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1 Introduction & Background
1.1

Introduction

Seaturns completed its two weeks medium scale testing of its concept granted through the MaRINET2
at Cantabria - Coastal & Ocean Basin from the 24th of May to the 4th of June 2021. The tests are
conducted at 1:10th scale, and covered decay test, regular wave tests, and irregular wave tests.
The objectives were to test realistic mooring arrangements, as previous tests used idealistic solutions,
and to implement for the first time a PTO solution including a turbine instead of simple orifice. The
rather large scale of the tests allowed a more complete instrumentation of the concept, and to further
investigate the effect of compressibility toward the design of a full-scale prototype.
Additionally, the data obtained during the tank test will add to a database of cases for the validation
of the ongoing effort to develop the numerical model of the concept, and the data will also provide
the basis of the design of a full-scale prototype.
The innovative testing method implemented in the Aalborg test (Marinet2 4th call) was used
successfully again in the CCOB.

1.2
1.2.1

Development So Far
Stage Gate Progress
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 (DoF) 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
• 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

Status
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓








STAGE GATE CRITERIA
• Site Review for Stage 3 and Stage 4 deployments
• Over topping rates

Status

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.
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

The tests to be completed are part of the stage 2 tests, Design Validation. The focus is to implement
realistic mooring concept and to test a complete PTO for the first time.
1.2.2.1 Objectives
The objectives of the tests are listed below:
•

•
•

Evaluate several realistic mooring configurations, in production sea states and in heavy sea
states. The large scale chosen for the tests, necessary to reduce the issues related to
compressibility, does not allow the realisation of extreme sea states (50-year return period
sea states)
Confirm the design evolution of the concept, such as the reduction of the central cylinder
diameter
Test a realistic PTO, with a system of valves to rectify the flow and a unidirectional pneumatic
turbine

•

Investigate the effect of compressibility: the Seaturns concept is a pneumatic device, and
therefore the compressibility effect is not well scaled when using the Froude scale. However,
as the device is very dynamic, it is not possible to vary the chamber size to compensate for
this issue as it can be done with fixed OWC for example. By testing at 1:10th scale, the
difference in compressibility between the tank model and the future sea going prototype is
minimised.

2. Outline of Work Carried Out
2.1
2.1.1

Setup
Working principle
The oscillating water pendulum, similar to an oscillating water
column, induces compression / depression cycles in two
chambers filled with air. The pressure differential between the
two chambers generates a flow of air that drives a turbine.
The anchoring system, in particular the peripheral fastening of
the mooring line to the float bodies, allows it to couple the pitch
and surge motions of the production unit.

2.1.2

Physical model

The Seaturns team assembled a 1:10th scale model of the full-scale prototype, equipped with a
complete PTO system (valve and unidirectional pneumatique turbine system). The base configuration
consists of the innovative mooring system aligned with the principal direction of propagation of the
waves and a single Seaturns float.
The PTO system consists of a unidirectional pneumatic turbine, and a set of valves to rectify the flow.
The PTO turbine velocity control sets a rpm values from which the generator starts to extract energy
and to brake the turbine.
The amount of water in the pendulum can be adjusted (see Figure 2-2), as well as the ballast at the
bottom of the device.

Figure 2-1: model device installed in the tank.

Figure 2-2: L406 model device with water pendulum filled at 40%.

The mooring system allows the coupling of the pitch and surge motion of the production unit
The test plan allowed time for testing different combinations of semi-taut mooring systems (taut-line,
buoy and line system) and pure catenary mooring arrangement, allowing for different pretension
and hydrodynamic characteristics.

Figure 2-3: Tank mooring schematic.

2.1.3

Instrumentation

The model is instrumented with the Qualysis system to record motions. The pressure differentials
across both primary chambers and across the pneumatic turbine were monitored with two set of
pressure differential gauges, and load cells measured the tension in each mooring line. The motion
of the pendulum was recorded with a set of internal curved wave gauges.
Wave gauges were located along a line parallel to the wave main direction of propagation recorded
the wave elevation. However, the sea states were also calibrated at the end of the tests with
measurement taken at the device location without the model itself.

2.1.4

Cantabria - Coastal & Ocean Basin

The tests were conducted at Cantabria - Coastal & Ocean Basin. The basin is 32 m wide. It is equipped
with a piston type wavemaker. The distance from the wavemaker is 21 m to the wave absorber layers
at the downwave end.
The model was located broadly in the centre of the tank, some 11m from the wavemakers.
To simulate a realistic water depth for the Seaturns concept, depth between 2.7m and 3m in the tank
are selected (27m to 30m full scale).
The position of the elements in the tank is shown in Figure 2-4.

Figure 2-4: positions of the elements in the tank (2D view).

