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1 Introduction & Background
1.1 Introduction
The main reasons for choosing a cross flow turbine (CFT) for tidal currents are construction
simplicity and ability to work independently of flow direction. Floating platforms give further
advantages: generator and gearbox are set above the sea level; higher currents can be harvested. In
addition, the platform motion would negligibly affect energy output, as CFTs exhibit good
performance in skewed flow [1]. However, CFT is affected by low starting-torque and lower efficiency
compared to horizontal axis turbines. To improve the self-starting capability, the Italian start-up
company Windcity conceived and developed an innovative CFT for wind energy harvesting with
passively variable blade pitch and turbine diameter.
The hydrokinetic version of this technology is at stage-1, however the wind version has
reached a greater TRL. The wind version exhibited satisfactory performance, while the full scale
floating hydrokinetic version is under construction and will be tested in 2020 in open field. Recent
literature proved that CFT gives the best performance when set in counter-rotating closely spaced
pairs [2-3]. Moreover, experimental analyses on the 3D character of straight-bladed CFT wakes [4-6]
show that vertical advection created by the blade tip vortex shedding downstream the rotor can be
deemed the main responsible for an extraordinary wake recovery that makes CFT wakes much
shorter than horizontal axis turbine wakes.
These promising results about the wake recovery characteristics could make CFT preferable
for farms since it would be possible to shorten the distance between the rows increasing the power
density. However more investigations would be needed to deeply understand the behaviour of CFTs
in realistic environments. Recent studies about the effects of waves and immersion depth on
horizontal axis turbines show that a too short immersion depth prevents the correct wake expansion
[7-9], and that waves could support a certain wake re-energization at least in the near-wake region
[10-11]. Yet, such analyses have never been done before for CFTs.
Our team applied for a free
access to Ifremer flume tank to assess the performance of the hydrokinetic model and answer two
practical questions: what is the correct depth to set the turbine below the platform, and could wave energy
support the turbine wake recovery allowing for set the array CFTs even closer?

1.2 Development So Far
1.2.1 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 (DofF) if required by the early mathematical models
• Provide the empirical hydrodynamic coefficient associated with the device (for
mathematical modelling tuning)
• Investigate physical process governing device response. May not be well defined
theoretically or numerically solvable

Status

STAGE GATE CRITERIA
• 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
• 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.
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

Status

1.2.2 Plan for this access
The main objectives of this project are three.

1.2.2.1

Verify the turbine performance at different TSR and current velocities

These tests are relevant considering the almost full-scale size of our prototype (only the blade
length has been reduced from 2.2m to 1.0m in order to satisfy the channel depth constrains). The
plan was to verify the Reynolds independence of results, check the turbine maximum CP and the
optimal Tip Speed Ratio (TSR), defined as:
=

P
1
2
=

Ω

Where P is the power output, V∞ is the flow speed, Ω is the rotation speed, ρ is the fluid density,
R and D are the turbine radius and diameter, H is the blade length.
This kind of results are also useful to validate our numerical CFD and hybrid BEM (Blade Element
Momentum) – CFD models.

1.2.2.2

Investigate the effect of immersion depth

We planned these tests to analyse the power output and the wake re-energization
characteristics when tip immersion depth varies. Achieve experimental data is really useful
considering the lack about cross flow turbines (just one article can be found in literature about this
particular subject [9]).

1.2.2.3

Investigate the effect of waves

We planned these tests to analyse the power output, the torque fluctuations and the wake
behaviour when waves occur. A combination of different wave heights and periods was planned to
reproduce (by Froude similarity) typical waves of the Mediterranean Sea. In literature there are no
articles (neither experimental nor numerical) on these effects with regard to CFTs.
The primary objective of tasks 1.2.2.2 and 1.2.2.3 is to contribute to better understanding the
behaviour of CFT wakes, sharing it with the scientific community. Secondary objectives are: to
upgrade the TRL of the Windcity hydrokinetic CFT; to suggest to designers the more efficient depth
immersion for floating CFTs and the correct distance between the CFTs belonging to a multi-device
arrangement taking into account wave effects; to make available data to validate both conventional
fully CFD models and innovative hybrid BEM (Blade Element Momentum) – CFD approaches.

