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Numerical modelling complements physical testing
in staged design of ocean wave-driven pump

Renee Boileau and Wayne Raman-Nair
National Research Council of Canada
St. John’s, Canada
renee.boileau@nrc.gc.ca
wayne.raman-nair@nrc.gc.ca

Abstract—National Research Council Canada (NRC) is col-
laborating with College of the North Atlantic (CNA) to develop
an ocean wave-driven pump to supply the CNA shore-based
aquaculture centre in Lord’s Cove, Newfoundland. NRC pro-
vides a combination of physical model testing under controlled
laboratory conditions and computer simulation using numerical
modelling tools developed at NRC and commercial software.

The CNA plans to demonstrate the sustainability of a shore-
based aquaculture centre in the context of rural Newfoundland.
The efficiency of the centre depends in part on its energy
consumption, a major part of which is supplying seawater to
a facility some distance from the ocean and above sea level. The
development of a seawater supply pump driven by the power of
ocean waves would reduce the electrical costs for the centre. The
NRC is supporting a staged design program through numerical
and physical model testing to select a robust design optimized for
the local sea conditions at the Lord’s Cove mooring site.

The wave pump is inspired by designs for wave energy
converters. But since wave energy converters have not converged
on a single design, there are major risks and costs in designing
a wave pump, from construction and testing of physical models
for competing designs to mooring failure and potential loss of
the device in the hurricane-force storms typical of southern
Newfoundland. Using lessons learned in the energy sector, risks
can be mitigated by systematically testing the behaviour and
response of proposed concepts through a staged design program,
starting from characterizing the hydrodynamic characteristics of
a simplified model through progressively larger, more complex
physical and numerical models used in functional tests. This
approach systematically directs the design process toward a single
prototype optimized for performance in specified wave conditions
using scaled model tests in advance of the most costly stage of
sea trials.

The goals of the staged design program for the CNA wave-
driven pump are to

e  evaluate various design concepts,
e select a design suited to the CNA mooring site,
e  optimize the design for a typical sea state and

e specify a mooring robust enough to keep the platform
on station during the sometimes extreme sea states at
Lord’s Cove.

The program began with characterization of the chosen
mooring site outside Lord’s Cove. Processed wave buoy data
from this site informed the estimation of mooring line loads using
numerical tools developed by NRC and typical sea states on which
to focus design optimization. In the second stage, a numerical tool
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Fig. 1.  Hydrodynamic (non-functional) physical model (a), afloat, and
corresponding numerical model (b), meshed, for one platform design concept

was developed to estimate pump output and validated against test
results for a physical pump. In the third stage, various wave pump
platform design concepts were evaluated based on estimation of
hydrodynamic characteristics. The designs were characterized
using a combination of physical model tests in the NRC 200-
metre wave tank in St. John’s and computer simulations using
Ansys Aqwa and Matlab. A sample pump platform design is
shown as a scale model and a numerical mesh in Fig. 1.

In the fourth stage, which will precede a full-scale prototype
deployment at sea, a design has been selected and an operational
scale model wave pump platform has been tested in the NRC
wave facilities. Numerical modelling is used to choose a mooring
for the full-scale deployment.

In this staged design program, the use of physical model tests
and computer simulation are complementary methods used alter-
natively to solve potentially costly and time-consuming problems.
A selection of the problems encountered in the design of the
wave pump platform is presented along with a critique of the
solutions applied by NRC to build confidence in a wave-driven
pump design tailored for the CNA site.

Keywords—wave-powered pump, wave energy converter, shore-
based aquaculture.



I. INTRODUCTION

National Research Council Canada (NRC) is working with
College of the North Atlantic (CNA) to develop an ocean
wave-driven pump under a Collaborative Research Agreement.
The pump is needed to reduce the energy cost of supplying
seawater to the CNA shore-based aquaculture centre in Lord’s
Cove, Newfoundland. The pump is inspired by point-absorber
type wave energy converters (WECs), which extract energy
from the relative motion of a float riding over waves and the
power take-off restricted by a mooring.

To assist in the design of the wave pump, NRC is providing
a combination of physical model testing under controlled
laboratory conditions and computer simulation using numerical
modelling tools at NRC and commercial software (Ansys
Agwa™),

This paper describes how a staged design process using
combinations of numerical and physical models has ensured
steady progress toward a full scale prototype. It will demon-
strate how a complementary approach overcomes design issues
and the limitations of both methods.

A. Background

CNA plans to demonstrate the sustainability of a shore-
based aquaculture centre in the context of rural Newfoundland.
The efficiency of the centre depends in part on its energy
consumption, a major part of which is supplying seawater to
a facility some distance from the ocean and approximately
20 metres above sea level. The development of a seawater
supply pump driven by the power of ocean waves would reduce
the electrical costs for the centre.

