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"The Environment Canada report EPS 4-EC-81-5

describing testing of a model contra-rotating-drum
skimmer performed by Western Canada Hydraulics Ltd. in
1979 does not cover the full range of testing parameters
recommended in the 1993 American Society for Testing &
Materials (ASTM) oil spill skimmer testing guidelines.
More recent testing, which also does not follow ASTM
Guidelines, has been carried out on a commercial contra-
rotating-drum skimmer in Japan in 1993. These tests,
however, cover a different range of oil thicknesses, oil
viscosities and operating parameters. Copies of the more
recent tests can be requested from OSR Systems Ltd., 204-
1001 Cloverdale Avenue, Victoria, British Columbia
V8X 4(C9."
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ABSTRACT

A study involving both experimental and analytical investigations was carried
out on two contra-rotating drums as a means to recover spilled oil. The recovery process

was originally postulated to be a combination of two mechanisms:

1. the pumping of oil and water up between the contra-rotating drums; and

2. oleophilic adhesion of oil to the drums.

A test facility involving two contra-rotating drums of 2.44 m diameter was
established in front of a 5 m long viewing window in a laboratory flume. Currents were
generated in-the flume to represent towing speeds. Drum operation at varying speeds and
depths of submergence was studied using light diesel oil and a heavier mixture of bunker
"C1 and diesel oils. Drum recovery processes were observed and recovery rates measured.

The test results showed that the pumping action played no discernible part in
the recovery process.

An elementary mathematical model was developed for the oleophilic recovery
process; this allowed for prediction of recovery rates of the light diesel fuel to within 16
percent of the experimentally determined values at low drum speeds. From the model and
experimental results, guidelines were drawn for the optimum operation of an existing oil
spill containment and recovery (OSCAR) device using contra-rotating drums. Further
mathematical investigation into the oleophilic recovery process has been recommended to
establish optimum drum sizes and operating parameters for future oleophilic drum

recovery devices.
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RESUME

Cette étude, fondée sur des recherches expérimentales et analytiques, porte
sur deux tambours tournant en sens inverse l'un par rapport & l'autre, et qui sont destinés a
la récupération des hydrocarbures déversés accidentellement. Le processus de récupéra-

tion devait a I'origine &1tre basé sur une combinaison de deux mécanismes:

1. pompage des hydrocarbures et de l'eau entre les tambours; et

2. adhérence oléophile des hydrocarbures aux tambours.

Une installation d'essal comportant deux tambours tournant en sens opposés,
de 2,44 m de diametre chacun, a €té montée devant une fenéire d'observation de 5> m de
long dans un canal de laboratoire. Des courants ont été induits dans le canal pour simuler
le déplacement du bAtiment remorqué. On a étudié le rendement des tambours a
différentes vitesses et différentes profondeurs d'immersion pour récupérer des nappes de
combustible diesel léger et d'un mélange plus lourd de combustible de soute "C" et de
diesel. On a observé le processus de récupération et mesuré le taux de récupération.

Les résultats des essais monirent que le pompage joue un rble négligeable dans
la récupération.

Un modéle mathématique élémentaire a été mis au point pour la récupération
par substance oléophile; il a permis de prévoir des taux de récupération du combustible
diesel léger voisins, & 16 p. cent prés, des valeurs mesurées expérimentalement a des
vitesses faibles de rotation des tambours. Des résultats de la modélisation et des
expériences, on a tiré des lignes directrices en vue d'obtenir un rendement optimal d'un
appareil de confinement et de récupération des déversements d'hydrocarbures (OSCAR)
existant, qui comporte deux tambours tournant en sens opposés. Il a été recommandé de
procéder 3 une étude mathématique plus poussée du processus de récupération par
substance oléophile afin d'établir les dimensions et les parametres de fonctionnement
optimaux des tambours des futurs appareils de récupération par substance oléophile

équipés d'un tel systéme.
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FOREWORD

The results of a study concerning the operating parameters of the Oil Spill
Containment and Recovery (OSCAR) vessel, are outlined in this report., The work was
executed by Western Canada Hydraulic Laboratories Ltd. of Port Coquitlam, British

Columbia, under contract to the Environmental Protection Service.
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The principal limitations on operating performance of the prototype OSCAR

determined by this study are:

L.

Wl

10.

Smooth contra-rotating drums do not pump oil above the water surface for
collection. They collect oil through the oleophilic attraction of the steel drums.

Qil is only picked up by the drum at the upstream fluid surface. The thickness of oil
film developed on the drum is determined by the oil layer thickness on the water, by
oil properties, and by the drum surface speed. The oil film thickness increases with
an increasing drum surface speed.

High drum speeds and/or deep submergence lead to emulsification of the collected
oil in the water underneath the drums; consequently, the thickness of the oil layer
recovered by the drum is reduced.

The rear contra-rotating drum plays no significant part in the oil recovery process
while the vessel advances through the water. Both drums pick up oil at equal rates
when the vessel is stationary.

Emulsification of oil in water as it is carried under the drum occurs when the water
boundary layer Reynolds number exceeds 5 x 105.
The gap width between contra-rotating drums is not a critical factor in the recovery
process if there is no contact between the oil and water layers on each drum.

The submergence of the 2.4% m diameter prototype OSCAR drums should be set at a
minimum level in order to reduce the effects of wave action.

The prototype OSCAR drums should be rotated at or below 5 rpm when operating in
thin oil slicks or with a drum submergence greater than 30 cm to achieve optimum
collection rates and a minimum entrainment of oil in water passing under the drums.
The optimum drum speed for the prototype OSCAR when operating in slicks of light
diese]l fuel more than 1.0 cm thick and with no wave action may be as high as 30
rpm. At this speed, the drums should have a submergence of less than 4 cm to
minimize emulsification.

The vessel pushing speed should be suited to the thickness of the spilled oil, such
that a localized layer build up in front of the drums will be maintained and the drum

recovery rate satisfied.
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12,

A mathematical model of oil and water boundary layer formation around a rotating
drum can be prepared to predict variations in oleophilic pickup rates in relation to
drum size, operating speed and oil viscosity, provided that drum rotation is
sufficiently low so that the Reynolds number of the water boundary layer is less
than 5 x 10°.

The mathematical model derived during this study for diesel fuel recovery at low
drum speeds gave a recovery rate within 16 percent of that actually collected by the

test facility.