2.2
2.2.1

Tests
Sea states considered

2.2.1.1 Regular waves
Regular waves were considered to characterise and compare the different configurations and to test the
mooring stability:
•

15 waves between 4- and 15-seconds full scale are used to characterise the configurations

2.2.1.2 Irregular wave for configuration
To improve the productivity of the two weeks of tank tests and allow more configuration to be tested, a
specific irregular wave (Ir0) with 25 components is devised. This specific sea state allows the characterisation
of a configuration in a single run. RAOs of motions, loads, flow, and pressure are obtained, and a CWR curve.
A version of this specific wave with a 20° offset in the main direction of propagation is used for directional
tests.
2.2.1.3 Performance irregular sea states
18 long-crested sea states, based on JONSWAP spectrum (γ=3.3), are used to obtain the performance,
motions and loads of the concept in realistic sea state. The sea states are run over 512 seconds,
corresponding to 27 min at full scale
2.2.1.4 Survival sea states
To the 18 irregular sea states, a set of 4 additional sea states are added along the envelope of the scatter
diagram of the prospective deployment site as survival sea states. They are also based on a JONSWAP (γ=3.3)
spectral shape. Those tests are run for 2048 seconds, i.e. 1:48 hours at full scale.

2.2.2

Configurations

The different parameters and range are presented in Table 2-1
item
Ballast
Water pendulum
PTO

Range of values
2 levels, 130 and 65 N
2 levels, 1048 and 1268 N
Turbine set can be varied
continuously

Mooring type

2 main concept are compared

Mooring pretension [N]

Continuous

Tank depth

3 levels: 2.7, 2.85 and 3.0 m

note

For configuration 22, the turbine
arrangement is replaced by an
orifice for simplicity (survival
conditions)
The semi-taut version as used in
previous tests.
A new catenary option is tested.
Depending on the buoy and lines
length, different pretensions are
obtained.

Table 2-1 Parameters defining the configurations

Based on these parameters, 22 different device configurations were tested during the 2 weeks of tank
access.

2.2.3

Test Plan

The different configurations are tested in a mix of Ir0 characterisation sea state (see report from previous
MaRINET2 access report) to better understand each parameter and select the most promising configuration.

Configuration 18 was then tested more extensively:

•
•

Moored decay tests were conducted to identify the main resonant frequencies of the concept

•

The configuration is tested in a set of irregular waves to establish the device power matrix and to
explore its behaviour in heavy sea states.

Pull-out tests were used to characterise the stiffness of the mooring system and will then be used
to calibrate numerical models of the concept

2.3

Results

2.3.1

Decay tests results

To analyse the decay tests, an exponential decay model is applied to the observed pitch oscillations (see
Figure 2-5) for the configurations 18. 2 runs are completed.
The decay tests show that the natural coupled period (pitch and surge) of the configuration 18 vary between
6.8 and 7.1 seconds. The c coefficient in Table 2-2 provides an estimation of the damping coefficient for the
different cases.
In these tests, the PTO valve are staying closed as the pressure differential is not high. There is therefore no
PTO damping, but some PTO stiffness should be present. The damping is coming principally from
hydrodynamic effect such as radiation damping. During the tests with waves, the actual damping from the
PTO will therefore add itself to the observed damping from the decay tests, and the PTO stiffness should be
reduced. That can lead to variation of the actual resonating period of the system

config

Ballast [g]

Orifice
[mm]

run

Pitch model coefficient
a [deg]

b [deg]

c

ω [rad/s]

T [s]

τ [s]

18

800

9

1

2.29

11.88

0.11

0.89

7.058

65

18

800

9

2

2.34

6.58

7.77e-2

0.92

6.811

89.2

Table 2-2: Decay test results - coefficient of the pitch exponential decay model fitted to the data.

Figure 2-5: Decay tests observation with exponential decay model fitted to the pitch data.

2.3.2

Comparison of the type of moorings

A large part of the tests was dedicated to the testing of simplified, realistic mooring configurations. The
configurations 3 and 21 allow the comparison of the 2 mooring layouts on the same floater configuration
(same ballast, same water pendulum and same PTO setting).

The Figure 2-6 shows the loads’ RAOs obtained from characterisation sea state Ir0 (this sea state is presented
in the MaRINET2 access report for the Seaturns Test in Aalborg (Call4) in March 2020.

Figure 2-6: Loads RAOs, configuration 3 & 21, Ir0.

The response of the line is clearly different, with a large shift towards the longest periods for the catenary
mooring (configuration 21) compared to the semi-taut system. The max of the RAOs appears to be similar.
Combined with the good coupling between surge & pitch provided by the catenary mooring (see decay test
configuration 18), it appears to be a good solution for the concept.

Figure 2-7: normed pressure and flow RAOs, configuration 3 et 21, Ir0.

