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Figure 2. Dynamic inclined plane concept.

inclined plane is located beneath the surface of the water. There are
vertical parallel plates on either side of the plane so that the water
and oil are confined between the plates. As the unit moves through
the oil, the oil cannot move to the sides because it is confined by
the side plates, and thus it is concentrated at the intersection of the
inclined plane and the oil-water surface. The oil is then forced onto
the incline and carried beneath the water either by the forward
movement of the device (or the flow of water) or by the downward
movement of the plane itself. This movement of the plane is
accomplished by operating an endless belt over the rollers (figure 2).
Oil is held against the plane by a combination of hydrodynamic,
buoyant, and cohesive forces. The oil is collected in the well, and
any adhering oil is scraped off the belt as it passes through the well
volume. Buoyant forces cause the oil to surface and separate in the
well, forcing water out the bottom. As the oil collects, it is pumped
off to storage tanks. Since the oil is beneath the water surface,
waves and rough water have a minimal effect on oil collection.

Vessel size and weight considerations. Many factors were
considered in establishing the final size and weight of the oil
recovery system. However, the principal considerations were trans-
portability, transit and operating speeds, and the vessel’s response in
5-foot waves.

In view of the desirability of having a system readily trans-
portable over the road, by air, and on board larger vessels, the hull
material selected was a marine alloy of aluminum. U.S. tank vessel
regulations require steel hull construction; therefore, a special
request was made to U.S. Coast Guard Headquarters to approve the
use of aluminum. The approval was granted on the basis that the
size and weight of the unit were such that it could be air lifted for
emergency delivery to spill sites. The size finally established, when
constructed in aluminum, was within the payload capacities of
Sikorsky models S-16A, S-64, and S-65, which are capable of
handling payloads of about 6 to 10 tons.

The oil collection well capacity of 1,000 gallons was selected for
two reasons: (1) there would be a significant holding capacity on
board before transfer was required, and (2) this holding capacity
would result in a significant oil layer so that water-free oil could be
transferred while the unmanned vessel was operating in the design
wave environment. The collection well dimensions finally selected
were 7 ft wide by 12 ft long at the base by 2-1/2 ft deep. The roof
of the well was truncated to the oil collection well access hatch and
pump suction location where the collected oil concentrates. The
general shape of the collection well is shown schematically in figure
2.

The propulsion system type and size was selected primarily on
the basis of the oil skimming requirement. That is, it had to be of a
type that could develop the required thrust and maneuverability at
the low oil skimming velocities of 1-3 knots and develop full thrust
at a self-powered transit speed of about 5 knots. Significantly higher
transit speeds would result in a prohibitively larger vessel which
would no longer be transportable and, according to the U.S. Coast
Guard ruling, would not be approved in aluminum construction.

Normally, the most critical factor in establishing the size of a
vessel for a given sea state is the operator tolerance. Since the DIP
4001 is designed to operate unmanned in the higher sea states, the
operational criteria were based on oil collection only. Here the
important response characteristics are relative motion with respect
to water line rather than absolute acceleration which affect operator
tolerance. The relative motion with respect to the water line is
important particularly at the bow where pitching and heaving affect
(1) the acceptance of the oil into the aperture and onto the belt,
and (2) the excursions required of the double articulated sweeps
which are designed to sweep the oil and sorbents onto the
submerged moving inclined plane.

To predict these relative motions in the design stage, the
response in waves for various size vessels was determined with the
aid of a computer. Waves in the computer program are characterized
by significant wave heights. Five-foot seas, the design environment,
are defined as seas that have a significant wave height of 5 feet. This
means that the average height of the highest 1/3 of the waves is 5
feet. For the convenience of readers who are familiar with other
usage, 5-foot seas would contain white caps and would normally be
present in open waters with wind speeds in accordance with the
Beaufort scales between 3 and 4. Sea state tables would characterize
S5-foot seas as a high sea state 3 to a low sea state 4 (significant wave
heights of 4.6 to 6.1 feet).

A comparison of the response function of the system with the
design sea spectrum is shown in figure 3. The comparison shows that
the natural frequencies of the DIP 4001 in roll, heave, and pitch are
well outside the major portion of the exciting frequencies of the
design wave spectrum.