As part of the development of the aquaculture centre,

CNA has established the Wave Energy Research Centre
(WERC), headquartered in the former fish plant in Lords Cove,
Newfoundland (4652°43”N 5540°10”W). The purpose of the
WERC is to conduct research on the use of ocean wave energy
to supply sea water to land-based aquaculture [1].
The WERC site has six mooring sites (shown in Fig. 2)
permitted under the Canadian Navigable Waters Protection
Act. An acoustic wave and current profiler (AWAC) deployed
1.5 km offshore and a weather station within 30 m of the
high tide mark continuously collect local data. In addition,
the bathymetry of the harbour and its approaches has been
mapped. The first project of the WERC is to develop a wave
pump to be moored at Lord’s Cove. The specification for the
wave pump includes minimum pressure head (to reach the
elevation of the fish tanks) and minimum flow rate averaged
over time to maintain the level in a reservoir tank in sea
states typical for Lord’s Cove, which opens into the North
Atlantic Ocean. The pump must also be robust enough to
survive corrosion from sea water, operating with or mitigate
biological fouling (e.g., mussel growth) and keep station or
fail safe in hurricane conditions.

Wave energy converters have not converged on a single
design [2]. There are major risks and costs in designing a
wave pump, from construction and testing of physical models
for competing designs to mooring failure and potential loss
of the device in the hurricane-force storms typical of southern
Newfoundland.

Map: 46°52'43"N 55°40'10"W ME 5 0 15 W

Band

& s Fond

Moering site 1
(S:n depth)

Mooring site 2 1
lafeys P (20m depth) R
¢
IR T

27

AWAC and
Mooring sites 3-6
(25-30m depth) % mTE

L& G,

Fig. 2. Map of Wave Energy Research Centre sites at Lord’s Cove,
Newfoundland

Using lessons learned by NASA and the energy industry,
among other major engineering firms, risks can be mitigated
by systematically testing the behaviour and response of pro-
posed concepts through a staged design program, starting from
characterizing the hydrodynamic characteristics of a simplified
model through progressively larger, more complex physical
and numerical models used in functional tests [3].

Realizing the risks implied by this innovative endeavour,
NRC is applying a staged approach to this wave pump design
process based on advice arising out of participation in the
development of WEC testing guidelines for the International
Electrotechnical Congress (IEC).

B. Scope

The following sections describe the staged design process
for this wave pump and focusses on two key challenges: pre-
dicting pump output from shaft loads and simulating reactions
on a mooring for conceptual designs. A discussion on the
efficacy of this staged approach is followed by a description
of future work. This paper does not present the final design or
test data.

II. A STAGED DESIGN PROCESS

The NRC is supporting a staged design program through
numerical and physical model testing to select a robust design
optimized for the local sea conditions at the Lords Cove
mooring site.

The goals of the design program for the CNA wave-driven
pump are to:

e  evaluate various design concepts,
e select a design suited to the CNA mooring site,
e  optimize the design for a typical sea state and

e specify a mooring robust enough to keep the platform
on station during the sometimes extreme sea states at
Lord’s Cove.



Since this is a completely new design, the design program
has been broken into stages:

1)  site characterization

2)  numerical pump modelling

3) platform concept and mooring design evaluation
4)  1:5 scale functional model testing

5) full-scale design

6) field trial' of a full-scale prototype

A general statement of work was developed in 2011. The
specifics of each stage remain fluid, a characteristic of agile
project management [4]: the outputs from one stage guide
the development of succeeding stages and iterations occur
within stages. This approach systematically directs the design
process toward a single prototype optimized for performance
in specified wave conditions using scaled model tests and
numerical modelling in advance of the most costly stage of
sea trials.

To inform the design, Stage 1 was completed in 2012 with
short-term characterization of the chosen mooring site outside
Lord’s Cove. Processed wave buoy data from this site informed
the estimation of mooring line loads using numerical tools
developed by NRC and typical sea states on which to focus
design optimization [5].

In Stage 2, completed in spring 2013, a numerical tool was
developed to estimate pump output and compared against test
results for a physical pump [6].

In Stage 3, various wave pump platform design concepts
were evaluated based on estimations of hydrodynamic charac-
teristics. The designs were characterized using a combination
of physical model tests in the NRC 200-metre wave tank in
St. John’s (fall 2013) and computer simulations using Ansys
Agwa and Matlab™ [7]. Platform response on moorings were
predicted using a numerical tool developed for prior work by
NRC [8].

For Stage 4, a design was selected and an operational
scale model wave pump platform was tested in the NRC wave
facilities in May 2014 (Fig. 3, report pending).

Stage 5, work in progress summer 2014, is full scale
design, which will precede a full-scale prototype deployment
at sea.

