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ABSTRACT A diver-operated lift system has been developed for underwater
construction divers. The system consists of three different open-bottom lift bags
with the following lift ranges: 200 to 550 pounds, 500 to 1,250 pounds, and
1,000 to 3,000 pounds. The system maintains a constant buoyancy during ascent
by venting the expanding air volume out under the slider of a zipper, which is
attached to the side of the bag along the vertical direction. A diver-operated air
wand is used to compensate for compression of the air volume during descent.
The system is easy to maintain, and most repairs can be performed by the users in
the field. This report documents the development, test, and evaluation of the
engineering model systems.
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INTRODUCTION

Under the sponsorship of the Naval Facilities Engineering Command (NAVFAC), the
Naval Civil Engineering Laboratory (NCEL) has developed a diver lift system for use by the
Naval Underwater Construction Teams (UCTs). The system consists of three different open-
bottom lift bags with the following lift ranges: 200 to 550, 500 to 1,250, and 1,000 to 3,000
pounds. The J.W. Automarine 220-pound lift bag with dump valve control was adequate in the
0- to 220-pound load range.

Diver control of the buoyant force is obtained by using a vertical zipper (running the
height of the lift bag), an air wand (to add air), and a diaphragm-type dump valve. During
ascent, the expanding volume of air is vented out of the lift bag under the zipper slider. During
descent, the air wand is used to compensate for the shrinking air volume. The dump valve
allows the diver to rapidly exhaust air from the lift bag.

Attributes of the diver lift system include simple and easy control of the buoyancy force
with minimal logistic support requirements beyond levels currently experienced with
commercially available open-bottom lift bags. This report documents the development of the
NCEL diver lift system and provides documentation to support the production milestone decision.

BACKGROUND

Many UCT tasks require precise movement and positioning of heavy objects underwater.
Diver-operated lift bags frequently are used as an alternative to surface-supported load lines.
These lift devices range in complexity from simple open-bottom lift bags to microprocessor
controlled lift systems. Reference 1, "A Zero Milestone Report on Construction Diver Lift
Systems," contains a review of the state-of-the-art and technology opportunities in diver lift
systems. This study identified several commercially available opened- and closed-bottom lift
bags. In addition, several experimental systems were identified, including fixed-displacement
lift bags, variable buoyancy (zipper) lift bags, microprocessor controlled systems, an analog air
control system for open-bottom lift bags, and a pressure regulated closed lift system.

In FY83, tests and evaluation of both commercially available and experimental lift bag
systems were conducted under contract by the Marine Technology Department at Santa Barbara
City College (SBCC). These tests were conducted by the students and faculty at SBCC under the
guidance of NCEL. The test results, documented in Reference 2, showed:

1. The lifting force of commercially available open bottom lift bag systems with lifting
capacities greater than 250 pounds is difficult to control and potentially hazardous. Lift bags
with dump valve operation were difficult to operate with near capacity loads due to the large
pressure differential across the valve. In addition, due to poor construction techniques, some
manufacturers' lift bags were unsuitable for UCT use.

2. Experimental lift bags using a vertical zipper for venting expanding air demonstrated
the potential for good control of the buoyant force on small capacity lift bags (up to 750 pounds).
Although tests of these lift bags validated the zipper control concept, these bags require
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modification for practical application by the UCTs. One shortfall of these bags is that, even after
the zipper is fully opened, a residual amount of air remains in the top of the bag. This makes
it difficult to transfer loads on the seafloor since the zipper does not completely deflate the bag.
Also, the zipper is often difficult to operate, requires maintenance after each use, and is expected
to be a high failure rate component of this system.

3. The adjustable fixed-displacement lift bag provides excellent ascent and descent
control of large payloads. However, overall control is degraded due to the bulky nature of the
umbilicals and control manifold. Also, in comparison to simple open-bottom lift bags, the
complexity of this system may reduce overall reliability and significantly increase logistic support
requirements.

Based on these results, it was recommended by NCEL (Ref 3) that NAVFAC pursue one
of two development options. The first option would provide the construction diver with
improved lift bags for three different lift ranges between 200 and 3,000 pounds. The control
mechanism for each lift bag is listed below under the appropriate lift ranges.

Lift Rang Control Mechanism

200 - 550 lb Diver operated dump valve
500 - 1,250 lb Diver operated dump valve with control zipper

1,000 - 3,000 lb Diver operated dump valve with control zipper

The second option would provide the construction diver with a completely stable lift bag
for lifts ranging from 2,000 to 10,000 pounds. This lift system would utilize the variable fixed
displacement lift bag with an improved diver operated control system.

The first development option above was pursued, with further lift system requirements
provided by NAVFAC (Ref 4). Specific objectives of this development effort are outlined in
the Test and Evaluation Master Plan (TEMP) thresholds (Appendix A). These include the
development of a simple, controllable, underwater lift system limited to the 50- to 3,00C-pound
range. This report documents this development effort.