RECOMMENDATIONS

The following recommendations are made on the basis of the study results:

Further analytical investigation into the oleophilic drum recovery processs should be
carried out and a mathematical model should be prepared to accurately evaluate the
effects of drum size and operating parameters on ¢il recovery.

Laboratory studies should be conducted to establish the strengths of interfacial
tension between oil and steel as well as the internal cohesive forces in oils likely to
be encountered in normal OSCAR operations.

An investigation should be made into improving the performance of the prototype
OSCAR. This examination could include pumping the emulsion collected between
the drums into the storage hulls or designing an oleophilic matting between the
drums. The latter would scrape the water boundary layer from the rearward drum

and "wick" the emulsified oil captured between the drums onto the rearward drum.



1 INTRODUCTION

1.1 Design of Prototype Machine

An unpowered, double-ended Oil Spill Containment and Recovery (OSCAR}
vessel was designed by Capt. J. Steel & Co. of Victoria in 1972 and constructed by the
Gulf of Georgia Towing Co. Ltd. under a grant from the Federal Department of Supply
and Services.

The "catamaran-~type" vessel has two identical 3.05 m long by 2.44 m diameter
contra-rotating steel drums mounted laterally between the hulls (see Figure 1). The
drums, which are powered by hydraulic motors, rotate towards each other at the bottom
so that oil from the sea surface is collected between them. The design allows for the oil
to be lifted up by the drums, scraped off and then conveyed by gravity into the twin hulls
for storage. The storage hulls each house two valves incorporated into the bottom,
allowing any free water which has been collected with the oil to separate out and return
to the sea by gravitational flow. The vessel has been designed to collect all surface fluid,
and with the separation process taking place in the storage hulls, the necessity for
selective oil recovery at the water surface is eliminated. The drums are claimed to pick
up 100 percent of spilled oil if left to operate for a sufficient length of time.

The designer claims that operation of the drums is not hindered by floating
debris or by moderate wave action. The collection process is considered to work on all
grades of spilled oils. Seaspan International Ltd. has reported a recovery rate of
approximately 22.5 litres/min of light marine diesel fuel from a spill in the Port of
Vancouver. The vessel has also been reported to have recovered Bunker "C" fuel from
Burrard Inlet. Patent rights on the operating principle have been applied for by Petro
Clearance Ltd. of Hamilton, Bermuda.

Environmental Protection Service (EPS) personnel witnessed preliminary tests
of OSCAR in 1974. The design concept appeared promising and further studies were
considered warranted to examine its operating principle and to evaluate its perforrnance
against other oll spill recovery vessels. The results of the preliminary tests were reported
on, along with comparative tests of six other generic types of oil recovery vessels
(Solsberg et al., 1976). Recommendations were made that further testing be carried out
on the oleophilic drum concept to more fully examine its operating principle and to

optimize its operating parameters.
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The purpose, then, of this study was to investigate the operating principles
governing oil collection using two contra-rotating drums and to establish the relative
effects of oil pumping and oleophilic attraction in the recovery process. The study was
specifically designed to assess the effect of varying (1) the rotational speed of the drums,
(2) the gap distance between the drums, (3) the immersion depth of the drums, and (4) the

vessel speed on the oil collection rate of various oil types and slick thicknesses.

1.2 Hypothetical Operating Principles
The efficiency of the OSCAR cleanup process was thought to depend on two
factors:
L. oil being retrieved from the water surface through oleophilic attraction to the
steel surfaces of the two drums; and
2. oil and water being pumped up between the drums as a result of the drums'

close proximity and contra-rotation.

The oleophilicity, or adhesion of oil to the surface of the drums, varies with oil
composition and properties; it also varies with the characteristics of the drum surface
material. The thickness of an oil layer picked up from the water by the drum through
either oleophilic or pumping action is a function of oil viscosity, specific weight and
interfacial tension of the oil/water phases. It is also regulated by the oil supply rate,
drum speed, drum radius and the angle and height through which the drum must lift the
oil.

Data were collected on the relative importance of the above factors for

successiul operation of the unit.



2 TEST FACILITY

2.1 Scaling Laws

The fluid properties of both oil and water which have the greatest effect upon

the oil pickup rate of rotating drums ares:

l. interfacial tension (o)
2. viscosity (V) and
3. specific gravity (y).

Relationships amongst these factors and between the forces of fluid
momentum and gravitational attraction must be maintained for comparative studies of
the collection process.

To accurately model the process, the following dimensionless parameters must
have similar numerical values in model and prototype:

1. densimetric Froude Number,
v

(Dw“ Dm gd) 05
P

relating inertial forces to the relative buoyancy of the lighter fluid;

FD:

2. Reynolds Number,

relating inertial to viscous forces; and
3. Weber Number,

0-5
w o YoM

0.0-5

relating inertial to surface tension forces where:
V = velocity '

Py = density of water

0y = density of oil

g = gravitational constant

d = characteristic depth, and

L = characteristic length



Comparison of the above parameters shows that the correct interrelationships amongst
linear, depth and velocity scales with the various fluid properties required to reproduce an
oil spill pick up operation can only be achieved at a 1:1 scale with the actual oil and water
being used as the operating fluids. A full scale model of the prototype drums in the
longitudinal and vertical planes, therefore, was required for the study. The modei could
be built to any convenient dimension in the lateral plane, as the drum collection rate per
unit width would remain unchanged apart from minor end effects at the sides of the

drums.
2.2 Construciion of Facility

A test facility was constructed at full scale to examine the operating process
of contra-rotating drums similar to those used in the Gulf of Georgia Towing Co. Ltd.'s,
OSCAR. The facility was designed so that the effects of varying the drum size and
operating parameters could be studied. Two 1.22 m length, 2.44 m diameter contra-
rotating prototype drums were fabricated from 2.7 mm sheet steel mounted on 1.9 cm
thick circular plywood templates. The drums were mounted using 4.4 cm axles onto a 7 by
1.5 m wheeled carriage. The carriage was formed using 10 by 10 cm rough timbers with
aluminum channel cross supports. Drum gap width was controlled by turning a threaded
rod which adjusted the position of the axle bearings on one drum. The carriage was
constructed to travel with rubber wheels on steel rails atop a 29 m long flume (see Figure
2)

The drum skins were rolled and attached with machine welded joints o give a
continuous, even surface (see Figure 3). Drum rotation was produced by a 1.2 kW electric
motor through an adjustable variable-speed chain drive. Oil was scraped from the drums
by aluminum blades, similar to those used in the prototype, and was guided to coilection
tanks across hinged 1.5 mm galvanized sheet steel trays. The tray hinges permitted the
scrapers to lie in close contact with the drums despite any scraper wear which took place.
The scrapers could be lifted off the drums when required through use of overhead
turnbuckles.