Figure 2-7 shows the comparison of the pressure and normed RAOs (normed) obtained from Ir0 sea state
for the configuration 3 and 21. It is clear that the catenary mooring will provide better performances for the
waves >2s (6.3s at full scale), i.e. over the full range of useful periods.

2.3.3

Configuration 18 and effect of the pendulum weight

Figure 2-8: normed pressure and flow RAOs, configurations 14 and 18, Ir0.

The Figure 2-8 shows the characterisation of configuration 14 and 18 (same moorings, PTO settings, and
ballast, but different level of water in the pendulum). The effect of the amount of water in the pendulum is
interesting as it can be varied during the WEC operation, and it is therefore a control variable.
The lighter option, configuration 18, appears to a slight edge in performance at the lower periods, but then,
for periods >3.25s, the heavier option takes the advantage. While the performance variation is not large, this

might be a useful characteristic of the device. One could also consider running an even lighter configuration
in long periods, heavy sea states, in order to decrease the loads and performances of the concept.
It is interesting to see that the peak of performance of the concept is around 3.5s, which is half the resonance
periods as identified in the decay tests. A second peak of performance, at the resonance should therefore
be expected. It corresponds to around 22s at full scale, which could become an issue regarding survival in
some conditions.

2.3.4

Effect of directionality

The configuration 18 is tested with an Ir0 wave orientated at 20° from the mooring axis. This setup is referred
to as configuration 23.
The first observation is that the mooring is stable in the catenary configuration, which confirm what was
observed with the initial semi-taut mooring system in previous tests.

Figure 2-9: normed pressure and flow RAOs, configurations 18 and 23, Ir0.

Figure 2-9 shows the pressure and flow RAOs (normed) for both configurations. A drop in performances can
be observed for the RAOs from an angled sea state, but it is not a large impact.
Altogether, the concept will benefit from some level of wave alignment in intermediate depth and/or a
deployment site with low directional variability.

2.3.5

Summary of the parameters effect

From the comparison of the different configurations, the following conclusions regarding the effect of the
parameters can be drawn:
•
•

Compared to previous test, changing the ballast did not seem to have an important effect. This might
be due to the new catenary mooring, that might provide more rotational stiffness
Reducing the amount of water in the pendulum changes the response of the device, with light loads
better at shorter periods. A sufficient amount of water must be kept to prevent air to pass from one
chamber to the other when large motions occur.

•

•

•
•

2.3.6

The effect of the anchoring solution is very important on the loads, motions, pressure differential
and flow. The new catenary mooring allows much greater performance at the useful periods, which
is an improvement. It should however be noted that the multi-floater configurations tested in Porto
is less sensitive to the mooring characteristics. The catenary mooring solution is however selected
for moving forward for the development of the concept.
The PTO model and control strategy employed in these tests did not have a strong effect on the
device performance. Further work on the PTO control strategy will be carried out to evolve the PTO
concept.
The catenary mooring offers stability and only a small performance drop in sea states with an angle
of 20° from the mooring axis
The effect of depth variation from tidal range is similar to the effect of changing the loads in the
catenaries. Higher tension induces an increase of performance, linked to an increase of the RAOs of
mooring line loads close to the resonance.

Irregular performance results

2.3.6.1 Histograms
The configuration 18 and 22 are tested in long crested irregular waves (performances and extreme). Both
configurations are similar but for the PTO: the configuration 22 has an equivalent orifice which is better
suited for the survival sea states. From each test, histograms of loads, motions and pressure are extracted.
The type of results corresponds to what is shown in Figure 2-10. The min, max, 2% percentile, 98% percentile
are obtained.
The histogram shows that for large sea states (see Figure 2-10), there is a risk of the horizontal line tension
reaching 0, which then increases the risk of snap loads during the re-tension of the lines.
These observations lead to a requirement for the future mooring design to carefully consider the line length
of the catenaries to prevent snap loads.

Figure 2-10: loads histogram in front and back lines

2.3.6.2 Relation between standard deviation of loads and power / pressure
As in previous tests with the concept, the integral relations between the resultant horizontal mooring loads
(front - back mooring loads), the standard deviations of the pitch, pressure differential and flow or the mean
power are investigated. A clear relation between mean power and the standard deviation of the pressure

differential or the standard deviation of the resultant horizontal are established, including the effect of the
energy period (this is an improvement since the early finding in the Aalborg tests). In effect, the mean power
can directly be obtained with little error from the standard deviation of the pressure differential and the
energy period.

Figure 2-11 : relation between integral quantities.

In these tests, the pressure and flow measurements are necessary to obtain an estimation of the power
dissipated through the PTO. The pressure measurements are fine for all the tests, but the flow measurement
can be problematic at higher pitch angle. Therefore, the proxy relation can be used for such tests to obtain
a reliable estimation of the mean power.
Early observation and definition of these relations will provide a good way to monitor the test quality. Also,
these relations can be used as an actual method to quantify the effect of the different parameters, and as
an optimisation metrics/criterion.
2.3.6.3 Power matrices
A power matrix is obtained from the configuration 18. Those are normalised in this report for confidentiality
reasons. Figure 2-12 shows the results obtained. However, the results are not complete as it could be
expected, especially for the heavy sea states as those could not be completed.