2 Outline of Work Carried Out
2.1 Setup
A small scale wind turbine with a diameter of 0.75m had already been tested in air in a small
lab and in open field giving satisfactory results. Then the model turbine originally designed for wind
has been modified to match high solidity and blade thickness typical of water applications. For the
Marinet2 tests the diameter of the hydrokinetic turbine version was 1.5m and the blade length was
1.0m
The test-rig consists of a servomotor with encoder for RPM measurement, a gear-box and a
torque meter; the measuring frame can slide vertically (allowing the testing quote regulation) by the

use of a crank and it has been fixed to the channel beams for preliminary tests, as shown in Figure
2.1

Fig. 2.1. The test-rig fixed to the channel beams for preliminary tests
The synchronous electrical servomotor provides high dynamic response and a “full speed
condition”, not limited by the brush sparking effect. Some technical specifications follow in Table 2.1
Model

Mavilor BLS-191

Max mechanical speed
Stall torque ±10%
Peaktorque ±10%
Radial load (at mid-length of shaft)
Axial load
Protection class

2800 rpm
56 Nm
224 Nm
1400 N
690 N
IP-65

Table 2.1 Servomotor technical specifications

The motor, controlled in RPM by software, through a clutch drives the 1:25 planetary gearbox
feet-mounted on the frame. A rotating shaft torque-meter, based on contactless technology,
measures the mechanical torque at the flange coupling with rotor. Some technical specifications
follow in Table 2.2

Model

NCTE 2000 series

Nominal torque

500 Nm,
bidirectional
≤ 5000 rpm
≤ ±1%
0-5 Volts
IP-50

Rotational speed
Accuracy
Output signals
Protection class

Table 2.2 Torque meter technical specifications

The large dimensions of the model required a two-phase deployment in the facility, as shown in
Figure 2.2.

Fig. 2.2 Model deployment: rotor and blades (left) and turbine coupled with the test-rig (right)
A full scale prototype with blade length of 2.2m is also under construction for river and tidal
currents; since its blade length is too great for labs, its self-starting capability will be tested in a deeper
tank or in open field in 2020.

2.2 Tests
2.2.1 Test Plan
The following three main tasks were planned.
1. Reynolds independence. The primary objective is verify Re independence at the allowed maximum
current speed; the secondary objective is identify the optimal Tip Speed Ratio (TSR) to be used during
the next two tasks. CP-TSR curves were planned to be elaborated for two current speeds (0.8 and 1.2
m/s) in the TSR range 1.2÷2.7 with increment of 0.1 (taking into account that preliminary CFD results
indicated an optimal TSR of about 1.7).
2. Depth immersion effect. Different turbine depth immersions were planned to be tested to assess the
effects on wake recovery capability. It was expected that too low immersion depths may prevent the
wake energy recovery, which main mechanism (in case of CFTs) is based on vertical advection.
3. Wave effects. Waves effects on wake recovery were planned to be tested for combinations of wave
heights and periods at different immersion depths of the blade tips
Reynolds independence is crucial if results are used to predict the performance of scaled-up devices
or to validate numerical models. Due to technical limitations, at Ifremer the maximum current speed in
combined current-wave operations is 0.8m/s. However, our preliminary 2D-CFD simulations indicated a fully
Re independence from 1.25m/s, with a negligible CP drop at 1.0m/s and a still fairly good performance at
0.8m/s (due to the relatively large size of our turbine). Therefore, a current speed of at least 0.8m/s is
required. Due to facility limitations and to the turbine size it is not possible to work with waves reproducing
(in similarity) typical conditions of North Atlantic Sea. However, wave heights of at least 0.2m and periods in
the range 1.5-2.0s are adequate. Indeed, imagining to scale-up the turbine to the largest CFT that has been
designed so far (Kobold turbine, D=6.2m) it will be possible to work reproducing (by Froude similarity) typical
Mediterranean Sea waves (short height and high frequency).
To characterise the wake, the time-varying velocity components were planned to be recorded along
the wake centreline and at three location downstream the rotor to achieve horizontal and vertical profiles
of streamwise velocity and turbulence intensity. Vertical cut-planes of velocity are also very significant to
understand the 3D mechanisms determining the wake evolution, in particular how different operating
conditions can modify (prevent/amplify) the vertical advection caused by the unique vortex pattern
generated by the blade tips and blade wakes.
The test plan is resumed in the table below.
task

Current
speed [m/s]
1.2

(1)
0.8
(2)

(3)

0.8
0.8
0.8
0.8
0.8
0.8

Tab. 2.3. Test plan.

