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ABSTRACT

Hydrokinetic turbines extract energy from currents in
oceans, rivers, and streams. Ducts can be used to accel-
erate the flow across the turbine to improve performance.
This paper examines different approaches for modeling
freestream and ducted turbines. An analytical model is de-
rived for ducted turbines. A steady-state moving reference
frame solver is used to analyze both the freestream and
ducted turbine. A sliding mesh solver is examined for the
freestream turbine. The objective is to evaluate the differ-
ences between a Reynolds Averaged Navier Stokes CFD
prediction and the prediction of an analytical model for
ducted turbine performance. The results of the freestream
turbine CFD compare well with tow tank test data. An
efficient duct is introduced to accelerate the flow at the
turbine. Since the turbine is optimized for operation in
the freestream and not within the duct, there is a decrease
in efficiency due to duct-turbine interaction. Hence, the
duct and the turbine must be optimized as one system. The
analytical model under-predicts the flow rejection from
the duct that is predicted by CFD since the CFD predicts
separation but the analytical model does not. Once the
mass-flow rate is corrected, the model can be used as a
design tool to evaluate how the turbine-duct pair reduces
mass flow efficiency.
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1 INTRODUCTION

Hydrokinetic turbines are a means to extract energy from
the world’s oceans, rivers, and tidal streams. Energy extrac-
tion from renewable sources could reduce human depen-
dence on fossil fuels and mitigate global warming. Ducts
have been used to augment hydrokinetic turbines, wind tur-
bines, and propellers for decades. Understanding the fluid
dynamics effects of energy extraction within the duct will
allow for the development of more efficient hydrokinetic
turbines, which can in turn reduce the overall generation
cost of marine renewable energy.

Figure 1 shows a duct which passively accelerates the flow
at the throat. The duct is comprised of two sections: an
intake (from inlet to throat) and a diffuser (from throat to
exit).

Figure 1: Schematic of ducted turbine.

Power extraction with ducted turbines creates complicated
flow effects around both the turbine and the duct. Nu-
merical methods like Reynolds Averaged Navier Stokes
(RANS) CFD can be useful for detailed analysis of the
ducted turbine system, but analytical models can provide
a useful preliminary analysis. The objective of this study is
to evaluate the differences between a RANS CFD predic-
tion and an analytical model prediction for ducted turbine
performance.

Prior to examining the ducted turbine, two RANS CFD
methods are examined for a freestream turbine: a steady
state Moving Reference Frame (MRF) and an Unsteady
RANS (URANS) rotating sliding mesh. These techniques
are evaluated using the geometry of a marine current tur-
bine which was tested in a cavitation tunnel and towing
tank (Bahaj et al 2007). The experiments have been widely
used to evaluate other numerical tools ranging from Bound-
ary Element Methods (Pengfei & Bose 2013) to RANS
coupled with FEA (Park et al 2013).

This study examines how the performance of the turbine
tested by Bahaj et al (2007) changes when placed inside of
a high-efficiency duct. An analytical model is derived and
the results are compared to the CFD predictions of the tur-
bine in the duct. The predictions of the analytical model are
also compared with other analytical models. The analyti-
cal models are compared using the screen tests presented
by Gilbert et al (1978) as well as the RANS CFD results



of the Bahaj et al (2007) turbine inside of a tube. The new
analytical model differs from other models via the assump-
tion that the pressure drop occurs at the accelerated throat
velocity, instead of as a function of the average of wake and
freestream velocities.

2 METHODOLOGY

The methodology is comprised of four parts. First, an ana-
lytical model is derived. Second, the CFD model for the
freestream turbine is described. Third, the CFD model
for the ducted turbine model setup is described. Fourth,
the numerical methods and turbulence modeling for both
the freestream and ducted CFD models are discussed. To
compare the analytical model to the RANS CFD results,
each must be validated independently. The freestream CFD
model is compared to the tow tank results by Bahaj et al
(2007), and the analytical model is compared to ducted
screen tests presented by Gilbert et al (1978).

