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turbines. Efficiency is taken as the ratio of powe
useful electricity) to total power lost from the u
flow energy. Many tidal turbine developers 
ducted designs which accelerate the flow thro
improving the power coefficient CP. It has been 
designs considered, this increase in CP is 
decreasing efficiency due to increased overall d
system. It is also found that for a given turbi
operating condition for power differs from
condition for efficiency. Thus a compromise be
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I. INTRODUCTION 

Marine current turbines are showing increas
a sustainable energy technology in areas w
tidal flows occur. North America has a 
resource which has only been partially assesse
that have been studied in some detail includ
Strait [1], the Bay of Fundy [2], and Puget So
concepts have emerged for tidal current turbin
of which incorporate a duct which increase
through the turbine, thus enhancing its pow
allow a given power output to be achieved
diameter turbine operating at a faster rotation
features are expected to give ducted turbin
advantage over their open flow counterparts. 

It is important to understand that there i
amount of energy that can be extracted fr
Garrett and Cummins [4] have developed a 
the limits to tidal power extraction in a chan
computes the total energy available, which is 
therefore be harnessed with a minimum of
turbines to a channel will impose drag forces w
flow velocity and therefore reduce its ene
component of the drag arises inherently 
production, while drag due to supporting stru
does not contribute to power generation 
reduces the total available flow energy. If a
turbines is to be installed, the reduction 
available will be significant.         

In comparing ducted and open-flow tur
essentially two competing factors; one 
augmentation due to increased mass flow and
increased drag. The research presented 
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II. METHODO

A.  Actuator Disk Approach 
Several ducted turbine designs h

computational fluid dynamics 
simulations use an actuator disk app
represented by a momentum sink
domain. This allows the effect of 
without the need to resolve the 
reducing the number of nodes req
allows more nodes to be allocated 
layer flow of the duct as well as the
the wake. This approach also serves
for real rotor performance. The d
depicted in Fig. 1, which also show
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actuator disk entrance, 3) actuator d
wake, and 6) very far wake. The su
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Figure 1: Stations
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B.  Defining Efficiency 
In this paper the efficiency is defined as the power produced 
by the turbine divided by the total power lost from the flow 
(3). Using the actuator disk approach [5], the turbine power P 
is simply the product of the local flow velocity u0 and the 
turbine thrust T (1). The power lost from the flow, which is 
equivalent to the total work done on the flow by all parts of 
the turbine system, is simply the sum of the turbine thrust and 
drag D (from the duct, structures, and the turbine blades 
themselves) multiplied by the freestream velocity (2). This 
simple definition of loss has been noted by Corten [6], and can 
be deduced by considering a system where the turbine with all 
its structures is pulled through a stationary fluid at a velocity 
u0. The power required to pull the turbine is simply the force 
applied multiplied by the velocity, and is equal to the power 
lost from the flow in the case of a stationary turbine in a 
moving fluid. In fact of course the energy lost from the flow 
not owing to the useful power extraction in the rotor ends up 
as thermal energy after viscous dissipation completes, 
however the heat capacity of the flow is so large that the 
results are unaffected by considering this temperature change. ܲ ൌ  ଶ (1)ݑܶ

ாܲ ൌ ሺܶ  ߟ  (2)ݑሻܦ ൌ ܲܲா ൌ ܶሺܶ  ሻܦ   (3)ݑଶݑ

By defining a velocity ratio ߙ ൌ ଶݑ ⁄ݑ  and a drag factor ߚ ൌ ܦ ܶ⁄ , the efficiency can be expressed simply as in (4). 
Note that the velocity ratio α is related to the more commonly 
used axial induction factor a by ߙ ൌ ሺ1 െ ܽሻ. The power and 
thrust terms are often normalized by the freestream velocity 
u0, fluid density ρ, and rotor swept area AR. In this study the 
duct drag is normalized in the same manner. The normalized 
parameters CT, CD, CP and CPE are defined in equations (5) to 
ߟ  .(8) ൌ 1ߙ   (4) ߚ

்ܥ ൌ  ோ (5)ܣଶݑߩ2ܶ

ܥ ൌ  ோ (6)ܣଶݑߩܦ2

ܥ ൌ ோܣଷݑߩ2ܲ ൌ  (7) ்ܥߙ

ாܥ ൌ 2 ாܲݑߩଷܣோ ൌ ்ܥ  ܥ ൌ ሺ1்ܥ   ሻ (8)ߚ

The present research compares the efficiency of ducted 
turbines to their open flow counterparts. At this preliminary 
stage, ideal turbines are assumed such that there is no drag due 
to supporting structures or due to the turbine blades. Only the 
drag due to the duct is considered in determining the 
efficiency of each ducted design.  

