for Cg as
g = 0.64 ¢,, where ¢, = 16/N,, i, being the 0il Reynolds number. The range of
Cg for a moving slick using this approach would typically be 0.01 to 0.1. The
most significant point is that values of Cg for this case are at least one to
two orders of magnitude larger than those for a rigid flat plate.

Ice-0i1 Interfacial Friction Force: The retarding force on the slick as it
slides downstream as a "rigid" body can be estimated from the normal buoyant
force that the slick exerts on the ice cover and a kinetic friction factor.

Fo=Colp, - 00) gv (72)

The coefficient Cr is a solid-solid type of friction factor.

Force Balance: For equilibrium, the retarding forces must balance tHe driving
forces.

Ff = Fd + F (73)

By substituting the expressions for Fe, Fy, and Fg from Equations 70, 71,
and 72 . the expression for the force balance becomes:
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cf (o p,) gt = 5 Cy0, (v US) wh + 5 C_ 0, (Uw Us) wl

This can be nondimensionalized through the introduction of the densimetric
Froude number:

_ U
N_ = W
F vigh
The general form for the force balance then becomes:
, ZCf !
(] - U) - h N/,
Cdf-l— C'S F

(76)

Provided that the coefficients can be estimated, the spread of any slick could

be expected to follow a relation of the form:

(1 U) 7.z

The presence of the term %#/% in Equation 76 should be noted. The affect of

(77)

this term is to make form drag important if the shape of a slick becomes narrow

in the direction of the current, i.e., orients itself transverse to the flow.

If the slick becomes very Tong, shear stress becomes the more important driving

force.
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EXPERIMENTAL PROGRAM

The analytical model of 0il slick movement beneath smooth ice cover
contains coefficients which must be determined experimentally. To quantify
these coefficients and verify the theory, experiments were conducted in
ARCTEC's Ice Flume. The apparatus and the test procedure used in these tests
are described below.

Test Apparatus

The facility and the main apparatus used in the tests consist of the
flume and the pressurized oil injection chamber. The instruments used in
determining the oil properties are described in the Test Procedures section.

Flume. The experiments for this investigation were conducted in ARCTEC's
insulated, glass walled Ice Flume which is depicted schematically in Figure

6. The test section of the flume is 13.7 m long, 0.94 m wide, and 0.61 m
deep. The flume is Tocated in ARCTEC's insulated low temperature test
facility. Ice is made in the flow section by a patented cryogenic system.

The glass walls, channel bottom, return pipe, and the drive unit are insulated
to prevent ice formation inside the system during the freezing process. In-
sulation panels for the glass walls are removable in sections along the flume
where under-ice observations are made. There are two glass windows, 6 m
apart, along the channel floor for under-ice photography.

Flume capacity is about 170 liters per second with 15 cms of water
achieved by a ten horsepower variable speed motor and a 25 cm diameter axial
flow pump. The maximum allowable water depth is 46 cms with 18 cms of free-
board. The discharge of the flume is measured by a conventional precalibrat-
ed orifice-meter mounted between two flanges of the return line. The piezo-
meters of the orifice-meter are connected to a differential manometer located
near the flume inside a specially built, heated container.

Pressurized 0il1 Injection Chamber. The pressurized oil injection chamber
(hereinafter referred to as a box) was designed to inject oil at a point just
below the bottom surface of the ice sheet thru a 2.0 cm hole drilled in the
middle of the box. The volume of the box is 26.5 Titers. This unit is
turned on or off by pneumatically raising or lowering a two way piston that
has a plug mounted on the end of it. A system of three way valves wh%ch con-
trols the piston is manipulated so that one side of the two way piston is
being bled to atmosphere while the other side is being pressurized. After
the plug has been Tifted from the hole, the pressure inside the box is in-
creased by adjusting a throttle valve to a point such that the oil plume is
penetrating about 2 to 4 cms into the fiow. The volume of 0il in the box is
monitored with a surface-following float attached to a Tever arm and con-
nected to a 10 turn potentiometer. By reading the resistance change of the
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potentiometer on a 5 place digital multimeter, the volume of oil remaining 10
the chamber can be established. The 011 is turned off after a predeterminé
volume of 0il has been injected into the flow. The calibration data for the
box is presented in Figure 7 and a photograph of the box is shown on Figure 8.