From a computer analysis, which has been used previously for
various size vessels,” the amplitudes of motion of the DIP 4001 for

2E.E. Johanson, Ralph A. Bianchi, and James H. Farrell, “The De-
sign, Development, Test, and Evaluation of an Open Ocean Oil
Recovery System for Use in Waves,” Offshore Technology Con-
ference, OTC 1995 (May 1974).
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Figure 3. Sea spectrum and response functions.

90% of the time were found to be less than 12° pitch and 3-ft heave.
More importantly, however, the predicted relative motion at the
bow which the DIP 4001 will see 90% of the time is approximately
2 ft. This am;)litude could reach as high as 5 ft 10% of the time. An
earlier paper® shows functional relationships of the motions for
vessels whose length varies from 30 to 60 feet. In general, the pitch
angle and heave increase as vessel size decreases, and the relative
motion of the bow relative to the waterline decreases as the vessel
size decreases. This simply means that, as a practical matter, smaller
vessels within reason follow the waves better and are better for oil
collection. However, smaller vessels have higher accelerations and
therefore become intolerable for manned operation in the higher sea
states.

System design

The DIP 4001 is basically a displacement-type hull modified so
as to incorporate a tank amidships in the after section. The top of
this tank, which is the collection well, is located at the water line. It
extends downward to the depth of the lower pulley of the oil
collection belt which directs oil or any other collected floating
material into the well.

The hull is 26 ft long, 10 ft wide, and 11 ft high when prepared
for shipping. The draft of the vessel is 56 in and its freeboard is 24
in. Total weight of the system is 17,500 1b.

The engine, hydraulic subsystems, and electrical controls are all
housed in a totally enclosed compartment which is shown in figure
4. Air for ventilation and for cooling the engine is drawn into and
expelled from the ventilators. However, to meet tank vessel
regulations, the compartment is gas-tight below the level of these
ventilators.

The mouth of the unit, where the oil collection belt is located, is
5 ft wide. However, the sweep width of the system is increased to
16 ft by the oil concentration sweeps which can be seen in figure 1.
These are attached to move with the waves rather than the hull.

When sufficient oil has accumulated in the collection well, it can
be transferred to the support ship by oil transfer pump. This pump
is located on the after deck of the unit outside of the engine
compartment.

Power subsystem. All functions of the DIP 4001 are powered by
a 75 HP model 3-53 Detroit Diesel engine. It is equipped in an
industrial power-plant configuration with closed-water cooling
system and fan-cooled radiator. This system was chosen rather than
a seawater cooling system to provide protection against freezing and
to avoid the possibility of contaminating the cooling system with oil
when working in a heavy spill.

Because of the requirements for remote control operation, the
engine start and shutdown cycles are governed by a fully-automatic
electronic control system. On start-up, the cranking time is
monitored and the oil pressure switch is momentarily bypassed until
the engine reaches a preset speed. When the engine is running, the
control monitors speed, oil pressure, and coolant temperatures. If

3Ibid.

EQUIPMENT 397

any of these become excessive, the engine is automatically shut
down.

Propulsion. The DIP 4001 is equipped with twin propellors and
rudders. The propellers are driven by hydraulic motors through
right-angle gear reducers. When the unit is manually operated, the
rudders are steered by a conventional wheel driving a rack-and-
pinion cable system. When in the remote mode, steering is
accomplished by a hydraulic cylinder. The method of propulsion
chosen was selected after considering a variety of alternative power
systems. Candidate systems considered included: a diesel-powered
outboard, direct-drive diesel, diesel-electric drive, and a diesel-
hydraulic system.

The system selected was diesel-hydraulic, consisting of a single
diesel engine driving a hydraulic pump which supplies power to the
propellers, the oil transfer pump, and the collection belt. This
approach resulted in acceptable weight and space requirements,
provided maximum flexibility in the arrangement of components,
and could be adapted for remote control in a straightforward
manner.

Oil transfer subsystem. A positive displacement pump is installed
on the DIP 4001 to transfer oil from the collection well to the
support vessel or other storage facility. The pump (figure 4) is a
Moyno 2L8 having a capacity of 100 gpm for liquids of viscosities
up to 10,000 SSU. Much greater viscosities can be readily pumped
but with some reduction in flow rate.