A 7.5 kW variable speed electric motor at one end of the flume was connected
via a winch and a continuous | c¢m diameter cable. This apparatus towed the carriage in
either direction over a 23 m length of the flume. The cable was led from one end of the
carriage, around the motor-driven winch and returneds; suspended by overhead pulleys to
the other end of the flume. Electrical leads to the drum motor were also suspended

overhead and could be towed with the carriage without significant drag.
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A) Drums mounted on carriage

B) Chain drive for contra-rotating drums

FIGURE 3 TEST DRUMS IN FLUME



An 18 kW centrifugal pump capable of discharging 6800 L/min was installed at
the downstream end of the flume to induce currents for tests in which drum operation was
being studied while the carriage was stationary in front of a viewing window. A baffle
wall and vortex eliminating grid cage around the pump intake prevented oil from being
recirculated through the pump. The pump discharge was metred using a Vee-notch weir
and controlled by a gate valve at the upstream end of the flume.

A removable 40,5 cm high flooring of galvanized sheet metal was installed
both upstream and downstream of the drums to induce approximately equal flow velocities
leading up to and under the drums during non-towing tests. The floor sloped in towards
the drum from both sides at an angle of approximately 30°, With a depth of water in the
flume of 71 cm, equivalent to a drum submergence of 30.5 cm, the flow depth over the
false floor was the same as that under the drums.

A 0.4 kW pump supplied test oil from 200 L drums to an oil distribution trough
constructed of galvanized steel across the upstream end of the flume. An adjustable weir
was fabricated of sheet steel to maintain a constant head over a circular horizontal

metering orifice in the supply system leading to the distribution trough.



3 STUDY PROGRAM

3.1 General Qutline

The study program was conducted in three stages:
Stage |
Preparatory tests to determine appropriate test oils and drum surface textures.
Stage 1l

Flume studies to examine the operating action of the drums; to collect data for use in

calibrating subsequent analytical studies.
Stage 111

Analytical studies to gain a better understanding of the oil collection process and to
investigate, with the aid of the data collected during Stage II, the development of a

numerical predictive method for optimizing the OSCAR design and operation.
3.2 Test Program
Preparatory Tests ~ Stage |

The suitability of six oils was examined for use in the Stage II test program.

The oils examined were:

Diesel fuel, Essolube 30,
Royal fuel, Fuel Oil No. 46, and
Qil Mix No. 54, Bunker "C",

Properties of these oils are presented in Table | and Figure 4.
Seven test plates with different surface characteristics were examined to
determine their relative effectiveness in picking up Royal fuel oil from a water surface.

The plate surfaces were:

Aluminum, Zinc chromate paint,
Steel with light rust, Red lead paint, and
Steel with moderate rust, Polypropylene sheeting.

Galvanized steel,
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From these tests the drum surface and test oils to be used in the Stage I

flume studies were selected.
Filume Tesis - Stage Il

The test program carried out in the flume is presented in Table 2. The effect
on oil collection rates with two types of oil was studied. Drum speed was varied between
5 and 15 rpm at depths of submergence between 11.5 and 45.0 cm.

Following test runs with the 2.44 m diameter drum located in front of the
viewing window in the flume, it was decided to forego testing using the carriage towing
arrangement. Further work on the project was confined to investigation of the drum

collection process through theoretical and mathematical analysis.
Analytical Studies - Stage Il

A theoretical investigation was made into the basic principles of the oil pickup
process. The analysis developed a boundary layer theory and was used to assess the effect

of drum speed on the oil recovery rate.

TABLE 2 FLUME TEST PROGRAM

Drum Parameters

Approach —-=

Test il Velocity  Rotation Submergence

Series  Type m/s rpm cm Purpose of Series

1 Diesel 0.23 5, 10, 13 11.4 Effect of Rotation Speed

2 Diesel 0.17 5, 10, 15 3G.5 Effect of Submergence

3 Diesel 0.14 5 45.0 Effect of Submergence

4 Diesel 0.00 5, 10 Effect of Approach
Velocity

5 Diesel 0.00 10 Effect of Layer
Thickness

6 Oil Mix 54 0.17 5, 10, 15 30.5 Effect of Qil

Properties
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i TEST PROCEDURES

g.1 Preparatory Tests

Samples of six commercially available oils were obtained and analyzed for
viscosity and specific gravity at temperatures down to 0°C. Two of these oils, diesel fuel
and Oil Mix No. 54, a mixture of 46 percent diesel oil and 54 percent Bunker "C" oil, were
selected for use in the study on the basis of viscosity, ease of handiing and availability.
These oils were considered to be representative of oils likely to be discharged or spilled
into Burrard Inlet. They were typical of oils in which the prototype OSCAR vessel would
be expected to work.

Five steel plates, each with a different coating, measuring 15 by 15 by 0.3 cm,
were examined for their relative adhesion to oil. The plate surfaces tested included light
rust, medium rust, galvanized, zinc chromate paint, and red lead paint, in addition to
aluminum and polypropylene plates. The plates were weighed dry and then immersed to
their full depth through a 2.5 cm layer of diesel fuel overlaying a water bath. They were
withdrawn vertically over a period of 2 seconds and allowed to drain for 5 seconds. Then
they were reweighed in a collecting tray to determine the amount of oil still adhering to
each plate. The results of these tests are shown in Figure 5.

A brief test was conducted with Fuel Oil No. 46 to assess the effect of oil
layer thickness on the amount picked up by the plates in the above tests. The steel plate
with light rust was repeatedly dipped into the oil bath, weighed and wiped clean. The
amount of oil removed each time was subiracted from that previously in the bath and the

new layer thickness calculated. The results of this test are shown in Figure 6.
4.2 Flume Tests

The drum carriage was installed under cover in front of a 5 m long full height
viewing window in the side of the flume. The flume was filled with water to submerge the
lower portions of the drums, and the circulating pump started, generating a current along
the flume and under the drums. Oil was introduced at a steady rate through the
distribution trough at the upstream end of the flume and carried by the current to the
drums.