C.  The Open Flow Case 
In the open flow case, the turbine efficiency can be 

calculated based on standard 1D actuator disk theory [5]. The 
local velocity ݑଶ is assumed uniform over the actuator disk 
and is defined as ݑଶ ൌ ሺ1ݑ െ ܽሻ where ܽ is the axial 
induction factor. By momentum theory, the induction factor is 
related to the thrust coefficient ்ܥ ൌ 2ܶ ሺݑߩଶܣଶሻ⁄  according 
to (9). At high thrust coefficients (above approximately 8 9ൗ  ) 
the momentum theory breaks down due to the turbine entering 
the turbulent wake state where momentum from the exterior 
flow is entrained into the wake. In this state, the induction 
factor is calculated by an empirical formula which fits a 
straight line from the value of CT at the transition to turbulent 
wake state to a value CT1 when the induction factor ܽ ൌ 1. In 
this paper CT1 is taken as 1.7 and (10) is used to find the 
induction factor in the turbulent wake state. The efficiency of 
the ideal open flow turbine is then calculated from (3) with ܦ ൌ 0 and ݑଶ ൌ ሺ1ݑ െ ܽሻ, which simplifies to (11).  ܽ ൌ ଵଶ൫1 െ ඥ1 െ ܽ ൯ (9)்ܥ ൌ 1 െ ଵ்ܥ െ ଵ்ܥ4൫ඥ்ܥ െ 1൯ (10) ߟ ൌ ሺ1 െ ܽሻ (11) 

  D.  The Ducted Case 
In the ducted case, the efficiency is calculated based on 

simulation results where the velocity ݑଶ varies radially. In the 
simulation, the actuator disk is a subdomain in which a 
uniform force per unit volume ݂ݔ is applied to the flow within 
each control volume. Thus the turbine thrust T is the volume 
integral of ݂ݔ over the disk volume. The duct drag D is the 
area integral of the local force in the x direction (with pressure 
and shear components) over the duct surface. The turbine 
power P is the volume integral of the product of ݂ݔ and the 
local axial velocity u, which varies radially and across small 
but finite thickness of the disk (the disk thickness is less than 
5% of its radius). The total extracted power PE is the product 
of (T+D) and U0. The efficiency is simply calculated as the 
ratio of P and PE.     

III. DUCT GEOMETRY 

To avoid making generalizations based on a single design, 
several duct geometries were tested. The geometric parameters 
expected to impact the duct performance were the diffuser 
expansion ratio A4/A3; the inlet contraction ratio A1/A3; the 
duct profile thickness ratio; and the inner and outer diffuser 
surface angles θ4,in, θ4,out as depicted in Fig 1.  

Duct geometries were created following a similar 
methodology to Hansen [7] in his CFD simulation. A baseline 
geometry (case 2) was designed to replicate Hansen’s duct for 
model comparison. The duct profile was based on a NACA 
0015 airfoil which was first scaled in thickness by a factor kt. 
A camber was then applied by rotating the geometry through a 
linearly varying angle (0 at the leading edge to θ1 at the 
trailing edge). A full body rotation through θ2 was then 
applied to the entire cross section. Finally the airfoil was  



Figure 2: Geometric Attributes 

Figure 3: Control Parameters 

translated by dr to control the throat area A
parameters are depicted in Fig 2. This method
control over a wide variety of duct area ratios
above control parameters and resulting duct
outlet angles are summarized in Table 1 for
used in this study.  

Cases 1 through 4 differed only in the dr te
same exit angles and thickness ratios. This al
to changing the area ratios to be isolated. Ca
were designed such that the diffuser outlet an
the diffuser expansion ratio increases. The di
ratios for cases 5-7 were set to correspond to t
4; allowing effects due to the outlet angles to b

IV. CFD SIMULATION 

A.  General Description 
CFD simulations were carried out using

following a similar methodology to that of 
simulations use an axi-symmetric actuator dis
swirl to produce results that are readily used
efficiency. The mesh is a 15° slice of the ent
Periodic boundary conditions were enforced
entire 360° domain. This mesh was realized b
structured surface mesh through a 15° rot
elements. The mesh was refined in proxim
surface and actuator disk. The turbulence wa
the k-ω SST option due to its good performan
boundary layer separation with adverse pressu
model for the transition from laminar to tur
used as the flow is expected to be turbulent 
duct surface.  