The Moyno is a progressing cavity (screw-like) pump which was
selected for its simplicity (reliability) and capability of handling
solid particles without damage.

Collection belt subsystem. The collection belt (see figures 1 and
2) is a heavy-duty conveyor belt made of polyvinylchloride
reinforced with a polyester mesh core. In order to achieve a positive
drive and to avoid any possibility of slipping and poor tracking,
stainless steel roller chains are attached to the edge of the belt. These
chains engage sprockets on the head and tail pulleys through which
the belt is driven. The tension and drive loads are taken directly by
the roller chains, while the loads on the belt are only those
associated with its inertia and motion through the water and oil.

The belt material need have no special properties with respect to
the adsorption of oil. Oil being collected is held against or close to
the belt by a combination of dynamic, buoyant, and cohesive rorces
as it moves downward and is released into the collection well. The
belt is driven by a low-speed, high-torque hydraulic motor through a
chain and sprocket drive.

Hydraulic subsystem. The main hydraulic system consists of a
single hydraulic pump with four valves to control flow indepen-
dently to each of four hydraulic motors. These drive the two
propellers, the oil transfer pump, and the collection belt. The pump
is a pressure-compensated (constant-pressure) unit rather than a
constant-flow pump. This selection was based on analyses of the
amount of heat that had to be rejected when the oil recovery system

Figure 4. DIP 4001 subsystems.
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operated in a variety of off-design modes (conditions requiring less
than maximum design power). In a majority of cases, a constant-
flow system would have resulted in significantly greater heat
rejection. Thus the pressure-compensated pump was selected in
order to reduce the heat exchanger capacity and to minimize fuel
consumption for a variety of operating conditions.

In addition to the main hydraulic drive, there is an auxiliary
hydraulic circuit that was required for remote control. This consists
of a small constant-volume pump driving two hydraulic cylinders.
One of the cylinders actuates the clutch for the main pump drive,
and the other controls steering when the system is operating in a
remote mode.

Control subsystem. The controls of the DIP 4001 are designed to
provide the two operating modes: remote and local (or manual).
The control panel for local operation is located on the pedestal near
the bow of the vessel (see figure 4). The panel for remote operation
is portable (10" X 15” X 3”) and is taken aboard the support vessel
with a 16-wire cable terminated with connectors designed for very
high pressure underwater applications.

For operating in the remote mode, the controls provide for: (1)
engine start and stop; (2) rudder steering; (3) port and starboard
propellers on and off independently; (4) port and starboard
propellers speed and direction, independently; (S) oil collection belt
on and off; and (6) oil transfer pump on and off. The engine
controls and steering are momentary contact switches; the propeller
direction and speed controls are rheostats.

All control system logic is provided by hermetically sealed relays
located in the main control panel inside the engine compartment.
Because the logic circuitory had to be provided for, a remote
operation in any event, it was also utilized for local operation.
However, in order to provide more conventional controls for
on-board operation, propeller speed and direction are controlled by
levers and steering is done manually by a standard ships wheel.

Sweeps. The DIP 4001 is equipped with a pair of oil concentra-
tion sweeps at the bow to increase the effective sweep width of the
unit to 16 ft. The sweeps are welded aluminum structures not unlike
small boat hulls. They are attached to the vessel by heavily
reinforced hinges that are pivoted both at the sweep and at the hull.
This arrangement allows the sweeps to move independently in heave
and pitch.

To prevent oil loss between the sweeps and the hull, an effective
seal is required at the mouth of the oil recovery unit. This was
accomplished by attaching a flexible seal flap to the hull in such a
manner that it always engages one surface of the sweep irrespective
of the sweep’s position.

When the unit is operating in heavy seas, the sweeps are subject
to extreme excursions. In order to avoid collisions between the hull
and sweeps, the method of attaching the sweeps is designed so that
they move into and out of the mouth of the unit. Thus, contact is
avoided altogether.