OpenFOAM version 2.4.x is used for both freestream
and ducted analyses. The steady state MRF solutions
are completed using the OpenFOAM solver simpleFOAM
with MRF, referred to as MRFSimpleFOAM. The rotating
mesh URANS study is completed using the OpenFOAM
solver pimpleDyMFOAM with an Arbitrary Mesh Inter-
face (AMI). MRFSimpleFOAM and pimpleDyMFOAM
are used to calculate the steady state and transient solu-
tions respectively for the freestream turbines. MRFSim-
pleFOAM is used to calculate the steady state solution for
the ducted turbine.

MRFSimpleFOAM is a steady state solver that uses a MRF
to simulate a spinning turbine. MRFSimpleFOAM solves
the steady state, incompressible Navier Stokes Equations.
The MRF specifies that the blades and the surrounding
MRF domain are in a spinning frame at the specified rate.
The rotating zone is a circular cylinder.

This same rotating zone is used for the pimpleDyMFOAM
analysis. The difference between the pimpleDyMFOAM
(transient) analysis and the MRFSimpleFOAM (steady
state) analysis is that the rotating zone physically rotates
in the transient case. The maximum Courant number for
the reported transient cases is 1.0.

The flow is assumed incompressible and gravity is ne-
glected. The ducted turbine results assume steady state.

The freestream model is created to validate the model
against Bahaj et al (2007) turbine tests in a tow tank at
1.4 m/s. Fresh water at 15◦ Celsius is used for both the
freestream and ducted models. This correlates to a kine-
matic viscosity, ν = 1.1386 × 10−6 m2/s, and a density
of ρ = 999.1 kg/m3 (ITTC 2008). The 0.8 m diame-
ter turbine is a three-bladed horizontal axis turbine, with
twenty degree root pitch, five degree tip pitch, and NACA
63-8xx sections (Bahaj et al 2007). The effects of the hub
and the upright support are assumed to be small and are ig-
nored. The turbulent intensity for the freestream turbine is
2.9%. The ducted model used the same turbine geometry
and water parameters with the addition of an efficient duct
design provided by V 2 Wind Inc. This duct is designed for

a ducted wind turbine operating in near ground conditions.
Therefore, ambient turbulent intensity is assumed 10% for
the inlet boundary condition of the ducted CFD cases.

The mesh is created using snappyHexMesh. Snappy-
HexMesh is an octree mesher which applies refinement
levels to geometry by dividing each cell evenly into eight
smaller cells. The mesh domain size and background grid
is the same for the freestream and ducted models. The rect-
angular domain is set to extend 13 m upstream of the tur-
bine, 37 m downstream of the turbine, and 8 m in both
the vertical and lateral directions. Three meshes are used,
coarse, base, and fine. The OpenFOAM utility blockMesh
is used to create a structured grid domain which is input to
snappyHexMesh. The blockMesh for the base mesh is set
to have a uniform block of 12 cells x 12 cells in the vertical
and lateral directions for a square zone of 2 m x 2 m. From
the edge of this uniform zone to the edge of the domain, 8
stretched cells are used. There are a total of 160 uniformly
distributed cells in the longitudinal direction. The coarse
mesh has half the number of cells in each direction as the
base mesh, while the fine mesh has double the cells speci-
fied in each direction.

The analytical model is derived and compared to the ducted
screen tests presented by Gilbert et al (1978), CFD predic-
tions of a turbine inside of a tube, and the ducted turbine
CFD predictions.