In this staged design program, the use of physical model
tests and computer simulation are complementary meth-
ods used alternatively to solve potentially costly and time-
consuming problems. The following two cases in point dissect
two issues encountered in the design of the wave pump
platform.

III. CASE 1: LIMITATIONS OF A MATHEMATICAL PUMP
MODEL

During Stage 2, a mathematical model was developed in
Matlab™ to predict the output of a double-acting wave pump
based on the one-dimensional equation of motion of a piston
under the action of applied wave forces and velocity-dependent
frictional resistance.

Ifull scale test in real world environment (i.e., at sea)

Functional scale model in NRC (St. John’s) wave tank (Stage 4)

Fig. 3.

This mathematical model, shown in Fig. 4a, can solve
for piston motion, cylinder pressures and flow rate given the
applied force acting on the piston rod and a set of parameters
(pump dimensions, fluid characteristics and test conditions)
as inputs. These inputs are used to calculate parameters that
characterize the pump’s response in simulated waves.

In this stage, a pump was driven by a linear actuator:
force, pressures and flow data were measured. For comparison
with test data, the numerical model solved for applied force,
pressures and flow rate as a function of piston position.
Difficulties arose in estimating friction for the real pump [6].

A sensitivity study of the five inputs listed in Table I
determined that the flow rate predictions of such a model are
highly sensitive to estimates of frictional resistance. Frictional
resistance is calculated based on the clearance between the
piston seal and the pump wall, a dimension that proved
impractical to measure accurately.

TABLE 1. NUMERICAL MODEL SENSITIVITY TO ACCURACY OF INPUT
PARAMETERS

parameter effect

measured
piston diameter linear
piston length negligible

inferred
piston clearance exponential
coulomb friction negligible

orifice flow coefficient linear
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Fig. 4. Diagram of mathematical model for a double-acting pump (a) and
physical model (b)

The mathematical model was run with inputs for the real
pump shown in Fig. 4b and compared against data from the
pump driven by a linear actuator: applied force on the shaft,
piston motion, inlet and outlet line pressures (upper and lower
cylinder) and flow rate were measured. The physical pump
exhibited high friction due to tight-fitting seals and an over-
constrained mount that prevented self-alignment. The resulting
friction swamped other forces on the pump; despite attempts
to estimate the friction coefficient from a subset of the tests,
the results were inconsistent. Without a reliable estimate for
the friction coefficient, the mathematical model (Fig. 5) could
not be calibrated.

The attempt to develop this model revealed that key param-
eters — notably friction coefficient (via piston clearance and,
to a lesser extent, piston diameter) and orifice flow coefficient
— are difficult to predict for a generic model at this early
stage. These parameters are needed if the numerical model
is to be useful in informing later stages, especially designing
or selecting a pump.

It is concluded that the utility of this model is limited
to predictions of flow rate for the idealized case of minimal
frictional resistance and that the model be used only to estimate
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Fig. 5. Relative contribution of friction to applied force using arbitrary
coefficient to match data
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Fig. 6. Two-dimensional mooring simulation

maximum possible flow rate for a given regular wave.

IV. CASE 2: ALTERNATIVE INPUTS FOR PREDICTING
PLATFORM BEHAVIOUR ON A MOORING

During Stage 3, competing design concepts were evaluated
using a numerical mooring model developed by NRC and
adapted from a prior, federally-funded wave energy project [8].
The numerical model simulates motion and line loads for a
rigid floating body in regular waves based on hydrodynamic
inputs: a sample screenshot is shown in Fig. 6. Hydrodynamic
characteristics of the platform concepts were predicted using
Ansys Agqwa, with some comparison to physical test results.

The mooring system is numerically modelled by consid-
ering the coupled dynamics of a floating platform and two
mooring lines. The line dynamics are accounted for by using
a lumped mass approximation and inter-connecting springs
with stiffness calculated from the line properties. Wave forces
are found from second order wave theory formulae and fluid
loads on the mooring lines are applied using the Morison
formulation.

This two-dimensional numerical model requires damping
coefficients and added mass in sway, heave and roll as inputs
for each platform. Ansys Aqwa can predict the hydrodynamic
characteristics of a rigid body in regular waves across a range
of periods: to run Aqwa, the three CNA platform concepts
were translated from computer-aided drawings (CAD) to three-
dimensional meshes in Ansys Design Modeler (Fig. 7).

To validate the Ansys model, three scaled rigid hydrody-
namic models corresponding to the platform concepts were
fabricated and tested in the NRC clear water towing tank: the
scale models are shown in Fig. 8. The wave tank tests provided
data at the natural frequency of the physical model only, from
which damping coefficients and added mass were calculated.
Ansys and physical test results were compared only at the
natural frequency for modes corresponding to the numerical
model (surge, heave and roll).