Test Program

A major part of the DIP 4001 project was the program of tests
used in developing and verifying the design. The test program
consisted of model tests in a circulating tank and the MIT Tow
Basin, a series of towing tests using a one-half scale skimmer, and
full-scale system tests. Circulating tank tests were performed on a
small moving plane test model and tow basis tests were performed at
the MIT Tow Basin on the DIP 4001 hull form to establish the
propulsion requirements. Prior to performing tests on the full-scale
system, one-half-scale tests were performed using an available
skimmer of approximately one-half the size of the DIP 4001. These
tests were to demonstrate the feasibility of a remote control mode
of operation. The DIP 4001 oil recovery system was checked out in
both the self-powered and remote control modes in Boston Harbor.

The open water checkout and oil and sorbent recovery tests were
performed? in an area to the east of Boston North Channel. Oil tests

4All oil and sorbent test plans were approved by the regional offices
of the EPA, the U.S. Coast Guard, and the Commonwealth of
Massachusetts and were performed in accordance with paragraph
610.8 of title 18 of the Code of Federal Regulations.

in the open waters were performed in the daylight hours and at
slack tide to minimize potential danger to the environment.
However, some at-sea sorbent tests in the remote control mode were
performed at maximum flood and ebb tides.

Tow basin tests. Tow basin tests were performed on a one-sixth
scale model of the DIP 4001 hull form. The tests were performed at
the MIT Tow Basin at equivalent speeds of 1 to 5 knots. The results
of the towing tests established the hydraulic power requirements
and provided information for specifying the diameter and pitch of
the propellers for the twin-screw propulsion system selected.

Checkout tests. Checkout tests of the completed DIP 4001 oil
recovery system began at JBF’s facility in Billerica on September 2,
1974. The oil recovery system was launched on September 11,
1974. Speed runs were conducted along a measured course in
Boston Harbor, and the full-power transit speed of the unit was
between 4.5 and S knots.

Checkout tests in the remote control mode were performed with
the Vega, a 40-ft steel tug, acting as the support vessel.

Self-powered oil and sorbent tests. Initial oil and sorbent tests of
the skimmer in the self-powered mode were performed in quiet
waters. A series of quantitative tests where the oil or sorbents were
spilled directly in front of the moving plane were performed to
evaluate the skimmer itself. Another series of tests where small
quantities of oil or sorbents were spilled 30 to 40 ft in front of the
sweeps and skimmer were performed to observe the effectiveness of
the sweep system. Three quantitative oil tests were performed in
accordance with the approved plan. Each run was limited to less
than 50 gallons. The results of these tests are listed below.

Calculated Average Recovered
Spilled Oil Spill Thickness Qil
30 gallons 1-5 mm 25 gallons
Castor Oil*
50 gallons 2-10 mm 41 gallons
No. 6*
25 gallons 1-2 mm 19 gallons
Diesel

*Castor Oil—-2000 cs, 0.97 specific gravity
No. 6—-API-21.9
Diesel—-API-33

The tests were performed under calm conditions and the skim-
mer was clocked at speeds between 1.5 and 2.0 knots. The test
oils were spilled by hand directly in front of the aperture from the
skimmer itself using 5-gallon containers. This procedure was used to
insure that the oil spilled was presented to the moving plane. After
the known quantities were spilled, the oil harvested in the collection
well was removed using a small hand pump, since over 200 gallons
of oil would have to be accumulated before the skimmer pump
whose suction is 4 in into the oil layer could be used to transfer
pure oil.

In addition to the oil tests, a series of sorbent tests was
performed. Corncob chips, Ekoperl, and polyurethane chips were
evaluated. For each sorbent, there were 3 separate tests in which 2
cubic ft of sorbents was spilled directly in front of the skimmer.
After each 2 cubic ft test, the sorbents harvested in the collection
well were removed with a strainer and their volume was measured.
An average was then taken of the results of the three tests on each
type of sorbent. The results of these tests are listed below.

Average of
Sorbent Volume/Test No. of Tests Volumes Recovered
Corn Cob
Chips 2 cu ft 3 1.75
Ekoperl 2cuft 3 1.80
Polyurethane
Chips 2 cuft 3 1.95
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Test conditions and skimmer speeds were the same as those of the
oil tests.