2.1 Derivation of Analytical Model for Ducted Turbines

The analytical model uses a control volume analysis to
determine the effective power extracted inside of a duct.
The fundamental equations are conservation of mass,
Bernoulli’s Equation, and the effective power equation
shown in Equations (1), (2), and (3), respectively. Figure 1
defines the station numbers and variables where p is pres-
sure, v is velocity, ṁ is mass-flow rate, ρ is density, A is
area, Pe is effective power, and ∆p1,2 is the pressure drop.
The thrust, T , is the product of ∆p1,2 and A1 as shown by
Equation (3). The fundamental assumption of the analyt-
ical model, based on the momentum equation, is that the
pressure drop occurs as a function of the initial throat ve-
locity without extraction, v1o, and the throat velocity under
extraction, v1, as shown in Equation (4). v1o must be de-
termined by experiments or CFD analysis since most ducts
do not have ideal mass flow rates. An ideal mass flow rate
is when v1o is equal to the product of v∞ and the ratio of
the maximum frontal area, Amax, to A1. The analytical
model also assumes that the mass flow efficiency does not
change during extraction. Therefore, reduction in velocity
is purely a function of power extraction. Mass flow effi-
ciency, η, defined by Equation (5), is the ratio of the initial
velocity in the duct compared to the ideal velocity in the
duct.
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The analytical model is compared to the steady CFD results
by comparing the velocity and power to the throat coeffi-
cient of thrust, CT,v1

, defined in Equation (6). v1o is the
empty throat velocity predicted by the steady state RANS
CFD using the base mesh.

CT,v1 =
T
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2ρA1v2

1

(6)

α, defined in Equation (7), is the percentage of the of initial
dynamic pressure that is converted into thrust. By iterating
α we can calculate v1 for each level of conversion of dy-
namic pressure to thrust as shown in Equation (8)
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T
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(7)
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√
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2.2 Freestream CFD Model

SnappyHexMesh applies nine refinements levels to the tur-
bine surface, creates a wake refinement zone with five re-
finement levels, and creates the rotating zone with five re-
finement levels. The turbine diameter, D, is 0.8 m. The
wake refinement zone has a diameter of 1.1D that ranges
from the blade plane upstream to 2D (1.6 m) downstream.
The rotating zone is 1.1D wide and ranges from 0.156D
(0.125 m) upstream to 0.312D (0.25 m) downstream. The
size of the rotating zone is the same for both the MRF
and sliding mesh simulations. Analysis is done to ensure
that the forces on the blades are independent of the rotat-
ing zone size. The coarse mesh has 0.73 million cells, the
base mesh has 3.11 million cells, and the fine mesh has
16.16 million cells. Figure 2 shows the base mesh for the
freestream model. The top shows a cut plane of the whole
domain, where the flow travels from left to right. The left
boundary is a velocity inlet with zero-gradient pressure, the
turbine and duct are no-slip walls, the sides of the domain
are symmetry planes, and the outlet is a fixed pressure ve-
locity inlet-outlet. The bottom image shows a cut-plane of
the mesh, the mesh on the AMI, and the turbine blades.

2.3 Ducted CFD Model

The main difference between the ducted CFD study and
the freestream study is the addition of the duct. The duct
length, L, is 2.63D (2.107 m). The exit plane of the dif-
fuser is 0.736L (1.55 m) downstream of the blade plane
and the inlet is 0.264L (0.557 m) upstream of the blade
plane. The duct has an inlet diameter of 1.59D (1.27 m), a

throat diameter of 1.2D (0.96 m), and a maximum diame-
ter at the duct exit of 1.92D (1.536 m). This correlates to a
20% tip gap, based on turbine radius, between the turbine
blade and throat wall. The area ratio between diffuser exit
and throat is A3/A1=2.56. The rotating zone is set to have
a radius of 1.1D (0.44 m), so that there is equal distance
between the duct wall and the turbine tip. The wake refine-
ment zone ranges from 0.57L (1.2 m) upstream to 1.73L
(3.65 m) downstream. This size of a refinement zone cor-
relates to two diffuser lengths downstream from the turbine
plane. Due to the higher mesh count of the ducted turbine,
only 4 refinements are used for the wake and rotating zone.
Five refinements are used on the duct and nine refinements
are applied to the turbine blades.

Figure 2: Freestream mesh. Top shows the whole domain. The
bottom image shows the mesh near the freestream turbine with
the wake refinement and cylindrical AMI.