Prototype operations have been run with drum speeds up to 60 rpm; however,
reports of Capt. D. Sjoquist and others who have been present at such operations indicated

that there was excessive splashing and spraying of oil off the drums at these speeds and
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GALVANIZED STEEL

STEEL WITH CHROMATE PRIMER

STEEL WITH LEAD PRIMER

LIGHT RUSTED STEEL

ALUMINUM

GLOSS ENAMEL

POLYPROPYLENE

OIL PICKUP ON PLATE SURFACE (mg/cm?)

NOTE : Test plates were dipped through

a 25 cm layer of diesel fuel.

FIGURE 5 OIL PICKUP BY VARIOUS SURFACES
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that the collection system produced less oil-water emulsion at lower speeds. Model drum
speeds were controlled between 5 rpm and a maximum of 15 rpm with the variable speed
motor control. Power losses in the drive system prevented drum operation at speeds much
in excess of 15 rpm. Drum submergences between 11.5 and #5.0 cm were examined by
varying the water level in the flume.

Oil collection rates were measured by a volumetric/time method. Percentages
of oil and water in the collected fluid were visually measured through a clear plastic panel
in the side of the metering tank after a sample had been allowed to stand for 10 minutes.
The speed of the oil layer approaching the drums was determined by timing markers over
a distance of 5 m upstream of the drums. The average oil layer thickness was calculated
from the oil input and current measurements. The buildup of oil layer thickness upstream
of the drums was observed through the viewing window.

A black and white video tape record was made of the tests through the viewing
window, illustrating the emulsification and mixing processes that occurred between the
drums. A schematic diagram of the flow process is shown in Figure 7. Results of test

measurements are given in Table 3 and are illustrated in Figure 8.
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3 TEST RESULTS

3.1 Preparatory Tests
Dvum Surface Material

Figure 5 illustrates that little difference exists in the oil pickup capabilities of
the seven test plate surfaces. The steel plate with zinc chromate primer produced the
greatest pickup of 9.1 mg/cm2 of diesel fuel. This was approximately 12 percent more
than the amount picked up by the lightly rust coated bare steel surface.

It had been found in the prototype OSCAR that a painted surface on the steel
drums was scraped off during drum operation. For reasons of test simplicity and to
prevent any change in surface characteristics during testing, the test drums were made of

bare steel on which little rust developed due to the presence of residual oil.
Effect of Layer Thickness

Repeated test runs of lifting the bare metal test plate through a decreasing
layer thickness of Fuel Oil No. 46, (Figure 6), showed that the oil pickup by the plate was
approximately constant above a layer thickness of 1.2 cm. Below this layer thickness, the
amount of oil pickup on each run decreased with the decreasing oil layer thickness. As
the oil layer became thinner, the plate pickup capacity exceeded the local supply rate.

The test results indicate that the OSCAR's oil recovery rate of viscous oil
through adhesion may decrease markedly if steps are not taken to prevent an oil slick
becorming thinner in the final stages of a cleanup operation. The rate of drum rotation
would not have an appreciable effect on the pickup rate under these conditions, as the
drum could remove oil faster than it would flow to the drum. Figure 6 shows that the
maximum oleophilic pickup rate of Fuel Oil No. 46 could not be achieved unless the oil
layer thicknesses were maintained in excess of approximately 1.2 cm.

The measured pickup rates of both Fuel Oil No. 46 and diesel fuel by the steel
plate were approximately 35 percent higher than those calculated from the free drainage

theory (see Figure 6},
5.2 Flume Studies
VYisual Observations

The clear plastic windows in the side of the flume permitted viewing of the oil

collection process below the fluid surface. The flow process is depicted in Figure 8.
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It was observed that the drag of the drum induced motion in the oil film and
also in the surrounding water layer. The oil film was sheared off from the oil slick
upstream of the first drum and was carried under the drum back to the fluid surface in the
centre cavity area between the drums. The dragged water layer outside the oil film was
thrust up into the cavity and it isolated the collected oil floating in the cavity from the
drum surface. Emulsification occurred along the oil and water interface as drum speeds
were increased to above 10 rpm. At drum speeds in excess of 10 rpm, considerable
turbulence was generated in the region between the two drums with a buildup of an oil and
emulsified oil layer of up to 12 ¢m thickness. A thin oil layer adhered to the drum and
was carried around to the scraper. The drum carried the oil up to the scraper faster than
it could run back down in sheet flow.

0Oil was not fed to the downstream drum; therefore, only a water layer formed
around the drum, which was thrust into the cavity, isolating the floating oil in the cavity
from the second drum. As a result, little or no oil was picked up by the downstream drum.
The second drum was relatively effective, however, in reducing the loss of oil droplets
from the cavity region to the downstream region.

In tests run with zero approach velocity in the flume, the downstream drum
was observed to collect approximately the same amount of oil as the upstream drum.

A return oil flow occurred between the drum and the viewing window,
indicating an increase in the surface Jevel in the cavity, over that existing upstream and
downstream. The surface level difference was a result of the density difference between
the water and the oil and emulsion layer in the drum cavity. A maximum difference of
0.6 cm was measured between the level in the cavity and that upstream of the drums
during tests with the 10 rpm drum speed and no approach current.

Varying the gap width between the drums on the oil collection process did not

have any observable effect.
Measurements from Rotating Drum Tests

The test results in Table 3 show that the downstream drum did not collect any
significant amount of oil when a flume current was generated to simulate towing
conditions. With zero current in the flume, the two drums collected oil at an
approximately equal rate. These observations tend to confirm that the collected
oil/emulsion in the cavity is isolated from the drum surfaces by the water boundary layers
surrounding the drums. Only oil floating at the forward end of a rotating drum can be

collected.
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The test results in Figure 8 show that the oil recovery rate of diesel fuel
increased with increasing drum speed while that of Oil Mix No. 54 remained relatively
constant (see Figure 8a)., Calculation of the average oil film thickness at the top of the
drums, based on measurements of the collection rate and drum speed, shows that the
thickness of the diesel fuel film decreased with increasing drum speed (see Figure 8b).
This indicates that the diesel oll film thickness used in the tests was too thin to permit an
adequate supply of oil to the drums. A greater supply rate than that used would have
produced a thicker upstream oil layer and consequently increased the recovery rates at
higher drum speeds.