While some physical test results agreed well with Ansys,
surge damping coefficients and added mass derived from
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horizontal spring-driven tests failed to produce sensible results.
Due to schedule constraints, the fault in the method was not
determined, whether in post-analysis or the test itself; the
Ansys Aqwa results were presumed reliable based on the
correlation with non-spring-driven tests.

Following the natural frequency comparisons, hydrody-
namic inputs for each of the shapes were predicted using
Ansys Aqwa over a range of periods typical of Lord’s Cove sea
states. The numerical mooring model was run with each set of
inputs and three mooring designs (rope, chain and composite
moorings) and produced animations of the platforms that
responded to waves realistically. The numerical model results
indicate that mooring loads were well within conservative
safety margins for line strength in all cases.

V. DISCUSSION

This staged design program has circumvented several hur-
dles through the use of both physical model tests and computer
simulation. The two key issues presented here were overcome
(sidestepped?) by taking advantage of complementary infor-
mation available from test data and numerical predictions.
Relying solely on either would have resulted in major delays
and additional costs to solve problems unrelated to the design.

At each stage of the design program, issues and their
proposed solutions have been documented in detailed “Dis-
cussions” and “Lessons learned” report sections. Some issues,
such as sensor selection and model assembly problems, were

resolved at that stage; others were addressed with workarounds
sufficient to achieve interim goals.

In both cases of arising issues described here, the results
of the numerical models are limited by the quality of the
inputs. In the Case 1, the numerical pump model is limited
by pump characteristics that are unmeasurable with ordinary
tools: predicting resistance is a common problem with the
simplifications inherent in an analytical approach. As a result,
this model is only useful for idealistic estimates of pump flow
and we must rely on physical testing to provide realistic inputs.
Physical testing is limited to predictions within the range of
test conditions and by the type of scaling used.

In Case 2, the numerical mooring model relies on hydrody-
namic characteristics that are most efficiently produced using
commercial software. However, that software is limited by the
analytical models on which it is based: Ansys Aqwa is a panel
code and so solves the Laplace equations for added mass
and damping, but neglects viscous effects. For this device,
which operates in an environment dominated by waves (vs.
current), the motion is sinusoidal and therefore dominated by
accelerations, so viscous effects can be neglected and use of
a panel code is appropriate.

Physical testing is useful for determining added mass and
damping for a particular model. In this case, the physical tests
simplified to fit this project’s schedule and budget were useful
for a limited validation exercise, but had its own challenges:
damping tests provided information about the natural frequen-
cies only and introducing springs as a restoring force for the
horizontal modes proved problematic.

By reviewing the work at each stage before proceeding to
the next, the numerical pump model can be seen as a dead end
to be removed from the critical path, while the mooring model
can be used as a check without interfering with later work.

After four stages, the solutions applied by NRC in collabo-
ration with CNA have resulted in a functional physical model.
It is believed this WEC may be scaled to the mooring site
using Froude scaling to approximate its performance. Using
agile management, we progressed by maintaining focus on
goals more than plans and having a clear concept of what the
end product should be, while being fluid in specifying work
packages.

A hallmark of a successful design project is knowing
critical parameters well enough and at the right time, while
avoiding unnecessarily onerous standards or ill-timed steps.
The key is identifying these parameters and acceptable uncer-
tainties and linking them to the appropriate stage of devel-
opment. Guidelines such as those being developed under the
IEC TC114 steer early developers toward appropriate levels of
instrumentation and staged test programs.

NRC is renowned for highly accurate test protocols, data
acquisition and analysis products; however, the acceptable
uncertainty in results can and often should be lowered in early
design stages when the goals are proof of concept and relative
performance, not absolutes.

With the results from this test program, CNA is able to
proceed with some confidence in designing a full-scale wave-
driven pump design tailored for the CNA site.



VI. FUTURE WORK

Following the full scale design stage, CNA anticipates
fabricating a prototype this winter for deployment at sea in
spring 2015. Numerical modelling may be used to choose a
full scale mooring based on predicted loads scaled from the
tank tests and hydrodynamic inputs from Ansys Aqwa.

Issues arising from the limitations on numerical tools
may be addressed in later projects with funding tied to the
development of numerical tools and test procedures tailored
for WEC testing.

In particular, NRC has a license for Ansys Aqwa with
coupled cable dynamics: this commercial code could be used to
solve the dynamics of a mooring system for a WEC, without
external calculations, given further investment to develop a
streamlined workflow.

The Wave Energy Research Centre continues to collect
wave and weather data, not only to inform the current WEC
development, but also to study wave propagation within the
harbor using Aquaveo SMS 11.0 software and bathymetry
and AWAC data. This will allow expansion of research at
the centre to include simultaneous study of multiple WEC
devices and facilitate the study of shore effects, such as storm-
induced infrastructure damage and mitigation systems and
shore-mounted WEC performance evaluations.
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