ADVANCED DEVELOPMENT MODEL (ADM)

The advanced development model diver lift system was designed and fabricated under
contract by Eastport International, Inc. This system, described below, consisted of three
different sized lift bags between 0- to 3,000-pound lift capacity. From June through September
1986, laboratory and ocean tests of the diver lift system were conducted at NCEL and offshore
Anacapa Island. These tests were conducted to assess system performance, determine general
physical characteristics, and identify any safety or human factors deficiencies. The results of
these tests are documented in the following sections.
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System Description

The system consists of three lift bags, one for each of the following lift ranges: (1) 200
to 550 pounds; (2) 500 to 1,250 pounds; and (3) 1,000 to 3,000 pounds. These bags are open-
bottom with a tear-drop shape (similar to J.W. Automarine and Subsalve lift bags), and contain
an iris diaphragm dump valve, control zippers, load lifting bridles, and convenience handles.
The bags, fabricated under subcontract by Subsalve, are made of a heavy-weight polyester fabric
that is coated with PVC. The gores of the bag are joined by a bonding process that uses an
adhesive and curing of the seam under pressure and heat (a vulcanizing process). This process
is reported by the manufacturer (Subsalve) to provide a bond that exceeds the strength of the
fabric material without stitching (thereby reducing the number of potential leak paths).

The iris diaphragm valve selected for use as a dump valve is a modified commercially
available valve manufactured by Kemutec Inc of Bristol, PA. The stock valve, shown in
Figure 1, is hand-actuated and is designed primarily for use as a shut-off valve for fine powders.
It consists of a valve housing (or body), a rotating ring, and a diaphragm. The diaphragm is
basically a sleeve, and is attached at one end to the housing and at the other end to the rotating
ring. As the ring is rotated within the housing, the orifice of the diaphragm is varied from a
closed position to the inside diameter of the sleeve.

S2" 3' 3 4' 51 1 '71 91 IQ• 11i

AVAL CIVIL ENGINEERING LABORATORY PORT HUEN•ML CA 93043

Figure 1. Kemutec Inc. diaphragm valve.
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Modifications required to integrate this valve into the diver lift system included:

1. Changing the rotary motion required with the handle to the
linear motion of the lanyard.

2. Providing a means for attaching the valve to the lift bag.

3. Modifying the valve for "normally closed" operation.

In order to minimize the cost associated with refabricating components of the dump valve,
many components from the commercial valve were used for the test program. Although this
would require increased maintenance during testing (due to the material combination), this
approach was selected since it provided a cost effective verification of the diaphragm dump valve
concept. Any future valve design (beyond the advanced development system) would require
materials suitable for use in the ocean environment.

Figure 2 is an assembly drawing of the modified valve. To provide linear actuation of
the valve, the lanyard is attached directly to the lever of the rotating ring and rides around the
outside of the rotating ring and over a pulley. The end of the lanyard is attached to an aluminum
handle at the skirt of the lift bag for operation by divers. To provide normally closed operation,
an arm connecting a torsion spring to the rotating ring was added. The arm, spring loaded in
the closed position, rotates about the shaft (which is attached .o the housing) on a Delrin
bushing.

~shaft

0torsion spring

spacer

• • ==... • bushing

mounting strut

valve housing
rotating ring

Figure 2. Modified valve.
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The valve/bag attachment consists of a split collar assembly that, when threaded together,
captures a lip of the bag fabric around the opening for the valvc. The body of the valve is used
as the inside half of the split collar assembly. The lip, used to help capture the bag inside the
collar, was fabricated by bonding an additional ring of fabric material around the opening on the
inside of the lift bag.

The load lifting bridle is fabricated from stainless steel and contains four "D" rings for
attaching a load lifting line through the bag and load handling slings. The slings are made of
1-inch Kevlar rope and are attached to the "D" rings with safety shackles.

The control zipper (called an Omni Environmental Barrier Slide Fastener) is manufactured
by Talon Inc. in Meadville, PA. The zipper, made of a neoprene-coated nylon and nickel-silver
alloy, is also used on survival suits as well as on both dry and wet suits for divers. The
manufacturer recommends that a paraffin wax be used occasionally to lubricate and maintain the
zipper.

Spanning the opening for the zipper on the inside of the bag is a strength member
consisting of a strip of polyester fabric (the same material as the bag) with one vertical line of
1/2-inch holes located on 1-1/2-inch centers. The function of the strength member is to constrain
the opening for the zipper, thus allowing easy operation of the zipper and insuring that the bag
does not spread (at the zipper opening) and push the zipper open.

To provide air for inflating the lift bags, a diver controlled squirt valve (similar to the
valve used at gas stations to inflate tires) was rigged to 150 feet of 1/2-inch hose. A 2-foot wand
was attached to the end of the valve to aid in directing the air into the bag.

Laboratory Tests

A series of laboratory tests was conducted to provide an initial evaluation of the diver lift
system and prepare the system for ocean tests. These tests included operation of the dump valve
and control zipper, and general inspection of the lift system hardware.

To evaluate the iris dump valve and identify a suitable diaphragm material, a test fixture
was built to simulate the operation of the dump valve on a lift bag underwater. The test fixture
is a cylindrical chamber fabricated from PVC. The dump valve mounts to the top of the
chambcr. Air presr"-- is applied through an inlet via a pressure regulator, and monitored with
0-10 psi pressure gage. With the dump valve closed, the chamber is sealed to a maximum
pressure of 7 psi (a check valve provides the pressure relief).

Two diaphragm materials were selected for evaluation with the dump valve: a
polyurethane-coated nylon and a natural rubber. Both materials were reported by the
manufacturer to be waterproof. Initial inspection and operation of the valve with each material
indicated:

1. The nylon diaphragm is non-elastic and twists tight into a closed position with only
a very small force applied to the valve.

2. The rubber diaphragm is very elastic and requires two to three times more force than
the nylon to twist closed. Also, because the rubber material stretches as it is rotated, it tends
to want to rest in the nc "mally open position.
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To test the ability of the diaphragms to seal, the valve was placed in the test fixture and
submerged in a tank of water. Pressure was applied to the valve in the closed position and any
leaks were noted. The valve was actuated (opened) several times while submerged, then once
again checked for leaks.