The boundary condition on the duct is a no-slip wall with
wall functions. The Reynolds Number on the blades is on
the same order as the Reynolds Number for the freestream
blades because the apparent velocity at the blades is dom-
inated by the spin rate at high TSRs. The diffuser is in
the turbulent regime. All other settings remain constant for
the ducted turbine study. More TSRs are examined than
in the freestream case. Grid dependence is examined with
coarse mesh and base mesh simulations. The coarse mesh
has 1.35 million cells and the base mesh has 7.35 million
cells. Figure 3 shows the base mesh for the ducted model.
The top shows a cut plane of the whole domain, where the
flow travels from left to right. The left boundary is a veloc-
ity inlet with zero-gradient pressure, the turbine and duct
are walls, the sides of the domain are symmetry planes,
and the outlet is a fixed pressure velocity inlet-outlet. The
duct is shown in the image for reference. The bottom im-
age depicts a meshed cut-plane of the volume through the
duct and one of the blades.



Figure 3: Ducted turbine mesh. Top shows the whole meshed do-
main sliced in the middle. Bottom image shows the mesh near the
ducted turbine.

2.4 Numerical methods and turbulence modeling

The Reynolds Number, Re, of the turbine ranges from
1.0×105 at the lowest Tip Speed Ratio, TSR, to 2.5×105

at the highest TSR. This is in the transitional regime. The
equations for TSR, blade Reynolds Number, Reblade, and
duct Reynolds Number, Reduct, are respectively shown in
Equations (9), (10), (11). TSR is calculated as a func-
tion of the turbine radius, r, the rotational speed, ω, and
freestream velocity, v∞. Reblade is calculated as a function
of the chord at 70% of the radius, cro=0.03 m, v∞, ν, the
radius at 70%, r0=0.28 m, and ω. Reduct, calculated with
duct maximum diameter, Dduct=1.536 m, at freestream ve-
locity, is 1.9× 106. The power is calculated as the product
of the torque and rotational speed.
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The k − ω SST turbulence model is used with wall func-
tions. This turbulence model assumes that the flow is tur-
bulent. Reblade is transitional but Reduct is turbulent. A
transitional turbulence model could be used in the future
to potentially improve results, but is not used in this study
due to time constraints. Due to the very thin boundary layer
thickness, it is decided to use base grids with an average y+

of around 20 on the freestream blades and around 30 on the

ducted turbine blades for computational efficiency, espe-
cially for the transient simulations. The y+ on the duct is
135. The forces on the turbine are dominated by the iner-
tia of the fluid. For a well-designed turbine like this, with
little separation, the differences between laminar and tur-
bulent boundary layers on peak performance will be small.
To illustrate this, the freestream turbine is run with both
laminar and a k−ω-SST turbulence model. Wall functions
are applied to the walls (turbine and duct). In this study,
RANS is used to depict separation at the inlet of the duct.
Methods such as potential flow codes would not be able to
depict separation. However, wall resolved grids with y+=1
could be used to better capture viscous effects.

3 FREESTREAM CFD PREDICTIONS VERSUS EXPERI-
MENTS

Equations (12) and (13) define the coefficient of thrust,
CT , and the coefficient of power, CP , respectively.
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∞
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P

1
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The CFD predictions of the base and fine mesh match well
with the experimental tow tank results from Bahaj et al
(2007), with the exception of high TSRs. At the highest
TSR of 11.4, only the fine mesh matches the experimental
results. Figure 4 shows CT and CP as a function of TSR
for the experiment and the steady state CFD.

Figure 4: Freestream CP and CT as a function of TSR.



The coarse mesh over-predictsCT at high TSRs and under-
predicts the CP . This is likely caused by the coarseness of
the mesh not accurately depicting the finest features of the
body surface. For the base and fine meshes, the laminar
and k − ω-SST models both match well with the exper-
imental results for CP . For the base mesh, the difference
between the laminar and k−ω-SST model is less than a per-
cent, for all but the last two TSRs, with 1.32% and 2.19%
difference respectively. Even though both the laminar and
turbulent simulations match the CP results well, the lam-
inar simulations match the results better, especially in the
off-peak range of the highest TSR. The laminar model also
does better at predicting the CT at higher TSRs.