TSR
few points in the
range: 1.2 ÷ 2.7
few points in the
range: 1.2 ÷ 2.7
optimal
optimal
optimal
optimal
optimal
optimal

tip
immersion
depth [m]

wave
height
[m]

wave
period
[s]

Ux velocity profiles
at x = 1D, 2.25D,
3.5D

Uy and Uz on
vertical cut-planes
(at x = 1D and 2.5D)

0.55

-

-

NO

NO

0.55

-

-

NO

NO

0.55
0.40
0.55
0.55
0.40
0.40

0.2
0.2
0.2
0.2

2
1.5
2
1.5

YES
YES
YES
YES
YES
YES

YES
YES
NO
NO
NO
NO

2.3 Results
The tests have been done with the turbine in fixed geometry (maximum diameter, and fixed blade pitch
angle), considered that a dedicated experimental campaign is already planned for 2020 to verify the selfstarting capability of the full scale prototype in open field.
At Ifremer the turbine behaviour has been completely characterized for a current speed, V∞, of 0.8m/s (Fig.
2.3).

Fig. 2.3. The picture, taken from the Ifremer optical window, shows the cross-flow turbine that works with a
flow rate of 0.8 m/s (current without waves, task-1 of the test plan).
Few TSR conditions have also been tested for a current speed of 1.2m/s, however due a failure occurred at
the gear box installed between rotor and motor the experimental activity had to be interrupted, therefore
only task-1 of the original test plan has been carried out. Before to describe the results, some remarks must
be done about the turbine geometry and scale and the operating conditions in comparison to similar case
studies of literature.
One of the salient features of our physical model is the unusually large diameter, 1.5m, one of the largest to
have been adopted until now for experiments in water (flume or tank). This choice, motivated by wanting to
work with a turbine scale as close as possible to the full-scale, was payed with a very high blockage ratio, BR,
defined as:
=

ℎ

that in our case was 0.187. As known, high BRs lead to local acceleration of the flow and therefore to an
overestimation of CP with respect to unbounded environments. Another peculiarity of our turbine is the low
aspect ratio referred to the blade length, AR = 4.0, defining AR as:
=
As a consequence, the blade tip losses are expected to be significantly high [12].
As is commonly chosen for hydrokinetic turbines, our turbine has high solidity, σ = 0.159, defining σ as:

!=

"

where B is the blade number. An import parameter that greatly affect the turbine performance is the
Reynolds number based on the chord length, Rec:
#

=

Vc Ω
=
&
'

where ν is the kinematic viscosity of the fluid and c is the blade chord. Laboratory tests on small-scale physical
models should help to validate numerical models or to predict the behaviour of full-scale prototypes and
layouts of turbine cluster operating in real environments. At this purpose, it would be highly recommended
to adopt sufficiently large Reynolds numbers to avoid that numerical models validated with the data of the
physical models that differ orders of magnitude from the scale of the prototype lead to errors when applied
to real scale problems [13]. Moreover, even the wake dynamics and it re-energization mechanisms can be
affected by Rec, as shown by Bachant and Wosnik [4] who investigated the influence of the Reynolds number
on CP and on the wake development for a cross-flow hydrokinetic turbine of 1.0m diameter operating in a
water tank. However, most of the laboratory campaigns reported in literature were done with Rec quite low,
whether they were horizontal or vertical axis, wind or tidal, turbines.
As far as we know, just few well documented studies are available for CFTs at Rec > 300.000. Among the most
accredited are the works of a group of researchers from McMaster University (Bravo et al., [14]) who tested
a 2.5m diameter CFT in a wind tunnel at flow speed up to 14m/s, and the aforementioned experiments of
Bachant and Wosnik [4]. In the former, Rec at the optimal TSR was 516.000 and the threshold beyond which
the results can be considered Rec independent was Rec ≈ 400.000; in the later, Rec at the optimal TSR was
340.000, and the independence was achieved for Rec ≈ 300.000. In our experiments, thanks to the relatively
high values of radius, chord, and Ω at the optimal TSR, the turbine worked with Rec = 384.000, despite the low
current speed. With such a high Reynolds value, we hope to contribute to make reliable data available to the
scientific community and industries, which can be used to predict the real behaviour of full-scale marine
turbines.
The graph of the turbine power coefficient measured for a current speed of 0.8m/s is shown in Fig. 2.4. It
can be seen that a maximum CP of 0.206 has been obtained for a TSR of 1.9.