In addition to sealing tests, the force required to open the valves was recorded. These
data were recorded by attaching a 0 to 20-pound load measurement scale (spring type) on the
lanyard and slowly pulling up to open the valve. These tests were conducted at least five times
for each diaphragm.

The tests results showed:

1. The polyurethane-coated nylon diaphragm (as manufactured) leaked, but required less
force to open. The leaks were in the stitching of the seams (the fabric material itself appeared
to seal well). In an effort to seal the seams well enough to verify the overall design concept,
a coating of liquid seam sealer was applied over the stitching. This dramatically slowed the
leakage. However, as the valve sleeve was stretched tight in the closed position, the stitching
holes also stretched - allowing a small amount of air to pass. This leakage was considered minor
to conduct ocean tests for verification of the valve concept. Any future designs with this
diaphragm would incorporate bonded rather than stitched seams.

2. The rubber diaphragm bulged under pressure but remained sealed with additional
pretensioning of the torsion spring (beyond what is used with the nylon diaphragm). Since the
rubber diaphragm was elastic, it required more torque than the nylon diaphragm to twist closed.
It also tended to realign itself in the open position (releasing energy stored in the elastic), thereby
behaving like a normally open valve. To compensate for this effect, a torsion spring of greater
spring rate was incorporated on the valve.

The forces required to actuate the valve with the nylon and rubber diaphragms are listed
in Table 1. These data show an average of 10 and 11 pounds for the nylon and rubber
diaphragms, respectively. Although these values are beyond the original design goal of 5 to 7
pounds, it was determined that a properly designed handle on the end of the lanyard would ease
the actuation of the valve.

To provide an initial assessment of the zipper, tests were conducted operating each zipper
through a minimum of 50 cycles (one cycle is defined as opening and closing the zipper). No
operatic,nal problems were encountered during these tests. However, it was noted that, due to
the stiffness of the zipper, its operation might be considered two-handed since it was eased by
grasping a convenience handle with the free hand. The stiffness was not considered excessive
considering that, once the zipper position is set, it should remain in place.
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Table 1
Valve Operational Pull Forces

Polyurethane Coated Nylon Fabric Diaphragm

Pull Force'
Test No. (lb)

1 12

2 9

3 10

4 10

5 9

Natural Rubber Diaphragm
Pull Forceb'

Test No. (lb)

I 11

2 13

3 10

4 11

5 11

"Average Pull Force = 10 lb
bAverage Pull Force = 11 Ilb

Detailed inspection of the lift system components indicated that, while the system appears
very durable, the lift bridle should be redesigned to reduce weight and bulkiness. In addition,
the four-sling lifting arrangement should be replaced with an arrangement of three Kevlar slings
of smaller diameter. This should improve handling and performance, since it will reduce the
number of slings and insure uniform loading of the slings and bridle.
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Ocean Tests

To evaluate the control features of the diver lift system at sea, tests were conducted
offshore Anacapa Island. These tests, consisting of hover, ascent, descent, and porpoise tests
(uncontrolled ascent), were conducted in approximately 60 feet of water. The lift bags were
outfitted with the following dump valves:

200 - 550 lb lift bag ......... .4-inch nylon diaphragm
500 - 1,250 lb lift bag ......... .4-inch rubber diaphragm

1,000 - 3,000 lb lift bag ......... .6-inch rubber diaphragm

Diver support was provided by the NCEL dive locker. Concrete clumps weighing between 200
and 2,000 pounds were used as the test loads.

The test procedure consisted of operating the lift system in all operating modes using test
loads of approximately minimum, 50 percent, and 100 percent rated capacity of each bag (e.g.,
for the small bag, 200-, 300-, and about 550-pound weights were used). The test series was
conducted using the smallest bag first in the following sequence: hover, ascent, descent,
uncontrolled ascent. The hover mode was conducted first in each series of tests, since this was
the easiest and safest mode with which to become familiar with each bag. In many cases, the
lift bags (with test loads) were used in the ascent/descent modes several times to practice and
gain familiarity.

The results of these tests indicated:

1. Controlled hover and ascent were obtained by using the control zipper. The large!
lift bags with control zippers were easier to control than the small lift bag that does not have the
control zipper. Divers commented that controlled hovering at depths of 60 feet or more could
be done easier once the zipper was properly adjusted. The adjustment of the zipper (to obtain
neutral or slightly negative buoyancy) required some patience and judgment since it was an
interactive process of setting the slide, adding air, and assessing the net weight of the system
(normally by trying to lift the clump). Controlled ascents were obtained by adjusting the zipper
to neutral buoyancy, grasping one of the convenience handles, and swimming the bag up to the
desired depth of water. In one case, one set of divers conducted a completely controlled ascent
of the 1,250-pound lift bag from the seafloor (about 60-foot depth) to within 10 to 15 feet of the
surface, where they hovered for about 2 minutes before attempting a controlled descent.
However, with the zipper/strength member located behind the zipper, the air volume in the bag
could increase faster than the zipper opening could vent it. This was primarily because the
zipper and strength member were too restrictive to allow total and instantaneous venting of a
rapidly expanding air volume. In some tests, to avoid an uncontrolled ascent, the divers used
the dump valve to vent air that the zipper could not relieve quickly enough. In these cases, the
diver was able to determine when and how long to open the dump valve by observing the level
of bubble activity underneath the zipper slide.