As a result of its high viscosity, the Oil Mix No. 54 was introduced into the
flume at too slow a rate to form a continuous oil cover on the water. The oil travelled
down the flume in patches covering approximately 50 percent of the water surface. The
oil supply rate was lower than the maxmium recovery rate of which the drum was capable.
The decrease in oil layer thickness with increasing drum speed was more pronounced with
the Oif Mix No. 5% than with the diesel but it also resulted from the low supply rate.

Diesel fuel collection rates achieved by the drums were between 10 and
28 L./min with an approach current; they were between 3 and 15 L/min when an approach
current was not present in the flume, The Oil Mix No. 54 was recovered at a rate
between 17 and 19 L/min. These rates compare favorably with the 9 L/min rate of light
marine diesel fuel collected per 1.22 m drum length achieved by the prototype OSCAR
during cleanup operations in the Port of Vancouver (1975). It is considered, however, that
an increase in these recovery rates could be attained if an adequate amount of oil was
available to the drums.

The oil recovery rate was not greatly affected by drum submergence (see
Figure &c). Also, there was no relationship between drum submergence and oil layer
thickness at the scraper. In the presence of any pumping action that might take place,
drum submergence has a greater effect on oil recovery than does oleophilic attraction of
the steel drums. The results indicated, however, that pumping did NOT play a major part
in the collection process.

The Oil Recovery Factor is defined as the percentage of oil collected
compared to that which is available for collection during a test period. During tests in
which vessel speed was simulated by a flume current, the drums picked up between 23 and

79 percent of the diesel fuel. The greatest percentage recovery was obtained with a drum
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submergence of 30.5 cm and an operating speed of 10 rpm. Recovery of the Oil Mix No.

54 was approximately 90 percent, with a maximum of 93 percent recorded at 10 rpm.
5.3 Effect of Drum Size

The effect of drum size on the oil recovery operation was considered on a
theoretical basis. Investigation was conducted into the effect on oil recovery rates of
varying the drum diameter assuming a constant drum surface velocity so that drum
rotational speed varied inversely as the drum diameter.

The effect of a varying drum size on oleophilic attraction and on a possible
pumping action induced in the oil and water layers surrounding the drums was considered.
The oleophilic pickup rate was not considered to vary significantly with drum diameter as
long as the speed at which the drum surface lifted from the water was kept constant.
This theory was supported by the flume test results which had shown that submergence of
the drums, and therefor: . the exit angle of the drums from the fluid, as well as the hejght
to which the oil had to be lifted, had little effect on the oil recovery rate. Other factors
affecting oleophilic pickup, such as adhesion of the oil to the drum, were considered
unlikely to change significantly with drum surface curvature.

The relationship between drum size and the four major factors governing

pumping action by the smooth drums was examined. These factors were:

1. The energy imparted to the surrounding fluid by the drum. The power absorbed by
windage in turbine operations, i.e. the energy imparted by mechanical rotation to
the surrounding fluid, has been found empirically to vary with Dq.nB; where D is

diameter and n is the speed of rotation.

2. The momentum of pumped fluid at the surface, which would vary with Dz,nz.
3. The centrifugal force which would throw the fluid away from the drum and vary
. ?
with D.n™.
4. The air pressure differential across the fluid layer which would act to hold the fluid

layer to the drum and would vary with Dz.nz.

Improvement of pumping action by the drums would involve maximizing items
1, 2 and 4 above, while minimizing item 3. For a constant drum surface velocity, these
could only be achieved by increasing the drum diameter, "D" and operating at lower
rotational speeds, "n". It was concluded that, with any possible pumping action, operating
a smaller drum at higher speeds would produce a lower recovery rate than that which was

achieved with the 2.44 m diameter drum.
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6 ANALYTICAL MODEL OF RECOVERY PROCESS
6.1 Emportant Parameters in OSCAR Process

The tests indicated that the contra-rotating drums did not produce the
expected rotary pump action. They further indicated that drum submergence and spacing
had relatively minor effects.

Drum speed was found to be important with respect to both the quantity and,
to an even greater extent, the quality of oil collected. At higher drum speeds the oil
became emulsified.

il viscosity was also an important factor as indicated by the relative oil film
thickness on a vertical plate when it was removed from a 2.5 c¢m thick oil layer on water.

The plate film thickness was predicted using the withdrawal and drainage
theories of Tallmadge and Gutfinger, 1976, These theories are summarized in Appendix 1.
The measured pickup rates of both diesel fuel and Fuel Oil No. 46 were approximately
35% higher than those calculated from this analytical theory (see Figure 6). Also, the
vertical plate tests showed that the thickness of the oil film on the plate was dependent
on the oil slick thickness for relatively thin slicks. The withdrawal and drainage theories
do not account for variations in oil slick thickness.

Development of a mathematical model of the oleophilic collection process was
undertaken within constraints imposed by lack of published data on the physical properties

of oil/water interfaces and of oil/water emulsions.
6.2 Analytical Model
Qualitative Considerations of Boundary Layer Processes

In the flumme studies, both drums developed oil/water boundary layers which
resulted in complete isolation of the floating oil layer in the cavity. The schematic
diagram in Figure 7 illustrates the flow process near the cavity and shows that a thin oil
layer coated the drum surface. Adjacent to the oil layer was a boundary layer of water
which developed sufficient momentum to remove the floating oil in the cavity from the
surface of the drum. Therefore, oil could not be picked up from the cavity area.

When rotational drum speeds were increased the flow became unstable due to
either centrifugal instability in the oil or water boundary layer, or instability of the

oil/water interface, due to formation of Kelvin-Helmholtz waves.
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Criteria for centrifugal instability in viscous flows are described by Tallmadge
and Gutfinger ([967). To apply these criteria, however, it s necessary 1o know the radial
velocity profile of the boundary layer. An approximate velocity profile was obtained
using a boundary layer collection model for OSCAR.