Fig. 2.4. Turbine power coefficient measured for a current speed of 0.8m/s

It could be interesting to compare these results with results of similar cases of literature. At this purpose, we
adopt as common characteristic a high Rec, and then we chose as terms of comparison the aforementioned
works [14] and [4], which relevant characteristics are summarized in Tab. 2.4 together the characteristics of
our case. It can be noted that our turbine mainly differs for a slightly greater solidity, a much lower aspect
ratio of the blade and a higher channel blockage ratio. The first two aspects should lead to a lower CP,
whereas the third should entail a CP gain.

Turbine geometry
Hydrofoil profile
Turbine diameter, D
Blade length, H
Chord length, c
Solidity, σ
Blade aspect ratio, H/c
End-plates at the blade tips
Operating conditions
Experimental environment

Present
research

Bravo et al.
[14]

Bachant
and Wosnik
[4]

NACA4418
1.5 m
1.0 m
0.25 m
0.159
4.0
No

NACA0015
2.5 m
3.0 m
0.40 m
0.150
7.5
Yes (small)

NACA0020
1.0 m
1.0 m
0.14 m
0.134
7.1
No

wind tunnel

tank

water current
flume
0.187
0.8 m/s
1.9
384.000

Blockage ratio, BR
0.0926
0.114
Flow speed
8÷14 m/s
0.4÷1.3 m/s
Optimal TSR
1.6
1.9
Rec at optimal TSR and maximum flow speed
516.000
340.000
Turbine performance
Measured maximum CP
0.206
0.290
0.265
Estimated tip losses respect to infinite length
blades [12] not considering the presence of end39.4%
21.6%
22.4%
plates
Assumption for the CP enhancement due to end8.0%
plates
Maximum CP for infinite length blades not
0.340
0.370
0.341
considering end-plate effects
Maximum CP for infinite length blades taking into
0.340
0.342
0.341
account for end-plates effects
Tab. 2.4. Turbine geometry, operating conditions and measured performance in comparison to similar
experimental cases (high Rec) from literature.
At first glance significant discrepancies appear about the measured CP, in particular with regard to the high
CP found by Bravo et al. [14]. However, these variances can be justified taking into account for the blade tip
losses. By applying the correlations proposed by Zanforlin and Deluca [12], who found how to quantify the
losses on the base of the blade aspect ratio, the following tip losses can be estimated respect to infinite
length blades: 39.4% for the present research; 22.4% for Bachant and Wosnik; 21.6% for Bravo et al. Yet, for
the mentioned last case the tip losses could be even lower since end-plates are noticeable at the blade tips
[15]. The effect of end-plates on the performance of a hydrokinetic turbine was investigated by Rawlings et
al. [15], who found that the maximum CP increases up to 16% if low-drag hydrodynamic-shaped plates are
adopted. Considering the simple shape and small area of the plates in [14] a CP enhancement of 8% can be
roughly assumed respect to the absence of plates. By applying the overall corrections above, the following

values are deduced for the virtual (infinite blade length) CP: 0.340 for our case; 0.341 for Bachant and Wosnik;
0.342 for Bravo et al. We could conclude that all the three cases, characterized by Rec > 300.000, exhibit the
same performance if corrections for tip losses are accounted. Finally, to justify why our virtual CP is almost
the same of the virtual CP found by Bachant and Wosnik, we observe that the negative effects of our higher
solidity together the fluid dynamic losses due to the pitching control devices and to the double-struts could
be compensated by the positive effects of our higher blockage ratio.