2. The iris dump valve provided quick and easy exhaust of the air volume. Divers
commented that, in comparison to the standard poppet type commercial dump valves, the iris
dump valve is smoother and easier to operate, and is also much quieter. The Automarine
commercial valve makes a loud gurgling sound when air passes through the orifice. However,
because of the relative ease of operation and lack of noise (when exhausting air), many divers
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were not sure how much air was exhausting out the valve without watching it directly. Coupled
with the relatively slow response time of the lift bag to the dumping action of the valve (due to
large inertial forces of the system), the smooth and easy operation of the valve may have a
tendency to overcompensate for changes in buoyancy. A combination of increased spring tension
and training is expected to provide suitable dump valve operation.

3. When a descent was initiated from the surface, the descent rate of the lift system was
difficult to control. The initial few feet of descent from the surface were generally when the
divers lost control of the lift bag. This is because the entrained air bubble (and hence buoyant
force) undergoes the most rapid change in volume near the surface. Ideally, the descent rate
could be maintained with proper setting of the control zipper (set for neutral buoyancy of the
system) and an adequate system for adding air. The results of these tests show that setting the
zipper foa neutral buoyancy at the surface requires more skill and patience than setting it while
on the bottom. This is because it is difficult to displace the bag at the surface (and hence
estimate the net buoyancy of the system), since the diver is neutrally buoyant and does not have
a solid reaction surface to work against. In addition, the air supply system used during these
tests was not large enough to compensate for the rapid change of air volume near the surface.
While the squirt valve is adequate for hovering and ascent control, it is not large enough to
provide the flowrates required during descents from the surface. Divers commented that the
valve is easy to use (since it can be throttled to provide fine adjustment), but is just too small
for use near the surface.

4. The lift bags remained on the surface following an uncontrolled ascent. These tests
were conducted on the small and medium sized lift bags using test loads of approximately the
maximum and minimum rated capacity of the lift bags. In all cases, the lift bags remained on
the surface.

5. The .aechanism for attaching the dump valve to the lift bag does not provide a good
leak-proof seal. The divers commented that the 200- to 550-pound bag leaked slightly between
the flange and bag fabric. Although the leakage was considered minor, any leakage on a
production model would be considered unacceptable.

Conclusions and Recommendations From ADM Testing

1. The control zipper provided good control of the lift bagQ during ascent and hover.
Better control was obtained by reducing the flow restrictions through the zipper strength member.

2. The dump valve provided quick and easy venting of air. However, because the
venting action is quiet, it was difficult for the divers to determine immediately how much air
vented. The rubber diaphragm sealed well, but the nylon diaphragm leaked through the seam
stitching.

3. The air supply system provides good control for hover and ascent modes, but does
not provide the flowrates required for controlled descent from the surface. A larger valve for
adding air to the lift bags should provide better control of the descent rate near the surface.

9



4. The lift bridle and slings should be redesigned to reduce weight and improve the load
distribution.

Based on these results, the following recommendations were made for the Engineering
Development Model Lift System:

1. Control zippers similar to those used on the 500- to 1,250-pound bag and the 1,000-
to 3,000-pound bag should be incorporated into the 200- to 550-pound bag. Strength members
(located behind the zippers) with less resistance to air flow sho-ld be incorporated on all lift
bags.

2. The spring tension on the dump valves should be increased to provide better indication
of valve opening. The valve used in the engineering development model should be fabricated
of materials suitable for prolonged use in the ocean environment (for example, Delrin or an
iodized aluminum). A nylon diaphragm with vulcanized seams should be purchased and
evaluated along with the rubber diaphragm for reliability (EDM tests).

3. The dump valve attachment mechanism should be redesigned to provide easy access
to the inside of the bag and a positive, leak-proof seal.

4. A lighter weight lifting bridle and attachment lines should be incorporated into the lift
system.

ENGINEERING DEVELOPMENT MODEL (EDM)

During January through May 1987, the engineering development model (EDM) diver lift
system was designed and fabricated under contract by Eastport International, Inc. The system
incorporated the design modifications recommended from the ADM testing. In May through
August 1987, laboratory and ocean tests of the EDM diver lift system were performed to verify
reliability and performance thresholds as specified in the TEMP, and to identify any safety or
human factors deficiencies. The development of the EDM system is documented in the following
sections.

EDM System Description

Based on the TEMP (Appendix A) and the result of the ADM tests, the existing ADM
system was modified and upgraded to an EDM system to provide improved performance and
reliability. Modifications to the existing ADM system included:

1. A vertical zipper for venting air was incorporated into the 500- to 1,250-pound lift
bag. The zipper was the same type used on the other lift bags (neoprene coated nylon and
nickel-silver alloy) and was integrated into a section of the bag fabric (heavyweight neoprene
coated nylon) by using the same vulcanizing technique previously used in joining the gores of
the bag.

10



2. The holes for venting air through the strength members behind the control zippers
were enlarged to reduce the air flow resistance. The venting holes on the ADM system consisted
of 1/2-diameter holes with ceniers spaced vertically every 1-1/2 inch. The new venting holes,
shown in Figure 3, are 2 inches long by 3/4 inch wide.

1

Figure 3. Venting holes in the control zipper strength member.
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3. The dump valve was fabricated of materials compatible with use in seawater.
Figure 4 shows the 6-inch diaphragm valve. All components of the valve consisted of Delrin
plastic or stainless steel.

Figure 4. EDM 6-inch dump valve.
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4. The air-fill valve was designed to deliver a larger volume of air while providing better
control of the air flow. Figure 5 shows the new air-fill valve. Control of the air is provided by
either squeezing a palm-activated trigger lever; or rotating a handle (with the trigger lever locked
in the open position).