Kelvin-Helmholtz waves at an oil/water interface were discussed and
described in terms of interfacial velocities and resistance coefficients by Milgram and
Van Houten, (1978). They showed experimentally that interfacial waves first began to
grow for interfacial velocities of approximmately 25 cm/s between diesel fuel and a water
surface. They also showed that the breaking of the Kelvin-Helmholtz waves at higher
interiacial velocities of approximately 45 cm/s was associated with the formation of oil
droplets and emulsions. Milgram and Van Houten further showed that droplet formation is

maximized if the oil boundary layer is thin.
Analytical Formation of Oil Boundary Layer Process

Oil collected at the scraper of the upstream drum originates in the oil layer at
the upstream surface. The film thickness is controlled by a balance between shear forces
and pressure forces with either centrifugal forces and/or Kelvin-Helmholtz waves
becoming important at high rotational speeds. A model which accounts for only shear,
hydrostatic and pressure forces has been schematized in Figure 7. It is assumed that this
model represents the test conditions up to rotational speeds before either centrifugal or
Kelvin-Helmholtz instabilities develop. The model does not apply to oil collection on the
downstream drum where the water boundary layer isolates oil in the cavity from the
drum. The derivation of the model is presented in Appendix Il

This discharge in the oil boundary layer can be calculated only if the shear
stress at the drum (TO) and the boundary layer thickness (01) can be evaluated as a
function of the distance (s) from the leading edge. On the basis of experimental results
discussed by Tallmadge and Gutfinger (1967), it is expected that the oil thickness will not
vary greatly with distance from the leading edge unless it is disturbed by turbulence.
Moreover, its thickness can be estimated approximately by the use of the theories

developed for plate withdrawal from liquid baths (see Appendix 1)
6.3 Water Boundary Layer Process

Equation (#), (see Appendix Il for equations 1-7) relates the shear stress in the
oil at the drum surface to the stress at the oil/water interface, (Tl). The latter can be

estimated by application of the Karman integral momentum equation to a control volume
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which has the oil/water interface as its boundary. In this estimation of stress, it is also
assumed that the velocity profiles in the water boundary layer adjacent to the oil film
remain similar in the downstream direction. Derivation and application of the above
equation to the water boundary layer is presented in Appendix IIl. From an assumed
velocity profile in the water boundary layer, the required value of the shear stress (Ti) at
the oil/water interface may be determined and the oil discharge calculated using equation

(6).
6.4 Range of Boundary Layer Model Application

As the boundary layer model is based on the assumption that the laminar flow
is maintained in both the oil and water layers, its range of application is limited to cases
where the Reynolds numbers for the oil and water layers, as defined by equation (7), do
not exceed a value of approximately 5 x 105. This limits the use of the analytical model
to maximum rotational speeds of between 5 and 10 rpm for a 2.44 m diameter drum with
30.5 c¢m submergence. Smaller drums, or drums with less submergence have a shorter
wetted perimeter; hence the Reynolds number is smaller and the onset of turbulence
delayed. The analytical model is therefore applicable in situations which cover a larger
speed range.

High drum speeds cause the onset of turbulence as well as the occurrence of
instabilities at the oil/water interface which lead to the formation of oil globules and
their entrainment into the free stream flow of water. An analytical model of the latter

process was not developed as part of this project.
6.5 Comparison of Predicted and Actual Recovery Rates

Recovery rates of both diesel fuel and Oil Mix No. 54 were measured for drum
speeds of 5, 10 and 15 rpm at an approach current of 0.17 m/s and a drum submergence of
30.5 c¢cm (see Table 3). Fluid properties and operating variables were selected to
correspond with the above test runs. Predicted values were obtained for: the Reynolds
numbers in the water boundary layer; the oil boundary layer thickness in the laminar
region; and the theoretical model discharge. These were tabulated and compred with the
test resuits, Table 4,

The Reynolds numbers of the water boundary layer in Table 4 indicate
turbulence had set in at a drum speed of about 5 rpm. The test results show
emulsification of both diesel fuel and Oil Mix No. 54 at a drum speed of 10 rpm. It
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appears, therefore, that turbulence in the water boundary layer caused oil to become
entrained in the water. The occurrence of Kelvin-Helmholtz waves at the interface could
not be verified,

From the mathematical model, a diesel fuel recovery rate of 13.5 L/min was
predicted at a test facility drum rotation of 5 rpm. This was within 16 percent of the
11.6 L/min recovery rate measured in the flume. As the drum speed was increased,
turbulence set in and the oil film suffered losses by entrainment. The predicted oil
recovery rate became considerably greater than the observed one.

The decrease in the calculated diesel oil layer thickness on the experimental
drum with an increasing drum speed indicated that there had been an insufficient oil
supply to satisfy the maximum recovery rate of which the test facility was capable (see
Figure 8). This also contributed to the increasing disparity between the theoretical and
the experimental recovery rates, shown in Table 4 as the drum speed increased, The
agreement of predicted and experimental results at the low drum speeds indicated that
the collection process under laminar conditions was conducive to mathematical modelling.

The predicted oil recovery rate of 83.0 L/min for Oil Mix No. 54 was nearly
five times the experimentally observed rate even at low rpm. This was largely due to the
inadequate supply of Oil Mix No. 54 introduced to the flume during the tests. The

capacity of the drum to recover the oil exceeded the supply rate.
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GUIDELINES FOR OPERATION OF OSCAR

Experimental and mathematical studies show that pumping of the surface fluid

does not play a significant role in determining the oil recovery rate of contra-rotating

drums. Mathematical studies indicate that optimum recovery rates with minimum

emulsification of oil in water would be achieved by the drum, if the Reynolds number of

the water boundary layer which formed outside the drum oil film, was kept below 5 x 10°,

The mathematical studies also indicate that if there were an adequate oil layer thickness

in front of the drum to supply the recovery demand, then increasing the drum speed would

result in an increase in the oil layer thickness picked up by the drum.

The following guidelines for the operation of the prototype OSCAR have been

drawn from these conclusions, and from the experimental observations:

1.

3,

The gap distance between the drums is not critical to the collection process; but it
should be maintained sufficiently wide so that contact between the oil films on
either drum does not occur. A gap width of 1 cm or more would be adequate for use
in most light and medium oils.

The greatest effect of drum submergence Is to increase the wetted perimeter of the
drum which causes reduction of the maximum speed at which the drum can rotate
without developing a turbulent boundary layer. Any existing wave action would both
"wash" the oil layer on the drum and continuously change the length of wetted
perimeter. In small waves, a drum submergence of 36 c¢m or greater, giving drum
entry and exit angles to the water surface of 45 degrees or more, would minimize
the worst wave effects. In calm waters the submergence may be reduced with a
corresponding increase in drum speed and recovery rate.