Distances were normalized based on the du
The  simulation  domain inlet was 5L upstream

 
TABLE I 

CONTROL PARAMETERS AND RESULTING AT

CASE

kt θ1 θ2 dy A4/A2 A1/A2

1 0.45 8.08 0.00 0.83 1.47 1.07
2 0.45 8.08 0.00 0.50 1.84 1.12

3 0.45 8.08 0.00 0.35 2.36 1.18

4 0.45 8.08 0.00 0.28 2.87 1.24

5 1.00 20.00 -18.92 0.62 1.84 1.73

6 1.00 20.00 -11.65 0.58 2.36 1.50
7 1.00 20.00 -5.00 0.56 2.87 1.34
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Figure 4: Duct profiles for cases 1-4

leading edge and employed a unifor
10L downstream of the trailing edg
Hansen [7] an inner radial bound
condition was located at 0.05L 
azimuthal velocity at the centerline.
was located at r=5L and was trea
entrainment option, which approxi
The sensitivity of the simulated CP 
boundary to 10L was less than 
acceptable. 

The actuator disk was simulated a
a force per unit volume ௫݂ was app
disk was located at the duct throat. 
uniform over the actuator disk. Th
based on the actuator disk thickn
coefficient for each simulation. T
simulation by Hansen, a small gap
between the outer radius of the actu
the duct. As shown by Hansen, 
boundary layer flow and is though
This effect would not be present
discrete number of blades unless t
high. The gap was used nonethele
with Hansen for subsequent validati

The actuator disk CFD methodol
the non-ducted rotor case and wa
standard actuator disk theory well 
that the empirical thrust correcti்ܥ  8 9⁄  to account for momentum
thrust).  

B.  Grid Refinement Study 
To ensure minimal grid resolutio

refinement on the power coefficien
was studied using the baseline 
resolution of the boundary layer alo
crucial. It was found that the sim
varied nearly linearly with the 
boundary layer region. A sample pl
0.9. The linear trend was used to 
with an infinitesimally small s
calculation of the expected resolutio
final mesh had a 1st layer spacing of
error in CP was less than 1% for CT
This mesh spacing gave a y+ value
along the duct.    

θ4,L θ4,U

7 19.95 11.37
2 19.95 11.37

8 19.95 11.37

4 19.95 11.37

3 27.57 10.27
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Figure 5: Comparison of CFD method to actuat

Figure 6: Effect of boundary layer mesh si

The same strategy was used to study th
which was refined at the duct inlet, outlet, 
plane. It was found that with a minimum axi
mm at the trailing edge, the expected CP err
1% over the full range of CT. The final mesh 
elements in the axial direction, 43 elemen
boundary layer refinement O-grid, and 142 
radial direction. The total number of elements 

C.  CFD Comparison to Hansen 
The baseline duct geometry was a replica o

by Hansen. As a validation of the CFD m
relationship was compared to Hansen’s res
Fig. 6. The maximum CP in the present sim
lower than Hansen’s result. This discrepancy
minor differences in duct geometry and mesh
is considered acceptable.  

V. RESULTS 

Using the methodology presented in section
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function of CT. Using the simulation results, th
efficiency and power coefficient have been ca
design. The results are plotted in Fig. 8.  It can
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Figure 7: Comparison to Hansen’s res
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Fig. 9 shows the region of reversed flow (shown in black) 
behind the ducts 5 and 7. It is clear that the case 7 duct is in a 
stalled condition and has a correspondingly high drag 
coefficient as shown in Fig. 10. The case 5 duct is the same 
airfoil but is oriented at an angle of attack smaller than the 
critical angle where stall sets in. It has a very small region of 
reversed flow and a small drag coefficient (Fig. 10).   

VI. EFFECT OF STRUCTURAL DRAG 

The analysis described above would seem to imply that the 
open turbine is inherently more efficient than the ducted type. 
However this is not necessarily the case as the preceding 
analysis neglected many inefficiencies for both design types. 
A more thorough study is underway to quantify losses due to 
structural drag, tip loss, and blade drag. Swirl and free-surface 
effects are also being included to ascertain their effects on the 
results. 

