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1 Introduction & Background
1.1

Introduction

CalWave Power Technologies UG (CPT) is developing a submerged pressure-differential wave energy converter
(WEC) capable of precise load management, lowering capital costs and increasing capacity factor.
CPT is currently working towards a scaled ocean demonstration of the WEC technology.
Historically, primary testing at 1:50 scale was completed in January 2016, and limited testing at 1:20 scale was
completed in August 2016 at the U.S. Navy MASK Basin. After significant redesign in 2017, CPT completed
hydrodynamic system identification in Jan. 2018 at the LIR DOB with the support of Marinet2. Testing at DOB
produced over 100 test cases, totalling over 20 hours of recorded data, providing a rich data set for
hydrodynamic WEC characterization and feed-in to detailed PTO and PTO control design. Follow-up tank testing
was conducted in August and November of 2019 with representative PTO/device controls.
CPT is interested in utilizing a winch mechanism in its WEC capable of high cycles and full system loads. Initially,
this project was intended to be focused on the testing of synthetic mooring ropes. These ropes typically suffer
from cyclic bend over sheave (CBOS) failures due to a high number of bending cycles causing individual rope
fibers to rub against each other. After a design iteration, an HMPE webbing belt was instead selected to perform
the linear to rotary power conversion with the expectation of superior CBOS performance. CPT collaborated with
TTS-Innova on the selection of an appropriate HMPE webbing. This project sought to confirm the suitability of
the selected belt under representative loads and a high number of cycles in preparation for the upcoming field
deployment.

1.2 Development So Far
1.2.1

Stage Gate Progress

Device modelling and scaled tank testing for device has been previously completed and existing data was used
to select belt experimental testing parameters.
Previously completed: ✓
Planned for this project: 

STAGE GATE CRITERIA
Stage 1 – Concept Validation
• Linear monochromatic waves to validate or calibrate numerical models of the system (25 – 100
waves)
• Finite monochromatic waves to include higher order effects (25 –100 waves)
• Hull(s) sea worthiness in real seas (scaled duration at 3 hours)
• Restricted degrees of freedom (DofF) if required by the early mathematical models
• Provide the empirical hydrodynamic co-efficient associated with the device (for mathematical
modelling tuning)
• Investigate physical process governing device response. May not be well defined theoretically or
numerically solvable
• Real seaway productivity (scaled duration at 20-30 minutes)
• Initially 2-D (flume) test programme
• Short crested seas need only be run at this early stage if the devices anticipated performance
would be significantly affected by them
• Evidence of the device seaworthiness
• Initial indication of the full system load regimes
Stage 2 – Design Validation

Status
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

STAGE GATE CRITERIA
• Accurately simulated PTO characteristics
• Performance in real seaways (long and short crested)
• Survival loading and extreme motion behaviour.
• Active damping control (may be deferred to Stage 3)
• Device design changes and modifications
• Mooring arrangements and effects on motion
• Data for proposed PTO design and bench testing (Stage 3)
• Engineering Design (Prototype), feasibility and costing
• Site Review for Stage 3 and Stage 4 deployments
• Over topping rates
Stage 3 – Sub-Systems Validation
• To investigate physical properties not well scaled & validate performance figures
• To employ a realistic/actual PTO and generating system & develop control strategies
• To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine
growth, corrosion, windage and current drag
• To validate electrical supply quality and power electronic requirements.
• To quantify survival conditions, mooring behaviour and hull seaworthiness
• Manufacturing, deployment, recovery and O&M (component reliability)
• Project planning and management, including licensing, certification, insurance etc.