The drums should be rotated at speeds of about 5 rpm when operating in thin oil
slicks or with a drum submergence greater than 30 cm.  This minimizes
emulsification and the escape of oil droplets past the drums. The drum speed which
would achieve the maximum recovery rate without regard for Oil Recovery Factor
was not established, but this may be as high as 30 rpm for light oils. At this
rotational speed, a drum submergence of less than 4 cm would be required to
maintain a Reynolds number below 5 x 105 in the water boundary layer when there is

a slick thickness greater than 1 cm.
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h. The vesse} pushing speed should be suited to the thickness of the oil slick. A speed
of less than 0.2 m/s is recommended for oil spills where the thickness is greater than
1 cm. This will minimize the buildup of oil between the drums and reduce the
amount of drainage failure, or oil which passes underneath the vessel. For oil spills
with a thickness of less than I cm, the vessel speed should be increased sufficiently
so that a localized layer buildup will develop in front of the forward drum and a

continuous adequate supply will be available for collection.

QOperation of the prototype OSCAR has indicated that installation of a
downstream surface barrier to contain oil which has passed out from under the drums is a
requisite for satisfactory operation. The test observations confirmed the need for such a
downstream barrier. The barrier could be an integral component of the skimmer.
Consideration should also be given to introducing a pump suction hose into the
oil/emulsion buildup between the collecting drums and of pumping the emulsion into the
collecting hulls when operating in light oils. An alternative system may be to scrape the
water boundary layer from the rearward drum and to "wick" the emulsified oil onto the

rearward drum through matting or by a foam roller.
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ENTRAINMENT OF LIQUID FILMS
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APPENDIX I ENTRAINMENT OF LIQUID FILMS

Knowledge of the dynamics of liquid films on solid objects is important in
diverse fields such as coating, draining and lubrication. Tallmadge and Gutfinger (1967)
summarized existing theories and proposed simplified design equations for the processes
of withdrawal, removal and drainage.

The predominant forces in these processes are viscous, gravitational and

interfacial surface tension. Inertial or acceleration forces may also be significant.

Withdrawals

If a liquid film is considered on a vertical plate which is being withdrawn from
a liquid bath, the Navier-Stokes equations for a constant flux and constant film thickness

reduce to:
wodu -pg =0 (D)
dy?
where the z coordinate is in the direction of the plate and y is in the direction

perpendicular to the plate. If it is assumed that there is no slip at the plate boundary and

no shear at the liquid/air interface, the following velocity profile is obtained:

2
L P (x.)(?_x__> @
2yl h h
[e) (s]

u = liquid velocity in the film;

cl=

where

U = plate velocity;
p = density of liquid;
g = gravitational constant;
W = viscosity of liquid; and
ho = constant film thickness.
The flux is obtained by integrating over the film thickness:

3
pgh

q . (Mo u ho 2 (3)
U - f U 7 ° 3uU
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In withdrawal, the flux is not specified and an estimate of the film thickness is necessary
to determine the flux in constant flux withdrawal. It has been found that good agreement
with experimental results is obtained if the film thickness is determined using a static
meniscus boundary condition. This leads to the low speed and gravity corrected theories
of withdrawal; the latter is the most general of the solutions.

The approach is based on an arbitrary division of the liquid film into three
regions:
1. the constant thickness region above the liquid bath;
2. the dynamic portion of the meniscus adjoining liquid film;
3. the static portion of the meniscus near the free surface.

The assumptions made were:

the curvatures of the menisci of regions 2 and 3 were matched.
b. the miniscus in region 3 was assumed to be static (negligible viscous term).
C. the miniscus in region 2 was determined using one dimensional flow, no effect of

flow on change in interfacial pressure and negligible film thickness gradient.
By these assumptions the Navier-Stokes equations in region 2 reduces to:

d*h d?u
d ok LN ©

where o = surface tension, measured as force per unit length. This equation was solved for
curvature and matched to the curvature of the static meniscus to yield the following

thickness:

ho (_%w)c.s - 0.94l (E.Q)o'ss I - h2 g .68
ag o3 _"'{{U (5)

Equation (5) is termed the gravity corrected theory of withdrawal.

If equation (5) is written in terms of the following two dimensionless numbers:

viscous force C

. = uu (capillary number)

surface tension o]
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gravitational force

- T - h Oe¢5
viscous force o 0(_8%__)
nu
there results: TO - 0.944 Ca 0.17
(6) IL_T 2]0-67
o

Drainage:

Upon removal of an object from a liquid bath, free drainage can be assumed to
start. If it is assumed that the flow is so slow that only viscous and gravitational forces
are significant, the flux of the liquid film can be shown to be:

3
q = Dg&?_ (7

the continuity equation for the film is:

2q_ _ 28h (8)
dz ~ at
These equations together with the upper boundary condition of zero film thickness (h = o

at z = o) result in the free drainage prediction:

N 9)
pgt
8u
Inclusion of the acceleration term p 8t in the equation of motion for the free drainage

theory results in improvements of less than 1 percent.






39

APPENDIX II

OIL BOUNDARY LAYER THEORY
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APPENDIX I OIL BOUNDARY LAYER THEORY

A steady state force balance can be written on the elemental volume of fluid
in the oil boundary layer of the upstream drum (see Figure 9). The forces per unit width
are:

Pdy-(P+3Pds) dy +tds-(t+ 3tdy) ds-»g(pw-po)dy ds sin6 =0

as ay
where: P = static pressure;

s = distance from start of water boundary layer;

T = shear force;

Py = density of oil; and

Py density of water;

(other symbols are as defined on Figure 9).

Let Ap = Py~ Por then the above equation can be simplified to:
3P (1)
3

%: Is g Apsin @

If the pressure gradient 3Pis determined from the flow outside the boundary layer, its
3s
magnitude is primarily dependent on the hydrostatic head, since in the free stream flow

the horizontal pressure gradient is assumed to be zero.