An approximate estimate of the structural drag for a typical 
open turbine can be made based on the SeaGen turbine [11]. 
The design features two rotors connected side-by-side on a 
29 m horizontal boom, which is mounted on a 3 m diameter 
surface-piercing pile in water approximately 30(m) in depth. 
Assuming a 3:1 elliptical shape for the boom, the drag 
coefficient based on frontal area is approximately 0.17 in 
turbulent flow [12]. For a cylinder in turbulent flow, the drag 
coefficient based on frontal area is approximately 0.3 [12]. To 
use the above drag coefficients to determine the effect on 
efficiency, they are first renormalized with respect to the rotor 
swept area of 377(m2) as shown in equations (12) and (13).   ܥ, ൌ ோܣݓܮ 0.17 ൌ 29 ൈ 1377 0.17 (12) 

,ܥ ൌ ோܣݓܮ 0.3 ൌ 30 ൈ 3377 0.3 (13) 

These drag coefficients are then used to calculate the effect 
of structural drag on the efficiency of the turbine, which is 
shown in Fig. 11 including the efficiency of the case 2 duct for 
comparison. It can be seen that structural drag may have a 
similar effect to the duct on the overall efficiency of the 
turbine. 

VII. CONCLUSIONS 

There is desire to improve the power coefficient of ducted 
turbines to achieve a greater power production with a smaller 
rotor spinning at faster rotational speeds to aid gearbox and 
generator operation. It is thought that this strategy will reduce 
the cost per kilowatt of tidal power generation. A trend in  

 
Figure 9: Separated flow regions behind ducts 5 and 7 

 
Figure 10: Drag coefficient for ducted designs 

achieving this goal is to exploit the base pressure effect, which 
has been shown here to reduce the overall efficiency of the 
system. 

For a small number of turbines installed in a large channel, 
there is no issue with exploiting the base pressure effect. In 
such a scenario, the level of power extraction would not be 
approaching any limit as described by Garrett. In fact, turbines 
using this approach may prove to be very economical since the 
turbine could be quite small compared to an open flow design 
giving the same average power. Setoguchi [13] has proposed 
duct designs which incorporate a brim at the duct trailing edge 
to intentionally create a large flow recirculation to induce the 
base pressure effect. 

If tidal turbine farms are to be developed on a large scale 
however, the overall efficiency will become an important 
design parameter. One method of quantifying the 
environmental impact of tidal turbines is to model their effect 
on basin scale dynamics. Parameters of interest include the 
tidal range, total basin circulation and flow velocity. These 
parameters vary as the total power extracted from the flow 
increases. Placing restrictions on change in the tidal regime 
will impose limits to the total power extraction, which in turn 
necessitates a high overall efficiency. Therefore, for large 
scale generation, designs which use the base pressure effect 
are less suitable due to their inherently lower efficiency.   

Observing the plots of efficiency and power coefficient, it 
can be seen that for each design there is an operating CT which 
maximizes CP, and a lower CT which maximizes the 
efficiency. As the drag (be it structural or due to the duct) 
increases, the CT for optimum efficiency tends to increase, but 
the peak efficiency is also reduced. This shows that any given 
turbine cannot operate at maximum power and maximum 
efficiency at the same time. For small scale generation, it is  

 
Figure 11: Effect of structural drag on efficiency 
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clear that it would be best to operate at maximum power. As 
the scale of power extraction approaches limits (either 
physical limits to the maximum possible extraction or limits to 
the acceptable change in tidal regime) it becomes more 
important to operate at the thrust coefficient for maximum 
efficiency. 

Given the different requirements for designing small and 
large scale turbine arrays, it should be evident that as a tidal 
turbine farm grows, the type of turbines and the way they are 
operated should evolve towards more efficient machines. 
Based on the present results less aggressive duct designs seem 
more appropriate as efficiency becomes more critical. 

The present study has neglected a number of important 
factors for determining the overall efficiency including: drag 
due to structural components, the effect of a discrete number 
of blades, blade tip loss, wake swirl, free surface effects and 
generator efficiency. Future work will involve quantifying the 
impact of these important phenomena on the overall turbine 
efficiency.  
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