Test Procedure

The first step for each test was to freeze an ice sheet in the flume
using ARCTEC's cryogenic freezing system. The freezing procedure can be re-
motely controlled from the control room. While the ice sheet was being frozen,
the properties of the 0il to be used in the tests were determined. This was
done before each test to monitor any property variations due to temperature
changes or nonuniformity of 0il samples. The properties measured were vis-
cosity, surface tension, and specific gravity. A1l measurements were made
inside the small cold room located near the refrigerated test facility using
instruments and procedures meeting ASTM specifications.

The instruments used to measure the specific gravity were ASTM approved
hydrometers meeting specification E 100-66. The appropriate hydrometer was
lowered into the sample and allowed to settle. After equilibrium temperature
is reached, the hydrometer scale and the temperature of the sample were
recorded.

A Brookfield Viscometer, Model LVT, was used to measure apparent vis-
cosity. The viscometer operates by rotating a cylinder or disc in the fluid
and measuring the torque necessary to overcome the viscous resistance to the
induced movement. This is accomplished by driving the immersed element, which
is called a spindle, through a beryllium copper spring. The degree to which
the spring is wound, indicated by the position of a red pointer on the visco-
meter's dial, is proportional to the viscosity of the fluid for any given speed
and spindle. The viscometer is able to measure over a number of ranges, since
for a given drag or spring deflection, the actual viscosity is proportional to
the spindle speed, and is also related to the spindle's size and shape. For
a material of given viscosity., the drag will be greater as the spindle size
and/or rotational speed increase. The minimum range of any viscometer model
is obtained by using the largest spindle at the highest speed, the maximum
range by using the smallest spindle at the slowest speed. These procedures
are in accordance with ASTM specification D 2983-72. The results obtained
for crude 0il are shown in Figure 9.

A Fisher Surface Tensiometer Model 20 was calibrated and used to
measure the oil/water surface tension. The Model 20 is a torsion-type
balance instrument, the kind currently specified by ASTM in Methods D-971
and D-1331. In this instrument, a platinum-irridium ring of precisely known
dimensions is suspended from a counter-balanced lever arm. The arm is held
horizontal by torsion applied to a taut stainless steel wire, to which it is
clamped. Increasing the torsion in the wire raises the arm and the ring,
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which carries with it a film of the liquid in which it is immersed. The force
necessary to pull the test ring free from this surface film is measured. The
surface tensiometer shows this "apparent" surface tension on a calibrated Q1a1.
The dial readings are then converted to "true" values by using the correction
factors provided with the instrument.

Initally, the oil/water surface tension was measured in the cold room
using 0oil at about 0°C. At this temperature the crude oil was too viscous to
establish a sharp interface with the water; thus the surface tension tests
could not be conducted in a reasonable amount of time (note that ASTM standards
put a time limitation on the existence of the oil/water interface before the
test is conducted, i.e., after the oil/water interface is formed the test must
be conducted within a certain time period). However, it is generally correct
that interfacial surface tension is a strong function of the materials in-
volved, and weak function of the temperatures of the materials.

Thermometers used in this program were accurate to 0.1°C. Temperatures
were recorded when measuring viscosity, surface tension and specific gravity
in both the pre- and post-test series.

After the ice sheet was frozen, the flume was prepared for the test
and the test apparatus was installed. The flume was then turned on to the
desired flow rate and oil was injected using the pressurized oil injection
chamber. As the 0il entered the flow and started to move downstream, the
position of the oil slick was recorded as a function of time, and still photo-
graphs and movies of the o0il slick motion were taken. After the 0il was turned
off, the length of the slick was measured (when appropriate) as the slick
traveled down the flume. When the downstream edge of the slick reached the
tail tank, the test was terminated. At this point the flume was turned off and
cleanup procedures were started. The cleanup consisted of mounting an oil
skimmer, as shown in Figure 10, in the tail tank and pumping off the top
layer of the oil/water system. This was then pumped through an oily water
separator, or directly into waste oil containers. Absorbent rags and cloths
were used to clean up the remaining oil.