Hence 3p dp  dP

_dP _dP _dy
as T ds T dy”ds_Ysme
Substitution into equation (1) leads to :
-?—L:—gsln e (p+ Ap) (2)
ay

Integration from the drum surface over a thickness y of the otl film yields:

T ¥
[ d't::] -gsin © (p+ Ap) dy

T=T, y=0 (3)
T:To—ygsin9(0+ Ap)
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At the oil/water interface, y = § 12 the value of the shear stress is T = T

T T, - GIgsinO(p+Ap) (%)

Since the velocity gradient in the oil can be expressed in terms of the oil shear stress:

du - 7 itfollows that
,

du ~T0+ygsin@(p+!§p)
ady Y H

This equation can be integrated to find the velocity in terms of To and y:

du Ty +3y?sin © (p + Ap) (5)
dy t T u Zu T
where VJE = drum surface velocity
The discharge of oil in the boundary layer is :
61
1062 géi’sine(;ﬂ A p)
a= [ way=vos -0 . T ()
y=0

The Reynolds number is used as a criterion for the onset of turbulence in the boundary
layer. Tt is usually evaluated in terms of the free stream velocity and the distance from

the leading edge.

sU (7

where:
s = distance along the boundary layer from the leading edge;
v = kinematic viscosity of the oil;

Ue = - U = effective free stream velocity;
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up = velocity at oil/water interface; and
U = free stream velocity outside of the water boundary layer.

Turbulence generally sets in when Rs exceeds a value of approximately 5 x 105.
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APPENDIX Il  APPLICATION OF VON KARMAN MOMENTUM -
INTEGRAL EQUATION TO WATER BOUNDARY LAYER

1t is assumed that the leading edge of the water boundary layer corresponds
with the cooridinate s = o (see Figure 9a). It is further assumed that the flow is steady
and two-dimensional. TFor the application of the Von Karman momentum - integral
equation, the oil/water interface may be considered as one boundary for the water
boundary layer. Consider a control volume consisting of an element of the water
boundary layer with length ds, (see Figure 9b). The forces on the element in the "s"
direction consist of the shear force, T ds, at the oil/water interface and the pressure

forces at each end of the control volume. The net force is:

F_ = i .
S 0(32 Qa +_aé_)€p_ ds) (62 + d<32> T, ds

Upon simplifying, noting that gi: Y sin @ and neglecting second order terms
the net "s" force reduces to: G

FS = <T1 + 62 Y sin 6) ds

The mass flux "m" out of the control volume is equal to the mass flux in less
the mass flux out. Similarly, the momentum flux U out of the control volume is equal to
the momentum flux in, less the momentum flux out.

The mass flux m equals:

S § 3
. 2 2 2
m = [ pudy -[ pudy + 9 f pudy ds
, ds .
0 0 Y
$
. 2
ho= - 3 ( ] pudy) ds
as
o
so that the "s" momentum flux of the fluid crossing the bottom surface is:
S
. 2
mU = - U, 3 ( f pudy) ds
€ € 3s o

The totals "s" momentum flux out of the control volume is;
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$ , § , § , § .
f ouZdy + ma_ﬂ(f puzdy) ds - [ pudy - U_5_ [ oudy ds
0 ash o ds 7
simplifying and noting that:
6 5 N 8 P 3 Uo : 2
Ue 9 ( [ pudy) :-—-( [ puUedy - [ oudy
3s 0 95 < 45 o

the total "s" momentum flux ocut of the control volume is:

§

§
2 2
9 pu((u - Ue) dy) ds + 3 Ue ] pudy ds

as 0 7S o

The surface forces in the "s" direction are now equated with the total "s" momentum flux
out of the control volume. It is assumed that the free stream velocity Ue equals U - u;.
This implies that the free stream velocity U is always parallel to the boundary layer which

is not strictly the case. The momentum integral eguation then is:

Sz §a2
) A 3
Tt § ysing = — j;ﬁu(‘u —(U - Ui)>dy v (U - Ui)j pudy
z s o ds o

Approximate Solution of Water Boundary Layer

In the approximate solution of the water boundary layer use was made of the
momentum integral equation, part A, and the approximate solution methods described in
chapter 12 of Schlichting, (1955).

As the free stream velocity U is numerically smaller than Uy the guantity (U-
u} is negative., The effective free stream velocity is defined as:

‘Ue = U—ui
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The momentum integral equation then is:

& S
2 2
Ti + & ZY s5in &= d MU (u -+ U€> dy - dU [ pudy (1)

ds 7, ds "o

Introducing the momentum thickness "m':

S ‘
mUZ:JOU(quU dy
€ o \ e) (2)
Substitution into eguation (1) ylelds:
3
2 2

T8 ysing = pd (mU_ ) -d Ul J pudy ds (3)

2 ds ds o

It is assumed that the interfacial and free stream velocities change slowly with distance,
so that d (U) =o

— e

ds
Equation (3) simplifies to:

: . dm
o+ 62 vsin§ = {_JL-G = (4)

A reasonable velocity profile is now introduced for the water boundary layer:

-U
e

it

D-fy/8) = 1-1 () (5)

where n = y/62 and 62 dn = dy
Evaluation of the integral of equation (2)

8 2
[ u (U + U dy
)
in terms of the velocity distribution of equation (5) leads to
1
2
- [ § u_f-1) dn
2 e
0
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. [1 £(1-1) dn

0

t

let 1

so that m =1 62 (6)

Introducing the displacement thickness ¢ *:

8

2
&% (_U—u.!) J a4 - (U—ui) dy

0
!
§*UJ = —[ § U f dn
2 1S4
o
|
Let 7 = [ f dn
0
then 8% = 2 62 )
The interfacial shear can be represented by the relationship:
5oy =V, (Ug) (21 2n)
8] dy Y
y =0
where Hf = 1 (0) = B ,and 3n = 1, leading to the
an ! 3y &
2
relationship:
TV .,
_ =2 B (8)
P ¢
2

Substitution of the value of 7, of equation (7) and the value of m of equation (6) into

equation (&) results in:
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S = f \02 .l .
52 (162 \)? ,%1 + 3 2)/5!.”13 (9)

2 "y A
ds ai Ue pLe o
An approximate solution to this equation can be obtained by neglecting the last term,

which represents the pressure gradient, and integrating from 62 =0ats=0:

S 0.5

S :( 281 . \i%__) (10)
2z v} U
1 e
the interfacial shear from equation (4) then becomes:
a B 0,5 u U U 0,5

T. :( ! 1) 2 e( N (ll)

1 2 \JZS

Both the water boundary layer thickness and the interfacial shear can now be evaluated as
a function of distance from the leading edge, the effective free stream velocity and the
fluid viscosity. As the oil film thickness is small, the interfacial velocity will be nearly
that of the surface of the drum so that the effective free stream velocity can be assumed
1o be:

-U, = U=V,

Determination of the interfacial shear, Ty permits the velocity distribution and the

discharge of the oil film to be calculated by the use of equations (6) and (7) of section 8.