2.4 Analysis & Conclusions
Although the CP results are perfectly in line with cases of literature characterized by high Reynolds like ours,
it is necessary to underline some critical issues and practical drawbacks that we have observed due to the
large size of the physical model.
The first consideration concerns the width of the channel which, we recall, is just 2.67 times the diameter of
the turbine. During the operation of the turbine at the, observing the ripples on the water surface, we noticed
that the wake released by the shaft and / or turbine expands until it almost reaches the walls of the channel
(Fig. 2.5). We are not sure that this is indeed the wake of the turbine, since no PIV velocity measurements
have been made but, if this were the case, in the future a different test environment will be needed in order
to obtain reliable information on the evolution of the wake that can then be use to predict the behavior of
real turbines within a farm.
Still in relation to the high blockage ratio, significant surface instabilities, such as periodic waves, were noted
over the entire surface of the water downstream of the turbine and down to the “beach”.
The original test matrix has been only partially completed during the access time because of a failure of the
gearbox installed between rotor and motor. The accident occurred during performance measurements at
the highest speed in the test matrix, V∞ = 1.2 m/s and very low TSR. The analysis of time histories of torque
measured just before failure revealed strong transient loads during blade revolutions. The amount of peakto-peak variation of torque, up to 960 Nm, was higher that estimates available at model turbine design stage.
Further analysis on test data indicated that the gearbox was not correctly sized for that levels of peak loads.
Collected data before failure are sufficient to inform a revised model turbine design for future tests.

Fig. 2.5. The picture taken when turbine was working with a flow rate of 0.8 m/s (current without waves) shows a
free surface characterized by ripples and waves.

3 Main Learning Outcomes
3.1 Progress Made
3.1.1 Progress Made: For This User-Group or Technology
The measurements, including the time histories of the loads, provided useful data for the design of the
subsequent turbine models.
The CP-TSR curve data will be used to validate our hybrid BEM-CFD models and a new hybrid tool that we are
going to implement on the base of an open-source ocean circulation model.
Since we were able to carry out only task-1, next steps for the research would be task-2 and task-3 of our
original plan. Moreover, we intend to investigate the self-starting capability of the turbine in passively
variable geometry in a tank deep enough to allow the blade full-length that is 2.20m; we plan to perform
some tests on the same physical model we used at Ifremer with the only modification concerning the
replacement of the blades (now 1.0m long) with longer blades.
This interdisciplinary research group did not exist before participation at the Marinet2 third call. Thank to
this opportunity we were able not only to have free access to the Ifremer facility but also to share our
experiences and different backgrounds, between ourselves and with the Ifremer technical staff. We realized
that we are be able to combine our complementary skills and material and human resources to achieve new
knowledge about tidal energy devices and to develop efficient solutions, and at this purpose we intend to
continue and strengthen the collaboration.

3.1.2 Progress Made: For Marine Renewable Energy Industry
Our results contribute to filling the gap regarding the really few tests available in literature on (horizontal or
vertical axis, wind or tidal) turbines under high Reynolds conditions (Rec > 300.000).
Researchers working on the development of modern Actuator-Line models for CFTs will be able to use our
data, for example, to validate their sub-models of blade tip-losses in function of the TSR or to verify if their
model allow reliable predictions even in cases characterized by very low aspect-ratios (as in our case) and
then affected by massive tip losses.

3.2 Key Lessons Learned
•
•

•

•

CFTs characterized by high solidities exhibit values of the power coefficient very similar to each other
if proper corrections are made to take into account for the blade aspect-ratio and then for tip losses.
When planning to test a physical model on a real or almost real scale it would be useful to be able to
first check whether the very high value of the channel blockage ratio will affect or not the mechanism
of expansion and complete development of the wake. This could be done in advance by using hybrid
BEM-CFD tools.
Testing large scale models in confined flow conditions is typically affected by significant blockage
effects. Model test results can be extrapolated to unconfined flow conditions by using CFD tools that
have been validated against experiments in high blockage conditions.
For CFTs, the structural design of rotor and power train components should be done with a careful
estimation of transient loads occurring during blade revolutions. Simple oversizing can minimize risks
only in case of small models, but large-scale models require special attention.

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

No publications have been done at the moment

4.2 Website & Social Media
Webpage of the concept idea: http://www.windcity.it/en/watercity/
Informative articles about our experimental tests:
• http://www.rinnovabili.it/energia/moto-marino/energia-pulita-acqua-windcity/
• https://www.ufficiostampa.provincia.tn.it/Comunicati/Energia-elettrica-dalle-onde-il-brevettoWindcity-in-prova-all-Istituto-francese-del-mare
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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
Basic principles
Scientific knowledge generated
Scientific knowledge generated underpinning
1
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
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