Test Results

After an ice sheet of desired thickness was frozen and the apparatus
was installed in the flume, each experiment was started by turning on the flume
to a predetermined flow rate. The discharge was adjusted by varyin® the speed
of the drive motor and by checking the differential manometer attached to the
piezometers of the orifice-meter located along the return line of the flume.
After a steady state condition was achieved, approximately 18.9 1iters of oil
was injected into the stream through a 2 cm diameter hole on the bottom of the
pressurized oil injection chamber. The 0il was forced through the hole at a
slight pressure so that the flow rate was approximately 0.12 liters/sec. After
leaving the box, the plume formed by the 0il was bent because of the flow, and
rose to the underside of the ice sheet due to buoyancy as shown in Figure 11.
Depending upon the jet Reynolds Number, the o0il plume either broke up into
large drops as in the case of No. 2 fuel oil, or formed a continuous plume
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FIGURE 11 PHOTO OF NO. 2 FUEL OIL PLUME
UNDERNEATH AN ICE SHEET
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before rising to the underside of the ice sheet as in the case of the crude
oil.

Another difference between the No. 2 fuel 0il and the crude oil was
that the gravity forces acting on the No. 2 fuel o0il were larger than for the
crude oil because of its lower density. The difference in vertical forces re-
sulted in different trajectories for the plume which consequently caused the

two plumes to come into contact with the ice sheet at different locations along
the flume.

As portions of the slick left the box region, the crude oil and No. 2
fuel 07l exhibited distinct behavior patterns. Typically, the slick formed by
the crude 0il was short and wide, oriented transversely to the flow, and moved
downstream like a solid body. At lTow water velocities the crude 0il rose to
the underside of the ice cover in the region of the pressurized oil injection
chamber, and spread both laterally and streamwise. In this case, the slick
remained attached to the box for a long time before being swept downstream with
the flow. The slick deformed very slightly, and there were no oil/water inter-
facial waves. At high water velocities, the plume moved further downstream
before it came into contact with the ice sheet. Because of the high viscosity,
the crude 0il did not spread transversely; instead, it initially kept its rope-
like shape as it was carried downstream by the flow as shown in Figure 12. Sub-
sequently, the rope broke and formed small elongated patches of o0il. The oil
slicks compacted into a mass whose transverse dimensions were greater than
their streamwise dimensions. As the slick formed and moved downstream, its up-
stream edge thickened as a result of the water accelerating around the edge of
the slick as shown in Figure 13. Some patches of crude, torn from the sides of
the major slick would move downstream at a higher velocity than the main, but
again would orient transverse to the flow.

The appearance of a fuel o0il slick was considerably different than that
of the crude 0il siick. The slick formed by the fuel 0il had a uniform thick-
ness of about 0.5 cm and a very smooth oil/water interface, the only roughness
being the interfacial waves observed at the higher velocities. It was observed
that the fuel 0il slick "rolled" along the underside of the ice sheet. At
high water velocities, small patches of oil would separate from the main slick
as it traveled down the flume. Some of the patches would recombine with the
main slick, whereas others would move downstream independently. These small
patches would travel at a higher speed than the parent.

After the first few tests had been run with No. 2 fuel oil it was noted

that the o0il slick thickness quickly reached a limiting value, determined by

a balance between the negative surface tension spreading coefficient and the
buoyant forces. This same limiting thickness condition also seemed to be
apparent in the static water cases that were run with the cold crude oil. In
these cases the 0il slick was allowed to sit overnight after it had been con-
firmed that the slick had a constant thickness. Also, for one flume test

where the crude 0il was significantly warmer than 0°C, the spread rate was very

33



FIGURE 12 PHOTO OF COLD CRUDE OIL UNDER AN ICE
SHEET AT HIGH WATER VELOCITY
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rapid and the crude seemed to reach a limiting thickness. However, for the
cases where the crude 0il was very cold, i.e., below 0°C, the 0il collected
where the plume came into contact with the bottom of the ice sheet for low
water velocities, or was swept away as soon as it arrived at the bottom of
the ice sheet for the high water velocities. For those cases where the slick
did not move, it was noted that during the course of the experiment the slick
did not become appreciably thinner. Because the oil is so viscous, it cannot
flow on a time period comparable to that of the No. 2 fuel oil, or within a
time period comparable to the length of the experiment.

Tests conducted with salt water did not show any significant differences
in the behavior of the oil. However, it was observed that oil droplets en-
trained in the water later became enmeshed in the pores of the ice upon rising
to the ice/water interface. This "trapped o0il" gave the underside of the ice
sheet a dirty appearance. It can be concluded from this that additional clean-
up after melting may be necessary for o0il spills beneath salt water ice covers
if emulsification occurs at the time of the spill.