Status
✓
✓
✓
✓
✓
✓
✓
✓


✓


✓


Stage 4 – Solo Device Validation
• Hull seaworthiness and survival strategies
• Mooring and cable connection issues, including failure modes
• PTO performance and reliability
• Component and assembly longevity
• Electricity supply quality (absorbed/pneumatic power-converted/electrical power)
• Application in local wave climate conditions
• Project management, manufacturing, deployment, recovery, etc
• Service, maintenance and operational experience [O&M]
• Accepted EIA
Stage 5 – Multi-Device Demonstration
• Economic Feasibility/Profitability
• Multiple units performance
• Device array interactions
• Power supply interaction & quality
• Environmental impact issues
• Full technical and economic due diligence
• Compliance of all operations with existing legal requirements

1.2.2

Plan For This Access

1.2.2.1 To investigate physical properties not well scaled & validate performance figures
Although often used for lifting slings, HMPE belts are not yet commonly used for linear to rotary power
transmission. The focus of this access is to test the HMPE belt under representative loads for a high number of
cycles and confirm tensile strength and expected cycles to failure. In a deployment, the belt would have to
undergo millions of cycles in a single year due to the natural periods of ocean waves.

1.2.2.2

To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine growth, corrosion,
windage and current drag
Testing is performed “wet” with a water spray to appropriately simulate the thermal aspects of the belts being
used in a marine environment. CBOS is in part driven by thermal effects of fibers rubbing against each other and
thus the cooling effects of the water spray are expected to lead to more representative results for CBOS
performance.
1.2.2.3

Manufacturing, deployment, recovery and O&M (component reliability)

HMPE belt sample to be tested will be that envisioned for the scaled ocean demonstration. By assessing the
CBOS performance of an actual belt sample, a better understanding of the risk associated with this less common
use case can be obtained.

2 Outline of Work Carried Out
2.1 Setup
2.1.1

HMPE Sample

A sample of HMPE belt was supplied for testing on a CBOS testing setup at Ifremer’s Materials Testing Facility.
The belt sample was nominally 6m long, 100 mm wide and 2.6 mm thick. The belt has a nominal breaking
strength of 180 kN. End terminations were made by folding the belt end over and sewing the two sides together
to create a loop, as shown in Figure 2.1.

Figure 2.1:HMPE belt construction showing end loop termination.

2.1.2

Custom Pulley Sheave

A new pully sheave was manufactured from Nylon MD Oil-Filled to allow the CBOS experimental set up to
accommodate the belt sample. This pulley is shown in Figure 2.2. Due to bearing restrictions, the maximum
pully width and minimum diameter the CBOS test machine could accommodate was 100 mm and 320 mm,
respectively. The belt width that the sheave could accommodate between flanges was 94 mm. Due to a
manufacturing error, the belt sample was produced wider than 94 mm and because of time restrictions, testing
was conducted without reordering a belt of a more appropriate width. The 320 mm diameter is representative of
the winch drum the belt will eventually be wrapped around during operation. A dimensioned drawing of the
pulley can be found in Figure 2.3.

Figure 2.2: Custom pulley sheave machined from Nylon MD Oil-Filled.

Figure 2.3: Drawing of machined custom pulley

2.1.3

Experimental Setup

The new sheave was mounted to the test machine followed by the HMPE belt sample. The HMPE sample is
wrapped 180˚ around the sheave and the two loop ends are connected to two pistons that induce belt
displacement relative to the sheave. The test machine utilizes a central piston to apply and maintain a specific
load on the sheave, thus providing a near uniform tension in the belt sample. Displacements and loads are
monitored by the machine. A water system allows tap water to be sprayed on the belt, keeping the areas of
interest wet and simulating the thermal properties of a marine environment. An IR camera was used to measure
surface temperature of the belt sample. This full experimental set up can be found in Figure 2.4 with detail of
the belt loop termination connection shown in Figure 2.5.

Figure 2.4: Experimental set up with sheave and belt mounted to the test machine.

Figure 2.5: Belt loop termination connection to test machine.