Small quantities of oil and sorbents were also spilled 30 to 40 ft
ahead of the skimmer to observe the behavior of the sweeps. Still
and motion picture photography was used to make these observa-
tions. It was observed that when the skimmer velocity exceeded 1.5
knots, oil began to flow under the sweeps. It was also observed that
sorbents could be harvested without loss under the sweeps at speeds
up to 2 knots and that less of the sorbents were lost under the
sweeps during rapid turns and maneuvers.

Remote control ocean oil and sorbent tests. Oil and sorbent tests
were performed in the remote control mode at sea to the east of
Boston’s North Channel. These tests were performed at as close to
slack-tide conditions as possible to avoid tidal currents that could
carry the spilled material away from the designated test area. The
remote control mode tests were performed with a tank vessel called
the Fuel Oil, which is 146 ft long and can carry 250,000 gallons of
oil.

The most difficult problem encountered in performing these
tests was that of controlling the spill itself. In a real spill situation,
the DIP 4001 would operate beside the support vessel and be
maneuvered through an existing oil slick. For the tests, however, the
oil and sorbents had to be spilled in front of the skimmer. Three sets
of sea trials were conducted before the final test geometry was
selected.

For the sorbent tests, the Vega was used as the platform for
spilling the sorbents. The sorbents were spilled from the tug in front
of the skimmer which was operating in the remote control mode.

For the oil tests, the oil spill system was arranged on a swivel to
help direct the oil discharge to the aperture of the skimmer. The oil
discharge hose from the 146-ft support vessel was coupled to a 16-ft
long discharge arm. The arm was used to direct the oil discharge
towards the skimmer from on board the Vega.

Test results. Four sets of sorbent tests were performed over a
4-day period. The primary objective of these tests was to observe
the collection process of the sweeps and the skimmer in waves.
Motion pictures from two cameras were taken during these tests and
observed in slow motion. These results, which are included in the
film which accompanies this paper, show that the efficiency of
collection was essentially the same as that measured in quiet water.
However, on occasions when sharp maneuvers and wave action
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caused sorbents to spill over and under the sweeps, sorbents escaped
that would not have been lost in quiet water.

Three sets of oil tests were performed at sea in accordance with
the approved plan. Each of these tests was designed to discharge 500
gallons of oil (22 API gravity). Because of difficulties with
controlling the test geometry, the first two tests were terminated
after about 150 gallons were spilled. In the first of these tests, 135
gallons were discharged in front of the skimmer and 95 gallons were
decanted from the collection well upon returning to shore. In the
second test, 175 gallons were discharged and 110 gallons were
decanted from the collection well. During these tests, a significant
amount of oil failed to intercept the skimmer because of lack of
control of the area of discharge. In the third test, the area of
discharge was under control, and of the 840 gallons discharged, 350
gallons were transferred directly to the 146-ft support vessel using
the skimmer’s oil transfer pump in remote control. Another 250
gallons were decanted from the collection well at the dock. Winds
during the test period were 15-25 knots SSE, swells of 2 to 3 ft,
increasing at times to 4 ft, were present with a chop of 6 in to 1 ft.
Observers on board at the time estimated the swells at 3 ft.

CONCLUSIONS

This project has demonstrated an oil recovery system capable of
recovering oil and sorbents in waves of sea state 3. It has shown that
the oil recovery system can be operated unmanned by remote
control from a nearby support vessel.

During the tests, between 65% and 75% of the oil spilled was
recovered by the system. These values are for the complete test
system and reflect losses due to the oil discharge apparatus, losses
due to nonintercepted oil, and possible losses under the sweeps.
Observations during tests indicate that oil was lost because of: (1)
the difficulty of controlling a test discharge in a wave environment,
and (2) oil being carried over or forced under the sweeps by
occasional wave excursions. It did not appear that there was any
significant reduction in the actual efficiency of the basic skimmer
without sweeps.

Future systems should incorporate improvements in the design in
order to provide more convenient at-sea operations. For example,
the sweeps should be deployed and stowed by remote control, and
the number of umbilicals should be reduced. Nevertheless, this
demonstration system has successfully proved the feasibility of
recovering oil in higher-than-normal sea states by means of a small
unmanned unit that is remotely controlled.
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