In order to investigate the feasibility of using plexiglass as a simu-
lated ice cover, a test was conducted with plexiglass in the same manner as the
other tests. A plexiglass sheet, 0.83 cm thick and 180.0 cm long, was placed
in the flume approximately 300 cm downstream from where the oil was injected.
The ice was cut out and removed, and the plexiglass fitted into its place. The
plexiglass sheet was placed in the flume approximately 45 minutes before the
initiation of the test in order to allow it to come to thermal equilibrium.

As the 0il passed under the simulated cover, the slick was slowed down and was
finally stopped. After the oil slick had stopped moving, the test was allowed
to continue for approximately 15 minutes before the pumps were turned off in
order to be certain that the slick had completely stopped. When the sheet was
1ifted from the surface of the water at the completion of the test, a uniform
coating of o1l remained adhered to the sheet. The o0il beneath a plexiglass
sheet therefore showed a totally different behav1or than o0il under an actual
ice cover.

A test to simulate the dynamics of a hot oil slick beneath an ice cover
was also performed. In this test, approximately 11 liters of hot crude oil at
50°C was injected into the stream from a simulated point source located approx-
imately 5 cms below the ice/water interface.

Qualitatively, the hot crude o0il behaved in a manner ana]ogous to the low
viscosity No. 2 fuel oil. The high water velocity broke up the jet,®and the
large patches were carried downstream before they rose to the surface at an open
water region; consequently, no interaction between the hot oil and the ice was
observed.

The physical parameters measured during each test in order to quantify
and verify the analytical model are listed in Table 2. Figure 14 and 15 are
plots of the mean slick velocity versus current velocity for No. 2 fuel oil and
crude oil. Data points from tests 20 and 21 have been deleted from these plots.
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TABLE 2. SUMMARY OF TEST DATA

Interfacial
Water STick 0i1 Stick 0i1 Water 0il Surface Froude  Nondinmensional
Test Velocity, 0i1l Velocity*, Viscosity, Thickness, Density, Depth, Temperature,+ Tension, Number, Velocity,
No. Uy Type U U, h Py d To o v U
(cm/s) (cmis) (centipoise) {cm) (gm/cm?) (cm) {°C) {(dyn/cm) F
1 5.0 #2Fuel 0.4 7 0.5 0.86 27.8 - - 0.60 0.08
2 14.0 #2Fuel 3.5 7 0.5 0.86 27.4 1.5 - 1.69 0.25
3 5.4 #2Fuel 0.6 7 0.5 0.86 25.6 -2.6 16.6 0.65 0.1
4 9.9 #2Fuel 2.0 7 0.5 0.86 23.5 1.0 12.8 1.20 0.21
5 15.1 #2Fuel 4.1 8 0.5 0.86 23.6 -1.4 14.8 1.82 0.27
6 20.1 #2Fuel 6.6 7 0.5 0.86 22.7 -0.4 19.3 2.43 0.33
7 20.1 Crude 2.3 25000 1.3 0.91 23.0 -0.8 69.0 1.88 0.12
8 9.8 Crude 0.0 15000 1.3 0.91 21.7 -0.8 38.0 0.92 0.00
9 20.0 Crude 3.7 15000 1.3 0.9] 21.7 -0.8 38.0 1.87 0.18
10 20.0 Crude 4.4 15000 1.3 0.91 21.7 - 38.0 1.39 0.22
1 14.9 Crude 0.5 25500 1.3 0.9 23.4 1.8 15.8 1.33 0.03
12 14.3 Crude 0.5 25500 1.3 0.91 23.4 1.8 15.8 1.84 0.04
13 19.7 Crude 3.4 36500 1.3 0.91 16.1 -0.3 17.0 2.26 0.17
14 24.2 Crude 10.6 36500 1.3 0.91 16.1 - 17.0 1.48 0.44
15 15.8 Crude 1.9 36500 1.3 0.91 16.1 - 17.0 2.19 0.12
16 24.8 Crude 12.3 25500 1.3 0.90 13.4 2.0 15.8 2.67 0.50
17 30.1 Crude 15.7 25500 1.3 0.90 13.4 2.9 15.8 2.67 0.52
18 36.1 Crude 24.6 25500 1.3 0.91 13.4 5.5 15.8 3.37 0.68
19 19.4 Crude 4.4 25500 1.3 0.91 13.4 1.5 15.8 1.81 0.23
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TABLE 2. SUMMARY OF TEST DATA (CONTINUED)