Figure 5. Hand-actuated air-fill valve.

5. The load lifting bridle was reduced in weight by decreasing the thickness of the ring
at the base of the lift bag. In addition, to more evenly distribute the load to the slings, the
number of slings for attaching a load was reduced from four to three.

Reliability Tests

Reliability is defined as the probability that the system will operate within design
parameters without any component malfunction or failure during a mission. The operational
cycle assumed in determining the reliability of the diver lift system is shown in Table 2.

13



Table 2
Diver Lift System Operational Cycle

Removal Down Back
Storage from erTime in

Storage (PM) Storage

1,440 hrs lhr 8hr lhr I hr
(2 months)

Bag Control Bag
(2 cycles) Zipper (2 cycles)

(10 cycles)

Dump
Valve

(10 cycles)

Air Fill
Valve

____ _ _ _(15 cycles)

Time

In order to determine the overall reliability of the system, each component must be
operated enough cycles to determine its specific reliability. The number of failures or
malfunctions occurring within the test cycle will determine the probability of successfully
operating at various confidence levels. Table 3 shows the required number of test cycles for
confidence levels of 60, 80, and 90 percent. For UCT use, a confidence level of 90 percent was
chosen. Based on this, 80 test cycles (with 3 allowable failures) were required per mission cycle.

Table 3
Reliability Test Cycles

Confidence Level Allowable Test
(%) Failures Cycles*

60 6 80

80 4 80

90 3 80

*Times the mean number of cycles the component is used in

a mission cycle.
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Based on the operational cycle shown above and the number of test cycles required for
90 percent confidence level, the component reliability for the zipper, control valve, fill valve,
and bag material were evaluated in the laboratory and at sea. The results of the laboratory
reliability tests on each component are shown in Table 4.

Table 4
Laboratory Component Reliability Tests

Confidence
Component Test Cycles Failures Level Reliability

M()

Control Zipper 800 0 90 97 (at 10 cycles)

Dump Valve 800 0 90 97 (at 10 cycles)

Air Fill Valve 1,200 0 90 98 (at 15 cycles)

Fabric Seam 400 0 90 98 (at 5 cycles)

Zipper Reliability Test. The zipper reliability test was conducted to confirm the cyclic
reliability of the zipper. Use of the zipper during a particular mission has been conservatively
estimated at 10 times per mission cycle. Therefore, 800 test cycles must be made to assess
reliability. A test cycle is defined as the zipper pull starting at one end, being pulled the entire
length to the other end, and then pulled back the entire length to the starting point.

Zipper tests showed zero failures in 800 cycles demonstrating a reliability of 97 percent
at the 90 percent confidence level for 10 operational cycles during an 8-hour mission.

Dump Valve Reliability Test. The dump valve reliability test was conducted to confirm
the cyclic reliability of the 4-inch and the 6-inch iris diaphragm dump valves. The use of each
valve was estimated at 10 times per mission cycle, indicating that 800 test cycles were required
to assess reliability. A test cycle is the full opening and closing of the valve.

The test was performed using the test fixture shown in Figure 6. The valve was attached
to one end of the fixture and compressed air was then added to the interior of the fixture to
obtain a pressure difference of 5 psi. The lanyard on the valve was then pulled to open the
valve, releasing the air. The lanyard was then released, thus completing one cycle.

There were zero failures during the tests, demonstrating a reliability of 97 percent at the
90 percent confidence level for 10 operational cycles during an 8-hour mission.

In addition to the reliability tests, the valves were also tested to determine the minimum
spring force required to keep the valve diaphragm from leaking. Test results indicated that 3
pounds of spring force is adequate to keep both the large and small valve from leaking.
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Figure 6. Dump valve test.

Material Seam Reliability Test. The material seam reliability test was conducted to
provide information regarding the cyclic fatigue of the lift bag material in bending. Fabric seams
were tested for perpendicular and parallel cyclic reliability. Seam testing was conducted using
the fixture shown in Figure 7. A seam test sample was first securely fastened to the test fixture.
The test fixture was then closed to compress the sample, simulating extreme storage conditions.
This procedure was used for both seam orientations. A total of 400 compression cycles was
completed for each seam orientation. There were no seam delaminations or punctures in either
test sample. Some minor abrasion on both samples was observed where the material rubbed on
a hinge of the test fixture. This abrasion was only superficial and is only a result of the test
setups. This test resulted in zero failures, demonstrating a 98 percent reliability at 90 percent
confidence level for 5 operational cycles per 8-hour mission.
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Air-Fill Valve Reliability Test. The air-fill valve test was performed to determine the
cyclic reliability of the valve. Use of the air-fill valve has been conservatively estimated at 15
times per mis..'an cycle. One cycle is defined as the full opening and closing of the air-fill
valve.

The test was performed by coupling the air-hose valve to laboratory shop air, submerging
the valve, actuating the valve, and noting any leakage or difficulties in actuating the valve. The
valve operated without incident until cycle 250 when the handle was released but the valve
spindle delayed momentarily before closing. This was considered a malfunction, not a failure,
since it does not adversely affect operation of the system. The valve did not have another
malfunction until approximately cycle 450, where the same problem occurred for 10 consecutive
cycles. Normal operation continued until approximately 550 cycles where the same sticking
malfunction was experienced and continued through cycle 1,200, the end of the testing.