Figure 5 compares the results of the freestream predictions
for the transient and steady-state methods. The coarse tran-
sient solution is within 1.5% of the coarse MRF solution.
The freestream transient base mesh predicts higherCP than
the coarse mesh. The transient base mesh predicts a similar
CP to the steady state fine mesh at TSR=10.00. For the
calculation of mean blade loading, especially on-design,
there is little benefit to using the transient method since
it is much more computationally expensive than the steady
state method.

4 CFD RESULTS OF THE DUCTED TURBINE

Equation (14) depicts the power coefficient, CP,Amax
as a

function of the maximum frontal area of the duct, Amax.

CP,Amax
=

P
1
2ρAmaxv3

∞
(14)

The addition of the duct leads to a decrease in performance
from the freestream turbine based onCP,Amax . If the power
is examined based on the frontal area of the turbine alone,
then the CP would be higher. However, this is an unfair
comparison due to the additional structure and frontal area
necessary for the duct. Figure 6 shows the ducted turbine
results for the coarse and base meshes. The CP,Amax is
shown as a function of both CT,v1 as a function of TSR.
This figure also shows the velocity ratio v1/v∞ as a func-
tion of CT,v1

. This figure demonstrates that the coarse
mesh and the base mesh for the MRF results are in good
agreement, except for the second lowest speed, TSR=5.

Figure 7 shows a cut plane through the center of the turbine
and the resultant velocity field for TSRs of 4.29, 5.71, and
11.43. Asymmetry due to blade count is noted. Partial sep-
aration occurs at the inlet at the lowest TSR and more sig-
nificant separation occurs as the TSR increases. As the sep-
aration increases, the efficiency of the duct decreases. The
low velocity region behind the duct is not convected down-
stream. This phenomenon should be compared to Particle
Image Velocimetry (PIV) results or to Large Eddy Sim-
ulation (LES) predictions which will not suffer from the
temporal averaging of RANS predictions. LES predictions
may predict more accurate wake structures as well as better
resolve the flow features both inside and outside the duct.
As the loading increases the angle of attack of the flow en-
tering the intake changes. The intake could be shortened or
rounded to reduce the separation at higher loadings.

Figure 5: Comparison of steady state and transient results for
Freestream CP and CT as a function of TSR.

Figure 6: Ducted results.



Figure 7: Velocity field of ducted turbine at different TSRs.

5 COMPARISON OF ANALYTICAL MODEL TO EXPER-
IMENTAL AND CFD RESULTS OF DUCTED TURBINE
CASES

The accuracy of an analytical model for ducted turbine per-
formance can be determined by its ability to predict throat
velocity, power, and thrust. This study compares the an-
alytical model to experimental screen results, the turbine
inside of a tube, as well as the CFD simulations previously
described.

5.1 Analytical Model prediction of screen tests for a
ducted turbine

The analytical model is compared to screen tests of the 30◦

Gilbert et al (1978) diffuser. The diffuser has an area ra-
tio, Amax/A1 of 2.78 and η less than 60%. These screen
tests are a means to measure the effective power extracted
by a turbine, without the non-uniformity or complexity that
a real turbine may pose. Figure 8 shows the velocity ratio,
CP,Amax

, and CT as a function of CT,v1
. Other analytical

models, like those proposed by Jamieson (2009) as well as
Werle and Presz (2008), share the similar assumption that
the pressure drop occurs as a function of the freestream and
wake velocities, instead of the throat velocity.