2.2 Tests
2.2.1

Test Plan

A single endurance testing experiment was planned for the full duration of the access. A constant load of 90 kN
was applied to the central piston, inducing a 45kN tensile load on the belt. 45kN is the expected peak load seen
in the belts during the scaled deployment and this value was chosen to lead to a conservative estimate of cycles
to failure. The belt was displaced sinusoidally with an amplitude of 320 mm at a period of 14s in order to have
sections of the belt fully pass on and off the sheave during each cycle. Note that this leads to two bend-unbends
per cycle, whereas a belt wrapping on and off a winch drum would only have one bend-unbend per cycle. It is
notable that 14s is a longer period than would be seen in a scaled ocean environment and shorter periods would
be desirable to accelerate wear testing and induce a larger number of cycles in a shorter period of time.
Unfortunately, a 14s period was the limit of the machine’s capabilities for the required displacement amplitude.
Experimental data, including applied and measured loads and piston displacements were recorded with a
sampling frequency of 1 Hz. The IR camera was used to compare surface temperatures between 5 points on the
belt and a reference point on the sheave at intervals throughout the test.
Testing was scheduled to continue constantly for 3 full weeks. If at the end of the 3 weeks, the belt was still
undamaged, a tensile breaking test would be conducted to confirm belt strength after undergoing numerous
bending cycles and compare with the breaking strength of a fresh sample.

2.3 Results
Experiments commenced on January 15th. When the belt was initially loaded, a single fiber element broke near
the sheave, likely due to uneven load sharing in the stitched end terminations as shown in Figure 2.6. However,
this did not appear to propagate. Additionally, due to the belt being 6mm wider than the sheave, one edge of
the belt folded over on top of itself, as shown in Figure 2.7.

Figure 2.6: Belt showing single broken fiber after initial loading of the machine to 45kN.

Figure 2.7: Belt showing slight folds at end due to not fitting well inside of the sheave width.

Consistent piston displacements and forces were achieved over multiple cycles. Representative forces and
displacements can be found in Figure 2.8 and Figure 2.9. Unfortunately, due to a data recording issue,
displacement data of the central piston is not available for this test.

Figure 2.8: Representative belt tensions throughout experiment on each side of the sheave.

Figure 2.9: Representative piston displacements throughout experiment.

Aside from the single element fiber breaking noted in Figure 2.6, no additional damage was noted during the
first 6 days of testing and the belt was able to adequately withstand the 45kN of constant tension. However, on
January 22nd, significant visible damage was first observed after 41k cycles and this damage subsequently
developed along the lower belt edge. This damage can be seen in Figure 2.10.

Figure 2.10: Significant visible damage to the bottom edge of the belt noted after 6 days of testing.

On January 24th, the lower flange of the sheave was found to be partially torn off, as shown in Figure 2.11. As a
result, the belt began to move down the sheave, causing further damage and causing it to fold over itself near
the edge, as shown in Figure 2.12.

Figure 2.11: Sheave with partial lower flange failure.

Figure 2.12: Belt moving down the sheave vertically due to the flange failure.

Representative temperature data is shown in Figure 2.13. The surface temperature of the belt never exceeded
22˚ C throughout the experiment.

Figure 2.13: Representative belt surface temperature data throughout the experiment.

The test was stopped on January 25th after a total of 61k displacement cycles. The damage to the belt at this
time is shown in Figure 2.14. Over a third of the belt displayed visible damage at this time and only 80 mm of
the original 100 mm belt was still engaged with the sheave due to the remaining folding over.

Figure 2.14: Damage to belt at the end of the first test. Note that the belt had also significantly slipped down the sheave.

The belt was removed for inspection. It had become very stiff in the area subjected to the cyclic bending load.
Although the damage was primarily localized along the bottom edge, the upper edge also showed some signs of
damage and wear, as shown in Figure 2.15.

Figure 2.15: Belt sample after removal from the test machine.

To continue to make use of the 3 week allotted testing time and acquire more data, the sheave and belt were
both flipped such that the damaged ends were on the top and reinstalled onto the machine. Testing was then
restarted on January 30th following the same testing conditions. Complete belt failure occurred after 78,600 total
machine cycles (157,000 bending-unbend cycles) after an additional 18k cycles since restarting the experiment
caused the belt to break along its full width. The torn areas of the belt can be seen in Figure 2.16. The belt also
exhibited some delamination upon failure, as shown in Figure 2.17, suggesting a layered cross section
construction as opposed to fully weaved.