Other than the sticking malfunction described above, no mechanical failures occurred in
1,200 cycles, demonstrating a reliability of 98 percent at the 90 percent confidence level for 15
operational cycles during an 8-hour mission. The sticking malfunction indicates that preventative
maintenance should be conducted every 75 operational cycles. Assuming 15 operational cycles
per day and a 5-day week, the air-fill valve should be lubricated on a weekly basis. Due to the
harsh environment in which the UCTs operate and the ease of this maintenance action, the
operating instructions will stipulate that the valve be lubricated after each use.

At-Sea Reliability Tests. Additional test cycles and reliability data were genera'td
during at-sea tests conducted offshore Anacapa Island (described in At-Sea Tests). With the data
from these tests, an additional 30 mission cycles can be added to the reliability data base. Based
on the operational cycle shown in Table 2 (and no component failures observed during the ocean
tests), the reliability of the individual components is listed in Table 5.

Table 5
Individual Component Reliability

Confidence Demonstrated
Item Level Reliability

M() (%)
Control Zipper 90 98

Dump Valve 90 98

Air-Fill Valve 90 98

Lift Bag Seam Material 90 98
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Overall System Reliability. Based on the laboratory tests and the ocean tests, the overall
system reliability at the 90 percent confidence level is 92.2 percent. Therefore, the diver lift
system has exceeded all of the operational suitability thresholds specified in the TEMP.

Inverted Bag Test

The inverted bag test was conducted to assess the watertight integrity of the bag, and
strength of the material. Each of the three lift bags was suspended in an inverted attitude from
an A-frame support and filled with water to the rated load of the bag (see Figure 8). After the
bag was filled it was inspected for leakage. The control zipper and dump valve were also
actuated to verify operation. The test results are:

1. The small bag (200 to 550 pounds) had no leakage from the valve diaphragm, but did
have very minor leakage from the mounting plate used for attaching the valve to the bag. This
leakage resulted from the valve mounting plate being too thick and preventing the bag material
from being adequately squeezed for a watertight seal. This problem was resolved by reducing
the thickness of the valve mounting plate.

2. The medium bag (500 to 1,250 pounds) had a leak near the valve that was due to a
small cut, and a mounting plate leak that resulted from the same problem as the small bag. The
small cut was patched and the mounting plate was machined, thereby sealing the bag.

3. The large bag (1,000 to 3,000 pounds) had a leak only from a small hole in the bag
material. This leak was fixed and no further leaks were seen.

These test results demonstrate that all three sizes of lift bags are capable of supporting
their design loads. In addition, all control zippers and dump valves are capable of leak-proof
operation.

At-Sea Tests

The objective of the at-sea tests was to establish the operational performance of the lift
system for comparison to the TEMP thresholds. These tests, conducted at Anacapa Island with
diver support provided by the NCEL dive locker, included ascent and descent tests, hover tests,
and porpoise (uncontrolled ascent) tests.

Ascent and Descent Tests. To evaluate the vertical control of the lift system, ascent and
descent tests were performed on each of the three lift bags. These tests were conducted with the
bags loaded within their rated capacities.
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The first dive team began the testing with the medium lift bag loaded with concrete
clumps weighing approximately 1,000 pounds. The water was about 47 feet deep. It was
apparent at the start of this test that the divers could not get the lift bag neutrally buoyant. When
inflated with an attached load, the tension in the bag material prevented the bag from opening
below the zipper slider. This resulted in restricting the venting of excess air from the bag. A
controlled ascent was not possible even though several attempts were made.

The second dive team was given a wire-rope thimble to place just below the zipper slider.
The thimble was expected to keep the fabric below the slider open and allow excess air to vent
out of the bag. After adjusting the zipper and thimble to obtain neutral buoyancy, the divers
attempted controlled ascent and descent tests. The divers reported that they had good control of
the lift bag with the zipper and thimble set to obtain a slightly negative buoyancy of the bag and
load. With the zipper set in this position, the buoyancy of the system can be made slightly
positive by adding air into the bag (from the fill valve) faster than the thimble can vent it.
Obtaining this position was difficult, however, since it required a process of iteration (adding air,
assessing net buoyancy, adjusting the zipper, and securing the thimble). Once this position was
found, the dive team completed five controlled ascent and descent cycles with the 1,000-pound
weight. Each successive ascent and descent provided the divers with increased control as they
learned the effects of adding air, and the bag reaction time associated with it.

The third dive team was also able to make controlled ascents with the 500- to 1,250-
pound lift bag by positioning the thimble along the zipper to obtain a slightly negative buoyancy.

Each dive team commented on the difficulty in regulating the volume of air released from
the dump valve. This was attributed to: (1) the excessive pull length required to open the valve;
and (2) the operator's inability to sense when the valve was opened and closed. To improve the
valve action, the stroke required to open the valve was reduced to about one-half of its original
pull length. This was done by progressively decreasing the torsion spring pre-load, which
limited how tightly the diaphragm would close. In addition, a double-braided Dacron line was
also used in place of the nylon lanyard to reduce the line stretch when tensioned. Divers
reported that these changes improved the valve's operation.

Because the iris dump valve is relatively quiet in operation, it is difficult for the diver to
determine how much air is being dumped, unless he is in position to view the valve. When the
diver was not in position to watch the dumping action, the tendency in operating the dump valve
was to open the valve and then wait for the bag reaction before closing the valve. This usually
resulted in uncontrolled descents. Training would provide improved buoyancy control with the
dump valve.

Discussions with the divers indicated that the control mechanism preferred was the control
zipper. The dump valve was used primat-ily to dump air at the surface and bottom, and as an
emergency air release.