The analytical models that assume pressure drop is a func-
tion of freestream and wake velocities are unable to accu-
rately predict the results of the screen test. In comparison,
the proposed analytical model predicts each data point with
better accuracy, with the exception of the highest CT,v1

value, as shown in Figure 8. At the highest CT,v1
the

over-prediction of power and thrust likely occurs because
the accelerative efficiency is assumed to be constant. The
mass flow efficiency of the duct may reduce at higher val-
ues of CT,v1

since the stagnation point on the leading edge
likely translated inward, leading to separation. The analyt-
ical model therefore could be improved with the ability to
predict loss in mass flow efficiency at higher loadings.

Figure 8: Analytical predictions compared to the screen tests of
Gilbert et al (1978).

5.2 Analytical Model prediction of RANS CFD results for
a turbine in a uniform tube

A tube with infinitely thin wall thickness represents the
simplest duct with Ain=A1=A2=A3. The tube used was
the same length as the duct and had a diameter equal to
the throat diameter of the duct. Werle and Presz (2008)
state that their model arrives at the freestream result when
a turbine is placed in a tube. However, a turbine does not
perform at the same efficiency in a tube as it does in the
freestream. Figure 9 shows the results of the Bahaj et al
(2007) turbine inside of the tube. The CP,Amax

is over-
predicted by a considerable margin, but the proposed an-
alytical model only slightly over-predicts the velocity and
the effective power. This could be caused by viscous ef-
fects in the CFD calculation. The coefficient of effective
power at the throat is defined in Equation (15).

CP,eff =
Tv1

1
2ρAmaxv3

∞
(15)

5.3 Analytical Model’s ability to predict RANS CFD re-
sults for a ducted turbine

Since the analytical model assumes uniform and ideal ex-
traction, the performance of the ducted turbine will be over-
predicted due to viscous effects and non-uniformity. The
non-effective power related axial induction is referred to as
blockage. Figure 10 shows that the analytical model over-
predicts both the CFD predictions of velocity and the coef-
ficient of power.



Figure 9: Analytical models compared to CFD of Bahaj et al
(2007) turbine in a tube with diameter equal to duct throat di-
ameter.

This over prediction is related to the large scale separation
at the leading edge of the duct under extraction, shown in
Figure 7. This large scale separation leads to a decrease in
η. Since the analytical model does not account for block-
age other than that caused by uniform power extraction,
it is important to correct the throat velocity for each data
point. By iterating α and η we can calibrate v1 for each
level of CT,v1

. Figure 11 depicts the results when the ana-
lytical velocity is corrected to match the CFD. The velocity
ratio is shown on the top and the CP,Amax is shown on the
bottom. Despite the velocity having been corrected, the
power is still over-predicted since the turbine does not ide-
ally convert effective power to power. The analytical model
predicts effective power, and not the actual power produced
by the turbine which is the product of torque and rotational
velocity. Therefore, the variable of importance is the effec-
tive power, which is also shown on the bottom of Figure 11.
Based on this calibration, we can determine the value of η
as a function of CT,v1

, shown in Figure 12. Uniform ex-

traction, like that simulated by a screen may cause a lower
rate of rejection than a real turbine. η drops from nearly
ideal to below 50% with high loading.

Figure 10: Analytical model compared to ducted CFD predic-
tions.

Figure 11: Analytical model compared to ducted CFD predictions
with calibrated velocity.



Figure 12: η as a function of loading.

6 CONCLUSIONS

The freestream CFD results match the tow tank results. A
fine mesh resolution is required to properly calculate the
off-performance loading for the highest TSRs.

While the results for the freestream turbine closely agree
with the experimental results, good correlation, especially
near peak performance, is also achievable with less com-
putationally demanding methods like panel codes. RANS
CFD is useful for pinpointing flow features that panel codes
are not able to model, such as separation. Separation at the
leading edge and exit of the duct are critical design fea-
tures that affect performance. RANS is a useful tool for an
initial analysis of these design features and is less compu-
tationally expensive than alternatives like LES.

It is evident that the underlying analytical system of equa-
tions for a ducted turbine is different from that of a
freestream turbine. The thrust not associated with power
production must be reduced for a ducted turbine to be effi-
cient, since the effective power at the throat, CP,eff causes
a reduction in the momentum and thus mass flow through
the device. Therefore, the turbine should be optimized to
increase the ratio of CP,Amax to CP,eff .