Interfacial
Water STick 011 Stick 011 Water 0i1 Surface Froude MNondimensional
Test Velocity, 0il Velacity*, Viscasity, Thickness, Density, DOepth, Temperature,+ Tension, Number , Velocity,
No. b Type Us Y, h Po d Ty g NF U
(cm/s) (cm/s) (centipoise) {cm) (gm/cm?®) {cm) (°C) (dyn/cm)
20 21.3 #2Fuel 2.3 7 0.5 0.86 10.5 2.4 13.4 2.57 0.46
21 24.5 #2Fuel 16.7 7 0.5 0.86 10.5 2.2 13.4 2.95 0.68
22 19.5 #2Fuel 5.8 7 0.5 0.86 13.9 -0.1 10.1 2.35 0.30"
23 27.2 #2Fuel 9.7 7 0.5 0.86 13.9 0.0 10.1 3.28 0.36
24 32.3 #2Fuel 10.7 7 0.5 0.86 13.9 0.0 10.1 3.90 0.33
25 25.0 #2Fuel 7.8 7 0.5 0.86 13.9 0.1 10.1 3.02 0.31
26 9.1 #2Fuel 2.4 7 0.5 0.86 14.9 -0.4 9.3 1.10 0.27
27 14.9 #2Fuel 4.7 7 0.5 0.86 14.9 -1.0 9.3 1.80 0.32
28 21.0 #2Fuel 7.0 7 0.5 0.86 14.9 -1.0 9.3 2.54 0.33
29 14.5 Crude 1.0 25500 1.3 0.91 15.2 -1.5 16.4 1.35 0.07
30 19.4 Crude 4.8 25500 1.3 0.9 15.2 0.7 16.4 1.81 0.25
31 25.8 Crude 10.6 25500 1.3 0.91 15.2 -2.3 16.4 2.41 0.41

* Computed as the change in downstream position of the slick edge divided by the change
in time and average overall readings.

+ Temperature of oil prior to being injected into the stream.
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Movies of tests 20 and 21 show the No. 2 fuel 0il slick to be highly broken up.
The test results are therefore suspect, particularly in view of the fact that
smaller slicks seem to move at much higher velocities than larger slicks for
the same current speed.

The No. 2 fuel 0il slick speed exhibits a very strong linear relation
with the current speed. The threshold velocity for smooth ice is seen to be
approximately 4 cm/sec. The slick velocity follows the relation:

U, = 0:38 U, - 1.26, for 0 < U, < 36. (78)

The slick speed for crude oil also appears to follow a linear relation-
ship for high current speeds; however, this best fit line is seen to predict a
threshold velocity which the data shows to be too high. A power curve has
therefore also been fit through the data. The result is a more reasonable
threshold velocity with the slope of the curve approximately that of a straight
Tine for intermediate velocities. By this method the threshold velocity is
estimated to be 8 cm/sec, and the crude oil slick velocity relation becomes:

= =6 429
U, =8.6x107°y 2 for 8 <y < 28. (79)

This curve should really not be extended above a current speed of 28
cm/sec, however. As seen in Figure 15, above this value the linear expression
is judged to be more representative:

u, = 1.10 U, - 16.60, for 28 U, < 36. (€9)

Analysis of Test Results

In order to generalize the test results for oils of any type, it is
necessary to test the theoretical equation derived earlier. Recall that the
force balance equates the friction force to the sum of the forces due to form
drag and interfacial shear:

o
g

Fp= Pyt . | (73)
From observations of the shape of the crude oilslicks and the No. 2 fuel oil
slicks, it is apparent that a different force dominates in each case. The No. 2
01l slick always remained Tong and narrow. The dominant driving force here is .
the shear applied to the interface. The force balance could then be approximated
by:

Ff=F8 . (81)
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Conversely, crude oil slicks always oriented themselves to the flow, becoming
very short in length measured with the flow direction. Form drag must there-
fore dominate for crude slicks, and the force balance can be approximated by:

F. . (82)

Ff.= d

For the No. 2 fuel o0il, Equation 76 reduces to:

(1 -0)2=2y (83)
F
where
2C
B, = —Cﬁ . (84)
S

This form of relation is plotted with the data in Figure 16. The con-
stants are then determined from a best fit of the data as:

(1-0)2=214 | 4450, (85)
Vg

The presence of the constant term may at first appear unsettling, however there
could be momentum losses due to wave formation at the oil water interface. This
loss would be solely a function of the current speed, and would be of the form
oy Uh. The force balance would then become of the form:

Ff =F_+*Co, Uw2 (86)

For large enough Froude numbers, this wave motion would tend to dominate,
eventually causing breakup of the slick.