Figure 2-12: Power matrix - configuration 26/33 - full scale values

2.4

Analysis & Conclusions

The tank tests at Cantabria - Coastal & Ocean Basin have fulfilled the objectives for Seaturns. A new, simpler
mooring configurations was tested and validated, the large scale of the tests (1:10th) allowed for a realistic
PTO configuration to be implemented, and the effect of compressibility was monitored with the
implementation of internal gauges providing a proxy for the air flow estimation.
The tests with a realistic PTOs have shown that the selected configuration with a flow rectifying system using
valves and a single direction air turbine is feasible. However, the tests have highlighted a risk of flooring of
the turbine chamber which should be considered in further PTO design.
The comparison of the flow estimation considering an uncompressible flow hypothesis, or an isotherm
compression model have yielded very similar results. This implies that the air compressibility has a limited
effect at the scale selected for the tests. As the scale was rather large for tank tests, it can be expected that
compressibility will not be a major issue for the full-scale prototype
The new mooring configuration proved satisfactory: it is as stable as the previous system in directional seas
and allowed a shift of device performance from short periods to more useful periods (performance are
better for waves periods > 6.5s at full scale). This later point should however not be over-estimated as
previous tests with multi-floater configurations have shown that the influence of the mooring is greatly
decreased in these cases.
Finally, the large scale selected for the tests was good as it allowed the implementation for a realistic PTO
and to check the effect of compressibility. However, it proved to be a challenge to generate the sea states
for survival conditions, and it also implied that the catenary moorings were shorter than a full-scale design
requires.
Further tests will now be required to test the new mooring configuration in multi-floater configuration, with
longer catenary lines.

3. Main Learning Outcomes
3.1
3.1.1

Progress Made
Progress Made: For This User-Group or Technology

A new mooring configuration, simpler and with better survival characteristics was successfully tested for the
first time. It is a significant advancement in the development of the concept, one which will lead to an easier
development path toward a first full-scale prototype.
Critically, the large scale of the test allowed a more complete instrumentation of the models, and to evaluate
for the first time the effect of compressibility. It is always an issue for pneumatic driven concept tested at
small scale, as the compressibility problem cannot be easily scaled down.
Finally, the representative PTO concept allowed a better understanding of the challenges inherent to the
concept, and the learnings from these tests (efficiency of the valve, limitation of the current control system,
risks linked to water ingress in the turbine compartment) will be considered in the design of future prototype.
3.1.1.1 Next Steps for Research or Staged Development Plan – Exit/Change & Retest/Proceed?
Following these tests, further research and development are required to complete entirely stage 2. The
design evolution of the concept strongly favours multi-floater configurations for commercial development,
therefore validating the new mooring concept in multi-floater set up is required.
Additionally, the test scale should be adapted to focus on the heavy sea states. Selecting a smaller scale
might lead to more difficulty regarding measurements, but it will ease the generation of suitable survival
seas.
A design iteration regarding the PTO arrangement is also considered to improve on the initial layout.

3.1.2

Progress Made: For Marine Renewable Energy Industry

These tests built up upon the previous MArinet2 tests conducted by this group. The characterisation method
developed for these initial tests was used again for these tests successfully. Further scientific communication
reading the method and possible improvements to it are under consideration.

3.2
•
•
•
•
•

Key Lessons Learned
Configuration characterisation, in the tank or numerically, can be efficiently achieved with the
irregular wave Ir0 and adapted analysis.
The stability of the new mooring configuration in directional waves appears to be good for the range
of directional waves that could be tested and warrant further development of the concept.
The single device configurations are heavily impacted by the mooring characteristics. The new
mooring configuration allow a significant performance increase in the periods of interest.
PTO arrangement should carefully consider the risk of water ingress in the turbine compartment.
The amount of water in the pendulum can be controlled to control the dynamic response of the
floater.

4. Further Information
4.1

Scientific Publications

List of any scientific publications made (already or planned) as a result of this work:
•

Planned: ICOE 2022 communication focused on the characterisation method with the irregular wave.

4.2

Website & Social Media

Website: http://seaturns.com/, www.innosea.co.uk
YouTube Link(s):
LinkedIn/Twitter/Facebook
https://twitter.com/seaturns

Links:

https://www.linkedin.com/company/seaturns/,

Online Photographs Link:
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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 underpinning Scientific knowledge generated underpinning
observed
and hardware technology concepts/applications.
basic properties of software architecture and
reported.
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
operational results
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