Additional testing was done with the large (1,000- to 3,000-pound) lift bag in 62 feet of
water with a 1,500-pound load. As before, a thimble was used to aid in venting the expanding
air in the bag during ascents. The first day's testing provided valuable experience for the divers,
and their proficiency with the lift bags increased with each use. Controlled ascents and descents
of approximately 1 ft/sec were made by each dive team.
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Ascent and Descent Test with Modified Zipper. A device was designed to incorporate
an expansion ring with the zipper. The expansion ring was positioned just below the zipper
slider and was attached to the zipper itself. As the slider was raised or lowered, the expansion
ring would follow, allowing the excess air to escape during ascents. This device was tested using
the small and medium lift bags in 60 feet of water off Anacapa Island.

The small (200- to 550-pound) lift bag was put in the water and attached to a 450-pound
load. The divers were able to set the zipper quickly and move the loaded bag wherever they
wanted. Ascents and descents were performed as before but this time the divers had more
control of the buoyant force. Small buoyancy adjustments were now possible by sliding the
zipper slider and expansion ring assembly together as a unit. No problems were encountered in
the operation with this new modification.

A transducer was attached to the medium (500- to 1,250-pound) lift bag to record changes
of depth with time. A 1,000-pound load was put into the water and the bag and divers deployed.
The divers reported that they had no problem in setting the buoyancy of the bag. After adjusting
the zipper (for slightly negative buoyancy), the operator of the air inlet valve positioned himself
about 15 feet away from the bag. From this position, the operator reported that he could "drive"
the lift bag up and down under complete control. Figure 9 shows controlled ascents of 22 ft/min
and 53 ft/min, demonstrating that the TEMP thresholds can be met when the divers are trained
to use the system.

Hover Tests and Positioning Control. To evaluate the hover and positioning control
of the lift bags, tests were conducted on the seafloor (about 60 feet deep) and in the mid-water
column (see Figure 10). The tests conducted on the seafloor consisted of inflating the lift bags
on the seafloor, obtaining neutral buoyancy (for 3 to 5 minutes), moving the bag over about 5
feet, and lowering the bag gently back down on the seafloor. The results of this test indicate that
hovering within ± 0.5 feet was accomplished easily.

Positioning the lift bags was easily accomplished by setting a slightly negative buoyancy
in the bag (10 to 20 pounds). With the bag slightly negative, the diver simply picked up the bag
and moved it around as desired.

While performing the ascent and descent portion of the ocean tests, the divers were
instructed to attempt to stop in mid-water and hover, keeping the bag under control. They were
able to hover with the medium and large lift bags for approximately 10 seconds before continuing
the ascent and descent. Figure 4 shows these data. Since this threshold assumes that the diver
has visual or tactive reference (as to relative positions or speeds) and that water motions (surge,
current, etc.) are negligible, no atterapt was made to remain hovering beyond 10 seconds because
there was a strong current running through the test site preventing the use of a vertical reference
line during the tests.

In addition, without a point of reference in the mid-water column, it is difficult for the
divers to determine if the bag is rising, descending, or hovering. The diver's attention was
required to keep the lift bags under control during all of the hover attempts due to currents at
the test site.

After the zipper expansion ring modification had been made, subsequent testing showed
improved diver control of the lift bags during all phases of operation. The modification made
operating the zippers easier, even with a load on the bag. An accurate zipper setting enabled the
dive teams to move the bags through the water column under complete control, and to stop and
hover as needed or desired. These data indicate that the TEMP threshold for hover and
positioning control can be met.
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Uncontrolled Ascent. To evaluate the stability of the lift bag after an uncontrolled
ascent, each lift bag was inflated at 60 feet of water and released to the surface. These tests
were conducted with the bags attached to a load and the control zipper set for maximum
buoyancy.

The results of these tests showed that these bags will remain on the surface after an
uncontrolled ascent. Typically, after reaching the surface, these bags broached the surface and
then settled back into the water in a floating position. While on the surface, all of the bags
remained vertical and upright. Provided that there are no leaks in the dump valve or the bag
fabric, these bags will remain on the surface in excess of the TEMP threshold for On-Surface
Stability (5 minutes unattended and 1 hour with diver attendance). As an example, Figure 9
shows changes of depth with time of the medium sized lift bag with a 500-pound load.

Although these lift bags demonstrated their stability on the surface, uncontrolled descents
are possible if the zipper is set for near neutral buoyancy and the system is being used by an
inexperienced operator. To avoid this possibility, the operating instructions should stipulate that
the divers close the zipper when the lift bag is on or approaching the surface.

Results of EDM Tests

Test results show that the EDM Diver Lift System met or exceeded the requirements
stated in the TEMP for operating characteristics. Table 6 summarizes the results of the EDM
tests on the diver lift system.

USER TESTS

User tests of the EDM Diver Lift System were conducted by divers from the NCEL dive
locker on 22 March 1988. These tests were performed to verify reliability and performance
thresholds (as specified in the TEMP) and to identify any safety or human factors deficiencies.
Originally scheduled with UCT-2, and later scheduled with the Naval Construction Training
Center (NCTC) Delta Company, these tests were performed by the NCEL dive locker due to
UCT and NCTC scheduling conflicts. Although the user tests were performed with NCEL
personnel, two of the evaluating divers (including a Master Chief) had been recently stationed
with the Underwater Construction Teams.