For crude o0il Equation 76 reduces to:
_Bl

(1-0)-= 7z (87)
F
where
2C . %
B, =~ (88)
“d

This form of relation is plotted with the data in Figure 17. The
constants are then determined from a best fit of the data as:

(1 - 0)2 = 2.15 (7\7—‘;)1-15 (89)
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The exponent on the term (1/¥»%) is close to unity, indicating the
approximate validity of the force balance. This relationship compares favor-
ably with the linear relation found for larger values of U, as plotted in
Figure 15, but again, the use of the linear relationship is not reasonable
when trying to predict threshold velocity. Also recognize that B, is not a
pure constant, but rather contains the factor (2/4). Generally, as the crude
0il slick orients itself transversely to the flow, the & dimension narrows to
the point when it is comparable with % so that the ratio may approach a con-

stant. However, this cannot always be assumed to be true and, as such the
range of validity for this value of B, is Timited.
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APPLICATION OF RESULTS

Equations 78 and 79 or 80 may be used directly to calculate the speed
of advance for No. 2 fuel o0il slicks and crude oil slicks, respectively, under
a smooth ice sheet. In order to apply the more generalized predictive re-
lationship of Equations 85 and 89, the oil properties must be known. In addi-
tion, it is important to know whether a slick will tend to orient itself longi-
tudinally with the flow, or tend to allign itself transverse to the flow. This
behavior is probably viscosity dependent; however, tests with only two types
of 0il are insufficient for the establishment of a single relation which takes
this factor into account. This complication does not necessarily detract
from the ability of field personnel to use the generalized predictive relation-
ship however, since in many river spills it will be relatively easy to observe
the slick orientation through the ice cover. The selection of the proper
predictive relationship 1is then based on the slick orientation, and with a
knowledge of the 0i1 properties and the current velocity, the slick velocity
can be predicted as shown in the following sample calculations.

Slick Oriented Parallel to Flow

Consider a No. 2 fuel o0il spill beneath smooth river ice. The density
of the oil is 0.86 grams/cm®. The interfacial surface tension for the No. 2
0oil is typically 10 dynes/cm, and the contact angle is 135°. The mean current
velocity is 20 cm/sec. Then from Equation 66, the equilibrium slick thickness
can be calculated as follows:

200 (1 - cosa) = (2) (10) (1.71)

B 5. g (0.74) (1) {980y - 0-%0 ¢em-
Calculating the densimetric Froude number gives:
U 2
Vp® = Bg% = 10.T4) %983)) RIS

Then, since No. 2 fuel 0il will remain aligned with the mean flow, Equation
85 is used to determine the slick velocity as follows:

[ U
(1-—3)2=0]46+o450

e Np?
or
U2
s|° _ 0.145 -
1 - 50 = £33 + 0.450 = 0.475

Solving for the slick speed, Ug, we find the oil slick velocity to be about
6.2 cm/sec.
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Slick Oriented Transverse to the Flow

Consider a crude oil spill beneath smooth river ice. The density of the
01l is 0.91 grams/cm®. The interfacial surface tension for the crude 0il is
typically 38 dynes/cm and the contact angle is 160°. The mean current velocity
is 20 cm/sec. Then from Equation 66, the equilibrium thickness is found to be:

y = 200 (1 - cosa) | 2(38) (1.94)

b g (0.089) (1) (9g0y ~ -3 M

The densimetric Froude number becomes:

oo (20)°
r " Bgh - (0.089) (9807 (1.3)

= 3.53

Crude 011 slicks orient themselves transversely to the mean flow, therefore
Equation 89 applies:

or

U 2
(1 - §%> - 2.15 (§l§§)1-15 - 0.50

Solving for the slick speed Ug, we find that the oil will move at about
5.8 cm/sec.
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