Figure 2.16: Belt after complete failure.

Figure 2.17: Delamination of belt suggesting a layered cross-section construction.

Displacement data was successfully recorded for the central piston during this second test. Elongation of the
central piston during the final 70 hours of testing to failure is shown in Figure 2.18.

Figure 2.18: Displacement of the central piston during the continued experiment.

2.4 Analysis & Conclusions
The belt failed prior to enduring 100k cycles and fell short of the targeted millions of cycles. However, although
the intent of the experiment was to test the CBOS performance of the HMPE belt, the actual failure mechanism

appeared to be caused by abrasion along the belt edges due to the belt not fitting properly inside the sheave. A
properly sized belt and sheave pair is expected to significantly increase the belt life. The delamination of the belt
noted in Figure 2.17 also brings to question whether a fully woven cross section would be more robust than the
layered one. It is also expected that upgrading to a branded fiber, such as DSM’s Dyneema or Honewell’s
Spectra, could increase fiber performance. Fiber manufacturers also have developed special coatings such as
DSM’s XBO coating which claim improved CBOS performance. Additional testing on an improved belt and sheave
that incorporates the learnings is considered before the technology can be implemented in the scaled
deployment reliably.
As a secondary result, load levels and temperatures caused by this testing induced very little creep elongation of
the fibers. It is possible that with a shorter oscillation, the belt would reach higher temperatures than found in
this experiment. Never the less, the low temperatures recorded are thought to leave sufficient margin before
heating of the fibers becomes a real concern.

3 Main Learning Outcomes
3.1 Progress Made
3.1.1.1 To investigate physical properties not well scaled & validate performance figures
Cycles to failure for the belt was tested and found to be unsatisfactory in the current embodiment.
3.1.1.2

To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine growth, corrosion,
windage and current drag
The “wet” testing was successful and showed that in an actual marine environment, minor increases in belt
temperature can be expected.
3.1.1.3

Manufacturing, deployment, recovery and O&M (component reliability)

The belt that was currently selected was tested. Due to the unsatisfactory results, specific fiber and belt
construction will likely be revisited.

3.1.2

Progress Made: For This User-Group or Technology

Given that the belt was unable to endure 100k cycles and it is desired to withstand millions of cycles, a revision
of the design is needed followed by a second round of testing.

3.1.3

Progress Made: For Marine Renewable Energy Industry

This experiment provides for some general guidance in future testing of HMPE belts for rotatry to linear power
conversion. It was the first belt tested at Ifremer’s Material Testing facility allowing staff to also gain experience
that can be conveyed to other future users. The belt pully sheave may also be reused or upgraded with minor
improvements.

3.2 Key Lessons Learned
•
•
•
•
•

Forcing a belt that is 6mm wider than the accompanying space on the sheave will accelerate wear
and lead to unsatisfactory wear testing results.
Large testing machines may have limits on the oscillation periods at which they are capable of
conducting leading to fewer than initially expected cycles achieved during a set amount of time.
Sheave flanges used to constrain a belt should be adequately designed to withstand expected side
loading.
Knowledge of specific fiber used in belt construction can be important and usage of well
characterized fibers is recommended for high value applications.
When conducting a single experiment over multiple days, it is good to have a way of confirming all
desired data is being saved so that you are not surprised by missing data at the end of an
experiment.

4 Further Information
4.1 Scientific Publications
List of any scientific publications made (already or planned) as a result of this work:
•

none

4.2 Website & Social Media
Website: http://calwave.energy
YouTube Link(s):
LinkedIn/Twitter/Facebook Links: Twitter - https://twitter.com/calwaveberkeley
Online Photographs Link:

5 references

6 Appendices
6.1 Stage Development Summary Table
The table following offers an overview of the test programmes recommended by IEA-OES for each Technology
Readiness Level. This is only offered as a guide and is in no way extensive of the full test programme that
should be committed to at each TRL.