The results of the User Test are documented in Reference 5. These tests concluded that
the Diver Lift System meets the requirements of the Underwater Construction Teams. The
system was reported to be quite durable and have a great degree of control not previously seen
in a lift bag system. It was also reported that training was absolutely necessary for safe,
effective operation of the system.
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Table 6
Summary of EDM Test Results

Characteristic Threshold Results

Load Range
In Water 50-3,000 lb 50-3,000 lb
Dry Weight 60-5,000 lb 50-5,000 lb

Operating Depth Range 0-190 feet 0-190 feet

Operational Environment
Sea State SS 0-3 Demonstrated SS 0-1.

SS 2-3 not available during
test.

Swell Up to 4 ft with 8 sec or longer
period

On Surface Stability 5 min unattended >5 min
1 hour attended > 1 hour

Vertical Transport
Ascent Rate 0.3-0.9 ft/sec 0.3-6.9 ft/sec
Descent Rate 0.3-0.9 ft/sec 0.3-0.9 ft/sec
(deeper than 30 feet)

Hover Control With
Attention ±0.5 ft for 5 min ±0.5 ft for 5 min with

seafloor reference
±5 ft for 30 min ±5 ft for 30 min with

seafloor reference

Position Control 0.1 ft/sec for distances 0.1 ft/sec for distances
of 2 ft of 2 ft on seafloor

Availability 95% when pulled from storage 96% (based on 80 hrs
MCBF and 3 hrs to repair)

MTBF 10 deployments or uses > 10 uses

MTTR < 3 manhours effort < 3 manhours effort
< 24 hours on the beach for <24 hours on the beach for
80% failures user repair items*

*User repair items include:

1. Patch kit (for small tears or holes in fabric)
2. Dump valve repair kit
3. Convenient handle
4. Zipper repairs will be performed at depot level
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Recommendations from the User Test include:

1. The system should be included in the NCTC school as part of their training.

2. The buoyancy of the air-fill wand should be slightly negative. In the event that the
diver loses the air-fill wand, this might prevent an aborted dive.

3. The system should be approved for production and distributed to the Underwater
Construction Teams.

CONCLUSIONS

1. A simple, controllable, underwater lift system for diver use has been developed. This
system consists of three different open-bottom lift bags in the following lift ranges: 200 to 550,
500 to 1,250, and 1,000 to 3,000 pounds. Diver control of the buoyant force is obtained by
adjusting the venting zipper (on the lift bag) and an air wand (attached to a surface supplied air
hose).

2. The development of the new diver lift system included the design, fabrication, and
testing of both an Advanced Development Model (ADM) system and an Engineering
Development Model (EDM) system.

3. Based on the EDM and User Test results, the Diver Lift System provides an
improved underwater lifting capability for UCT use. TEMP performance and reliability
thresholds were demonstrated during EDM testing. The utility of the system for supporting UCT
operations was verified during User Tests.

RECOMMENDATIONS

Based on the results of the development effort, it is recommended that:

1. The Diver Lift System proceed into production.

2. Include the Diver Lift System in the NCTC school as part of their training curriculum.

3. NCEL monitor performance of the first production model Diver Lift System during
a UCT operation to ensure a smooth transition into Fleet use.

4. Update the User Data Package. Update with as-built drawings after every production
run.
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Appendix

TEST AND EVALUATION MASTER PLAN

I. COMPONENT DESCRIPTION

DIVER LIFT SYSTEMS
MISSION AND REQUIRED OPERATIONAL CHARACTERISTICS

WBS 2.250

MISSION: To provide a controllable, underwater lift capability for divers.

Characteristics Threshold

A. Operational Requirements

Load Range

in water 50 - 3,000 lb
dry weight 60 - 5,000 lb

Operating Depth Range 0 - 190 ft

Operational Environment

sea state 0-3
swell Up to 4 ft with an

8 sec or longer period

On-Surface Stability The system is stable on the surface (whether it got
there by being deployed over the side of a craft
with load and then inflated/ballasted, or by
controlled ascent from the seafloor, or by
uncontrolled ascent) for a minimum of 5 min
unattended and for 1 hr with diver attendance.

B. Performance Requirements - For the following three criteria it is assumed that the diver
will have visual or tactile reference as to relative positions or vertical speeds. Furthermore, it
is assumed that the diver is trained and experienced with the system's operation, and that water
motions (surge, current, etc.) are negligible. Diver operation is primarily one-handed with
occasional two-handed operation.
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Characteristics Threshold

Vertical Transport In an elevator mode the system should be capable of
attaining specific diver selected and adjusted ascent-
decent rates between 0.3 and 0.9 ft/sec within ±0. 1
ft/sec.

Hover Control At water depths greater than 20 ft, the system(s)
will be capable of hovering at depths to within the
following: (a) ±1I ft for 1 min without diver
attention; (b) ±3 ft for 30 min with diver attention;
and (c) ±0.5 ft for 5 min with diver attention.

Positioning Control The system can be controlled in ascent or descent to
rates of 0.1 ft/sec ± 0.05 ft/sec for vertical distances
of 2 ft for gentle positioning, landing, assembling,
etc.

C. Operational Suitability

Availability The system shall work 95 % of the time when pulled
from active storage, on arrival on site in the
provided shipping container(s) and upon demand at
the boat/platform (taking into consideration the
usual handling on the beach, waterfront, and small
boat environment).

Mean Cycles Between > 10 deployments or uses
Failure (MTBF)

Mean Time to Repair M'TTR should be less than 3 man-hr effort and 24
(MTTR) hr elapsed time on the beach BEQ environment for

at least 80% of all failures incurred.

Redundant Supply of Two
or More Units is

Acceptable

Reliability of Two Units >99%

Preventive Maintenance
Times

Daily <1 hr
En,! of project <1 hr
AniMual <3 hr
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