The RANS model has shown that when a freestream tur-
bine is placed inside of a duct, the performance decreases.
However, this performance can be improved by reducing
the non-power thrust. An analytical model was developed
to help analyze these results. The analytical model accu-
rately predicts the data from Gilbert et al (1978). This sug-
gests that the duct that Gilbert et al (1978) examined main-
tained a constant level of η over a longer range of CT,v1

than the duct examined with CFD. This also demonstrates
that the pressure drop across the turbine occurs at the ac-
celerated velocity v1. The analytical model over-predicts
the velocity calculated by the CFD models of an initially
efficient duct. This is because RANS CFD accounts for
viscous effects and the blockage, but the analytical model
does not. This blockage is likely the result of complicated
viscous flow interaction, non-ideal extraction, and the re-
duction in η as the stagnation point moves inwards on the
duct, all of which the CFD is able to model. Once the
velocity is calibrated for each level of loading to account
for non-power blockage, the analytical model still over-
predicts the CFD predicted power because the analytical

model calculates Pe, thus assuming that power extraction is
ideal. The analytical model could be improved by incorpo-
rating a method to predict loss of mass flow efficiency dur-
ing extraction. This study shows that the analytical model
can be used to determine whether a duct design is efficient
enough to pursue with higher order tools, and it can deter-
mine the degree to which the turbine causes losses within
the duct. The results of this study demonstrate that the duct
and turbine should be designed together to create an opti-
mal system. Therefore, an efficient freestream turbine can-
not simply be placed in a duct and expected to perform with
similar efficiency as it did in the freestream.

This study has demonstrated that the analytical model accu-
rately predicts the effective power of a turbine provided that
the extraction does not reduce the accelerative efficiency of
the duct. More research is needed to better understand how
to efficiently extract power from ducted turbines. It will be
important to further analyze the effects of turbulent inten-
sity on the system design and the effects of transition from
laminar to turbulent. A transitional turbulence model with
wall resolved grids could be used to better evaluate viscous
effects. It is also important to understand and quantify what
causes the blockage and rapid decrease in η. More detailed
CFD models should be created to analyze the effects of the
turbine wake interaction with the duct and the translation
of the stagnation point inwards leading to separation at the
inlet. To do this Detached Eddy Simulation (DES) or LES
should be used.
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DISCUSSION

Question from Serkan Turkmen

Did you consider fouling (micro, macro) in the duct that
might change the performance of the turbine?

Author’s closure

Neither micro nor macro fouling were considered in the
duct for this study. Fouling will likely lead to a decrease
in performance. The focus of this study was to evaluate
the performance under ideal design conditions, but fouling
could be analyzed as a next step.

Question from Francesco Salvatore

Our experience is that the Bahaj et al (2007) experimental
dataset is challenge because of scale aspect of the model
turbine used in the experiments. Specifically, blade aspect
ratio is high and this yields a rather small blade chord over
most of the span. A consequence of this is that the model
turbine has relatively thick trailing edge and this cannot be

neglected in numerical modelling. Did you take into ac-
count of this aspect into calculations?

Author’s closure

The trailing edge thickness of the blades was not modelled
in this study. The Bahaj et al (2007) experiments provide
the spanwise definition of NACA 63-8xx sections, but do
not provide specifics to exactly duplicate the trailing edge
thickness in the model. As noted, this lack of information
does produce complexity when comparing to the experi-
ments. For the purposes of this study, the goal was to evalu-
ate the performance of a turbine within the duct. The Bahaj
et al (2007) experiments provide a baseline dataset to en-
sure the numerical model is reasonably close to experimen-
tal data for the freestream turbine, especially on-design.
With confidence in this model, the ducted CFD model was
constructed and compared to the analytical model. In the
future it would be important to compare the ducted turbine
model to experiments, ensuring that the trailing edge thick-
ness is the same in experiments and the numerical model.