NASA Technology Readiness Levels1

1

https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion1.html

NASA TRL Definition Hardware Description Software Description Exit Criteria
TRL Definition
Hardware Description
Software Description
1
Basic principles
Scientific knowledge generated
Scientific knowledge generated underpinning
observed and
underpinning hardware technology
basic properties of software architecture and
reported.
concepts/applications.
mathematical formulation.

Exit Criteria
Peer reviewed publication of
research underlying the
proposed
concept/application.
Documented description of
the application/concept that
addresses feasibility and
benefit.

2

Technology
concept and/or
application
formulated.

Invention begins, practical application is
identified but is speculative, no experimental
proof or detailed analysis is
available to support the conjecture.

Practical application is identified but is
speculative, no experimental proof or detailed
analysis is available to support the conjecture.
Basic properties of algorithms, representations
and concepts defined. Basic principles coded.
Experiments performed with synthetic data.

3

Analytical and
experimental
critical function
and/or
characteristic
proof of concept.

Analytical studies place the technology in an
appropriate context and laboratory
demonstrations, modelling and simulation
validate analytical prediction.

Development of limited functionality to
validate critical properties and predictions
using non-integrated software components.

Documented
analytical/experimental
results validating predictions
of key parameters.

4

Component and/or
breadboard
validation in
laboratory
environment.

A low fidelity system/component
breadboard is built and operated to
demonstrate basic functionality and critical
test environments, and associated
performance predictions are defined relative
to the final operating environment.

Key, functionally critical, software
components are integrated, and functionally
validated, to establish interoperability and
begin architecture development.
Relevant Environments defined and
performance in this environment predicted.

Documented test
Performance demonstrating
agreement with analytical
predictions. Documented
definition of relevant
environment.

5

Component and/or
breadboard
validation in
relevant
environment.

A medium fidelity system/component
brassboard is built and operated to
demonstrate overall performance in a
simulated operational environment with
realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions are
made for subsequent development phases.

End-to-end software elements implemented
and interfaced with existing
systems/simulations conforming to target
environment. End-to-end software system,
tested in relevant environment, meeting
predicted performance. Operational
environment performance predicted. Prototype
implementations developed.

Documented test
performance demonstrating
agreement with analytical
predictions. Documented
definition of scaling
requirements.

6

System/subsystem model or
prototype
demonstration in
an operational
environment.

A high fidelity system/component
prototype that adequately addresses all
critical scaling issues is built and operated in
a relevant environment to demonstrate
operations under critical environmental
conditions.

Prototype implementations of the software
demonstrated on full-scale realistic problems.
Partially integrate with existing
hardware/software systems. Limited
documentation available. Engineering
feasibility fully demonstrated.

Documented test
performance demonstrating
agreement with analytical
predictions.

7

System prototype
demonstration in
an operational
environment.

A high fidelity engineering unit that
adequately addresses all critical scaling
issues is built and operated in a relevant
environment to demonstrate performance in
the actual operational environment and
platform (ground, airborne, or space).

Prototype software exists having all key
functionality available for demonstration and
test. Well integrated with operational
hardware/software systems demonstrating
operational feasibility. Most software bugs
removed. Limited documentation available.

Documented test
Performance demonstrating
agreement with analytical
predictions.

8

Actual system
completed and
"flight qualified"
through test and
demonstration.

The final product in its final configuration
is successfully demonstrated through test
and analysis for its intended operational
environment and platform (ground, airborne,
or space).

All software has been thoroughly debugged
and fully integrated with all operational
hardware and software
systems. All user documentation, training
documentation, and maintenance
documentation completed. All functionality
successfully demonstrated in simulated
operational scenarios. Verification and
Validation (V&V) completed.

Documented test
performance verifying
analytical predictions.

9

Actual system
flight proven
through
successful mission
operations.

The final product is successfully operated in
an actual mission.

All software has been thoroughly debugged
and fully integrated with all operational
hardware/software systems.
All documentation has been completed.
Sustaining software engineering support is in
place. System has been successfully operated
in the operational environment.

Documented mission
operational results

6.2 Any Other Appendices
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